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Abstract: In this paper, a path loss characterization at millimeter-wave (mmWave) frequencies is
performed in a typical indoor office environment. Path loss results were derived from propagation
channel measurements collected in the 25–40 GHz frequency band, in both line-of-sight (LOS) and
obstructed-LOS (OLOS) propagation conditions. The channel measurements were performed using
a frequency-domain channel sounder, which integrates an amplified radio over fiber (RoF) link to
avoid the high losses at mmWave. The path loss was analyzed in the 26 GHz, 28 GHz, 33 GHz
and 38 GHz frequency bands through the close-in free space reference distance (CI) and the floating-
intercept (FI) models. These models take into account the distance dependence of the path loss for a
single frequency. Nevertheless, to jointly study the distance and frequency dependence of the path
loss, multi-frequency models were considered. The parameters of the ABG (A-alpha, B-beta and
G-gamma) and the close-in free space reference distance with frequency path loss exponent (CIF) models
were derived from the channel measurements in the whole 25–40 GHz band under the minimum
mean square error (MMSE) approach. The results show that, in general, there is some relationship
between the model parameters and the frequency. Path loss exponent (PLE) values smaller than the
theoretical free space propagation were obtained, showing that there are a waveguide effect and a
constructive interference of multipath components (MPCs). Since the measurements were obtained
in the same environment and with the same configuration and measurement setup, it is possible to
establish realistic comparisons between the model parameters and the propagation behavior at the
different frequencies considered. The results provided here allow us to have a better knowledge of the
propagation at mmWave frequencies and may be of interest to other researchers in the simulation and
performance evaluation of future wireless communication systems in indoor hotspot environments.

Keywords: 5G; 6G; channel measurements; indoor communications; indoor hotspot; millimeter-wave;
mmWave; path loss models; propagation; wireless channels

1. Introduction

The main objectives of the future wireless communications systems are to provide a
high-capacity and high-data rate to offer ultra-reliable and low-latency communications [1–4],
but also communications in scenarios with high user density, such as indoor hotspots [5].
The initial deployments of the fifth-generation (5G) of wireless networks are carried out in
the sub-6 GHz band. At the European level, the harmonized frequency bands delivered
by the second digital dividend (frequencies below 1 GHz) and the 3.5 GHz frequency
band are being used [6]. Nevertheless, to meet the 5G systems and beyond, referred to as
sixth-generation (6G) systems, large bandwidths are necessary [2,5]. Thus, 5G NR (New
Radio) has increased the bandwidth of 20 MHz defined in LTE up to 100 MHz in the
sub-6 GHz band (known as Frequency Range 1) and up to 400 MHz in the millimeter-wave
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(mmWave) band (known as Frequency Range 2) [7]. The MmWave spectrum offers a great
opportunity to increase both capacity and data rate, due to the fact that the bandwidths
may be larger than those available in the sub-6 GHz band. Different bands in the mmWave
spectrum were identified in the last World Radio Conference (WRC), held in Egypt in
2019 [8]. These bands cover mainly the spectrum ranging from 24.25 GHz to 47 GHz, the
26 GHz, 28 GHz and 38 GHz being the preferred frequency bands for the deployment of
future networks. Thus, the 24.25–27.5 GHz band has been recommended by the Radio
Spectrum Policy Group for 5G deployments at mmWave frequencies in Europe and in the
USA the 27.5–28.35 GHz frequency band was licensed for mobile networks.

The knowledge of the propagation channel plays an important role in the wireless
system design, simulation and modeling. In the last few years, many resources and
efforts have been dedicated to characterizing propagation channels and numerous research
studies related to channel measurements at mmWave frequencies have been published
in the literature [9–14]. Channel measurements have been carried out in some voguish
frequency bands, such as 15 GHz, 28 GHz, 38 GHz, 45 GHz, 60 GHz and 73 GHz. However,
most of these channel measurements have been performed in different environments and
under different setup configurations (e.g., time- and frequency-domain channel sounding
techniques, bandwidths and antennas), which can impact on the propagation channel
characteristics making it difficult to compare the measurement results.

In this work, we present experimental path loss results derived from channel mea-
surements covering the whole 25–40 GHz band. The channel measurements were collected
using a frequency-domain channel sounder in an indoor office environment under both
line-of-sight (LOS) and obstructed-LOS (OLOS) conditions. In order to reduce the cable
losses, which are high at mmWave frequencies, as a novelty an amplified broadband radio
over fiber (RoF) link was integrated in the channel sounder. The RoF link increases the
dynamic range in the measurement, allowing the use of omnidirectional antennas in both
the transmitter (Tx) and receiver (Rx) sides.

