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Ray-Tracing-Based 6G Air-to-Indoor Path Loss
Modeling in Urban Environments

Yongwan Kim", Member, IEEE, and Jungsuek Oh

Abstract—Air-to-indoor (A2I) communication via autonomous
aerial vehicles (AAVs) can enhance 6G connectivity. However, most
existing studies consider only line-of-sight (LOS) AAV-building
links at sub-6 GHz, leaving non-line-of-sight (NLOS) cases and the
upper mid-band largely unexplored. In practice, LOS is often in-
feasible due to flight regulations and, even when available, provides
poor lower-floor coverage because of strong elevation-angle depen-
dence. This letter proposes LOS and NLOS A2I path-loss models
for the upper mid-band, derived from ray-tracing (RT) simulations
that jointly capture outdoor propagation, wall penetration, and
indoor loss. Results show that NLOS links, aided by multipath, are
less sensitive to elevation and provide more uniform floor coverage,
sometimes outperforming high-elevation LOS links, underscoring
the need to explicitly incorporate AAV-building NLOS conditions
into A2I system design.

Index Terms—Electromagnetic propagation, path loss models,
radio propagation, ray-tracing, autonomous aerial vehicle (AAV).

1. INTRODUCTION

HANNEL modeling above 6 GHz is becoming critical
for 6G. In particular, the FR3 upper-mid band (7 GHz
to 24 GHz), often termed the “golden band,” is a key 6G
candidate [1]. Offering wider bandwidth than sub-6 GHz and
better coverage than millimeter-wave (mmWave), FR3 provides
a favorable tradeoff for next-generation networks [2].
Although FR3 offers wider coverage than mmWave, it still
has more limited coverage than sub-6 GHz. To mitigate this,
autonomous aerial vehicles (AAVs) can act as aerial base stations
(BSs), long-range relays, or mobile data-collecting users [3].
In 5G networks, about 90% of user time and 70% of traf-
fic occur indoors [3]. During emergencies (e.g., earthquakes),
wired infrastructure and terrestrial BSs may fail while many
users remain trapped in buildings. In such situations, reliable
air-to-indoor (A2I) links are crucial, underscoring the need for
an accurate A2l channel—especially path loss (PL)—model.
Several studies have investigated A2I PL [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], but mostly at sub-6 GHz and
assuming only line-of-sight (LOS) links between the AAV and
building, neglecting non-line-of-sight (NLOS) cases. In such
LOS-oriented settings, PL strongly depends on elevation angle,
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Fig. 1. Selected urban regions in South Korea: (a) Gangnam and (b) Bucheon
for PL modeling, and (c) Goyang for model validation.

often yielding weak signals for lower floors [4]. By contrast,
when the AAV is placed in a more distant NLOS position,
the lower elevation and additional multipath components can
enhance low-floor coverage and yield a more uniform signal
distribution across stories. Moreover, maintaining LOS may be
impractical due to regulatory constraints (e.g., no-fly zones,
altitude limits) or emergency conditions involving fire, heat, and
smoke. These factors highlight the importance of NLOS-based
AAV communication strategies.

One way to characterize A2l channels is to measure im-
pulse responses at multiple receiver (Rx) locations, but such
site-specific field campaigns are labor-intensive and time-
consuming, making large-scale data collection difficult [15].

In contrast, ray-tracing (RT) simulations are widely used
to model indoor and outdoor channels, greatly reduc-
ing the need for extensive field measurements [15]. In
this letter, we propose an upper-mid-band A2l PL model
for AAV-building LOS/NLOS conditions, developed using
the heterogeneous-computing-based, anxel-beam-shrinkage-
method-accelerated image-theory (HAIT) RT [16], [17].

II. VALIDATION OF HAIT RT

In this letter, we used a semi-deterministic RT method built
on our HAIT framework [16], [17], modeling indoor loss with
the 3GPP model instead of HAIT’s full 3-D indoor RT. The
HAIT engine has been validated against various commercial
RT tools and measurement-based studies [16], [17], [18], [19],
and finds all physically valid rays, yielding >70% more rays
than shooting-and-bouncing-rays (SBR) RT and up to 6051 x
speedup over existing image-theory (IT)-based RT solvers.

The simulations were performed in three urban areas in South
Korea extracted from OpenStreetMap—Gangnam, Bucheon,
and Goyang [Fig. 1(a)—(c)]—with building heights of 10 m to
120 m. Gangnam and Bucheon were used to develop the PL
models, and Goyang was used for validation.

