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ABSTRACT Recent research into radio propagation and large-scale channel modeling shows that frequen-
cies can be used above 6 GHz for the new generation of mobile communications (5G). This paper provides a
detailed account of measurement campaigns that use directional horn antennas in co-polarization (V-V and
H-H) and cross-polarization (V-H) in line-of-sight (LOS) and obstructed-line-of-sight situations between
the transmitter and receptor; they were carried out in a corridor and computer laboratory located at the
Federal University of Para (UFPA). The measurement data were used to adjust path loss prediction models
of radio propagation, through the minimum mean square error (MMSE) method, for indoor environments in
the frequencies of 8–11 GHz. The parameters for the models that were determined are as follows: path loss
exponent, polarization exponent (co- and cross-polarization), effects of shadowing and path loss exponent
for wall losses. Standard deviation and standard deviation point by point are included as statistical metrics.
The approximations with regard to the large-scale path loss models for frequencies of 8–11 GHz show a
convergence with the measured data, owing to the method employed for the optimization of the MMSE to
determine the parameters of the model.

INDEX TERMS 5G, channel modeling, path loss model, co-polarization, cross-polarization, LOS, OLOS,
MMSE, measurements, 8 GHz, 9 GHz, 10 GHz and 11 GHz.

I. INTRODUCTION
The limitations of bandwidth reduce the capacity of current
access technologies to provide better quality in the services
offered. This limitation is caused by the frequency bands used
in the global telecommunications systemswhich are currently
fourth generation (4G) and operate on a band ranging from
700 MHz to 5 GHz [1]–[3]. The high demand for future
applications in the 5G system means that more capacity is
required. Most available bands are crowded in the microwave
range below 6 GHz; for this reason, the microwave band
above 6 GHz and the mmWave band can be used by the
5G system to meet the bandwidth required for all the 5G
applications [45].

As a result of the new generation of mobile communication
services (5G), there are several ongoing surveys that seek to
meet the required recommendations. A key feature is channel
modeling at frequencies above 6 GHz and one of the bands
that received attention is the millimeter wave band [4]–[7].

The associate editor coordinating the review of this manuscript and
approving it for publication was Ke Guan.

The bands have similar propagation characteristics and
include the Super High Frequency ( 3 to 30 GHz range) with
a centimeter wavelength ranging from 10 cm to 1 cm and
Extremely High Frequency ( 30 to 300 GHz range) with a
millimeter wavelength in the range of 1 at 100 mm, known as
millimeter waveband [5], [6].

In investigating high frequencies and 5G, there have been
a number of important research studies that have been car-
ried out measurement and modeling campaigns in the range
of 0.8 GHz to 93 GHz frequencies [4], [7]. Some organi-
zations have also developed path loss models for millime-
ter waves (mmWave) [8], [8], [10], as well as 3gpp, which
entailed channel studies and modeling at frequencies above
6 GHz [8]. In the FCC document [46] indicate some fre-
quency bands for the 5G, and 10GHZ (10.125-10.225 GHz
and 10.475-10.575 GHz) is presented as a potential band.

Other research studies have examined bands ranging from
10 GHz to 25 GHz and 40 GHz to 55 GHz both for indoor and
outdoor environments. As shown in the report by METIS [7],
which published the probable, bands needed for the 5Gwithin
these frequencies, that of 10 GHz appears to be a promising
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band. Thus, this study is concerned with examining the mea-
surements and channel modeling in the range of 8 GHz to
11 GHz frequencies for indoor environments.

As expected in [42] fifth generation (5G) mobile commu-
nication systems will be in use by 2020. The purpose of 5G
systems is to provide connectivity anywhere, anytime for any-
one and anything. Several new technologies are being investi-
gated for 5G systems and one of them is the communications
system using millimeter waves (mmWave). In view of the
fact that channel models are indispensable for system design
and performance evaluation, accurate and efficient channel
models covering various technologies and 5G scenarios are
urgently needed.

The indoor environment has unique features owing to
the construction materials used, the number of people mov-
ing about inside, the different arrangements of the mobile
devices, and interference in the systems, among other factors.
Indoor environments confine the waves within the environ-
ment and have more reflective components that lead to mul-
tiple pathways, the cross sections of walls and other types of
obstacles, scattering, diffraction and shadowing effects. [11].

Propagation models are of crucial importance because
through them a wireless network can be planned to opti-
mize the positions of the transmitting antennas and form a
limited strategy for providing a new access technology that
employs the frequencies being studied [12]. Previously, the
most widely used loss models relied on linear regression
(minimum mean square error - MMSE) to reduce the errors
between the collected and simulated data through classical
models, models such as Okumura-Hata [13], COST 231 path
loss model [14] and others [15]–[17] by means of this tech-
nique. The same approach will be adopted in this study to
define the parameters of the models although there are other
means of modeling channels through numerical simulations
and computational intelligence techniques.