The path loss results were particularized in the 26 GHz, 28 GHz, 33 GHz and 38 GHz
frequencies bands, where the parameters of single frequency large-scale path loss models
were derived from the channel measurements. In this way, since the measurements were
obtained in the same environment, and with the same configuration and measurement
setup, we can establish realistic comparisons between the models and the frequency bands
considered. Taking advantage of the large measured bandwidth (15 GHz, from 25 GHz to
40 GHz), multi-frequency path loss models were also analyzed. The results reported in this
study allow us to have a better knowledge of the propagation channel characteristics in
this particular environment and in the potential bands to deploy future wireless networks
at mmWave frequencies.

This contribution is organized as follows. The propagation environment, measurement
setup, methodology and procedure are described in Section 2. Section 3 introduces the
large-scale path loss models used in the study, distinguishing between single frequency
and multi-frequency path loss models. The results are presented and discussed in Section 4.
Finally, Section 5 draws the main conclusions.

2. Propagation Channel Measurements
2.1. Measurement Environment

The channel measurements were performed in a typical indoor office environment
of the iTEAM Research Institute facilities at the Universitat Politècnica de València, Spain.
This is a modern building, where ceilings and floors are built of reinforced concrete over
steel plates, with walls made of wood and plasterboard-paneled. The dimensions of the
office are 9.68 m long by 6.93 m wide with a height of 2.63 m. Figure 1 shows a view of
the office environment. There are numerous elements that cause diffraction, reflection,
scattering and blocking processes at mmWave frequencies, such as chairs, desks with
computer screens and steel storage cabinets, among others.
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Figure 1. View of the propagation environment where the channel measurements were collected.

2.2. Measurement Setup and Procedure

A channel sounder implemented in the frequency domain by the Keysight N5227A
vector network analyzer (VNA) was used to measure the complex channel transfer function
(CTF). This channel sounder, with some variants, and the measurement methodology
have been used extensively by some of the authors in narrowband and wideband channel
measurements performed at microwave and mmWave frequencies. In this work, ultra-
wideband omnidirectional antennas (the QPAR QOM-SL-0.8-40-K-SG-L model), with linear
(vertical) polarization, were used at the Tx and Rx positions. Figure 2 depicts the radiation
pattern of the Tx antenna measured at 26 GHz, 28 GHz, 33 GHz and 38 GHz in our anechoic
chamber. As can be observed, the shape of the radiation pattern shows slight changes
in the frequency range measured. The measured gain (square marker) of the Tx and Rx
antennas in the horizontal plane and the cubic spline interpolation are depicted in Figure 3.
The half power beamwidth (HPBW) of the antennas in the elevation plane is about 35◦

in the frequency range from 25 GHz to 40 GHz. This value of the HPBW is relevant in
order to guarantee to collect the maximum number of multipath contributions (MPCs) in
propagation channel measurements.

Figure 2. Radiation pattern of the Tx antenna measured at 26 GHz, 28 GHz, 33 GHz and 38 GHz.

An amplified broadband RoF link (the Emcore Optica OTS-2 model), with a gain of
35 dB, was integrated in the channel sounder to connect the antenna to the output port of
the VNA (Port 1). The RoF improves the dynamic range of the measurement, reducing the
cable losses, and allows the use of omnidirectional antennas, in both the Tx and Rx sides,
in order to capture all the horizontal MPCs that reach the Rx.

During the measurements, the Rx antenna was mounted on a horizontal positioning
system to emulate a 12× 12 virtual uniform rectangular array (URA), with an inter-element
separation of 3.04 mm (less than λ/2 at 40 GHz ≈ 3.7 mm). This inter-element separation
is about λ/4 at 26 GHz and 2/5λ at 38 GHz, covering a local area of about (11/4)2λ2 at
26 GHz and (22/5)2λ2 at 38 GHz in order to capture the small-scale fading effects when
the Rx antenna is moving over the URA positions (The received signal can suffer spatial
selectivity due to the interference of MPCs at the Rx position. If only one position of
the Rx antenna is considered (a single measurement), the interference (constructive or
destructive) of the MPCs conditions the value of the path loss because the received signal
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could experience a deep fade). A personal computer was used to control both the VNA and
the positioning system in order to automate the measurement process. The S21( f ) scattering
parameter, which is equivalent to the CTF [15], denoted by H( f ), was measured directly
in the 25–40 GHz frequency band, i.e., a channel bandwidth of 15 GHz was considered
(the SPAN in the VNA), 32.5 GHz being the central frequency. The signal level at the Tx
port (Port 1) of the VNA was −17 dBm. This is the maximum power to not saturate the
amplifier of the electro-optical converter at the input of the RoF link. A schematic of the
channel sounder is depicted in Figure 4.
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Figure 3. Measured antennas gain and cubic spline interpolation.
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Figure 4. Schematic of the channel sounder used in the propagation channel measurements. The RoF
link is placed in the Tx side (Port 1 of the VNA) and the horizontal positioning system in the Rx side
(Port 2 of the VNA).