Prior to detailed A2I PL. modeling, HAIT RT was validated by
comparing outdoor simulations in Gangnam and Bucheon with
the standard 3GPP/ITU-R urban microcell (UMi) PL models in
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TABLE I

SIMULATION CONFIGURATIONS FOR OUTDOOR SCENARIOS

Frequency [GHz]

Max. Bouncing #

Tx/RX antenna

1,2,3,4,5,6 Isotropic antenna
612182 (R:1-6.D: 1) (vertical polarization)
Number of Tx Number of Rx Tx location [m]

1

6,561 per region

(0,0, 10)

TABLE III
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SIMULATION CONFIGURATIONS FOR A2I SCENARIOS

Frequency [GHz]

Max. Bouncing #

Tx location [m]

6,12, 18,24

5R:5,D: 1)

x: 0, y: 0, z: 30, 55, 80

Rx location [m]

Uniformly distributed on area
(x: -400~400 / y: -400~400 / z: 10, 33.3, 56.6, and 80)

Rx location [m]
Uniformly distributed on area (x: -400~400 / y: -400~400 / z: 1.5)

TABLE II
MEAN ERROR OF RT SIMULATION RELATIVE TO 3GPP/ITU-R MODELS

Max. Bounce #

ME [dB] 1 2 3 4 5 6
LOS (6 GHz) 2.83 2.86 2.89 2.89 2.89 2.89
NLOS (6 GHz) -11.7 | -493 | -1.61 0.16 1.07 1.59

LOS (12 GHz) 2.57 2.69 2.71 2.72 2.72 2.72
NLOS (12 GHz) -13.7 | -6.64 | -2.89 | -0.71 0.53 1.07
LOS (18 GHz) 2.63 2.85 291 291 291 2.90
NLOS (18 GHz) -15.1 -7.38 | -3.61 -1.34 | -0.21 0.48
LOS (24 GHz) 2.64 2.86 2.88 2.87 2.87 2.88
NLOS (24 GHz) -159 | -8.16 | 412 | -1.76 | -0.51 0.09

® RTpath loss (LOS)

®  RTpath loss (NLOS)
3GPP/ITU-R path loss (LOS)
3GPP/ITU-R path loss (NLOS)

Path loss [dB]

30 100 200 300 400
d30 [m]

Fig. 2. Comparison of RT PLs and 3GPP/ITU-R models at 24 GHz.

the FR3 band [20], [21], using the RT parameters in Table I.
Reflection orders up to six (R = 1-6) and a single diffraction
order (D = 1) were considered. HAIT RT uses geometrical optics
(GO) [22], [23], [24], [25] and the uniform geometrical theory of
diffraction (UTD) [26], [27] for reflection and diffraction, while
diffuse scattering is neglected in this work. This is supported
by prior work showing that reflection and diffraction alone
can reproduce PL without modeling diffuse scattering even at
28 GHz [28], and its impact is expected to be smaller over 6—
24 GHz. Buildings and the ground were modeled as concrete and
asphalt concrete with dielectric constants of €,, = 5.24 and 4.83
and conductivities of o = 0.188, 0.323, 0.443, and 0.555 S/m
(concrete) and o = 0.132,0.348, 0.612, and 0.915 S/m (asphalt
concrete) at 6, 12, 18, and 24 GHz, respectively [29].

Table II summarizes the mean errors (MEs) between the
3GPP/ITU-R models and the simulated PL. The ME is defined
as ME = YN (PLioga — PLgr)/N where N is the number
of samples and PL,04e1 and PLgy are the PL values from the
3GPP/ITU-R models and RT, respectively. The MEs converge
at five bounces, differing by less than 0.7 dB from six bounces
and remaining below 3 dB. Fig. 2 shows LOS and NLOS PL
at 24 GHz with six bounces, indicating good agreement with
the 3GPP/ITU-R models. The root-mean-square errors (RMSEs)
of the 5-bounce RT results relative to the 3GPP/ITU-R models
are 6 dB for LOS and 14.9 dB for NLOS, where RMSE =

\/ Zf\;l (PLinodel — PLRT)2 /N . These results justify the use of

HAIT RT in this study.
Despite MEs below 3 dB relative to the conventional outdoor
PL model, we further refined the 3GPP/ITU-R NLOS PL model

Number of Rx
161,604 per region

Tx/RX antenna
Isotropic antenna (vertical polarization)

by refitting its coefficients using a least-squares method against
the RT simulations as follows:

PLuyi nios = 11.6438.3log,,(dsp) + 23.91og,0(f)
- 0.3 (hRX — 1.5) + Xsp (0, UUMFNLOS) [dB] . (1)

Here, dsp is the Tx-Rx distance, f the frequency in GHz,
hrx the Rx height, and Xgsr a zero-mean Gaussian variable
with standard deviation oyni-NLos = 14.7. This optimized
UMi-NLOS PL model serves as a reference for interpreting the
proposed A2l model in Section III.