One of the studies that is widespread in the research area
of radio propagation modeling is ray tracing [33], [34], [38].
This technique is used to describe various bands and indoor
and outdoor environments. Barros et al. [34] employs the
Polyhedral Beam Trace (PBT) technique to model the prop-
agation by means of the features of an indoor environment.
In [36], Motorola used the PBT technique for 18GHz in 1990.
In [37], the University of Bristol and Virginia Tech showed
the feasibility of using ray tracing in indoor small cells.

Among the works based on measurements for frequencies
above 6GHz, we can mention Deng et al., which presents
diffraction models, analysis, and signal strength around
objects such as corners, pillars and irregular objects at 10,
20 and 26 GHz. The diffraction measurements were per-
formed indoors and outdoors using a channel sounding (CW)
with three pairs of identical horn-type directional antennas on
the transmitter and receiver [39].

The [43] made millimeter wave measurements (mmWave)
in an indoor environment. In this paper, propagation charac-
teristics in three different bands above 6 GHz (19, 28 and
38 GHz) are investigated in an indoor corridor environment

for both line of sight (LOS) and non-LOS (NLOS) sce-
narios. Five different path loss models are studied for this
environment: The Close-in (CI) model, floating interception
(FI) model, frequency attenuation (FA) model, alpha-beta-
gamma (ABG) model and close-in free space with frequency
weighting (CIF) model. Important statistical properties, such
as power delay profile (PDP), root mean square (RMS) delay
interval and azimuth angle scattering are obtained and com-
pared for the different bands. With regard to the path loss
model, the results showed that the path loss exponent (PLE)
is smaller than the PLE in the free space for the LOS scenario.
Only the directed path is added in some spatial locations.
In the case of the NLOS scenario, the angle of arrival (AOA)
is extensively investigated, and the results indicated that the
propagation of the channel to 5G using directional antenna
should be used in the beamforming technique to receive the
signal and collect all the components of multiple paths from
different angles.

In article [44], there is an investigation of large-scale path
loss statistics and time-scattering parameters based on ultra-
wide band measurements using a directional horn antenna
on the transmitter (Tx) and omnidirectional antenna on the
receiver (Rx). Themeasurement wasmade in a line of sight of
the dining room (LOS), which represents a typical indoor for
communication in the building. Large-scale directional and
omni-directional single-path and multi-parameter path loss
models are evaluated in 28 GHz and 38 GHz bands based
on the data acquired. The results show that the large-scale
path loss models designed in this work are less complex,
and even more physically based than those used in 3GPP,
which involve additional parameters, but provide less accu-
rate results. Time dispersion statistics for mmWave systems
using directional antennas and a configuration of omni-omni
antennas in Tx and Rx respectively, are displayed for co-
polarization scenarios. We show that the delay spread can be
reduced when the Tx and Rx antennas are pointed towards
each other, which results in the greatest received power.

In [45] the carrier frequency is 11GHz and measurements
are made with antennas with cross polarization and vertical
and horizontal polarization. The PLE data for NLoS are
from 2 to 3 dB and for LoS are from 0.36 to 1.5 dB. The
path gain factors for vertical and horizontal media for cross-
polarization were of 12.8 dB for vertical polarization and
are thus similar; they only differ in NLoS situations for
horizontally-polarized corridors.

Other researchers have carried out channel modeling for
several frequencies. In [18] it presents radio channel charac-
teristics in the carrier frequency of 11.2 and 14.6 GHz, with
1 GHz bandwidth in environments characterized as corridor,
laboratory, offices and a conference roomwithin a building in
Beijing, China. The authors investigated the characteristics of
large and small-scale fading based on realistic measurements.
The characteristics of delay propagation and correlation are
also discussed.

Several channel measurements were performed on the
mmWave bands, e.g., bands of 6, 10, 11, 15, 18, 19, 26, 28,
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32 and 38GHz in [1]; the propagation characteristics of mm-
waves were investigated in a corridor with direct sight (LoS)
with omni antenna in the Tx and directional antenna in the
Rx with VV and VH polarization. Then, they propose the
model of path loss with frequency dependence. They deter-
mined the XPD and PLE ranging from 0.1 to 1.4 dB for the
frequencies.