Before doing the channel measurements, a complete response calibration process of
the measurement setup is performed to eliminate the losses of cables and connectors, the
RoF link response, and phase differences and delays. The response calibration process was
performed by disconnecting the Tx and Rx antennas and connecting the transmitter cable
output (Tx antenna connector) and receiver cable input (Rx antenna connector) using a
female to female K-connector. Due to the fact that the antennas are not included in the
calibration process, the measured CTF corresponds to the radio channel, which takes into
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account the antennas’ response and the propagation channel [16]. For these reasons, it is
essential to use wideband antennas in propagation channel measurements.

A total of N f = 8192 frequency points were measured in the 25–40 GHz frequency
band (15 GHz of SPAN). Thus, the frequency resolution is ∆ f ≈ 1.83 MHz (SPAN/N f ).
This frequency resolution corresponds to a maximum unambiguous propagation excess
delay of 1/∆ f = 546 ns, which provides a maximum observable distance of c0/∆ f = 164 m
(with c0 the speed of light). It is worth noting that this observable distance is larger than
the room dimensions, and therefore all the MPCs can be captured.

Another relevant parameter in the measurement process when a VNA is used is the
bandwidth of the intermediate frequency (IF) filter. In this work, we have set a bandwidth
of 100 Hz. This value is a trade-off between acquisition time (must be low) and dynamic
range (a high value is interesting) in the measurement process. Notice that if the bandwidth
is low the noise floor decreases, increasing not only the dynamic range (equivalent to the
signal-to-noise ratio (SNR) in the measurement) but also the acquisition time. A bandwidth
equal to 100 Hz was a common value used by the authors in channel measurements at
mmWave frequencies [17]. In other studies published in the literature different values
have been considered. For instance, in [11] the authors used a bandwidth equal to 500 Hz
in mmWave channel measurements, which is a value higher than the one used in our
work. The main parameters and configuration of the channel sounder used in the channel
measurements are summarized in Table 1.

Table 1. Channel sounder parameters and configuration used in the channel measurements.

Parameter Value

VNA output power (Port 1) −17 dBm
VNA start frequency 25 GHz
VNA end frequency 40 GHz

VNA SPAN (measured bandwidth) 15 GHz
VNA (IF bandwidth) 100 Hz

Frequency points per trace 8192
Tx antenna height 0.90 m
Rx antenna height 1.62 m

The measurements were performed locating the Tx antenna in different positions in
order to imitate user equipment (UE) placed on the desk (a laptop, a tablet or a mobile
phone, among others). The Rx subsystem (the Rx antenna mounted on the horizontal posi-
tioning system) emulates a base station serving the active users in the room, and remained
fixed and located close to the wall. From the VNA configuration, the acquisition time to
measure the CTF throughout all 144 (12× 12) positions of the URA is about 2 h and, in order
to guarantee stationary conditions during the measurement process, the measurements
were collected at nights, without the presence of people. Due to the channel measurements
being carried out for several days, to take into account the temperature changes of the
room and the movement of cables when the Tx antenna was displaced, the response cali-
bration was performed every time the Tx antenna was located in a new position just before
the measurement. Figure 5 shows the top view of the office room, where the Tx and Rx
locations are depicted.

The measurements were obtained in both LOS and OLOS propagation conditions.
In LOS, a total of 10 Tx locations (Tx1–Tx10 in Figure 5) were considered, with a Tx–Rx
separation distance ranging from 2.70 m to 7.80 m. Figure 6 (left) shows the Rx and the
Tx antennas in the Tx1 position. In OLOS, the Tx antenna was located in positions where
the direct component was blocked by the computer screens, measured in four Tx locations
(Tx11–Tx14 in Figure 5), with a Tx–Rx separation distance from 4.55 m to 8.40 m. Figure 6
(right) shows the Rx and Tx antennas in the Tx14 position. The distance between the Tx
and the center of the URA, referred to as the Tx–Rx separation distance, is indicated in
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Table 2. The height of the Tx and Rx antennas was 0.90 m and 1.62 m above the floor level,
respectively.

Figure 5. Top view of the propagation environment.

Figure 6. Tx and Rx antennas in positions Tx1 (left) and Tx14 (right) in LOS and OLOS, respectively.

Table 2. Distance between the Tx antenna and the center of the URA (in m).