For reference, we also evaluated an air-to-ground (A2G)
configuration in the same UMi environments with the param-
eters in Table I, except for hrx = 80 m and hgrx = 10 m,
and compared the results with the 3GPP A2G PL model [30].
Although the A2G models in [30] are defined for LTE bands,
the 5-bounce RT simulations yield MEs below 3 dB for both
LOS and NLOS, indicating good frequency scalability; the ME
differences between 5 and 6 bounces are within 0.23 dB, and the
RMSE:s are 3.05 dB (LOS) and 12.9 dB (NLOS).

III. A2I PL MODELING AND VALIDATION
A. A2I PL Modeling

Conventional outdoor-to-indoor (O2I) PL models are usually
written as the sum of outdoor PL (PL,y), external wall pene-
tration 10ss (P Ly ext), and indoor propagation loss (PLj,) [5],
[20], [21]

PL = PLout + PLwall,ext + PLin [dB] . (2)

Each component is obtained from separate models. Directly
extending this framework to A2I entails several challenges:

1) Lack of Suitable NLOS Outdoor Models: Existing outdoor
NLOS models lack the Tx/Rx height range required for A2I; for
example, the A2G models in [31] assume ground-level users
only and thus cannot capture indoor coverage on upper floors
[11].

2) Elevation and Multipath Dependence Under LOS: Even
with clear LOS for the AAV-building link, using free-space loss
as the PLoy, as in [5], [6], [7], [10], [11], [12], [13], and [14],
can be inaccurate. A2l propagation is highly elevation-angle
dependent [4], and in practice, multipath from surrounding
buildings can sometimes dominate the received power over the
steep LOS path, which suffers large floor-penetration loss.

3) Wave Direction Mismatch: Conventional PLg, models
include all rays, even those propagating away from the build-
ing. Simply adding PLyto PLya11,ext + PLintherefore double-
counts rays that never enter the building, leading to a physically
inconsistent O2I PL.

To address these limitations, we ran integrated A2l simula-
tions with HAIT RT that jointly account for outdoor propagation,
wall penetration, and indoor loss in the Gangnam and Bucheon
areas of Fig. 1, using the parameters in Table III.
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Fig. 3. Simulated received power in Bucheon for Agx = 10 m, hrx = 80 m,
f = 24 GHz, low-loss penetration model, and 1 W transmit power.

External wall penetration was modeled using the low-/high-
loss model in [20] plus incident-angle dependent loss in [32]

Liow = 5 — 10logq (0.3 1075 0.7 10—513”) [dB]
3)

LHigh = 5 1010g10
(0.7~ 10- 25 1 0.3 10*5T3f) [dB] 4)
L. (6) = 0.21219] (5)

where 0 is incident angle in degrees. Since Ly owand Ly;g denote
angle-averaged penetration loss, we set them to the loss at 45°
incidence. Accordingly, the penetration loss models used in RT
are as follows:

— L (45°) + Le (0) [dB] (6)
~L.(45°) + L. (0) [dB].  (7)

LLOW,RT = LLOW
Luigh,rT = Luigh

Indoor propagation loss was set to 0.5 dB/m and internal wall
penetration was neglected, following [20], [21], [33], yielding
mean PL errors below 6 dB with respect to the measurements in
[33]. Floor penetration was also considered: according to [34],
upper-mid-band penetration losses are about 52, 62, and 67 dB
for 1-3 floors, far exceeding indoor attenuation without floor
penetration (0.5 dB/m). Floor-penetrating rays were therefore
treated as negligible by setting floor penetration loss to infinity.
Because the actual floor spacing is unknown, a uniform spacing
of 3 m was assumed and rays exceeding this vertical distance
were terminated. All other parameters followed the outdoor
scenario in Section II.

