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Abstract In low-altitude line-of-sight (LOS) environments, interf erence is signi cantly higher than in typical terrestrial n on-line-of-
sight (NLOS) scenarios, leading to degraded coverage and mo bility performance in conventional cellular networks. For the rst time,
we identify and analyze the key factors in uencing interfer ence in low-altitude LOS conditions: the distance, quantit y, and angular
distribution of interference sources. To address this chal lenge, we propose a novel scalable networking scheme, integ rating an enhanced
signal-to-interference-plus-noise ratio (SINR) model op timized for LOS propagation, which explicitly accounts for these three factors.
Compared to traditional terrestrial cellular networks, th e scalable networking approach extends coverage range, red uces sector density,
and standardizes antenna orientation, thereby mitigating inter-cell interference by at least 10 dB. Theoretical anal ysis, system simulations,
and eld tests con rm that the proposed scheme signi cantly improves coverage performance in low-altitude LOS environ ments.
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1 Introduction

Low-altitude networking faces critical challenges, including severeo-channel interference, excessive handover fre-
quency, and poor cost-e ectiveness]]. Field measurements reveal that cellular-connected UAVs experigce 10{
15 dB higher interference in aerial than in ground due to unobstruted line-of-sight (LOS) propagation. Moreover,
the handover rate in low altitude is four times higher (once per 100 m)compared to ground deployments (once per
400 m), while conventional 1:1 cell densi cation fails to justify the emnomic costs of aerial coverage.

To address these challenges, this paper makes the following key ddbutions. (1) Interference analysis and
signal-to-interference-plus-noise ratio (SINR) modeling: We systmatically characterize interference in low-altitude
LOS channels and derive an enhanced SINR evaluation algorithm thaincorporates antenna radiation patterns and
3D spatial interference e ects. (2) Proposed scalable networkig scheme: A novel scalable networking architecture is
introduced, optimizing coverage through inter-cell distance expasion to mitigate adjacent-cell interference, strategic
sector deactivation to reduce the number of interfering cells, stadardized sector orientation to minimize overlapping
interference zones. (3) Performance validation: 5{7 dB improverant in SINR over conventional cellular networks,

10 dB reduction in co-channel interference, signi cant reductionin handover rate (Figure 1), improving reliability
for UAV applications. This work provides a cost-e ective and interference-aware solution for future low-altitude
communication systems, bridging the gap between theoretical mogls and practical deployment needs.

Many articles focus on low-altitude interference issues but lack a aoprehensive analysis of interference factors
and e ective solutions to address such interference. Ref.2] highlighted that cellular-connected UAVs provide a
cost-e ective solution, as they can utilize existing terrestrial cellular base stations without the need to build a new
dedicated infrastructure. However, current cellular networks were primarily designed to serve ground users, whose
channel characteristics, mobility, and operational altitudes di er signi cantly from those of UAVs. As a result,
existing cellular networks cannot guarantee seamless three-dimsional (3D) coverage in aerial environments. Due
to the high ying altitude and the increased probability of LOS propag ation, UAVs are typically capable of receiving
signals from multiple base stations through their side lobes, which leaslto severe interference. Currently, several
methods exist to reduce interference, including power control, diectional antennas, and multiple-input multiple-
output (MIMO) beamforming. However, no suitable solution has yet emerged to e ectively mitigate interference in
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Figure 1 (Color online) Diagram of networking for di erent scenario s. (a) Cellular for ground oor; (b) cellular for low altitud e; (c) scalable
for low altitude.

low-altitude scenarios. Ref. B] investigated the impact of fading and shadowing on mobile wireless ecomunication
channel reuse, serving as a foundational study in this eld. It hasbeen widely cited in subsequent research,
addressing frequency reuse, channel modeling, capacity, and fhermance. Ref. @] analyzed the SINR and outage
probability and showed that a lower outage in micro-cellular than medium/large cell. Ref. [5] derived that the use
of sector layouts leads considerable reduction in the co-channelt@rference probability, but the omnidirectional is
not presented in this paper. Although these studies build on Frencls research, none analyze low-altitude scenarios
or propose interference reduction solutions for such environmes.

