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Abstract

To address the need for practical models in simulating chan-
nel propagation behavior at millimeter-wave (mmWave)
frequency bands, this research focuses on characterizing
path loss in a hot-spot scenario, specifically a stadium, by
using data from two promising mmWave frequencies into a
unified model. Propagation measurements were conducted
at 28 and 60 GHz in the open 8089 m2 seating area of a sta-
dium in Viña del Mar, Chile, providing valuable large-scale
path loss data relevant for designing 5G ultra-dense wire-
less networks. Through the analysis of more than 2 million
high-resolution angular power samples, we obtained best-fit
parameters for well-established path loss models: the close-
in free space reference distance (CI), floating-intercept (FI),
and a newly proposed two-frequency extension of CI. In
terms of physical basis and simplicity, the results show that
this novel large-scale model outperforms the conventional
CI and FI models, providing only 1.8 dB of root mean
square model error (RMSE).

1 Introduction

In digital transformation, wireless connectivity faces sig-
nificant challenges in high-density environments. Stadiums
clearly illustrate such scenarios, with dynamic conditions
from high user concentrations in confined areas, all linked
to a single base station. Based on these conditions, an
effective stadium wireless system must ensure full cover-
age, support high-density multi-user access, and offer high
bandwidth. Millimeter-wave (mmWave) bands offer large
bandwidths, making possible high data rates and low laten-
cies [1, 2]. However, working at such frequencies directly
affects the coverage range due to increased path loss. Thus,
comprehensively addressing this issue is required.

Despite some studies of urban micro (UMi) models at
28 GHz for open stadium scenarios [3] and analyses in-
volving single-slope (SS) Kriging-aided model at 28 and
60 GHz [4], there remains a gap in the current state of
the art concerning practical, accurate, and unified models.
Specifically, there is a lack of a mmWave two-frequency
model grounded in robust measurement datasets. Conse-
quently, this study is motivated by the empirical potential of

Table 1. Measurement Equipment Description

Frequency, f [GHz] 28 60 Scenario

Tx power, PT [dBm] 22 20.5
Tx antenna (MU) Horn

Polarization Vertical
Gain, GT [dBi] 10

HPBW(H, E) [°] 50, 47 55, 55
Rx antenna (BS) Omni

Gain, GR [dBi] 1.4 4.9
HPBW(E) [°] 60 30

measurement-based models to understand mmWave propa-
gation, enabling practical predictions essential for accurate
channel simulation. Such insights are crucial for designing
and implementing new physical layer protocols and novel
techniques for both current and future generations of wire-
less communications. Leveraging data from measurement
campaigns at two mmWave frequency bands, our research
introduces a unified model that strikes a balance between
simplicity and accuracy.

2 Measurement Procedure

Received power samples were collected within the seating
area of the Sausalito Stadium in Viña del Mar, Chile. We se-
lected 100 specific locations to provide representative trans-
mitter points, emulating a mobile user (MU) equipment.
Meanwhile, receiver locations were placed to emulate two
distinct base station (BS) allocation scenarios as illustrated
in the scenario in Table 1. The MU and BS were set consis-
tently at a height of 1.66 m. For MU, this height is above
the level of each stand. The measurement setups allow us
to emulate 200 different Three-Dimensional (3D) BS-MU
separation distances, spanning a range of 7 to 150 m.

To collect received power samples, we employed custom-
built continues wave (CW) sounders operating at 28 and 60
GHz, like those described in [4]. Both BSs are mounted
on a 360° rotating platform, enabling a complete angular
scan every 200 ms with 1° angular sampling interval, a 20
KHz receive bandwidth, and an effective noise figure of 5
dB. The omnidirectional (omni) antenna in the BS follows
a circular path with a 0.2 m radius. In order to ensure the
intrinsic response of the measurement system and antenna
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Figure 1. Path loss calculated for 100 MU locations at the
1st and 2nd BS location at 28 and 60 GHz.

patterns the equipment was calibrated within an anechoic
chamber consistently reporting the values in Table 1. To
ensure consistency in a static environment with minimal
temporal variations, given the empty stadium conditions,
receive power measurements were compared across succes-
sive rotations. This sampling process resulted in 400 mea-
sured links (100 MU × 2 BSs × 2 Frequencies), totaling over
2 million individual CW power measurements (400 links ×
740 power samples per second × 7 seconds).