In [19], measurements are carried out with models on a
large scale in a corridor for frequencies of 14 and 22 GHz
in line-of-sight (LOS) and non-line-of-sight (NLOS) condi-
tions. A large-scale dual-slope model is designed based on
the measurements needed to characterize the channel. Its
validation is demonstrated through the close-in free space
reference model and its parameters are defined by MMSE.
Another approach involves a model based on measurements
that make use of a waveguide.

The use of millimeter waves is being addressed in the
current state-of-the-art and in [20] there are several large-
scale measurements that rely on high gain antenna guides
for frequencies of 28 GHz an 73 GHz. A model was also
examined that simulates an omnidirectional antenna; this
was used with the high gain antenna guides that rotate 360◦

in the TX and RX. The measurements were carried out in
office facilities with line-of-sight (LOS) and non-line-of-
sight (NLOS), by means of co-polarization (V-V) and cross-
polarization (V-H). In the case of large-scale models, several
models were used such as: CI, CIX, CIF, CIFX, FI, ABG and
ABGX, where the path loss exponent (n) was defined through
the minimum mean square error (MMSE). The random vari-
able of the model had a zero-mean and standard deviation
determined for the measured data; the random variable is
given in dB. The results obtained by the authors show that
the models have a high degree of accuracy when compared
with the measured data.

As seen, particularly in the studies of [19] and [20], indoor
measurements in bands above 6 GHz, are currently being
developed owing to the need to characterize channels that
have not been previously explored. The technical studies
published by METIS defined 10 GHz as priority bands for
the new generation of mobile technology (5G) [41]. Hence,
in this study we intend to carry out a measurements campaign
and channel modeling by means of path loss models. There
will also be a statistical survey of the channel features for
frequencies of 8 GHz, 9 GHz, 10 GHz and 11 GHz (SHF)
for indoor environment, in situations such as line-of-sight
(LOS) and non-line-of-sight (NLOS), by employing horn
antennas, co- and cross-polarization and loss caused by obsta-
cles (walls).

In this paper, the following systems have employed the
path-loss model for single-frequency: close-in (CI) and Float-
ing Intercept (FI), and multi-frequency models: alpha beta
and gamma (ABG) and close-in frequency (CIF). The models
take account of the attenuation due to the multipath and the
propagation effect in indoor corridors and classrooms, as well
as the polarization of the antennas, which has attracted a
good deal of attention in the literature. Corridors are regarded

FIGURE 1. Measurement configuration for a channel survey.

as dielectric waveguides with transverse dimensions that are
much larger than the wavelength and thus, several propa-
gation mechanisms are involved in the process. In contrast,
the classroom has a smaller transverse length and has greater
width in relation to the corridor leading to a different behavior
compared with it was measured in the corridor. We discuss
very important propagation features in typical models of path
loss in indoor environments: depolarization effects, loss of
penetration through different types of walls and analysis of
standard deviation in themean or expected value and point-by
-point. We conducted measurement campaigns, particularly
in the 8 GHz, 9 GHz, 10 GHz and 11 GHz frequency bands
and employed the single-frequency close-in (CI), Floating-
intercept (IF), and multi-frequency alpha, beta and gamma
and CIF models. The model parameters were determined
through a linear regression of the experimental data (MMSE).

The contributions of this paper are the following: (i) large-
scale modeling for frequencies 8, 9, 10 and 11 GHz using
co-polarized and cross-polarized antennas; (ii) study of fre-
quency dependence between central frequencies 8, 9, 10 and
11 GHz, (iii) Analysis of the standard deviation point to point
for antenna polarizations, and (iv) loss by type of obstruc-
tion (OLOS) using antennas co-polarized in the studied
frequencies.

II. MEASUREMENT CAMPAIGN
A methodology for measurement is outlined in this section
together with the environments and devices used for the
measurement campaign and channel sounder.

A. MEASUREMENT EQUIPMENT
The measurement campaign used a HEWLETT PACKARD
83752asignal generator as the transmitting source and was
able to transmit CW signals from 1 to 20GHz. TheANRITSU
MS2692A signal analyzer was used for the (Rx) receptor
with a frequency range of 50 Hz to 26.5 GHz. Guided
horn antennas were used in the experiment with a gain of
15 dBi, (29,3◦/29◦ elevation/azimuth HPBW) for frequencies
of 8 GHz, 9 GHz, 10 GHz and 11 GHz. V-V and H-H co-
polarization were used for the guided horn antennas. The
electric power supplied to the antenna was 15 dBm for cross-
polarization measurements. Fig. 1 shows the measurement
scheme with the devices and Table 1 shows the specific
features of the measurement system.
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TABLE 1. Channel sounder system specification for the 8, 9, 10 and
11 GHz indoor measurement campaign.

FIGURE 2. Environment For The First, Second And Fifth Measurement
Campaigns (In The Corridor).