Refs. B, 7] discussed the challenges faced by 4G and 6G UAV systems, both wfich highlight the issue of
interference leading to poor mobility performance but fail to propose e ective solutions. Refs. 8,9] proposed a
new low-altitude network architecture to mitigate interference e ects through multi-hop communication or sensor
deployment. Ref. [LO] focused on the performance of drones in cellular networks, anatyng key metrics such as
delay, handover, altitude, SINR, and reference signal received gwer (RSRP). These metrics are in uenced by
factors such as the location and density of the base stations, therientation and tilt of the antenna, as well as
the speed and position of the drone. Ref.11] concluded that LTE users in omnidirectional cell sites achieved
better performance than those in three-sector cell sites, indidéng that co-frequency interference in three-sector
con gurations negatively impacts system performance. Refs.12,13] introduced the Nakagami-m channel model,
which is utilized in this paper, and investigated the performance of tiaditional wireless communication systems in
terms of outage probability, average bit error rate, and channelcapacity. Refs. fL4,15] analyzed issues caused by
excessive handovers in cellular networks, such as radio link failuresncreased latency, and reduced throughput,
and proposed new measurement and handover algorithms to addse these problems. Ref.16] compared the
path loss for the LOS and non-line-of-sight (NLOS) scenarios, ndng that the NLOS path loss increased by 32%
compared to LOS. Ref. 7] proposed a novel low-altitude networking approach using clusténg techniques to
reduce interference within cluster networks and optimize networkmanagement. To date, no existing literature has
proposed a suitable networking solution to e ectively reduce intererence. Robust low-altitude network coverage is
essential for enabling rapid development of low-altitude services. #ure research should prioritize enhancing quality
of experience (QoE) 18] and interference resilience 9], strengthening regulatory frameworks for airspace and
spectrum management, and advancing sensing technologies like higitecision positioning 0] and environmental
perception to address complex operational challenges.

Current low-altitude network deployment strategies primarily encompass two methodologies: (1) repurposing
existing terrestrial infrastructure utilizing downtilt antennas to p rovide NLOS coverage below 100 m, and (2) estab-
lishing dedicated low-altitude networks employing uptilt antennas for LOS coverage above 100 m with integrated
sensing capabilities. This study speci cally examines the latter appr@ch, where spectrum separation is imple-
mented between aerial and terrestrial networks to mitigate co-bannel interference. Concurrently, our ongoing
research investigates two critical aspects: the interference @racteristics of co-frequency terrestrial-to-aerial net-
work con gurations and the coverage performance of repurposd terrestrial infrastructure in low-altitude scenarios.

Section 2 adopts the Nakagami-m channel model, which is applicable tbOS and NLOS scenarios, to analyze the
probability of co-channel interference in low-altitude scenarios, ad the relationship between co-channel interference
and distance. Section 3 establishes antenna models for the serviagd neighboring areas in low-altitude scenarios,
calculates the corresponding antenna gains, and integrates thermto the SINR model introduced in Section 2 to
derive the SINR values. Section 4 concludes that existing cellular netorking con gurations result in dense inter-cell
co-frequency reuse and rich beam propagation, leading to signi aa interference when applied to low-altitude LOS
scenarios. Therefore, existing terrestrial cellular networks arenot the optimal solution for low-altitude scenarios.
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2 System performance of low altitude

This section looks at the Nakagami-m channel model and ideas prestd in [3]. It investigates co-channel inter-
ference in both NLOS and LOS environments and analyzes the relatitship between co-channel interference and
reuse distance. Derived a new SINR formula tailored for low-altitudescenarios to compare the performance of dif-
ferent networking con gurations. The results reveal that the SINR is in uenced by factors such as the probability
of co-channel interference (which depends on the distance beeen cells), the number of interfering cells, and the
orientation and tilt of the antenna. Under the same distance and néworking conditions, co-channel interference in
LOS scenarios is approximately 10 dB higher than in NLOS scenarios. Ufthermore, under the same co-channel
interference conditions, base stations in LOS scenarios need to Ispaced more than twice as far apart as those
in NLOS scenarios. This indicates that deploying terrestrial and lowaltitude networking at the same site in a 1:1
ratio would result in excessive interference and high costs for lowltitude coverage.

2.1 Reuse distance under interference

The fading of low-altitude signal transmission includes fast fading, bw fading, and shadow fading, while the gain
encompasses antenna gain, diversity gain, and others. In low-altitde scenarios, LOS environments are predominant
above 100 m 21], whereas NLOS and LOS coexist below 100 m. This article assumes théow-altitude scenarios
primarily feature LOS paths above 100 m, while shadow fading is negléed [22]. By adopting the Nakagami-m
channel model, we calculate the probability of co-channel interfeence for both LOS and NLOS scenarios under fast
fading conditions.

2.1.1 Propagation model of fast-fading

This article focuses on low-altitude scenarios above 100 m, where ¢ine is a high probability of LOS paths and a low
probability of NLOS paths. In NLOS environments, the fast fading channel follows a Rayleigh distribution, whereas
in mixed NLOS and LOS environments (NLOS + LOS), the fast fading channel follows a Rician distribution. This
article employs the Nakagami-m channel model to characterize thdast fading distribution [ 23], as shown in @):

2mm x2m 12 1
_ . . . 1
fx (x) m e ,x>0,m>2 (1)
Here, (m) is the gamma function, and is the square of the signal amplitude, de ned as = E[jxj’]. Ref. [24]

indicates that represents the average transmission power. Theparameter m represents the degree of fading, where
a larger value corresponds to more severe fading. Whem = 0:5, the distribution follows a Gaussian distribution;
when m = 1, it becomes a Rayleigh distribution (pure NLOS scenario); whenm > 2, it corresponds to a Rician
distribution (NLOS+LOS scenario), where a larger m indicates a higher proportion of the LOS component; and
whenm =+ 1 | it represents a white noise random channel distribution 5. When the Nakagami-m distribution
satis es x, the gamma distribution is followed by jxj? satisfying the gamma distribution, where the signal amplitude
is represented byx, and the signal power can be expressed ag. If Y = x?, as shown in @), refer to Appendix A.

