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ABSTRACT: This contribution presents the design and validation of a portable and low-cost experimental setup of a sounder for channel
characterization at the millimeter wave band for 5G systems (Frequency Range 2-FR2). Unlike the high cost application-specific equip-
ment employed by many research groups, universities, and telecommunication companies, which also requires adequate mounting and
transport to and within the measurement sites, our channel sounder integrates several hardware and software components that result in a
lightweight and convenient device for manual operation. Our device enables measurements at 26GHz, a band earmarked for the upcom-
ing deployment of 5G systems in the millimeter wave band in Colombia. We present channel measurements to validate the performance
of the experimental setup and to assess the adherence to the predictions of the 3GPP (3rd Generation Partnership Project) TR (Technical
Report) 38.901 standard propagation model, achieving favorable results.

1. INTRODUCTION

Wireless channel modeling is a valuable tool in the design
and optimization of the performance and cost of radio

networks. By leveraging accurate channel models, it is pos-
sible to predict key signal parameters, incorporating the effects
of complex propagation phenomena. Hence, it is important to
assess the accuracy of these models with reference to theoret-
ical data, simulation data, and real-world measurements [1].
Specifically, millimeter wave communications exhibit unique
propagation modeling challenges that warrant thorough inves-
tigation. These challenges include significant propagation loss
due to atmospheric conditions, limited diffraction around ob-
stacles, and reduced penetration capabilities, all of which are
critical factors in the design and optimization of communica-
tion systems [2].

1.1. Experimental Channel Characterization
Research teams across various universities globally, as well as
telecommunication service providers and equipment manufac-
turers, have conducted extensive measurements at millimeter
wave frequencies. A concise overview of various experimental
setups utilized for gathering data in diverse indoor and outdoor
settings, as documented in the literature, provides a contextual
foundation for the setup introduced in this study.
Based on Keysight commercial equipment, the authors of [3]

suggested a millimeter wave MIMO channel sounding proto-
type system for 5G systems. Up to 40GHz of frequencies are
supported by the system, and larger frequency bands can be ac-
commodated by adding more mmWave components.
* Corresponding author: Javier Enrique Arevalo Peña (jarevalop@unal.edu
.co).

Using a wideband sliding correlator channel sounder with
steerable directional horn antennas at both the transmitter and
receiver, the authors in [4, 5] provided experimental observa-
tions and empirically-based propagation channel models for the
28, 38, 60, and 73GHz mmWave bands. A pyramidal horn an-
tenna was attached to the RF waveguide output of the common
design, which involved upconverting the baseband signal to an
IF between 5 and 7GHz and mixing it with a local oscillator to
reach the proper mmWave band frequency for each campaign.
After beingmixedwith a local oscillator to create an IF between
5 and 7GHz, the received signal was then downconverted back
to baseband using a rotatable pyramidal horn antenna that was
attached to a waveguide flange input at the Rx.
A study of channel models and their authentications on the

26, 28, 36, and 38GHz frequency bands for outdoor scenarios
is presented in [6]. The continuous radio wave signal was pro-
duced at the TX side using a device called Anritsu MG369xC
Series Synthesized Signal Generator. A vertically polarized,
highly directional horn antenna was attached to the radio fre-
quency’s output. The vertically polarized horn antenna was
connected to the AnritsuMS2720T high-performance handheld
spectrum analyzer, which was running at zero spans, at the re-
ceiving (Rx) side in order to measure the received power level.
Themeasurementsmadewith a high-performance vector sig-

nal generator that has a broad carrier frequency range are pre-
sented by the authors in [7]. The carrier frequency was set to
26GHz for the measurements. A high-performance broadband
vector signal analyzer is used at the Rx side. During the mea-
surements, the transmitting (Tx) side employs three different
antenna array topologies: a 64-element uniform linear array, a
64-element uniform planar array, and a 128-element uniform

169doi:10.2528/PIERC24052408 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERC24052408