B. SCENARIO AND MEASUREMENT CAMPAIGN
The measurement campaigns were carried out inside the
Federal University of Pará (UFPa), in the annex to the elec-
trical engineering laboratory and took place in the corridor
and computer science laboratory. The indoor environment
restricted the signaling system and led to several physical
phenomena influencing the received signal. The corridor has
brick walls, a cement floor with square tile flooring, wooden
doors, iron grilles and a fire extinguisher (Fig. 2). The lab-
oratory has a brick wall with glass windows and grilles (on
the left side), and a completely sealed brick wall (at the front
of the room), a wooden wall with a glass window and a
wooden door (on the right), and another wooden wall that is
completely closed off (at the back), Fig. 3.

The transmission (Tx) and reception (Rx) antennas for all
the measurements was installed at a height of 1.5 m from the
floor (in a typical indoor hotspot). For each Tx-Rx antenna
combination the elevation defining in 0◦, the azimuth varies
according to the position of the receiver in the grid to obtain
the maximum directivity.

During the measurement campaign, 10 measures were car-
ried out for each meter. A grid of 25 measurement points in

FIGURE 3. Environment For The Third, Fourth And Fifth Measurement
Campaigns (In The Computer Laboratories).

FIGURE 4. Measurement Scheme For The Corridor With LOS (Tx1 - Rx1)
And The OLOS Total (Tx2 – Rx2).

space was defined with a spacing of 15 cm, which is greater
than the wavelength of the studied frequencies, and makes a
total of 25 points for each meter. In all cases, the Tx and Rx
antennas were directed. Each measuring meter is composed
of a grid of 25 points, each point contains 10,001 samples of
received power (25 × 10, 001 = 250,025) each meter were
measured 10 times, totaling 2,500,250 raw data per point.
Thus, for each meter traveled, there were 10 average per
meter traveled. For the analysis of the figures, the spatial and
temporal mean average by measured points was taken for the
analysis of the statistics to determine the behavior of the data
measured for the definition of the PLE.

The first measurement campaign was carried out in the
corridor (Fig. 4). The transmitter (Tx) was fixed at a distance
of two meters from the back wall and in the center of the
corridor using a guide horn antenna with a gain of 15 dBi,
co-polarization (V) and a transmission power (Pt) in dB.
The receptor antenna (Rx) that had a guide horn with a gain
of 15 dBi and vertical polarization (V) were positioned in the
middle of the corridor where they collected 10 times data per
meter. The procedure was repeated 10 times (10 × 25) and
resulted in 250 power data in average (Pr) per measured point
for the measurements in the co-polarization (V-V) corridor.
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FIGURE 5. Measurement Scheme For The Laboratory In LOS.

The second measurement campaign was also carried out
in the corridor and employed the same methodology as in
the first campaign. However, For cross-polarization measure-
ments, the electric power supplied to the antennawas 15 dBm.
The amount of data collected was the same as for the first
campaign.

The third campaign was carried out in the laboratory
(Fig. 5), and the central radial point was used for all
the frequencies together with the configurations of the
co-polarization V-V and H-H antennas. There were three
arrangements for all the frequencies - one for the transmitter
(Tx), at the center and two at the extreme ends of the room
that was used. A guide horn antenna with a gain of 15 dBi,
co-polarization (V) and transmission power (Pt) of 0 dBm and
the receptor antennas, were positioned in the same direction
as the transmitters. The scenario has 12 measurement points
and the procedure was repeated 10 times (10× 25) resulting
in more than 250 received power (Pr) per measured point.

The fourth campaign was carried out in the laboratory
where the same methodology was employed with only the
polarization (H-H) being altered. The same amount of mea-
surement data was collected as before.

The fifth campaign involved measuring penetration loss
through walls or other obstacles without a direct line of sight
and where there was a complete obstruction. In this situation,
guide horn antennas were used and co-polarization (V-V)
with a gain of 15 dBi and transmission power of 0 dBm.
The reason for this measurement is given by the refraction
undergone in the signal which influences the propagation
loss.

These losses vary in accordance with the length of the wave
and the material that is crossed; in other words, the wave
passes through the air, experiences refraction when it strikes
an obstacle and refracts again when it returns to the air.

Three materials were used in the experiment: glass, wood
and bricks. The transmitter (Tx) and receptor (Rx) antennas
were fitted at a distance of 1 m from the obstacle, Fig. 4
(Tx2 and Rx2). The environments where the data were col-
lected are the same as for the previous campaigns.

