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2 to 28 GHz in an Outdoor Parking Lot
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Abstract—This letter presents wideband measurements and sim-
ulations ranging from 2 to 28 GHz conducted in a parking lot,
with and without cars. The measurements have been carried out
considering a transmitter placed in an elevated position, with an
omnidirectional antenna. The receivers have been distributed in the
parking area also using omnidirectional antennas. Furthermore,
the OPAL open-source ray launching tool has been used to simulate
the different propagation mechanisms. The CI, FI, CIF, and ABC
propagation models have been considered, showing a consistent
behavior of the propagation path loss exponent with the frequency.
The results suggest that the presence of cars has a minimal impact
on the path loss along all frequencies.

Index Terms—Channel modeling, channel sounding, line of sight
(LOS), millimeter wave (mmWave), parking lot, propagation.

I. INTRODUCTION

M ILLIMETER WAVE (mmWave) frequencies for 5G and
beyond have gained undoubtable attention as the mean of

increasing allocating frequencies and bandwidth [1]. The avail-
ability of large bandwidths from 6 to 300 GHz in the spectrum
is being used to increase the throughput in wireless communi-
cations [2]. The International Telecommunication Union (ITU)
predicted that the trend of exponential growth will continue and,
by 2030, the overall mobile data traffic will reach astonishingly
5 zettabytes (ZB) per month [3]. The World Radio Conference
(WRC) established 5G frequency bands in the conference held
in Geneva in 2015 [4] and at the conference held in Sharm
el-Sheikh in 2019 [5], and it is expected to add new frequencies
at the conference to be held at the end of 2023 in Dubai [6].
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The gap between frequencies range 1 (FR1) and 2 (FR2) will
be reduced by considering several bands around 7 GHz, which
would lead to a more continuous use of the spectrum. Moreover,
the first phase of European Union (EU) 2020 5G public-private
partnership (PPP) initiative is investigating the 6−100 GHz
frequencies, including mmWave frequencies, for 5G’s ultrahigh
data rate mobile broadband, among other applications. Then, a
more comprehensive understanding of radio wave propagation
is crucial to any further development of wireless networks.

Lot of studies have been performed from the sub-6 GHz
to THz in outdoor environments [7], [8], [9], including many
different scenarios, frequency bands, and applications. The ITU
considers several reference scenarios for propagation and chan-
nel modeling, such as urban (very high-rise, high-rise, and low
rise), suburban, residential, or rural. As a particular case of
applications in 5G and beyond (B5G) are the open-air parking
lots (found in USA/European shopping malls, entertainment
centers, universities, or business parks). To the best of the
authors’ knowledge, little research has been done in the study
of propagation in this kind of scenarios.

Only a few works related to this scenario can be found in liter-
ature. In [10], an investigation of the car reflection case study for
a different number of the parking lot rows at 26-GHz frequency
band is proposed. The measurement campaigns were conducted
at the University Technology Malaysia (UTM), Kuala Lumpur,
Malaysia, and used directional horn and omnidirectional anten-
nas for the transmitter and receiver side, respectively. In [11], the
same authors present the path loss models at 28 and 38 GHz in
a parking lot environment which represents the multiend users
for future 5G applications. In [12], empirical path loss models
for wireless sensor networks (WSN) deployment in indoor and
outdoor car parking lots were presented. In [13], the authors
proposed a method to predict path loss in parking buildings.

The objective of this letter is to model both analytically and
experimentally the wireless channel in an outdoor parking lot,
where the transmitter is located in a high building illuminating
the parking area with an omnidirectional antenna within an
extensive bandwidths merging FR1 and FR2. Furthermore, the
effect of the presence of cars is also considered by measuring
the wireless channel in two different situations, i.e., full of cars
and empty.

The rest of this letter is organized as follows. Sec-
tion II describes the channel measurements. Section III briefly
introduces the simulation aspects with OPAL. Path loss
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Fig. 1. Top view of the measured scenario.