m m 1
y

m my . 1
(my m & yzom>z @

fy(y) =

2.1.2 Probability of co-frequency interference

In this section, through co-channel interference analysis, we ha determined that in LOS scenarios within a cellular
network, the co-channel interference is signi cantly greater than in terrestrial NLOS scenarios. This substantial
increase in interference renders the conventional cellular netw&ing approach unsuitable for low-altitude environ-
ments. When linear value of the power in the serving cell ¢;) is less than a certain proportion () of the power
in the neighboring cell (s;), that is s; 6 rs,, wherer represents the linear proportionality relationship, which will
generate co-channel interference. This co-channel interfenee probability can be decomposed into two parts:s; = X

ands; > ¥, as shown in @): |
Z l :

P(s1 6 rsp) = P(st=x) P s> ? dx: 3)
0
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Probability of Co-Channel Interference
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Figure 2 (Color online) Probability of co-frequency interference.

Refer to Appendix B, as shown in @):
I

tm ks 1
ro (k+m 1) 1
P(sy 6 rsy)= —= : (4)
1 ‘o Kim 1)! @+ '_12)k+m
Assuming that z = —~ and substituting z into (4), we obtain
k:)(n 1
P(s1 6 rsy) = 1 « = (5)

L+z™ o k+m 1 (1+ 5K

where P represents the probability that the interference from the neighhoring cell exceeds 1f times that of the
serving cell, considering the fast fading propagation.

Becausem >k (according to Appendix B), the probability of co-channel interference is inversely proportional
to both m and z, where z is de ned as the linear value Z4 in [3] representing the di erence between the useful
signal received and the interference signal. When the probability oto-channel remains constant, the largem, the
smaller the z. This implies that the probability of co-channel interference in LOS scenarios is higher than in NLOS
scenarios, as illustrated in Figure2.

Asin[3], 1 2 isthe power dierence received from the user's serving cell and neldporing cells after path loss.
Here, R represents this di erence, as shown in §):

_t

z= ]
2

6
Zg= 1 2 R ©
Z4q =10l0g,9z;R =10logq, I

2.1.3 Reuse distance under co-channel interference

In [3], Eq. (7) provides a component of reuse distance:
—= =z (7)

wherez and r are the parameters de ned in (6).
According to (5), when the probability P is assumed to be a xed value, such as 90%, the value a can be
determined. Subsequently,R can be set as a variable, such as the interference margin. Then, sad on the reuse

distance formulaD =1+ g—i according to [3], the reuse distance can be illustrated in Figures.
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Figure 3 (Color online) Reuse distance (D) related to (a) fading factor m and (b) interference margin R.

Figure 3 illustrates the relationship between interference and the reuse dtance. When the probability of co-
channel interference and reuse distancel)) are the same, the interference in the LOS scenarionf = 4) is approxi-
mately 10 dB higher than that in the NLOS scenario (m = 1). When the interference margin (R) remains constant,
the reuse distanceD decreases from the NLOS scenarionf = 1) to the LOS scenario (m = 4). According to the
reuse distance formula, a decrease ib implies that d; should be larger. To achieve the same level of interference,
the station spacing in the LOS scenario needs to be more than twicehat of the NLOS scenario. If terrestrial
cellular networking strategies are applied at low altitudes, excessiveo-channel interference will render the system
inoperable.

2.2 SINR model of low altitude

To compare the performance of di erent networking methods, the SINR is used as a performance metric. SINR is
de ned as the ratio of the useful signal power to the sum of the inerference signal power and noise. The useful signal
and the interference signal represent the power received at theeceiving point after accounting for antenna gain,
path loss, and fast fading in the serving or neighboring cells. The noespower is calculated afNg = 174 +10log,q
(BW), where BW denotes the bandwidth.

2.2.1 Antenna model

Using the linear polarization antenna model in 3GPP 38.901, this articlesets the antenna tilt angle at 20 . The
antenna gain (AG) is given as
00 s 2 0" 2°
90
AG= 12 ——— +12 — ®)
3d 3d

where 34 and 34 represent 3 dB main-lobe beams.
In linear scenarios, refer to Appendix C for the antenna model, astsown in (9):

00 0 00 0

° = arccos(cos sin sin +cos cos ); 9)

0 . . .. .
=arg(cos sin cos cos sin +jsin sin ):

When is the angle between the user and thez-axis and is the angle between the user's projection and the
x-axis, is the quadrant angle at which the z-axis remains xed while the x-axis rotates, is the tilt angle at
which the y-axis remains xed while the z-axis rotates, and is the tilt angle at which the x-axis remains xed
while the y-axis rotates. The antenna tilts at an angle , keeping they-axis stationary while the z-axis and x-axis
rotate around it, as illustrated in Figure 4.