The measurement campaigns in the corridor for co- and
cross-polarization (V-V and V-H respectively), only used one
transmitter (Tx), with the antenna at a height of 1.5m from
the floor and azimuth of 0◦; the Rx was also at a height of
1.5 m from the floor and azimuth of 0◦. The distance between
the Tx and the Rx varied between 1 m and 15 m with 1 m
steps. The measurement campaigns in the laboratory with co-
polarization (V-V and H-H), 3 Tx positioned points, in the
middle and corners of the room and Tx and Rx were installed
at 1.5m above the floor with azimuth and an elevation at 0◦.
The Rx receptors were positioned in an identical way for the
three radials and the directional antenna was 1.5 m above
the floor with an elevation and azimuth of 0◦. The distance
between Tx and Rx was set at 1 m to 12 m with steps of 1 m.
Only the central radial was used to analyze the measured data
together with the models, owing to the fact that they were
equidistant from the side walls.

The measurements for the total OLOS total were carried
out in two environments. The Tx and Rx antennas were 1.5 m
above the floor with an elevation and azimuth of 0◦, and both
were installed 1 m away from the obstacle.

The corridor and laboratory have features that influence the
propagation loss within these environments. The width of the
corridor is less when there are brick walls and there is a thin
concrete floor as well as metal grilles and wooden doors. The
laboratory is wider, has walls built of both bricks and wood
and has several metal chairs, wooden tables and desktops.

Signal propagation in LOS and OLOS conditions was
employed for the channel modeling and defined the PLE
parameter for frequencies of 8, 9, 10 and 11 GHz, by means
of the co- and cross-polarization V-V/H-H and V-H antennas
respectively. The model used for the approximations is close-
in free space and its extensions;MMSE is employed to reduce
the standard deviation and define the parameters of themodel:
PLE (V-V and H-H), XPD, random variable and loss for
obstacles.

III. LARGE-SCALE PATH LOSS MODELS
Large scale path lossmodels predict the loss from the distance
between a transmitter and receptor. These models are impor-
tant for wireless telecommunications systems [12]. Indoor
environments exert a strong influence on electromagnetic
waves such as multi-path, reflection, diffraction, penetration
and shadowing effects, by affecting the power received. [21].

The large-scale loss models based on measurements pro-
vide realistic propagation features in a wireless channel [4],
[19], [20], [6], [22], [23] and [24]. Most of the path loss
models assume the loss can be estimated through the distance
travelled on a logarithmic scale.

A. SINGLE-FREQUENCY PATH LOSS MODELS
The close-in free space reference (CI) path loss model seen
in Equation (1) and given in dB, is established by a single
parameter of model n, known as the path loss exponent
(PLE). The CI model can be used for several frequen-
cies with a high degree of precision for both indoor and
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TABLE 2. Channel Sounding System Specifications for the 8, 9, 10 and 11 GHz Indoor Measurement Campaign.

outdoor environments. Two parameters are used for indoor
environments to achieve a greater precision, PLE and the
random variable [6].

PLCI (f , d)[dB] = FSPL(f , d0)+ 10n log10(
d
d0

)+XCIσ

Where : FSPL(f , d0) = 10 log10(
4πd0
λ

)2 (1)

where XCIσ is a Gaussian random variable with zero average
and standard deviation in dB [20], [25]. The CI model uses
a physical base for the reference distance d0. The path loss
model uses linear regression by means of MMSE, and thus
reduces the error and standard deviation. The reference dis-
tance of 1m was used in this study for the adjusted models.
The CI model can be used to estimate the path in co- and
cross-polarization measurements.

The CI model has an extension for loss to the cross-
polarization antennas. In cross-polarization (2), a loss factor
is added to the model which is called cross-polarization dis-
crimination (XPD); this parameter is defined throughMMSE
[20] and [26]- [30].

PLCIX (d) [dB] = FSPL+10nlog10 (d)+X
CIX
σ +XPD (2)

The parameter for attenuation and cross-polarization dis-
crimination (XPD) is similar to the loss per floor or loss
per wall [31], and the PLE of the co-polarization is used to
define the best adjustment for theXPD. TheXPD is employed
to obtain the best value of the MMSE and reduce the error
with regard to the cross-polarizationmeasured data (by reduc-
ing the standard deviation). As seen in (2), the CIX model
employs an ideal attenuation factor (XPD) and the n(V−V )
(PLE CI), as in [20]. However, n(V−V ) does not provide the
best representation of data with V-H cross-polarized anten-
nas; nor does it show different values from those found for
the V-V co-polarized antennas, (as shown in Table 2). Thus,
the PLEwill be used for the CIX path loss model and for these

types of cross polarization, as defined by n(V−H ). The model
seen in (2) describes the variations in the large-scale signal
strength regarding the distance between the Tx and Rx using
V-H cross-polarized antennas.