Fig. 2. Two photographs of the measured scenario: With cars (left) and without
cars (right).

models are reviewed in Section IV. The results are presented and
discussed in Section V. Finally, Section VI concludes this letter.

II. CHANNEL MEASUREMENTS

A. Propagation Scenario

The propagation scenario is an open parking lot situated in
the campus of the Universidad Politécnica of Cartagena, Spain.
It is surrounded by several historical military buildings now
used as academic university facilities. Furthermore, a Roman
amphitheater is in the west part of the parking. A top view of
the measured scenario is depicted in Fig. 1. The transmitter (Tx)
was placed on top of one of the buildings (red diamond in Fig. 1),
having line of sight (LOS) in all cases. Then, the measurement
campaigns were performed on two different days, one with the
parking lot full of cars, while for the second the parking was
nearly empty with only three cars. In Fig. 1, the orange circles
represent the measurement points. Photos of both days can be
seen in Fig. 2. The receiver (Rx) antenna height was 1.25 m,
while the Tx antenna was 16.3 m from the ground.

B. Measurement Procedure and Setup

All measurements have been performed using a commer-
cial vector network analyzer (VNA) (Rohde & Schwarz ZVA
10 MHz–67 GHz). To reach all locations an additional radio
over fiber (RoF) link (EMCORE, Optiva OTS-2, 40 GHz [14])
has been used. The number of frequency points was 35 000,
and the bandwidth of the intermediate frequency filter was
100 Hz. Ultrawideband omnidirectional antennas (STEATITE

Q-PAR ANTENNAS, 0.8–40 GHz [15]) have been used at the
Tx and Rx, with vertical polarization and omnidirectional radi-
ation pattern in the horizontal plane. The antenna patterns were
measured in an anechoic chamber at 15 different frequencies
between 1 and 38 GHz. The antenna gain ranges in frequency
from −2.2 to 6.9 dBi and the 3 dB beamwidth from 20◦ to 140◦.

III. OPAL

Simulations have been done with OPAL, a ray-tracing propa-
gation simulator based on graphics processing units (GPUs),
using the shooting and bouncing (SBR) method. This tool,
whose main features and performance are described in [16], has
already been applied for the simulation of the propagation waves
in tunnels [17]. A 3-D model of the environment was generated,
including a terrain elevation. The values of conductivity and
relative permittivity of each building walls, mainly brick and
concrete, are obtained from [18]. Cars are modeled as two
different sized reflective boxes on top of each other. Up to
30 reflections were simulated as well as a single diffraction.
Twenty-six million rays were generated, with a resolution of
0.05◦ in both azimuth and elevation, resulting in a density of
approximately two million rays per steradian.

IV. PATH LOSS MODELS

In this section, we review four path loss models, i.e.,
the single-frequency floating-intercept (FI) model, the single-
frequency close-in (CI) free-space reference-distance model,
the multifrequency CI model with a frequency-dependent term
(CIF) model, and the multifrequency alpha-beta-gamma (ABG)
model.

The FI model is defined as [19]

PLFI(d) = β + 10α log10(d) + χFI
σ (1)

where PLFI(d) is the path loss, in dB, as a function of the Tx–Rx
distance d, β is the floating intercept point or offset parameter,
expressed in dB, that represents the free-space path loss at 1 m
distance,α is the path loss exponent (PLE) that characterizes the
dependence of the path loss on distance, andχFI

σ is the large-scale
fading that can be modeled as a zero-mean Gaussian distributed
random variable with standard deviation σ (in dB), also known
as shadow factor (SF). The FI model is used in the WINNER II
and the 3rd Generation Partnership Project (3GPP) [20], [21].

The CI model is defined as [22]

PLCI(d) = FSPL(f, 1 m) + 10n log10(d) + χCI
σ (2)

where FSPL(f, 1 m) is the free-space path loss at carrier fre-
quency f at 1 m distance, n represents the PLE, and χCI

σ is the
SF.