Fig. 3 shows the received-power distribution in Bucheon at
z = 10 m and 24 GHz with hrx = 80 m, using Ly, rT and
1 W transmit power. As expected, some NLOS regions exhibit
stronger received power than nearby LOS areas. For example,
Zone 2 (NLOS) yields higher power than Zone 1 (LOS) despite
being farther from the Tx: in Zone 1, the direct path suffers severe
loss due to a large incident angle and multiple floor penetrations,
and the lack of nearby buildings limits multipath, whereas Zone
2 benefits from rich reflections from surrounding buildings with
low incident and elevation angles, which strengthen the signal.
These results indicate that AAV-building NLOS configurations
can be advantageous for A2I links, especially under flight-zone
or altitude constraints.
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The proposed A21 PL model extends the alpha—beta—gamma
model [20], [21] by adding elevation-angle- and indoor-
distance—dependent terms. Its coefficients are obtained via or-
dinary least squares [35] from RT results for buildings within
400 m (horizontal length) from the Tx. The resulting model,
incorporating the low-loss term Ly,ow rr, is given by:

PLioMing, Los = 43.4 4 17.0log;o(drr) + 27.11og0(f)
+39.8 |Helev| + O-4d2D,in + XSF (07 Ubuilding,LOS) [dB} . (8)
PL]l;l?i\ﬁ:ling, NLos = 11.5 +39.9logy(drr) + 30logyo(f)

+ 4.2 |0ctev| +0.9d a1, ext,2D + XsF (0, Obuilding,NLOs ) [dB] .
)

Here, PL{;&‘{EH& ros denotes the PL when the Tx—Rx path

crosses only one external wall, whereas PLtﬁ‘ﬁding,NLos applies
otherwise. drr is the 3D Tx—Rx distance, dap in the indoor hori-
zontal propagation length along the Tx—Rx path, and dyai1,ext,2D
the shortest horizontal distance from the Rx to the nearest exter-
nal wall. The indoor-distance metric differs between LOS and
NLOS because LOS links are dominated by a single direct path,
whereas NLOS links are governed by multipath components
arriving from various directions. f¢ey is the Tx—Rx elevation
angle in radians.

The constant and frequency-dependent coefficients of
PL%&‘ﬁhng_’ Los (43.4 and 27.1) exceed those of the free-space
PL (FSPL), which is defined as [14]

FSPL = 32.44 + 20log,((dsp)+20logo(f) [dB]. (10)

This is because PL%lj’i‘ﬁﬁn& rLos inherently includes both
PLyanexe and its frequency dependence. The coefficient as-
sociated with outdoor PL exponent (17.0) is slightly smaller
than that of FSPL, since drr spans both outdoor and indoor
segments, whereas dsp represents only the outdoor path. As
expected, PLIgf,’i‘f:hn& Los shows strong elevation dependence
(39.8), yielding nearly 56 dB of additional loss at 80°, and the
horizontal indoor-loss coefficient of 0.4 is close to the indoor
attenuation used in the RT simulations, which is reasonable
because elevation effects are captured by a separate term.

For PLIg?lViV]dingNLOS, the constant and distance coefficients
(11.5 and 39.9) are close to those of the UMi ground-BS
model in (1) (11.6 and 38.3). This results from offsetting ef-
fects: although the AAV-building link experiences less outdoor
blockage (lower PL) than a ground-BS scenario due to the
higher Ay, the outdoor-loss term of the proposed A2l model
is dominated by indoor Rxs in buildings along narrow, building-
dense streets with severe blockage and high outdoor loss, where
most indoor Rxs are located, whereas conventional ground-BS
models are dominated by Rxs along wide streets with lower
PL [36]. The frequency-dependent term (30) exceeds that of
PLEOY ding,L.0s (27.1), reflecting stronger frequency dependence
of reflection and diffraction in multipath propagation. Its eleva-
tion coefficient (4.2) is much smaller than that of PLl]ﬁ‘;,lding.LOS
(39.8), since dominant multipath components generally arrive
with smaller elevation angles than the direct AAV-Rx path. Fi-
nally, the perpendicular horizontal indoor-loss coefficient (0.9)
is larger than the 0.5 dB/m indoor attenuation used in the RT
setup, which can be attributed to oblique incidence effects.

The shadowing factors opuilding,LOS and Ohuilding, NLOS are
14.5 dB and 14.0 dB, respectively. The larger LOS shadowing
factor relative to the standard UMi ground-BS case arises be-
cause, inside LOS buildings, some regions cannot be reached
by the direct Tx ray due to floor penetration loss, so their PL is
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Fig. 5. Simulated and fitted LOS probabilities in Gangnam and Bucheon.

dominated by multipath. As a result, LOS buildings contain a
mixture of direct-ray-dominant and multipath-dominant areas,
which increases the overall shadowing variance.