Tx1 Tx2 Tx3 Tx4 Tx5 Tx6 Tx7 Tx8 Tx9 Tx10 Tx11 Tx12 Tx13 Tx14

Distance 7.80 7.20 4.95 5.10 7.05 4.50 4.05 4.65 2.70 6.00 5.55 4.8 4.55 8.40

2.3. Experimental Path Loss Derivation

The experimental path loss can be derived from the channel measurements averaging
the CTF, as indicated in [14,17,18]. Thus, the path loss in logarithmic units (dB), denoted by
PL, can be obtained as:

PL(d) = −10 log10

 1
N f

N f

∑
n=1

|H( fn, d)|2

gTx( fn)gRx( fn)M( fn)

, (1)

d being the distance between the Tx antenna and the center of the URA, referred to as the
Tx–Rx separation distance; fn the n-th frequency sample; and gTx( fn) and gRx( fn) the Tx
and Rx antennas’ gain, respectively, in the direction of departure and arrival of the direct
MPC (see Appendix A in [14]). The term M( fn) in (1) considers the antenna mismatch.
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If STx
11 ( fn) and SRx

11 ( fn) are the S11( f ) scattering parameters of the Tx and Rx antennas,
respectively, M( fn) can be calculated by the following expression:

M( fn) = (1− |STx
11 ( fn)|2)(1− |SRx

11 ( fn)|2). (2)

It should be noted that the return loss in ultra-wideband antennas can adopt values
higher than −10 dB (a value used as a reference) in some frequencies, it being necessary to
introduce the term M( fn) in (1) in order not to overestimate the path loss of the propagation
channel [14].

3. Large-Scale Path Loss Models

There are different approaches to building large-scale path loss models [15,19–21], e.g.,
the empirical, stochastic and deterministic approaches. Nevertheless, path loss models
based on channel measurements provide a more realistic insight into propagation features,
in particular in mmWave frequency bands, where describing the propagation environment
with a good resolution in terms of the wavelength is difficult, especially when there are
many objects interacting with the wavefronts. In this sense, single frequency and multi-
frequency path loss models based on channel measurement data can be defined, and their
parameters can be derived, for instance, using the minimum mean square error (MMSE)
approach. The large-scale path loss models considered in this work will be introduced in
the following subsections, distinguishing between single-frequency and multi-frequency
path loss models.

3.1. Single-Frequency Path Loss Models
3.1.1. The CI Model

A common path loss model that relates the path loss, in logarithmic units, to the
logarithm of the Tx–Rx distance, log10 d, is the close-in free space reference distance (CI). The CI
model has been used in many works at microwave frequencies and more recently to model
the path loss at mmWave frequencies [9,12]. In the CI model, the path loss is given by:

PLCI(d) = FSPL( f , d0) + 10n log10(d) + χCI
σ , for d ≥ d0, (3)

the term FSPL( f , d0) = 10 log10(4π f d0/c0)
2 being the free space path loss propagation for

a reference Tx–Rx distance equal to d0. In (3), n is the well known path loss exponent (PLE),
which is related to both the propagation conditions and the environment. The large-scale
fluctuations of the path loss over distance are modeled by the term χCI

σ , in logarithmic units,
which is a Gaussian random variable with zero mean and standard deviation σ. The term
χCI

σ is also known in the literature as the shadow factor (SF) and it is also an indicator of
the goodness of fit of the model.

Path loss models developed in ultra-high frequency (UHF) and microwave bands
for macrocellular environments consider a close-in reference distance of 100 m or 1 km.
Nevertheless, in indoor environments it is common to use a reference distance equal to
1 m as a standard [9]. Standardizing a reference distance allows comparison of channel
measurements made in different environments. In this way, (3) can be rewritten as:

PLCI(d) = FSPL( f , 1 m) + 10n log10(d) + χCI
σ , for d ≥ 1 m. (4)

Note that the term FSPL( f , 1 m) has an inherent frequency dependence of the path loss
embedded for a distance equal to 1 m and then the PLE characterizes the dependence of
the path loss on the distance.

3.1.2. The FI Model

The floating-intercept (FI) path loss model has also been extensively used to characterize
the path loss at microwave frequencies, in particular in the sub-6 GHz band, in different
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propagation scenarios and wireless applications, e.g., fix-to-mobile and vehicle-to-vehicle
communications [9,15,17,22]. In the FI model, the path loss is given by:

PLFI(d) = β + 10α log10(d) + χFI
σ , (5)

β being an offset term, known as the floating-intercept parameter; α the PLE, also related to
both propagation conditions and the environment; and χFI

σ is the SF. In opposition to the
CI model, the FI model is based on a curve fitting approach without any physical anchor.
In this sense, the FI model exhibits one more degree of freedom than the CI model since it
considers two parameters, β and α. The FI model was adopted in channel model standard-
izations, as for instance in the WINNERII Project and 3GPP propagation models [19,20],
and has recently been used at mmWave frequencies [9,17]. Note that the offset term does not
represent the path loss at any reference distance and the validity of the model parameters
are restricted to the distances for which the measured data were carried out.

3.2. Multi-Frequency Path Loss Models

The path loss does not only depend on the distance but also on the frequency. To
describe the path loss variations in both distance and frequency, propagation models have
emerged as an extension of the single-frequency models.