Arévalo Peña, Chávez Martinez, and Araque Quijano

planar array. Vertical polarization biconical antennas with om-
nidirectional azimuthal patterns characterize both the transmit-
ter and receiver. Prior to the measurements, GPS disciplines
the calibrated rubidium clock at the Tx side, to which all clocks
and sampling circuits in the transmitter and receiver systems
were slaved.
In [8], the Tx is based on an Arbitrary Waveform Generator

(AWG) to directly synthesize amodulated IF waveform. The IF
signal is band-pass filtered, amplified, and up-converted using
a phase-locked dielectric resonator oscillator, amplifier multi-
plier chain, and a mixer to a center frequency of 83.5GHz. The
system employs various transmitting antennas for calibration
and field measurements. The channel sounder was designed
for indoor and outdoor mobile radio measurements. To analyze
the data, position, velocity, and heading of the antenna array
are needed. For outdoor use, a GPS will be utilized. For indoor
use, a robotic mobile positioning system is used to move the
antenna array and provide this information.
The authors of [9–11] describe a narrowband sounder that

used an omnidirectional antenna to receive a 28GHz continu-
ous wave (CW) tone in order to maximize the link budget and
data gathering speed. The horn rotated in an azimuthal direction
to gather signals coming in from all directions. The signal was
then amplified by multiple Low Noise Amplifiers (LNAs) with
adjustable gains, combined with a local oscillator. This pro-
duced an IF signal with an effective bandwidth of 20 kHz and a
center frequency of 100MHz. The power of the IF signal was
measured, digitally converted using a power meter, and stored
on a computer. The two horn antennas had a vertical polar-
ization. A revolving platform held the entire receiver, includ-
ing the data acquisition computer, enabling a complete angular
scan at up to 300 r/min.
The complex Channel Transfer Function (CTF) in the fre-

quency range of 25GHz to 40GHz was measured in [12]
and [13] using a channel sounder implemented in the frequency
domain by the Keysight N5227A Vector Network Analyzer
(VNA). To automate the measurement process, a personal com-
puter was used to control the positioning system and VNA.
Refs. [14, 15] use a commercial base station that is fixed in-

side the lab, an Ericsson AIR 5121 antenna, and 5G mobile
router equipment (5G NR mmWave Mobile Hotspot) to enable
measurements in the 28GHz frequency band. The results show
the coverage measurements and path loss results of a 5G in-
door/outdoor channel.

1.2. mmWaves Channels for 5G Networks

Modeling of a channel at millimeter-wave frequencies can be
performed deterministically in a site-specific environment val-
idated through the comparison of detailed trajectory parame-
ters with channel measurements and stochastically in broader
generic environments validated by comparison of stochastic
channel properties with channel measurements. In all of them,
propagation phenomena such as diffraction, reflection, refrac-
tion, among others, are considered to be dependent on the op-
erating frequency [16].
Among the deterministic models are the Ray Tracing Model,

Map-Based Model, and t Point Cloud Model, which provide

a characterization of multipath channels based on geometri-
cal optics and uniform diffraction theory. The Ray Tracing
Model uses GO (Geometric Optics) to calculate the direct, re-
flected, and refracted paths and uses GTD (Geometrical Theory
of Diffraction) and UDT (Uniform Theory of Diffraction) to
calculate the diffraction paths. For each path, the complex am-
plitude, delay and departure, and arrival angles of the signals are
obtained. The accuracy of the ray tracing depends largely on the
detailed description of the propagation environment including
the physical structure of the objects and their electromagnetic
parameters, and on the accuracy of the high frequency approxi-
mation implied in this formulation (small wavelength compared
to all objects and relevant characteristics of the scenario) [17].
TheMap-BasedModel, a model proposed within the METIS