In commercial networks, the active antenna unit (AAU) has a vertical width of 24 with 3 dB beamwidth,
including a mechanical down-tilt of 6 . To guarantee coverage at a low altitude of 300 m, this article uses a



Huang Y H , et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132305:6

Figure 4 (Color online) Coordinates of angle of antenna.
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Figure 5 (Color online) Anenna models of (a) typel and (b) typell.

mechanical up-tilt angle of 20, with the normal line pointing to 14 . The antenna model in this article is shown

as |

arccos(cos sin sin +cos cos ) 90
65

2
AG = 12

Lol (20)
arg(cos sin cos  cos sin +jsin  sin )
65

The antenna pattern used in this article for low-altitude scenarios isshown in Figure 5. A single beam with a
vertical width of 24 and a horizontal width of 95 with 3 dB beamwidth is used to simulate the commercial beam
of the antenna. Alternatively, a 7-beam con guration with a vertic al width of 24 and a horizontal width of 15
with 3 dB beamwidth is also considered.

2.2.2 Path loss model
The path loss adopts the urban macrocell (UMA) LOS model in 3GPP 3.901, as shown in Eq. 11):

where dsp is the 3D distance from the terminal to the base station andf . is the carrier frequency.

2.2.3 SINR model

The received power is shown as
P=Px AG PL FF; (12)

where P represents the received powerAG represents the antenna gainPL represents the path loss between the
UAV and the station, FF represents the loss of fast fading, and\N represents the power of noise.
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(a) (b)

Figure 6 (Color online) Di erent networking methods. (a) Cellular n etworking; (b) scalable networking.

The SINR is shown as

SINR= p . Piservn AGserv PLlserv ff serv : (13)
i=1 I:)tx;neigh AGneigh I:)l-neigh ff neigh + Np
=]
If Pooserv = Pneigh iN:1 Pix:neigh AGneigh P Lneigh ff neigh No, and z = ﬁ:
Piserv.  PLserv  ff serv
. 6 Inei z; 14
I:)tx;neigh I:)l-neigh ff neigh neign ( )
where, according to (L4) and (5),
P(s1 6 rsy) = e K ! =f(z;m);k6 m 1;
YT @m0 k+mo1 @+ DRk ’
so,z=f *(p;m)and
AGsery 1
SINR 6 L v=— f(pm); (15)
i=1 i—li

where AG; and AG¢y are the antenna gain in (L0), corresponding to neighboring and serving cells, respectively.
From (15), it can be seen that the SINR is related to parameters including theinterference marginr connected to
the distance, the number of cellsN, and the antenna gainAG, the fading factor m, and the probability p.

3 Scalable networking of low altitude

Taking into account the distance, quantity and angle of the interference source, as shown inlb), several strategies
can be employed to reduce interference. An approach is to increasthe distance between stations, which can
increase the path loss (PL) and reduce the power received and intierence from neighboring cells. However, since
both the useful signal power and the interference signal poweratrease simultaneously, the SINR cannot be improved
signi cantly. Another approach is to reduce the number of interference cells by deactivating some sectors while
keeping others active, thus reducing the number of interfering cks. However, randomly deactivating sectors may
disrupt continuous coverage. In addition, lowering the gain of the atenna in nearby areas can reduce interference,
but this can negatively impact coverage.

To address these challenges, a new scalable networking scheme heven in Figure 6 is proposed. This scheme
features a spacing of more than twice that of terrestrial cellular retworks, retains one active sector while deactivating
the other two directional sectors of the cell to reduce the numbe of interfering cells, and ensures that the remaining
sectors in the network maintain the same orientation angle. This appoach can reduce interference from beam
strikes while providing continuous coverage.
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Figure 7 (Color online) Edge of di erent networking. (a) Striking de ployment; (b) tracing deployment.

3.1 New scalable networking

Low-altitude scenarios are interference-limited scenarios, but taditional beam-striking networking methods intro-
duce signi cant interference in LOS scenarios. This article proposg a scalable networking scheme based on beam
tracking, which e ectively reduces antenna gain from neighboring aeas. As demonstrated in (5), at low altitudes,
the main lobe tilts upward and each site employs only one sector. Andhe orientation of each sector is identical,
forming a scalable-shaped coverage pattern.

The scalable networking employs a single-sector tracing deploymentwhereas the cellular networking utilizes
a three-sector deployment strategy. To guarantee seamless werage of the three-dimensional spatial signal in
low-altitude environments and to bridge any coverage gaps at the tation's apex, both networks adopt distinct
approaches. Cellular networking relies on adjacent cells to extendaverage up to the serving cell's head, whereas
scalable networking achieves this by overlapping coverage from ndiboring cells over the serving cell's head. The
intersection point of the 3 dB beamwidth on the up-tilted antenna de nes the cellular network's edge. Similarly,
the edge of the scalable networking aligns with the edge RSRP of theetlular networking and is positioned at the
intersection of the 6 dB beamwidth above the adjacent area. At ths juncture, the cellular network has an inter-site
distance (ISD) that is approximately 1.15 times that of the scalable retworking. Figure 7 illustrates the edge of
both cellular and scalable networking. Unlike cellular networks, which wse side lobes to cover the top of the head,
scalable networks utilize main lobes. This enables scalable networks temploy 6 dB main-lobe beams intersecting
at the cell edge, thereby improving the ISD while maintaining the sameRSRP at the edge.