3.2.1. The ABG Model

The ABG (A-alpha, B-beta and G-gamma) path loss model considers frequency-
dependent and distance-dependent terms to describe the large-scale path loss as a function
of the frequency as well as the distance [9,23]. In the ABG model, the path loss is given by:

PLABG( f , d) = 10α log10

(
d

1 m

)
+ β + 10γ log10

(
f

1 GHz

)
+ χABG

σ , (6)

where d ≥ 1 m and f ≥ 1 GHz. The parameters α and γ describe the distance and frequency
dependence, respectively; β is the offset parameter; f is the frequency expressed in GHz;
and χABG

σ is the SF term, which describes the mean fluctuations over both distance and
frequency. Note that the ABG model is an extension of the FI model for multiple frequencies,
thus, setting γ = 0, Equation (6) becomes (5).

3.2.2. The CIF Model

From the CI model, a simple multi-frequency model is the close-in free space reference
distance with frequency dependent path loss exponent (CIF), introduced in [9]. In the CIF model,
the path loss is given by:

PLCIF( f , d) = FSPL( f , 1 m) + 10n
(

1 + b
(

f − f0

f0

))
log10(d) + χCIF

σ , (7)

where d ≥ 1 m and f ≥ 1 GHz. The parameter n refers to the distance dependency of the
path loss, equivalent to the PLE in the CI model. The parameter b represents the slope of
linear frequency dependency of the path loss and f0 is a frequency of reference estimated as:

f0 =
∑K

k=1 fk Nk

∑K
k=1 Nk

, (8)

K being the number of frequency samples considered and Nk the number of path loss data
points for the k-th frequency. In our work, from the channel measurements configuration,
the value of f0 is 32.5 GHz (the central frequency of the SPAN). In (7), the term χCIF

σ is the
SF. Note that the CIF model becomes the CI model when b = 0, or when f0 is equal to f in
the single frequency case.
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4. Results

This section presents and discuses the parameters of the path loss models introduced
in the previous section.

4.1. Single-Frequency Path Loss Models

For each frequency band analyzed, i.e., 26 GHz, 28 GHz, 33 GHz and 38 GHz, the path
loss was derived from the channel measurements over a bandwidth of 2 GHz. Taking into
account the frequency resolution, ∆ f , the number of frequency samples in the path loss
derivation was

N f = b2 GHz/∆ f − 1c = 1091, (9)

and (1) is rewritten as:

PL(d) = −10 log10

(
1

1091

1091

∑
n=1

|H( fn, d)|2

gTx( fn)gRx( fn)M( fn)

)
. (10)

Selecting an odd number of frequency samples, the central frequency sample, f546, corre-
sponds to the frequency band. As an example, the measured path loss (cross marker) at
28 GHz is shown in Figure 7. It can be seen that the measured path loss exhibits a reduced
dispersion through all positions of the URA, being less in LOS than in OLOS conditions.
Mean values of the path loss (square marker) derived by averaging the measured path loss
in all positions of the URA are also depicted in this figure. The path loss fitting results for
the CI and the FI models are also shown in Figure 7. The results show that both models
produce a good fit to the measured path loss and predict similar values. From Figure 7 the
path loss difference between LOS and OLOS conditions is about 5 dB.

Figure 7. Measured path loss, mean path loss and predicted path loss using the CI and FI models at
28 GHz.

The parameters of the CI and FI models are summarized in Tables 3 and 4, respectively.
These parameters, and their 95% confidence intervals, were estimated from the measured
data under the MMSE approach using the cftool function of Matlab. The standard
deviation of the SF term, σ, is also summarized in the tables. For the CI model and LOS
conditions, the mean PLE exponent ranges from 1.269 to 1.749, with values lower than
free space propagation (PLE of 2). For OLOS conditions, the PLE increases to mean values
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close to free space propagation, except at 26 GHz where the mean PLE is 1.785. It is worth
noting that values lower than 2 can be explained due to the wideband transmission nature
and that in indoor mmWave propagation channel the MPCs can experience constructive
interference and a waveguide effect [9,17]. Thus, in [12] values of the PLE equal to 1.45
and 2.18 were measured at 28 GHz for LOS and OLOS conditions, respectively. In [9],
lower values were found, where PLE values equal to 1.1 and 1.3 were measured at 28 GHz
and 73 GHz in LOS conditions, respectively, using omnidirectional antennas with vertical
polarization. Note that the PLE found at 73 GHz is very low compared to the one obtained
in our work at the maximum frequency, i.e., a PLE of 1.749 at 38 GHz. These differences are
due, in part, to the different characteristics of the propagation environment, so that the PLE
exhibits a higher dependence on frequency in this environment.

Table 3. Parameters of the CI model.