(Mobile and wireless communications Enablers for the Twenty-
twenty Information Society) project, is based on ray theory em-
ploying a simplified three-dimensional geometrical description
of the propagation environment to account for propagation phe-
nomena such as specular reflection, diffraction, scattering, and
blocking. This model provides accurate and realistic channel
properties, and is suitable for evaluating massive MIMO and
beamforming systems [18].
The Point Cloud Model uses ray theory to characterize the

propagation environment with higher accuracy. A laser scan-
ning method can be used to obtain point cloud data of the prop-
agation environment with more detailed object structure infor-
mation. These data are then filtered to obtain a representation
of the surface and proceed to calculate parameters such as am-
plitude, delay, and angle of the signals from the propagation
phenomena such as specular and diffuse reflections [19].
Among the stochastic models, widely used for channel mod-

eling in millimeter-wave bands, are the Saleh-Valenzuela (SV)-
BasedModel, Propagation GraphModel, and Geometric Based
Stochastic Model in millimeter-wave bands (GBSM). The SV-
Based Model is used to model the Channel Impulse Response
(CIR). It assumes that the rays arrive in clusters with delays fol-
lowing a Poisson distribution (exponential distribution for the
inter-arrival times). Then, the CIR can be described by param-
eters such as cluster power decay rate, lightning power decay
rate, cluster arrival rate, and lightning arrival rate. With mod-
ifications the SV-Based Model has been extended and adopted
by IEEE 802.15.3c and IEEE 802.11ad [20].
The Propagation Graph Model is based on graph theory in

which in a propagation graph the transmitters, receivers, and
scattering elements are represented by vertices, and the propa-
gation conditions between the vertices are represented by edges
with probability values. The angle information is also obtained
from the distribution of the network elements [21].
The GBSM is classified into RS (Regular Shaped) GBSM

and IS (Irregular Shaped) GBSM. In RS GBSM, regularly
shaped scatterers with one ring, two rings, ellipses, cylinders,
and others are assumed, and in IS GBSM, irregularly shaped
scatterers are used. In general, this model, widely applied to
different scenarios, has been used in channel model proposals
presented by several international organizations and research
groups for millimeter-wave frequencies, among which the fol-
lowing can be named:
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1. Mobile and wireless communications Enablers for the
Twenty-twenty Information Society (METIS): It is an ex-
tensive research project funded by the European Union
that was based on the earlier WINNER II and WINNER+
channel models. The METIS project proposed a stochas-
tic model for frequencies up to 70GHZ and a Map-Based
model, presented above, applicable up to 100GHz, as well
as hybrid models. It is applicable to a wide range of indoor
and outdoor scenarios, such as Urban Macrocell (UMa),
Urban Microcell (UMi), Device to Device (D2D), Vehicle
to Vehicle (V2V), rural, road, indoor, shopping malls, and
offices [22].

2. Millimeter-Wave Based Mobile Radio Access Network
for 5G Integrated Communications (mmMAGIC): It is
another extensive research project funded by the Euro-
pean Union under the 5G Partnership initiative bringing
together major contributions from industrial companies.
It takes into account the main changes in mobile systems
to support dense networks with a high degree of flexibil-
ity and performance, covering frequencies from 6GHz to
100GHz [23].

3. New York University (NYU) WIRELESS Model: It is
a project of the New York University at NYU Tandon
School of Engineering based on the 3rd Generation Part-
nership Project (3GPP) TR 38.901 model that uses a
database of downtown New York City characterized by
more realistic results for urban scenarios [24].

4. QUAsi Deterministic Radio channel GenerAtor
(QuaDRiGa)Model: It is a model proposed by Fraunhofer
Institute for Telecommunications as a 3D extension of the
WINNER model. It is an open access platform that al-
though initially used for simulations of frequencies below
6GHz, it can be used for simulations in millimeter-wave
frequency bands [25].

5. Millimeter-Wave Evolution for Backhaul and Access (mi-
WEBA): It is a 3D channel model that was proposed for
the 60GHz band applicable to D2D scenarios and spe-
cific types of mobile access such as university campuses,
streets, hotel receptions. It is a hybridmodel that combines
measurement parameters with existing channels in order
to characterize the multipath components of the weak and
strong multipath components of the channel [26].

6. 3GPP Reference Model Channel: Finally, 3GPP TR
38.901 presents several propagation models, applicable
in the 500MHz–100GHz band, intended to calculate
different variables of interest for the simulation and de-
sign of wireless communications networks, such as path
loss, line-of-sight probability, shadow fading, building
penetration loss, and some other aspects of interest,
clearly detailing how to obtain the input parameters of
each model [27, 28]. The technical information is framed
within four main scenarios of interest, which are listed
below:

(a) RMa: This is a rural deployment scenario that focuses
on extensive and continuous coverage. The key features

of this scenario are wide-area continuous coverage that
supports high-speed vehicles. This scenario is limited by
noise and/or interference.