When deployed in a beam-striking manner, users may face interferee from the main lobe of a nearby antenna.
In beam-tracing deployment, users are subject to interferencérom the side lobes or back lobes of nearby antennas,
which is about 15 dB lower than that of the main lobe. As shown in (L5), the antenna gain AG; of the nearby cell is
signi cantly lower in beam-tracing deployment compared to beam-stiking deployment, resulting in a substantially
higher SINR.

Given an antenna con guration with a vertical beamwidth of 3 dB of 24 (which produces an approximate vertical
beamwidth of 6 dB of 48), when the lower 3 dB beam aligns with the horizontal plane, the uppe 6 dB beam
points at elevation 36 . The following analysis reveals: (1) the site spacing ratio (scalable taellular) approaches
approximately 2:3 when =36 and =24 and deeiiyiar =Cscaianle =2 tan( )=(2 tan( ) tan( )); (2) since
scalable deployment requires only one-third of the sectors of cellutadeployment, the initial infrastructure cost
reduces to about 75% of conventional cellular networks; and (3) de to the reduction of about 5 dB interference
in scalable deployment, while maintaining equivalent SINR at cell edgesthe total network cost can be optimized
to approximately 50% of traditional cellular deployment. This analysis integrates antenna radiation characteristics
with network topology optimization to achieve signi cant cost e cien cy without compromising coverage quality.

Compared to cellular networks, the overlap area in scalable network (indicated by the shadow area in Figure?)
is reduced from 50% to below 20%. Scalable networks demonstrateigerior performance in networking, o ering
clear and smooth mobility at the cell edge, reduced interference, rad stronger SINR coverage.

3.2 Antenna gain of di erent networking

To derive the SINR of the theoretical model, it is necessary to detamine the joint angular relationship between the
user's location and the base stations of both the serving cell and th neighboring cells. This relationship is then
used to calculate the SINR value, which incorporates antenna gain.Based on the angular relationship between
the user and the serving cell, the angular relationship between the ser and the neighboring cells can be deduced.
Subsequently, the system transforms the angular relationship bveen the user and the neighboring cell into a
coordinate system centered around the neighboring site througttoordinate transformation. This transformation
enables the calculation of the antenna gain for each user in every ite
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Figure 8 (Color online) The angles between users and cells in cellula r. (a) User in position 1; (b) user in position 2.

3.2.1 AG of cellular networking

Here, represents the vertical angle between the user and the servingelf, denotes the horizontal angle, ISD is
the distance between sites, and is the height. Specically, ¢ and ¢ correspond to the serving cell, while ; and

i correspond to the neighboring cell. And, ,0 and ? represent the angles after coordinate transformation from the
neighboring cell to its corresponding serving cell. Refer to AppendidD for further details. Eq. (16) expresses the

neighboring cell angles ; and ; in terms of the serving cell angles and , as follows:

i = arctan Sin ofan o
b ISD=h cos gtan o' (16)
ISD=h cos ptan o
i = arctan :
oS
The coordinate transformation between the neighboring cell and he serving cell is described as
1=( 0<907?1: 1) (1 270); ¢=( 0<90?1: 1) (90  o);
,9=210 2, o°= o 30;
0_— . 0_— .
3 =150 3 0= 0%+30;
0 a7)

2=( 0<90721: 1) (90  4); o=( 0<90?1: 1) (90 + o);
= 5 30; ¢°=210 0
= ¢ 330; °=150 0!

It transforms 1{ ¢ into i{ Oe- The sequence of this transformation can be observed in Figur8.

The AG is determined based on the angle between the user and the It Subsequently, the SINR is calculated
according to
0:high z 0:high X fAG'(

faci (G ) g g (18)

SINR = f (p;m) >
I

0;low 0;low i=1

Eq. (18) provides the SINR for cellular networking. Here, gjow and onigh represent the minimum and maximum
vertical angles of the serving cell, respectively, depending on thecenario. Similarly, ojow and onign denote the
minimum and maximum horizontal angles. fac (; ) is shown in (10) and (15).