Scenario Frequency FSPL ( f , 1 m) n (n95%) σ (dB)

LOS 26 GHz 60.74 dB 1.269 (1.256–1.281) 1.75
28 GHz 61.38 dB 1.505 (1.498–1.511) 0.93
33 GHz 62.81 dB 1.733 (1.725–1.740) 1.07
38 GHz 64.04 dB 1.749 (1.741–1.757) 1.15

OLOS 26 GHz 60.74 dB 1.785 (1.775–1.795) 0.93
28 GHz 61.38 dB 1.960 (1.950–1.971) 1.00
33 GHz 62.81 dB 2.203 (2.195–2.212) 0.76
38 GHz 64.04 dB 2.075 (2.489–2.522) 1.08

Table 4. Parameters of the FI model.

Scenario Frequency β (β95%) (dB) α (α95%) σ (dB)

LOS 26 GHz 59.29 (58.80–59.79) 1.464 (1.396–1.533) 1.73
28 GHz 59.93 (59.67–60.19) 1.701 (1.665–1.736) 0.90
33 GHz 60.25 (60.37–60.94) 2.025 (1.986–2.065) 0.99
38 GHz 61.49 (61.19–61.80) 2.094 (2.052–2.136) 1.06

OLOS 26 GHz 60.01 (59.46–60.16) 1.880 (1.808–1.952) 0.92
28 GHz 65.56 (65.07–66.05) 1.415 (1.351–1.480) 0.82
33 GHz 67.18 (66.89–67.46) 1.634 (1.597–1.671) 0.47
38 GHz 71.24 (70.97–71.51) 1.135 (1.100–1.171) 0.45

From Table 4, the PLE derived in the FI model, the α parameter, is higher than the
PLE in the CI model in LOS, whereas in OLOS the values are significantly lower, except at
26 GHz. In LOS conditions the mean value of α increases with the frequency, ranging from
1.464 to 2.094, close to the free space propagation at 33 and 38 GHz. Furthermore, the offset
term, the β parameter, increases with the frequency, with values ranging from 59.29 dB to
61.49 dB. Nevertheless, in OLOS conditions the parameters α and β experience different
behavior, where the mean value of α is smaller in comparison to the LOS condition, and
also shows a decreasing trend with the frequency, from 1.880 to 1.135 at 26 GHz and 38 GHz,
respectively. The decrease in the mean value of α is accompanied by an important increase
in the offset term, thus β adopts larger values in comparison to LOS conditions, resulting
in higher path loss in OLOS, as expected (When the FI model is considered, there may be
propagation conditions where a reduction of the PLE is accompanied by an increase in the
offset term, resulting in higher losses as the distance, or frequency, increases. This behavior
was observed by the authors in V2V channel measurements, where an inverse relationship
between the PLE and the offset term was verified (see Figure 10 in [24]). Note that at
38 GHz the mean value of β is 71.24 dB, about 10 dB higher than the value derived for LOS
(61.49 dB). The values of the α parameter derived here are higher than the values reported
in [9], where values of 1.2 and 0.5 were derived at 28 GHz and 73 GHz, respectively, in LOS
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conditions; whereas they are in line with the values published in [12], where a mean value
close to 2 was reported at 28 GHz in LOS conditions.

Regarding the standard deviation of the SF term, from Tables 3 and 4 the mean values
are very similar in the CI model in both LOS and OLOS propagation conditions, and the
values also very close to those obtained in the FI model in LOS conditions. Nevertheless, the
values derived in the FI model are lower in OLOS conditions, with a maximum difference
of 0.81 dB at 26 GHz and 0.61 dB at 38 GHz. Only in the FI model for OLOS, a decreasing
trend with the frequency seems to be intuited, in this case decreasing from 0.92 (at 26 GHz)
to 0.45 dB (at 38 GHz). This fact is relevant, because the results suggest that there is no
correlation with the frequency in LOS conditions and only certain correlations can appear
in OLOS conditions when the FI model is considered. On the other hand, it is worth noting
that the shadowing effects are related to the features of the propagation environment, so
that high values are related to a highly changing environment and vice versa. The values
derived in this work are lower than others published in the literature. For example, in [9]
values close to 1.8 dB were obtained at 28 GHz and the difference may be due to the type of
environment, which is more homogeneous in our case.

Multi-Frequency Path Loss Models

The variation of the parameters of the single frequency path loss models indicates
a clear dependence on the frequency in both LOS and OLOS propagation conditions for
the Tx–Rx distances considered. As an example, Figure 8 shows the measured path loss
in terms of the frequency for the Tx-4 and Tx-5 positions. The path loss was derived in
steps of 0.5 GHz using a bandwidth of 2 GHz. In the figure, the dashed line indicates a
trend showing that the path loss increases with the frequency, although there is a frequency
selective behavior due to the MPCs’ interference at the receiver position and also to the
frequency dependence of reflection and diffraction losses. A similar behavior was observed
in the other Tx antenna positions. For these reasons, it is appropriate to consider multi-
frequency models describing the path loss variations on both distance and frequency.
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Figure 8. Path loss in terms of the frequency for Tx-4 and Tx-5 positions. The dashed lines indicate a
trend obtained from a linear regression fit.