Another extension for the CI model is the use of H-H
co-polarized antennas and in this case, the PLE is determined
for this polarization (3). This parameter is similar to the
PLEhh, and is defined by means of the MMSE.

PLCIH (d) [dB] = FSPL + 10nlog10 (d)+ X
CIH
σ (3)

where the nH−H represents the path loss exponent for H-H co-
polarization antennas, e XCIHHσ is a Gaussian random variable
with zero average and standard deviation in dB.

Another extension planned for the CI model is for loss
through different types of obstacles. An attenuation param-
eter was added to address the problem of obstruction - the
obstruction path loss exponent (OPLE) - and the number of
obstructions in the path of the same type (4).

PLCI = FSPL + 10nlog10 (d)+ X
CI
σ +

∑k

i=1
OPLE InwI

(4)

where OPLEi is the path loss for the obstacle type and nwi
corresponds to the number of obstacles of the same type.

This parameter is based on the COST-231Motley-Keenan
model [31]. The approach adopted to define the loss caused
by the wall is to measure the received power for the same dis-
tance (3 meters), with or without obstructions [40], as defined
by Equation 5.

OPLE = LLOSmeas(3m)− L
NLOS
meas (3m) (5)

where LLOS is loss measured without the wall and LNLOS

loss with obstruction and OPLE is the loss for the type of
wall. The propagation models set out in this section will be
analyzed in the section that follows.

The Floating-intercept (FI) path loss model is used in the
WINNER II and 3GPP standards [116], [117] (6). This model
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requires two parameters and does not include a physically-
based anchor attached to the transmitted power.

PLFI (d) [dB] = β + 10αlog10 (d)+ X
FI
σ (6)

where β is the Floating-intercept in dB (different from a FSPL
reference), and α is the slope of the line (different from a
PLE), also with a zero mean Gaussian (in dB) shadow fad-
ing random variable XFIσ which describes large-scale signal
fluctuations about the mean path loss over distance.

B. MULTI-FREQUENCY PATH LOSS MODELS
The Alpha-beta-gamma path loss model (ABG) depends on
distance and frequency to describe loss for several frequen-
cies.

PLABG = 10αlog10 (d)+ β + 10γ log10 (f )+ X
ABG
σ (7)

where α and γ are path loss parameters dependent on distance
and frequency respectively. β is an optimization parameter
without physical meaning. f is the frequency in GHz and
XABGσ is a Gaussian random variable that represents the shad-
owing in large-scale signal fluctuations over the mean of the
path loss through distance. The ABGmodel is an extension of
the multi-frequency FI model. The parameters α, β and γ are
determined simultaneously via MMSE. The ABG parameter
α is similar to the close-in PLE, just as the ABG β is similar
to the close-in FSPL

A new two-parameter simple multi-frequency model can
be included as an extension of the CI model. The frequency-
dependent trajectory loss model (CIF) is a multifrequency
model that employs the same physically motivated FSPL
anchor 1 m as the CI model. The equation of the CIF model
is expressed in (8):

PLCIF = FSPL + 10n
(
1+ b

(
f − f0

/
f0
))
log10(d) (8)

where n denotes the distance dependence of the trajectory
loss, b is an intuitive model adjustment parameter that rep-
resents the slope of the linear frequency of path loss, f0 is
a fixed reference frequency that serves as the equilibrium
point or center of the linear frequency dependence of the
PLE and is based on the weighted average of all frequencies
represented by the model f0 =

∑K
k=1 fkNk/

∑K
k=1 Nk , where

NK is number of measures for each frequency and fk is the
multiplier for the corresponding frequency and XCIFσ is the
mean Gaussian random variable zero (in dB) which describes
the fluctuations of loss with distance.

IV. AN ANALISIS OF LARGE-SCALE PATH LOSS MODELS
Measurement campaigns were carried out in 8, 9, 10 and
11 GHz so that the path loss models could be used in indoor
environments. The analysis and approximations for calcu-
lating signal loss were carried out in LOS and OLOS with
obstruction situations. The path loss close-in distance model
was used, together with the CIX in which the loss parame-
ter was added for cross-polarization antennas. Two different
environments were analyzed for four frequencies, 8, 9, 10,

TABLE 3. Loss per wall for the 8, 9, 10 e 11 GHz indoor measurement
campaign.