3.2.2 AG of scalable networking

Similar to the cellular networking approach, as illustrated in Figure 9, the AG is determined based on the angle

between the user and the cells. The process involves the followingegis. First, refer to Appoendix D to transform

the angles from ¢ and g into ; and ;. Second, transform the angles from; and ; into ; and ? as described
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(b)

Figure 9 (Color online) The angles between users and cells in scalabl e. (a) User in position 1; (b) user in position 2.

in (19):
1°= 1 330; ¢°=150 0;
9= , 300; ¢°=120 0;
=( 0<607?1: 1) (3 240); og=( 0<60?1: 1) (60  o);
4°=180 4 0°= o
5= 150 5; 0= 0+30;
6°=120 6, 0°= 0+60 ;
S=( 0<60?1: 1) 60 7); o=( 0<60?1: 1) (120 + o);
8’= g 0°=180 0:

2
0
3

(19)

Eq. (19) describes the coordinate transformation from the neighboring ell to the serving cell, sequentially trans-
forming 1{ g into i{ ‘;. In this con guration, the scalable networking has eight neighboring cells, whereas the
cellular networking has six. Third, calculate the SINR for the scalablenetworking using (18), following the same
method as for cellular.

4  Simulation evaluation and eld testing

By comparing the theoretical model with the actual eld test data, it was found that the RSRP and SINR of the

theoretical model closely align with those of the eld test. The obseved di erences arise from the in uence of the

side lobes of the eld antenna, the irregular distribution of the eld b ase stations, and the varying environments
conditions.

4.1 Simulation evaluation

To compare the performance of SINR, we consider the parameterm = 4, R = 3, while , , h, and ISD take
di erent values in various scenarios. The antenna is tilted upward by20 ( = 14 ). The azimuth angles are set
to [0 ;120 ;240 ] with a resolution 6 per grid. The down-tilted angle ranges from 70 to 90 , with a resolution at
1 per grid. The SINR and RSRP of both scalable and cellular networking a compared at heights of 100, 200,
300, 400, 500, and 600 m. Additionally, the performance is evaluatefor di erent ISD of 1, 2, 3, 4, and 5 km (the
gures of 2 and 4 km are hidden). The results are illustrated in Figures 10{ 13. The antenna used in the simulation
is a 1-channel transmitted and 1-channel received (1 TR) antena, as depicted in the typel antenna diagram in
Figure 5.
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Figure 10 (Color online) SINR of cellular networking of di erent ISDs . (a) ISD 1000 m; (b) ISD 3000 m; (c) ISD 5000 m.
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Figure 11 (Color online) SINR of scalable networking of di erent ISDs . (a) ISD 1000 m; (b) ISD 3000 m; (c) ISD 5000 m.
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Figure 12 (Color online) RSRP of cellular networking of di erent ISDs . (a) ISD 1000 m; (b) ISD 3000 m; (c) ISD 5000 m.

In Figure 14, we compare the cumulative distribution function (CDF) of SINR (in d B) and RSRP (in dBm) for
cellular and scalable networking across various ISD and heights.

In Figure 14, the solid line represents the cellular, and the dashed line representthe scalable. Original data
are shown with thin dotted lines, while the data of continuous coverge with additional stations are shown with
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Figure 15 (Color online) Map of eld test.
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Figure 16 (Color online) SINR of cellular networking of di erent heig hts. (a) Height 100 m; (b) height 300 m; (c) height 500 m.

Through simulation, the following conclusion can be drawn.

(2) In cellular networking scenarios, simply increasing the ISD can rduce interference; however, this leads to a
decrease in RSRP synchronization, and the improvement in SINR remins minimal.

(2) The mean SINR of scalable networking is 3{7 dB higher than that d cellular networking, while the mean
RSRP is about 3{5 dB lower.

(3) Scalable coverage is not as uniform as cellular coverage, which maesult in a few coverage gaps in the
outermost edge of the area. To address this, one or two sectoran be deployed to supplement coverage.

4.2 Field testing

Researchers conducted low-altitude eld tests in Changzhou, maitaining an 1ISD of 1000 m and a height of ap-
proximately 20{30 m. Seven new 4.9 GHz (currently available for tesing, also applicable to other typical frequency
bands used in commercial UAV networks including but not limited to 2.6 GHz) 64 TR stations were deployed for
the tests. The antenna was tilted upward by 20. The highest building in the test area was 80 m tall. UAVs ew
at altitudes of 100, 200, 300, and 500 m, with ight radii of 100, 30Q 500, 800, and 1200 m. The results of the
eld tests and simulation evaluations were consistent. Scalable netarking improves the SINR by 5{7 dB compared
to cellular networking. However, based on eld tests, the RSRP is 35 dB lower. Field testing also revealed that,
under scalable networking conditions, the number of handovers iseduced by 50% compared to cellular networking.
Figure 15 illustrates the outdoor testing map.

The SINR of the scalable networking is represented by a bluer colorcale compared to that of the cellular
networking, as shown in Figures16{19. This indicates better performance, as blue corresponds to highevalues
than green. On the other hand, the RSRP of the scalable networkig is lower than that of the cellular networking,
primarily due to the leakage of coverage in one direction and the samEsD.

The SINR (in dB), RSRP (in dBm), average downlink throughput (DL- Thp, in Mbps), uplink throughput (UL-
Thp, in Mbps), and number of handovers (N of HO) for both cellular and scalable networks in the Changzhou eld
tests are summarized in Tablesl and 2. INF stands for interference of neighboring cells.