The CIF model is defined as [23]

PLCIF(f, d) = FSPL(f, 1 m)

+ 10n

(
1 + b

(
f − f0
f0

))
log10(d) + χCIF

σ

(3)

where PLCIF(f, d) represents the path loss, in dB, over
frequency and distance, n is the PLE, b represents the linear
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Fig. 3. Measured, simulated, and free-space path loss at 2.5 and 22.5 GHz,
with and without cars.

frequency dependence of path loss on the weighted average of
all frequencies, and f0 is a reference frequency and it functions
as a reference point for the linear frequency dependence of
the PLE. The reference frequency f0 is computed as f0 =
(
∑K

k=1 fkNk)/
∑K

k=1 Nk, where K is the number of frequency
samples considered in the estimation of the model parameters,
and Nk is the number of path loss data for the kth frequency fk.
The SF is characterized by the term χCIF

σ .
Finally, the ABG model is described as [24]

PLABG(f, d) = 10α log10

(
d

1 m

)

+ β + 10γ log10

(
f

1 GHz

)
+ χABG

σ (4)

where β is the floating intercept parameter, in dB, at 1 m of
distance, α is the PLE, γ shows the dependence of path loss
on frequency, f is the carrier frequency, expressed in GHz, and
χABG
σ is the SF to model the large-scale fading.

V. RESULTS

Due to the radiation pattern of the antennas and the noise
floor of the VNA, a saturation effect can appear in the measured
path loss, limiting the maximum Tx–Rx distance. To remove
this effect, a preprocessing of the measurements has been done.
The antenna gain effect has been corrected from the measured
radiation pattern and has been also included in the simulation
results. From the channel measurements, the path loss at the
frequencyf0 is derived averaging the measured complex channel
transfer function over a bandwidth of 1 GHz, as described in [25]
and [26]. As an example, the measured and simulated path loss
in terms of the Tx–Rx distance at 2.5 and 22.5 GHz, with and
without cars in the parking lot, are depicted in Fig. 3. The free-
space path loss has been included for comparison. Measured
and simulation results are in good agreement, and no significant
differences are observed to with and without cars propagation
conditions.

From the path loss data, the parameters of the propagation
models discussed in Section IV can be estimated by the least-
squares linear fitting method using the cftool function of
Matlab, as in [27]. The parameters of the FI model for the
measured and simulated path loss are summarized in Tables I

TABLE I
PARAMETERS OF THE FI MODEL (MEASURED)

TABLE II
PARAMETERS OF THE FI MODEL (SIMULATED)

TABLE III
PARAMETERS OF THE CI MODEL (MEASURED)

and II, respectively, with and without cars in the parking lot. For
the measured path loss, the PLE adopts a mean value of 2.82
(with cars) and 2.70 (without cars), values that are higher than
free-space propagation (PLE equal to 2). No correlation between
the model parameters and frequency is observed. However, there
is some correlation between the parameters β and α, as low
values of α are associated with high values of β, and vice
versa. This relationship between β and α was verified in [27] for
vehicular-to-vehicular channel measurements. This behavior is
explained by the fact that the FI model is based on a curve-fitting
approach without any physical anchor [27]. From the simulated
path loss, the mean PLE is 2.04 (with cars) and 1.98 (without
cars), values very close to free-space propagation. It is important
to note that at all Rx positions there is LOS condition.