3 Path Loss Modeling Results

To ensure the effective design of a wireless communication
system, it is essential to employ path loss models that can
anticipate the impact of attenuation on signal propagation.
Given that the receiver system at the BS is placed on a ro-
tating platform, the spatial average of power measurements
(Pall) was calculated to extract the effective path loss at
each location with PL= PT−10log10(Pall)+GT+GR [dB].
This spatial averaging process eliminates small-scale fades
across all angular positions of the BS.

In Fig. 1, the path loss of both BS locations is depicted
across the sampled 3D BS-MU separation distances d. No-
tably, the legend does not differentiate between measure-
ments from both BS locations since they yielded similar
values. Additionally, the free space power loss (FSPL) for-
mula, FSPL( f ,d) = 10log10

( 4πd
λ

)2
, and the well-known

3GPP/ITU UMi LOS model [5] have been plotted as a ref-
erence. We tuned the classical CI and FI path loss models
[6] based on our measurements, which involve three param-
eters generalized as A the intercept in dB units which in the
CI model corresponds to FSPL( f ,d0) with d0 = 1 m, n the
slope and Xσ the zero-mean random deviation from the lin-
ear fit in dB, i.e., the RMSE. The summarized results are
presented in Table 2.

The regressed slope for both the CI and FI assessed mod-
els was nearly identical, but not equal to the FSPL value
of 2, suggesting a scenario deviating from free space prop-
agation. When employing FI, the best-fit slope was virtu-
ally identical to that of the CI model, with the use of the

Table 2. Path Loss Regressions at 28 & 60 GHz

Frequency
[GHz]

Model A
[dB]

n
RMSE
[dB]

28 CI 61.3 1.89 1.8
FI 64.3 1.73 1.7

60 CI 68.0 1.95 1.7
FI 71.5 1.77 1.7

latter resulting in an increase in RMSE (less than 0.1 dB).
Consequently, the simpler model with the fixed intercept
(CI) emerged as more practical, aligning with the theoret-
ical foundations of FSPL. When the RMSE is used as a
parameter to compare the accuracy of the CI against to the
UMi conventional model, our findings (4.6 and 3.5 dB of
RMSE at 28 and 60 GHz, respectively) align with those
reported in [3]. The UMi model does not outperform the
fitting achieved with the CI, because it takes into account
waves caused by structures, such as buildings, and the prop-
agation within the stadium environment is mainly confined
to the inside. Given the underlying motivation of striking
a balance between simplicity and accuracy the CI model
was fitted considering both datasets at 28 and 60 GHz, pa-
rameterizing the distance dependence of path loss at 28 and
60 GHz as 1.92, yielding the proposed unified large-sacale
two-frequency path loss model, PL2F, with a RMSE (1.8
dB) similar to the single-frequency model CI in Table 2 and
to the green and gray fitted lines in Fig. 1.

PL2F[dB] = FSPL( f ,d0)+19.2log10

(
d
d0

)
+Xσ

for d ≥ d0, where d0 = 1 m
(1)

4 Conclusion

This paper proposes a two-frequency path loss modeling
for stadium environments, incorporating measurements at
28 and 60 GHz. The validation, supported by an empirical
dataset of 400 measured links, resulted in a unified distance
dependence value of 1.92, with a minimal modeling error
of 1.8 dB. The demonstrated prediction accuracy, as quan-
tified by the RMSE, underscores the reliability of our pro-
posed model, helping students in wireless communications,
industry professionals, and engineers, facilitating practical
and efficient radio coverage estimation through a unified
approach. As a tool for designing and implementing new
physical layer protocols and novel techniques for both cur-
rent and future generations of wireless communications.
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