The scatter plot of the measured path loss and the fitting results for the CIF model are
shown in Figures 9 and 10 for LOS and OLOS, respectively. The mean values of the CIF
model parameters, and the 95% confidence intervals, are summarized in Table 5. These
parameters have also been derived using the cftool function of Matlab. To take into
account the frequency dependence, the measured path loss data considered in the fitting
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process are derived for central frequencies ranging from 26 GHz to 39 GHz in steps of
0.5 GHz and for a bandwidth of 2 GHz. The PLE in the multi-frequency CIF model obtained
(1.434) is lower than the values derived in the single-frequency CI model (from 1.269 to
1.749) in LOS conditions. Nevertheless, this does not imply that the losses predicted by the
CIF model are lower, since the parameter b establishes a dependence of the path loss on
the frequency. For OLOS conditions, both the PLE (2.088) and the parameter b (0.302) are
significantly higher compare to the LOS conditions, showing a higher dependence of the
path loss on the frequency. Regarding the SF standard deviation, the CIF model yields a
higher value in both LOS (1.41 dB) and OLOS (1.14 dB), with minor differences in OLOS
compared to the CI model, where the SF standard deviation ranges from 0.93 dB to 1.08 dB.

Figure 9. Measured and CIF path loss model in LOS conditions.

Figure 10. Measured and CIF path loss model in OLOS conditions.

Table 5. Parameters of the multi-frequency CIF model.

Scenario b (b95%) n (n95%) σ (dB)

LOS 0.093 (−0.0427,0.2298) 1.434 (1.411,1.458) 1.41
OLOS 0.302 (0.1776,0.4263) 2.088 (2.057,2.119) 1.14

Figures 11 and 12 show the scatter plot of the measured path loss and the fitting
results for the ABG model. The mean values of the model parameters are summarized in
Table 6. The PLE, α parameter, is 1.829 and 1.475 in LOS and OLOS conditions, respectively,
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and it is in accordance with the single-frequency FI model, where the PLE is also lower
in OLOS. The γ parameter, which establishes the dependence on the frequency, is also
higher in OLOS, with a mean value of 3.220 compared to the value of 2.153 in LOS. The SF
standard deviation adopts higher values (1.32 dB and 1.01 dB in LOS and OLOS conditions,
respectively) compared to the mean values derived in the FI model. Comparing the SF
standard deviation values in both multiple-frequency models, the ABG model provides
slightly lower values (about one tenth of dB); this can be explained because the ABG model
introduces one more fitting parameter.

Figure 11. Measured and ABG path loss model in LOS conditions.

Figure 12. Measured and ABG path loss model in OLOS conditions.

Table 6. Parameters of the multi-frequency ABG model.

Scenario α (α95%) β (β95%) (dB) γ (γ95%) σ (dB)

LOS 1.829 (1.709,1.950) 27.22 (22.59,31.84) 2.153 (1.852,2.454) 1.32
OLOS 1.475 (1.289,1.660) 18.74 (13.01,24.48) 3.220 (2.851,3.588) 1.01

In [25], the parameters of the CIF and the ABG models are reported based on channel
measurements at 28 GHz and 73 GHz in indoor LOS conditions. For the CIF model the
parameters are n = 1.2, b = 0.18 and a SF standard deviation σ = 2.1 dB; and for the
ABG model the parameters are α = 0.9, β = 26.8 dB, γ = 2.6 and σ = 1.8 dB. In [26], for
channel measurements at 6.5 GHz, 10.5 GHz, 15 GHz, 19 GHz, 28 GHz and 38 GHz, the
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parameters derived using the ABG model are α = 1.1, β = 15.7 dB, γ = 3.1 and σ = 3.2 dB.
Although the mean values and their 95% confidence intervals are in accordance with those
published, it should be noted that there are significant differences. Note that our results are
derived in the 25–40 GHz frequency band in steps of 0.5 GHz, while in other works only
two frequencies (e.g., 28 GHz and 38 GHz) are considered in the 25–40 GHz frequency band,
and in many cases with frequencies very far apart (e.g., 6.5 GHz and 73 GHz), increasing the
PLE and, mainly, the SF standard deviation. In this sense, the models and their parameters
reported here allow us to describe in good detail the path loss propagation in potential
bands to deploy future indoor systems in the 25–40 GHz mmWave frequency band.

5. Conclusions

In this work, a path loss characterization at mmWave frequencies is performed in a
typical indoor office environment. The results were derived from propagation channel
measurements carried out from 25 GHz to 40 GHz using a frequency-domain channel
sounder. An amplified broadband RoF link to avoid the high losses introduced by cables at
these frequencies was used, thus increasing the dynamic range in the measurement and
allowing the use of omnidirectional antennas. The channel measurements were collected
in both LOS and OLOS conditions. Different large-scale path loss models were analyzed
based on the measured propagation data, and their parameters were derived under the
MMSE approach.