and 11 GHz. In the first case, the analysis was conducted
in V-V co-polarization and V-H cross-polarization, and in
the second case, 8, 9, 10 and 11 GHz respectively for the
V-V and H-H co-polarization. There were Rx antennas for
the first environment (the corridor) and for V-V, fifteen (15),
fifteen (15), fourteen (14) and ten (10) for 8, 9, 10 and 11GHz
respectively. In the case of V-H antennas, there were fifteen
(15) Rx, nine (9) Rx, eight (8) Rx and eight (8) Rx for the
frequencies of the second environment (the lab). These were
the measurements included with V-V and H-H polarization
for conditions that had three (3) Tx and thirty-six (36) for
the analysis of the models. The central radial point was used
for analyzing the performance of the measured data, because
it showed the average pattern of the three radials. The use
of three radials with a) their respective PLEs b) the close-in
distance path-loss model and c) its extensions are employed
with the addition of a XPD cross polarization parameter, that
is combined with H-H, loss for obstacles, PLE and shading
effects. The performance of the models with values of PLE
and standard deviation (σ ), can be found in Table 2. The
loss values for the obstacle path-loss exponent (OPLE) can
be found in Table 3.

A. THE ANALYSIS CONDUCTED IN THE CORRIDOR
Figures 6, 7, 8 and 9 show the analysis of the measured data
in the corridor together with the close-in free space reference
model, FI and 3GPP for frequencies of 8, 9, 10 and 11 GHz
in a logarithmic scale and in LOS conditions with directional
horn antennas for V-V co-polarization, In order to compare
the accuracy of the proposed model, a comparison was with
the 3GPPmodel, calculating the standard deviation in relation
to the measured data. The values determined for the corridor
with the CI model were: 1.89, 2.58, 2.41 and 2.19; for the
FI model the values were: 1.88, 2.51, 2.03 and 1.99; for the
3GPP model the deviation values were: 2.10, 2.59, 2.12 and
2.19 for the frequencies 8, 9, 10 and 11GHz respectively. This
result shows that the presentedmodels present a good approx-
imation to the measured data, the proposed present a greater
efficiency to the 3GPP model. Therefore, the 3GPP model
presents a PLE value equal to 1.73 for a frequency range (0.5
- 100 GHz ) and considers only office environment, the pro-
posed presents a range of PLE for the four frequencies studied
varying from 1.73 - 2.16 for the corridor and 2.07 - 2.28 for
the lab, considering that the environment influences in the
mechanisms of propagation and consequently in the received
power. Figures 6, 7, 8 and 9 show the curve for the models and
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FIGURE 6. 8 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

FIGURE 7. 9 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

FIGURE 8. 10 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

data measured along the standard deviation values in the cor-
ridor legend. The slope of the curve represented by the PLE,
shows towhat extent the signal is attenuatedwith the distance.

FIGURE 9. 11 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

FIGURE 10. 8 GHz directional LOS large-scale CIX path loss model.

As shown in Table 2 and Figures 6, 7, 8 and 9, the PLE has
a direct influence on the standard deviation in the average
measured data, as well as on how far the signal is attenuated
at a distance. Figures 6 and 7 show higher PLE values and
standard deviation with regard to Figures 8 and 9. There
was a large loss in the signal received for the measurement
campaigns that usedV-H directional cross-polarized antennas
in the corridor. Figs. 10, 11, 12 and 13 illustrate the results of
the measured data analysis in the corridor and the close-in-
X free space reference model for the frequencies of 8, 9, 10,
11 GHz, in LOS conditions and with V-H directional cross-
polarized horn antennas. As shown in Table 2 (as well as the
curves in Figs. 10, 11, 12 and 13), the PLE has much lower
values with regard to the V-V co-polarization measurements
for the same environment. Fig. 11 show a lower initial loss for
the average performance of the measured data with regard to
Figs. 10, 12 and 13. Figs. 10, 11 and 12, have higher slops
compared to CIX to 9 GHz. As a means of understanding
the behavioral factors that influence of measurement cross,
a small-scale approach is being adopted and/or ray tracing
to obtain more details about the multi-paths, as well as the
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FIGURE 11. 9 GHz directional LOS large-scale CIX path loss model.

FIGURE 12. 10 GHz directional LOS large-scale CIX path loss model.

parameters for signal delay and reflections by means of ray
tracing techniques.

The results obtained through the measured data found
in Table 2 are similar to the parameters of papers in the
literature. The article [20] makes large-scale single-frequency
and multi-frequency modeling for the 28 GHz and 73 GHz
frequency bands within an office. The results for the single-
frequency analysis for the PLE parameter were 1.7 and 1.6 for
28 GHz and 73 GHz respectively, analyzing the XPD param-
eter taking into consideration cross-polarized antennas had
24.7 and 31.4 for 28 GHz and 73 GHz respectively. For ABG
and CIF models, in [20] for ABG points out such values
for the parameters α = 0.9, β = 43.6 and γ = 1.8 for
the 28 GHz and 73 GHz, for the proposed work parameters
calculated were α = 1.8 and 2.1 β = 49.11 and 29.3 γ =
0.47 and 2.39 for the corridor and laboratory respectively.