PLEL?Hdeg’ ros/NLos are defined under the low-loss condition.
In the high-loss case, the only change is the average external wall
penetration loss (Lyow versus Lyign). Since Ligh — Liow varies
by less than 1.3 dB over 6 GHz to 24 GHz, the high-loss models
are obtained by simply adding median value of Lyjgn — Liow

over the band (18.2 dB) t0 PL{ ging 1.0S/NLOS» 1-€5

Pngﬁgmg Los = 61.6 4+ 17.0log;o(drr) + 27.1log ;0 (f)

+ 39.8 |0clev| + 0.4d2p in + XsF (0, Obuilding,.os) [dB]
(11)
PLIl;Eﬁzing, NLos = 29.7 + 39.9logyo(dtr) + 30logy(f)

+ 4.2 |0ctev| + 0.9dwan,ext,2p + XsF (0, Obuilding, NLOS) [dB] .
(12)

Fig. 4 shows the PLYOY 41,0 1.0s/nLos 3t 6 GHz with dop i, =
dyall,ext,2p = Sm and a large elevation angle Ocey = 1.22
rad (70°). As expected, PL%i‘;’lding.Los exceeds PL]gfl‘{“ldin&NLos,
highlighting the benefit of NLOS-based A21 communication.

We analyzed the LOS probability in the Gangnam and
Bucheon. A link is classified as LOS if the Tx—Rx direct path
penetrates only one external wall, and as NLOS otherwise. As
shown in Fig. 5, we obtained the LOS probability as a function
of htx and horizontal distance d-op from the Tx, and fitted it
with exponential models following [28] for each hrx:

P | = —30.18791e 0008980 4309050 0-00862dz0
(13)

Plos|os,, = —1.25075¢ 001096420 4 1 96813 0-00954d2n
(14)
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Plos g = —7-454T1e 000399%0 4 8 44401 ¢ 000388 %p,
15)
The coefficients were derived using MATLAB’s nonlinear
least-squares solver Isgcurvefit, and the RMSEs between the
fitted and simulated probabilities are 0.12, 0.13, and 0.13 for
hrx = 30, 55, 80 m, respectively.

B. Model Validation

With the parameters in Table I, RT simulations in Goyang
[Fig. 1(c)] yield MEs < 3.5 dB and LOS/NLOS RMSEs of
6.2/14.4 dB relative to the UMi ground-BS 3GPP/ITU-R PL
models [20], [21] (5 bounces), confirming Goyang as a typical
UMi environment comparable to Gangnam and Bucheon.

Next, we performed A2l simulations in Goyang using the
same parameters as in Table III with Lj gy rr and compared
the simulated PL with the PLIE&ming, Los/NLos- The MEs were
3.45 dB (LOS) and 2.72 dB (NLOS), and the RMSEs were
10.2 dB and 12.9 dB, respectively, indicating satisfactory val-
idation. The ME close to 3 dB likely reflects differences
in building-height distributions between Gangnam/Bucheon
and Goyang. Fig. 6 compares the simulated PL for Goyang
with PLEN ging ros and PLESY gie npos: Fig. 6(a) shows
PLE ding.1.os fOr feley = 35°, 24 GHz, and dop in = 12 m,
together with LOS RT samples for 0,y = 30°-40°, 24 GHz, and
dap in = 5-19 m; Fig. 6(b) shows PLi% 4ing NLos Or Oetey =
35°, 24 GHz, and dwal1,ext,2p = 4 m, together with NLOS RT
samples for Oejey = 30°—40°, 24 GHz, and dyai1 ext,2p = 0-8
m.

IV. CONCLUSION

This letter presents LOS and NLOS A2I PL models for the
FR3 band, derived from HAIT RT simulations. Unlike conven-
tional O2I formulations, the model jointly accounts for outdoor
propagation, wall penetration, and indoor loss to overcome
limitations of existing approaches. The model’s coefficients are
further optimized via ordinary least squares using large-scale
simulations in two urban environments.

The results show that the model captures key differences be-
tween LOS and NLOS cases: LOS links are strongly elevation-
dependent, whereas NLOS links benefit from multipath and can
even provide better coverage on lower floors than LOS links.
These findings indicate that AAV-building NLOS links are a
viable strategy under realistic flight or emergency constraints
and should be considered in A2I system design.
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