Field testing results demonstrate that, compared to cellular netwaking, scalable networking increases the mean
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Figure 17 (Color online) SINR of scalable networking of di erent heig hts. (a) Height 100 m; (b) height 300 m; (c) height 500 m.

Figure 18 (Color online) RSRP of cellular networking of di erent heig hts. (a) Height 100 m; (b) height 300 m; (c) height 500 m.

Figure 19 (Color online) RSRP of scalable networking of di erent heig hts. (a) Height 100 m; (b) height 300 m; (c) height 500 m.

Table 1 Average performance comparison of networks by distance and altitude.
RSRP (dBm) SINR (dB) DL-Thp (Mbps) UL-Thp (Mbps) N of HO
Cellular Scalable Cellular Scalable Cellular Scalable Cel lular Scalable Cellular Scalable

100 m without INF 79.5 83.4 8.9 14.8 597 554 119 107 94 51
100 m with INF 79.3 83.7 8.9 15.3 347 489 118 108 86 43
200 m without INF 79.7 83.4 7.9 12.9 505 582 119 98 116 31
200 m with INF 79.1 84 7.6 115 350 435 115 95 103 22
300 m without INF 80.9 84.2 6.8 13.3 565 575 106 100 119 65
300 m with INF 80.9 84 6.1 11.8 272 421 106 100 116 56
500 m without INF 85 89.6 5 9.6 514 528 91 90 177 69
500 m with INF 85.3 88.2 4.6 10.7 250 390 92 88 127 49

SINR by about 5{7 dB and the average downlink throughput by about 50%. However, it also reduces the mean
RSRP by about 3{5 dB, the average uplink throughput by about 10%, and the number of handovers by 50% to 80%.

These results are consistent with the theoretical expectations atlined in Section 2, where interference is reduced
by about 10 dB.

4.3 Comparison

The simulation

evaluation utilizes two types of antennas, as illustrated in Figure 5. For eld testing, typelll

antennas are employed as shown in Figur@0. Compared to the simulation, the eld test utilized a 4 16 TR
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Table 2 Edge performance comparison of networks by distance and alt itude.
RSRP (dBm) SINR (dB) DL-Thp (Mbps) UL-Thp (Mbps)
Cellular Scalable Cellular Scalable Cellular Scalable Cel lular Scalable
100 m without INF 92.4 95.5 1.50 0.24 430 345 79 64
100 m with INF 89.2 94.5 1.2 0.83 180 247 83 66
200 m without INF 88.3 95.9 1.4 1.0 298 355 86 59
200 m with INF 86.9 99.9 1.1 1.6 201 196 84 53
300 m without INF 88.2 96.7 1.8 0.87 281 366 54 63
300 m with INF 87.5 92.7 2.2 0.4 96 177 76 38
500 m without INF 92.3 98.7 3.3 1.9 214 295 38 44
500 m with INF 93.1 99.7 2.2 0.4 98 181 49 43

Figure 20 (Color online) Antenna model of typelll for eld testing.

Table 3 Mean and variance of SINR di erences between system simulat ion and eld testing.
Cellular Scalable
M-SINR E V-SINR E M-SINR T V-SINR T M-SINR E V-SINR E M-SINR T V- SINR T
100 m 13.9 11 8.1 40.9 19.3 41.2 12.8 75.8
200 m 10 1.9 6.9 30.2 18.2 46.6 13.6 68.5
300 m 9 1.6 5 19.6 17.7 47.1 10.1 37.4
500 m 8.6 11 3.6 13.7 15.2 25.6 10.3 34.1
Table 4 Mean and variance of RSRP di erences between system simulat ion and eld testing.
Cellular Scalable
M-RSRP E V-RSRP E M-RSRP T V-RSRP T M-RSRP E V-RSRP E M-RSRP T V- RSRP T
100 m 73.1 8.9 78.4 33.2 78.2 30 84.5 59.6
200 m 77.1 3 79.3 19.5 80 20.9 80.3 75.1
300 m 79.5 1.1 81.2 14.9 81.3 8.7 83.8 44.8
500 m 84 0.75 86.6 19.3 87.2 31.1 83.9 455

antenna array, whereas the simulation used a 1 1 TR antenna. This con guration results in an array gain of
about 10log,,(64), which is around 12{18 dB. The antenna model used in the eld est corresponds to the SO and
S12 models of typelll. However, the side lobes of the antenna araighly irregular, leading to discrepancies in the
absolute SINR values. Despite these di erences, the SINR trend$or both cellular and scalable networking remain
consistent.

When comparing simulation evaluation and eld test results, the variance and mean values of the di erences
in SINR and RSRP for users at the same location are presented in Tdbs 3 and 4. In these tables, M-SINR E
represents the mean SINR value from the simulation evaluation; V-FSRP T denotes the variance value of RSRP
from the eld test. For a fair comparison, the system simulation utiliz ed the same site and terminal locations as
those tested in the eld.