Tables III and IV summarize the parameters of the CI model
for the measured and simulated path loss, respectively. The mean
PLE derived from the measured path loss is 2.14 (with cars) and
2.15 (without cars). From the simulated data, the mean value of
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TABLE IV
PARAMETERS OF THE CI MODEL (SIMULATED)

TABLE V
PARAMETERS OF THE CIF MODEL (MEASURED AND SIMULATED)

the PLE is 1.88 and 1.86 with and without cars, respectively.
In both cases, the PLE values are very close, indicating that the
path loss is independent of the presence or absence of cars in
the parking lot. This indicates that the multipath effect caused
by the presence of cars does not have a significant impact on
the final In an analysis using OPAL, it has been found that by
simulating random receivers within a circle of 1 m, the standard
deviation is very similar with and without cars, being slightly
higher with vehicles of the order of less than 1 dB. It is worth
noting that the PLE values have a higher dispersion in terms of
the frequency in the FI model, while they are more stable in the
CI model due to the fact that term FSPL in (2) has an inherent
frequency dependence of the path loss embedded for a distance
equal to 1 m. With regard to the SF parameter, the lowest values
are found for the simulated results and with the presence of cars
in the parking, with major differences from the measured path
loss when the FI and CI models are considered.

Comparing with literature, in [10], PLEs values of 2.6 and 4.6
were obtained for the CI and FI models, respectively, at 26 GHz
when the Tx antenna is 2 m above the ground. Similarly, PLE
values of 2.7 and 3.7 were reported in [11] for the CI model at
28 GHz also for 2 m Tx antenna height. These values of PLE are
slightly higher since in our case the Tx antenna is in an elevated
position.

The above models, do not take into account the dependence of
path loss on frequency, and different values can be expected for
each frequency. In order to have a complete model to describe the
path loss variations in both distance and frequency, the CIF and
ABG models include all measured path loss data, fitting the data
in both domains, i.e., distance and frequency. As an example,
the scatter plot of the measured path loss and the fitting results of
both models are depicted in Fig. 4. Due to the log-scale in both
distance and frequency axes, the measured path loss moves along
a 2-D plane. Tables V and VI summarize the estimated model
parameters for the CIF and ABG models, respectively. Based on
the frequency samples considered, f0 in the CIF model is equal

Fig. 4. CIF and ABG models from the measured path loss with cars.

TABLE VI
PARAMETERS OF THE ABG MODEL (MEASURED AND SIMULATED)

to 12.93 GHz for the measured data, and equal to 14.67 GHz
for the simulated data. For the measured path loss, the mean
PLE in the CIF model is close to 2, 2.08 with cars and 2.02
without cars, in accordance with the mean PLE derived for the
CI model. Nevertheless, the path loss variability in presence of
cars is higher, increasing the SF from 5.48 dB (without cars) to
7.48 dB (with cars). In the case of the ABG model the values
of the SF are similar to the CIF model, showing a similar fitting
error. However, the differences are larger for the PLEs. From the
simulated path loss, the SF derived in both models is lower, and
the PLE values are very close to the mean PLE values derived
in the CIF and ABG models, showing that both models can
describe the path loss in both distance and frequency, as an
extension of the single frequency FI and CI models.

VI. CONCLUSION

Measurements in an open parking lot with the Tx antenna
placed in an elevated position have been presented. A wide
frequency range was measured, from 1 to 28 GHz. The path
loss has been characterized through the single frequency FI and
CI models, and the multifrequency CIF and ABG models. The
results show that while the FI model minimizes the SF, the CI
model gives a better physical behavior of the PLE, with values
close to the free-space propagation. Similar mean values of the
PLE have been derived from the measured path loss, 2.14 and
2.15 with and without cars, respectively. From the simulated
path loss the values are slightly lower, with mean values of 1.88
and 1.86 with and without cars, respectively. The parameters
derived for the multifrequency models allow us to describe the
dependence of the path loss on both distance and frequency, with
a PLE close to the mean values derived for the single frequency
models. From the measured results, no major differences were
found in the model parameters related to the presence or absence
of cars in the parking.

Although the link budget is high at mmWave frequencies in
this type of environment, being of the order of 95 dB and up to
100 m, the results suggest that it is possible to use omnidirec-
tional antennas in the deployment of wireless communications.
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