(b) UMi with Outdoor-to-Outdoor and Outdoor-to-Indoor
propagation: A scenario in which base stations are
mounted below the rooftop levels of surrounding build-
ings. UMi’s open area is intended to capture real-life
scenarios, such as a city or a station plaza. The width of
the typical open area is on the order of 50m to 100m.

(c) UMa with Outdoor-to-Outdoor and Outdoor-to-Indoor
propagation: acbs are mounted on the rooftop levels of
the surrounding buildings and can also represent a rural
area, where the buildings are low, and the base stations
are high to cover a large area.

(d) Indoor: This scenario is designed to capture various typi-
cal indoor deployment scenarios, including office environ-
ments and shopping malls. The typical office environment
consists of open cubicle areas, offices with walls, open ar-
eas, corridors, etc. Base stations are mounted 2–3m high
on ceilings or walls. Business centers are typically 1–5
stories high and may include an open area shared by sev-
eral floors. Base stations are mounted at a height of ap-
proximately 3m on the walls or ceilings of corridors and
stores.

This study makes several key contributions to the field of
mmWave band channel characterization, including: i) the de-
tailed description of the design and experimental validation of
an open, flexible, and cost-effective platform for channel char-
acterization in the mmWave band; ii) the development of a
platform that facilitates manual transport and operation, closely
mimicking the experience of a mobile communication user in
realistic scenarios; iii) to the best of our knowledge, this work
represents the first instance of radio channel measurements in
the millimeter wave band conducted in Colombia, significantly
preceding the anticipated rollout of 5G systems in the FR2 band
within the country; iv) the evaluation of experimental results
through comparison with a standard propagation model, offer-
ing valuable insights into the application of such models in the
design of 5G FR2 wireless networks, particularly in the con-
text of Colombia’s unique atmospheric, urban, and topographic
conditions.

2. CHANNEL SOUNDERARCHITECTUREANDDESIGN
In this section, we describe the design of our experimental
testbed using a bottom up approach. The testbed is composed
by, going from the air interface backwards: millimeter wave
transceivers, baseband processor, various position tracking de-
vices, and a processing unit. Such a setup is replicated at both
sides of the channel, whereby a base station device is static and
provides a stable radio signal and an accurate positioning ref-
erence, and a rover device is used to move through the area of
study. In the following, these blocks are described in detail.
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2.1. Transceivers
For the generation and reception of waves in the desired band,
two transceivers from the manufacturer Sivers Semiconductors
are used, developed for experimentation and channel study in a
band from 24GHz to 29.5GHz [29]. These devices feature two
2 × 8 patch antenna arrays, one for transmission and an iden-
tical array for reception, which provide a narrow beam in the
horizontal plane and a wide beam in the vertical plane. These
devices also include an analog filter in their reception mode
that suppresses out-of-band interference, making it a robust de-
vice in a noisy environment. This device includes a software
package developed in Python that allows the modification of
some parameters of interest, such as central frequency, verti-
cal and horizontal beam orientations, gain, among others, ei-
ther through console commands or a graphical interface. This
device does not transmit/receive signals generated by itself; in-
stead, it takes/produces baseband signals in differential mode
through its I-Q I/O ports, which are the baseband version of the
transmitted/received signal in the radio band of interest. The
EVK02001 transceiver shown in Fig. 1 used in the measuring
process has the following features:

• Beamforming capability with 16 transmitting channels
and 16 receiving channels. Beam steering with patch an-
tenna array, azimuth: ±45◦.

• Integrated synthesizer compatible with 5G NR OFDM
modulation up to 64 QAM and SC modulation up to 256
QAM depending on baseband capabilities.

• Output transmitting power of approx. 45 dB and antenna
array gain of approx. 20 dBi.

• Support for RF channels up to 2GHz and additional sup-
port for split RF channels (1/2 and 1/4 channel).