From Tables 3 and 4, when comparing the simulation and eld test values of scalable and dalar networking,
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Figure 21 (Color online) RSRP comparison of di erent antenna models a nd di erent networkings of simulation with eld test. (a) Ty pel
antenna in cellular; (b) typell antenna in cellular; (c) typ el antenna in scalable; (d) typell antenna in scalable.

the mean SINR of scalable networking exceeds that of cellular netw&ing by 5{7 dB, while the mean RSRP of
scalable networking is 1{6 dB lower. The interference in scalable netarking is about 10 dB lower than in cellular
networking, which aligns with theoretical expectations. However there is a discrepancy of about 2{7 dB between the
SINR and RSRP values. This di erence is primarily attributed to the irr egular side lobes of commercial antennas,
as illustrated in Figure 21. There is a signi cant distinction between the simulated and tested antennas, and the
test environment exhibits numerous antenna nulls with complex radidion patterns. In future work, we plan to
conduct further testing and develop accurate commercial antena models tailored to di erent scenarios for use.

In Figure 21, the blue circles represent the simulation values, while the colored ats indicate the eld test values
of di erent cells. This visualization highlights the di erences between the simulated and measured antenna models,
as the LOS channel in low-altitude scenarios is approximately ideal. Bycomparing scalable and cellular networking
through simulation evaluation and eld testing, the following conclusion can be drawn.

(1) In the eld tests, compared to cellular networking, scalable netvorking demonstrated an average increase
in SINR of 5{7 dB, an average decrease in RSRP of 3{5 dB, and an avage reduction in interference of about
10 dB. These results align with the theoretical analysis presented irBection 2 and the simulation results discussed
in Section 4.

(2) The primary di erences between simulation evaluation and eld te sting stem from the antenna models. The
simulation employs an ideal antenna model, whereas the eld test utilizs a commercial antenna with irregular
side lobes. The irregular side lobes of the eld antenna introduce vajing co-channel interference, leading to
discrepancies.

(3) In future work, we plan to leverage machine learning algorithms irtegrated with our large-scale modeling
platform. This approach will enable us to collect and analyze testing éta from diverse scenarios. For scenarios
where testing sites are irregularly located and antenna side lobes bibit random patterns, we will further re ne the
relationship between outdoor testing and simulation evaluation of SNR and RSRP. Additionally, we will evaluate
how factors such as site location, antenna models, antenna azimhittilt angles, and other parameters impact
coverage performance.
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Summary

In LOS scenarios with the same station spacing and networking corguration, the interference is approximately
10 dB higher than in NLOS scenarios. Cellular networking performs bter in NLOS coverage-limited situations,
but is not suitable for low-altitude scenarios where LOS interferene is a signi cant issue. To address interference
and optimize mobility, this article proposes scalable networking. By inaeasing the inter-site distance compared to
terrestrial cellular networking, reducing the number of sectors b one-third of those in traditional con gurations,
and standardizing the orientation of cell antennas, scalable netwmdking e ectively reduces interference, improves
the SINR, decreases the number of handovers, and lowers netvwkoconstruction costs. The results from theoretical
evaluation, system simulation, and eld testing demonstrate that scalable networking performs signi cantly better
in low-altitude LOS channel scenarios.

Furthermore, as noted in [2], the report highlights that for uplink communications, UAVs generate more severe

uplink interference compared to ground users. This is mainly due to pppagation in the free space, which ampli es
the interference received by neighboring base stations. These dings are consistent with nationwide eld test

results, which demonstrate that UAVs signi cantly increase the interference over thermal (I0T) levels in terrestrial

networks. In future work, we will focus on mitigating uplink interfer ence and enhancing power control. Speci cally,
our goal is to implement directional antennas within the frequency ange 1 spectrum to e ectively reduce ground-
to-air co-frequency interference, as discussed ir2§].
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Appendix A Distribution of channel fading
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Appendix B Probability of co-channel interference
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Figure D1 (Color online) The interaction between neighboring cells a nd the serving cell. (a) Cellular; (b) scalable.
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Appendix C Antenna model in 3GPP TS38.901

00 , 00 00 . 00 , 00 00 00 , 00 00,
Ag( 7 )= minf (Ag( ; =0 )+ Ag( =90 ; ));Amax G
! 00 #2
00 , 00 00 . 90
Ag( ; =0)= mn 12 ——— ;SLA,
3dB

with 348 =65 ;SLA, =30dB, and 2 [0 ;180 ].

( " 00 #2 )
Ag%( “=90 ; 00)= min 12 ; Amax
3dB
With 348 =65 , Amax =30dB,and 2 180 :180 ].
Appendix D The angle of vertical and horizontal of neighbori ng and serving cells

In both cellular and scalable networking, the interaction b etween neighboring cells and the serving cell can be describ ed as in Figure
D1.
According to Figure D1,
cos tan h+cos jtan 1 h=ISD;

ISD=h cos tan

i =arctan ——M——————;
cos
cos 1 _ sin isin g
cos sin  sin
sin  tan
i = arctan

ISD=h cos tan
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