The PLE values derived from the channel measurements are lower, and in some
cases smaller, than the theoretical free space propagation PLE (n = 2). This is due to
constructive interference of MPCs and a waveguide effect that can occur in indoor and
confined environments. For the CI model, the PLE ranges from 1.269 (at 26 GHz) to 1.749
(at 38 GHz) in LOS conditions and from 1.785 (at 26 GHz) to 2.203 (at 33 GHz) in OLOS
conditions. In both propagation conditions the PLE increases with the frequency, with a
higher growth in LOS. The SF standard deviation fluctuates in the interval from 0.76 dB
(at 33 GHz in OLOS conditions) to 1.75 dB (at 26 GHz in LOS conditions), not observing
any correlation in frequency. For the FI model, the PLE ranges from 1.464 (at 26 GHz)
to 2.094 (at 38 GHz) in LOS conditions and from 1.880 (at 26 GHz) to 1.135 (at 38 GHz)
in OLOS conditions. In this case, the PLE increases with the frequency in LOS as in the
CI model, but the PLE exhibits a reduction with the frequency in OLOS. In this last case,
the decrease of the PLE with the frequency is accompanied by an increase in the offset
term, the β parameter, resulting in higher losses in OLOS, as expected. This behavior was
also observed in V2V channel measurements by some of the authors [22,24], where high
PLEs correspond to low values of β. The SF standard deviation in the FI model adopts
similar values to the CI model in LOS but, on the contrary, it presents lower values in OLOS
conditions with a decreasing trend with the frequency, ranging from 0.92 dB (at 26 GHz)
to 0.45 dB (at 38 GHz). The similar values of the SF standard deviation indicate that both
models exhibit a good fit to the measured path loss and predict similar values.

The multi-frequency models analyzed allow the path loss variations on both distance and
frequency to be described. The parameters of the CIF and the ABG models were derived from
the channel measurements in the whole 25–40 GHz frequency band, in steps of 0.5 GHz and
under a bandwidth of 2 GHz. The PLE derived in the CIF model is 1.434 in LOS conditions
and 2.088 in OLOS conditions. These values are in accordance to the values derived in the CI
model. For the ABG model the PLE derived is 1.829 in LOS conditions, higher than the PLE in
the CIF model, and 1.475 in OLOS conditions. These values are also in accordance with the PLE
obtained in the FI model. In both multi-frequency models, the SF standard deviation exhibits a
higher value than those obtained in the single-frequency models, being high in LOS conditions
(1.41 dB and 1.32 dB in the CIF and ABG models, respectively).

The results provided here allow us to have a better knowledge of the path loss charac-
teristics at mmWave frequencies in indoor office environments, and may assist researchers
in simulating and evaluating the performance of future wireless systems in this type of
environment.



Electronics 2023, 12, 844 15 of 16

Author Contributions: Conceptualization, L.R., V.M.R.P., R.P.T. and J.R.P.; data curation, L.R., J.R.,
V.M.R.P. and B.B.-C.; channel measurements, V.M.R.P., L.R, J.R., M.C.-F. and B.B.-C.; formal analysis,
L.R., J.R., R.P.T., V.M.R.P. and M.C.-F.; funding acquisition, L.R., J.R.P., V.M.R.P. and R.P.T.; inves-
tigation, L.R., V.M.R.P., R.P.T., J.R.P., J.R., H.F. and M.C.-F.; methodology, L.R., V.M.R.P., J.R.P. and
R.P.T.; visualization, L.R., J.R.P., Ó.F., V.M.R.P., H.F. and J.R.; writing—review and editing, L.R., R.P.T.,
V.M.R.P., J.R.P., H.F., J.R., L.V. and Ó.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been funded in part by the MCIN/AEI/10.13039/501100011033/ through
the I+D+i Project under Grant PID2020-119173RB-C21 and Grant PID2020-119173RB-C22, and by
COLCIENCIAS in Colombia.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to thank Víctor Rubio for their support during the measure-
ment campaign.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

5G Fifth-generation
6G Sixth-generation
ABG A-alpha, B-beta and G-gamma path loss model
CI Close-in free space reference distance path loss model
CIF Close-in free space reference distance with frequency dependent path loss exponent
CTF Channel transfer function
DUT Device under test
FI Floating-intercept path loss model
HPBW Half power beamwidth
IF Intermediate frequency
LOS Line-of-sight
LTE Long term evolution
mmWave Millimeter wave
MPC Multipath contribution
NR New radio
OLOS Obstructed-LOS
PLE Path loss exponent
SNR Signal-to-noise ratio
RoF Radio over fiber
SF Shadow factor
Rx Receiver
Tx Transmitter
UE User equipment
UHF Ultra-high frequency
URA Uniform rectangular array
VNA Vector network analyzer
WRC World Radiocommunication Conference
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