• Optimized for 3GPP NR 5G fixed wireless access applica-
tions Compatible with IEEE 802.11ad standard, MCS0-12
modulation.

FIGURE 1. Transceiver EVK02001 (parch antenna 2× 8).

2.2. Baseband Processor
For the generation and reception of the aforementioned base-
band signals, Ettus B210 reference USRP devices are used.
These devices provide a fully integrated Software-Defined Ra-
dio (SDR) platform, with continuous frequency coverage from
70MHz to 6GHz in real-time. The manipulation of this de-
vice is possible thanks to the USRPHardware Driver™ (UHD),
available for programming languages such as C++ or Python,
as well as more specialized software like GNU Radio, MAT-
LAB, or LabVIEW. This device possesses a 2 × 2 transceiver
arrangement very well suited to connect to the differential IQ
ports of the mmWave transceiver.

2.3. GPS Modules
Because path losses are described as a function of the distance
between the transmitter (Tx) and receiver (Rx), it is necessary
to include in the experimental setup a device capable of ob-
taining this parameter. For this purpose, two C94-M8P-2 mod-
ules from the manufacturer U-Blox were used [30]. Although
these devices can function independently, their optimal perfor-
mance is achieved when they operate in pairs. One is config-
ured as the “base station” with a fixed coordinate and the other
as a “rover”, acting as a mobile device that utilizes its own lo-
cation, obtained through GNSS readings, and correction mes-
sages received from the “base station” to provide a position in
terms of coordinates or relative position accuracy compared to
the fixed “base station”, improving the precision achieved by
GNSS readings alone by a factor of ten or better. In our tests
we verified centimeter positioning accuracy.

2.4. Magnetometer Accelerometer
Although only the variables measured by the aforementioned
instruments are necessary for an accurate estimation of path
losses, an additional element was chosen to be added to the test
setup: a magnetometer and accelerometer positioned on the re-
ception transceiver. This placement allows for determining the
full 3-D orientation of the rover antenna, thus aiding in the cor-
rect alignment of both antenna arrays during the measurement
and in the computational removal of errors due to antenna mis-
alignment from knowledge of the antenna pattern. The GY-511
module was used for this purpose, equipped with I2C commu-
nication pins and compatibility with various platforms such as
Arduino or Raspberry Pi. Additionally, it comes with support-
ing software for each of these different platforms.

2.5. Processing Unit
For the purpose of achieving a compact and portable setup
while collecting data from the previously mentioned equip-
ment, the Raspberry Pi 3 Model B board was selected. This
device is a versatile mini-computer that supports a broad range
of GNU/Linux-based operating systems. It is equipped with
multiple connectivity options, including four USB 2.0 ports, an
Ethernet port, an HDMI port, and others, which facilitate the
interaction with various devices. Moreover, it features a set
of GPIO pins that enable its use as a programmable controller
for diverse robotics or electronics projects. Among these pins
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FIGURE 2. Calibration setup for the baseband module in the transmitter
(BS) node.

FIGURE 3. Calibration setup for the baseband module in the receiver
(rover) node.

are the I2C and SPI communication ports, which are instrumen-
tal in managing external devices. The choice of this device
is driven by its ability to efficiently control all the mentioned
equipment, coupled with its compact size that contributes to
the development of a lightweight rover unit. Furthermore, its
low power consumption allows for extended operations pow-
ered by a modestly sized battery bank, eliminating the need for
frequent recharging.

3. EQUIPMENT CALIBRATION
The calibration process is essential for both baseband and
mmWave transceivers, as they do not provide readings or out-
put signals in absolute voltage or power values. Instead, the
values accessed through the software interface (e.g., GNU Ra-
dio/MATLAB) are referenced to an internally defined unit that
is initially unspecified. To address this, a characterization pro-
cedure is undertaken to accurately determine the scaling fac-
tors. These factors are crucial for our measurement campaign,
ensuring the precision and reliability of the data collected.
According to the manufacturer’s recommendation for the

baseband processor [31], a simple method for calibration in-
volves using another previously calibrated device. For the
transmitting module, the output of the USRP B210 is connected
to a spectrum analyzer, as illustrated in Fig. 2 adjusting the gain
of the output signal until a power of 0 dBm is achieved. Sim-
ilarly, the baseband processor used for reception is calibrated
with the assistance of a vector signal generator, as shown in
Fig. 3. With this setup, the reference level of the USRP is cal-
culated based on the amplitude of the recorded signal and the
known power of the input signal.
For the calibration of the transceivers, the setup shown in

Fig. 4 is used, where the output of the Rx transceiver is con-
nected to a spectrum analyzer. All preconfigured gains in both
Tx and Rx transceivers are varied to identify the individual con-
tribution of each, subsequently taking them into account in the
calculation of path losses.

FIGURE 4. Calibration setup for the millimeter wave transceivers.

4. MEASUREMENT MODULES

4.1. Tx Module
The transmission module, whose diagram is shown in Fig. 5,
consists of 4 devices: a computer, a USRP, a C94-M8P-2 mod-
ule, and a transceiver. The computer is responsible for initiat-
ing processes on the other devices; from it, the GPS receiver
is configured in “base station mode”, assigning it a fixed coor-
dinate. Additionally, the transceiver’s Tx mode is initialized,
specifying its central frequency, beam orientation, and gain.
The USRP is also configured in transmission mode to gener-
ate a baseband signal to feed the transceiver.
With this module initialized, the GNSS device starts gen-

erating and wirelessly transmitting positioning reference data,
which will be utilized by the “rover” to obtain an accurate loca-
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FIGURE 5. Photograph and block diagram of the transmission (base sta-
tion) Node.

FIGURE 6. Photograph and block diagram of the reception (rover) node.

tion. Through GNU Radio, the USRP is configured to output a
sinusoidal signal with a power of 0 dBm and a central frequency
of 500MHz on its output ports. This signal will be taken to
the differential I-Q terminals of the transceiver, where it will
be modulated and transmitted at a frequency in the millimeter-
wave band.

4.2. Rx Module

In the Rx module, as shown in Fig. 6, the C94-M8P-2 module,
configured in rover mode, receives messages sent from the base
station to provide more precise positioning. Meanwhile, the
GY-511 magnetometer and accelerometer read the horizontal
and vertical alignment. These two instruments are read through
a Python script executed from the Raspberry Pi, and the data is
then sent to the PC via a MATLAB routine. Conversely to the
base station device, the transceiver in the rover receives the sig-
nal in the millimeter-wave band, demodulates it, and delivers it
to the USRP in baseband frequency. This, in turn, is read using
the same MATLAB routine used to measure the other variables
so that data from all three measured variables are collected dur-
ing the measurement period.

5. DESCRIPTION OF THE MEASUREMENT CAM-
PAIGN

The conducted experiment involved generating a signal with
known characteristics using the Tx module and subsequently
receiving this signal using the Rx module. The aim was to
compare the two signals to determine the path losses of the
wave in the medium, based on the frequency of the wave and
the distance between the transmitting and receiving antennas.
To achieve this, the Tx module was positioned at a height of
11m above ground level, while an operator held the Rx mod-
ule at a height of 1.5m. The operator then walked in a straight
line away from the position of the Tx module, always ensuring
proper alignment between the antennas of both modules and
moving to the farthest distance possible while maintaining line
of sight between Tx and Rx. Fig. 7 depicts the path taken by
the operator, which represents the geographic layout of our ex-
perimental setup, highlighting the spatial relationship between
the base station and the various measurement points across the
study area in yellow and blue colors, respectively.
This experiment was conducted between 10 am and 1 pm on

a day with an approximate temperature of 17◦C and 60% hu-
midity.
Data acquisition is performed through a MATLAB routine

that implements a reading loop. During each cycle, data from
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FIGURE 7. Map illustrating the distribution of measurement locations
marked by blue points and the location of the base station indicated by
a yellow point.

the three variables of interest are received. This includes mea-
suring alignment (measured as two angles, one for vertical
alignment and one for horizontal alignment), the rover’s rel-
ative position to the base station (measured as relative position
in latitude, longitude, and altitude), and the measurement of a
data frame from the USRP. These frames consist of 4096 sam-
ples, taken at a sampling frequency of 2MHz. This method
allows for multiple measurements from the instruments per sec-
ond. Once the measurement is completed and the data saved, a
calculation is performed to obtain the power of the received sig-
nal for each distance point, applying the results obtained from
the previously explained calibration. This allows obtaining a
measurement of path losses as a function of the distance be-
tween the transmitter and receiver.

6. RESULTS AND DISCUSSION
Our report of this study’s findings centers around the measure-
ments taken and their comparison with the 3GPP TR 38.901
reference model at the key frequency of 26GHz, depicted in
Fig. 8. Furthermore, to provide a comprehensive evaluation of
the experimental setup’s performance, results at adjacent fre-
quencies are also explored: the lower frequency of 24.5GHz, il-
lustrated in Fig. 9, and the higher frequency of 26.5GHz, shown
in Fig. 10. This analysis across a spectrum of frequencies offers
a detailed insight into the setup’s effectiveness. The initial find-
ings affirm the experimental setup’s functionality, as evidenced
by the observed increase in losses correlating with the distance
between the antennas. This trend aligns with the expected be-
havior outlined by the 3GPP model’s path loss equation, in-
dicating a consistent increase in losses with distance. How-
ever, despite these similarities, notable discrepancies emerge
between the actual measurements and the theoretical propaga-
tion model, particularly at distances up to approximately 50
meters. These differences highlight areas for further investiga-
tion to understand the causes of deviation from the model pre-
dictions. A notable observation is the discrepancy in behavior
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FIGURE 8. Path loss measurements at 26GHz and comparison with the
3GPP TR 38.901 model.
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FIGURE 9. Path loss measurements at 24.5GHz and comparison with
the 3GPP TR 38.901 model.

at 24.5GHz, where the measured path loss deviates markedly
from that predicted by the theoretical model, indicating a much
greater loss than anticipated. Despite thorough and repeated
verification of the experiment, no errors were found. This sug-
gests the possibility of atmospheric absorption or another en-
vironmental factor at this specific frequency contributing to an
elevated level of path loss. Such an anomaly merits additional
exploration in subsequent studies to better understand the un-
derlying causes. At the primary frequency of 26GHz and the
higher frequency of 26.5GHz, the observed losses closely align
with those projected by the theoretical model, albeit with an
additional loss ranging between 1 dB and 4 dB beyond the an-
ticipated values. This discrepancy could stem from a variety of
reasons, including unique channel characteristics specific to the
measurement environment or potential inaccuracies in the mea-
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FIGURE 10. Path loss measurements at 26.5GHz and comparison with
the 3GPP TR 38.901 model.

surement process itself. Nonetheless, this variance is deemed
minor and can be readily adjusted in the 3GPP model’s equa-
tion by incorporating an offset, thereby aligning themodelmore
closely with the observed results. An additional observation is
that measurements display a slower loss rate at large distances
that could considerably impact the coverage predictions based
on the model alone.

7. CONCLUSIONS
The deviations observed between empirical measurements and
the theoretical model carry significant implications for wire-
less network designers, particularly in the realms of network
capacity planning and optimization. These discrepancies not
only reveal the potential for miscalculating network needs —
leading to either under-provisioning, which could degrade ser-
vice quality, or over-provisioning, which could inflate costs
unnecessarily — but also highlight the critical role of exten-
sive measurement campaigns in mitigating such risks. The in-
sights gained from this study reflect on the broader necessity
of aligning practical deployments with theoretical expectations,
thereby ensuring that network design and deployment strategies
are both cost-effective and performance-optimized.
Considering our findings, our future work will leverage

the versatility of our experimental setup, to extend our mea-
surement campaigns to cover the frequency band of 57GHz
to 71GHz by a suitable replacement of the millimeter-wave
transceiver. This expansion, coupled with the inclusion of ad-
ditional channel metrics into our characterization efforts which
will necessitate only modifications to our software, demon-
strate the adaptability and potential of our testbed for addressing
evolving research needs. Through this approach, we aspire to
deepen our understanding of millimeter wave propagation char-
acteristics, further informing the design and implementation of
next-generation wireless networks in Colombia.
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