The work [19] performs large-scale modeling using CW
at frequencies 14 and 22 GHz, for PLE values, referring to
Tx height close to the one proposed in this work, resulted
in 1.7 and 1.6 14 GHz and 22 GHz.

FIGURE 13. 11 GHz directional LOS large-scale CIX path loss model.

FIGURE 14. Point-to-point standard deviation of data measured in the
corridor for frequencies 8, 9, 10 and 11 GHz in the corridor for V-V
antennas.

Analyzing these results obtained in relation to other works
we realized that the values of the parameters presented in this
work are close to those seen in the literature, even for cases
that at a great distance between the frequencies worked, as is
the case of 10 GHz to 73 GHz presenting values of PLE very
close.

A key approach regarding the measured data is to carry
out a statistical survey through the standard deviation. This
analysis shows to what extent the signal varies point by
point and, on average, for the antenna and cross-polarization
discrimination. The point by point standard deviation was
calculated for this approach with the aim of determining the
signal variation for each meter travelled between the Tx and
Rx, for the environments and configuration of the co- and
cross-polarization antennas. Fig. 14 shows the LOS point-
by-point system in the corridor for the frequencies of 8, 9,
10 and 11 GHz in V-V. It should be noted that there is a low
variability in the standard deviation values observed in the
Y axis which range from 0 to 0.7 dB. In other words, there is
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FIGURE 15. Point-to-point standard deviation of data measured in the
corridor for frequencies 8, 9, 10 and 11 GHz in the corridor for V-H
antennas.

FIGURE 16. Point-to-point standard deviation of data measured in the
corridor for frequencies 8, 9, 10 and 11 GHz in the corridor for V-H
antennas.

little variation in the power values received for the same point
using V-V co-polarization horn antennas in the corridor.

The same system was carried out for V-H cross-
polarization antennas with frequencies of 8, 9, 10 and 11 GHz
in the corridor. Fig. 15. shows the variations in the stan-
dard deviation for each point that was measured (which can
be seen in the Y axis), ranging from 0 to 3.5 dB. There
is a greater variability of measured data when V-H cross-
polarized antennas are used between Tx andRx. Fig.16 shows
the difference in the standard deviation between the co- and
cross-polarization, by displaying the point by point standard
deviation for the polarizations and the frequencies at the same
time.

When the standard deviation in Table 2 and the point-by-
point deviation are assessed, it was clear that the standard
deviation for the V-V polarization is greater with regard to
the V-H. When the point-by-point standard deviation was
assessed, it had values lower than those of the V-H (Fig. 16).

FIGURE 17. 8 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

FIGURE 18. 8 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

FIGURE 19. 10 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

B. ANALYSIS IN THE LAB
Figures 17, 18, 19, and 20 show the analysis of the measured
data in the laboratory and the performance of the close-in free
space reference, FI and 3GPP model for frequencies of 8, 9,
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FIGURE 20. 11 Ghz LOS Large-Scale CI, FI And 3GPP Path Loss Model.

10 and 11 GHz in conditions of LOS co-polarization (V-V).
In order to compare the accuracy of the proposed models
in relation to 3GPP, the standard deviation was calculated
in relation to the data measured in the laboratory. For the
CI model it obtained: 1.18, 1.51, 0.81 and 1.36; for the FI
model the values were: 1.17, 1.49, 0.76 and 1.33; for the
3GPP model the deviation values were: 2.10, 2.59, 2.12 and
2.19 for the frequencies 8, 9, 10 and 11 GHz respectively. In
accordance with Table 2, Figures 17, 18, 19 and 20 show the
value and slope of the PLE for the close-in model, as well as
determining the standard deviation of the measured data. The
PLE was radials within the room. The PLE values are differ-
ent because the closeness of the walls has a direct influence
on the signal route and hence on the path loss. When the first
radial was defined for the frequency of 10 GHz through the
MMSE and for three analyzed, the value of the PLE close
to the masonry wall that is formed of bricks, had a greater
value for the frequency of 10 GHz. The central radial which
was equidistant from the walls, had a PLE value below that of
the first radial. Moreover, the third radial close to the wooden
wall, had PLE values lower than the first two. This pattern of
behavior is caused by the multiple paths that the brick wall
causes on account of the reflections; if the wall is wooden the
signal passes through it and changes in the middle.

Fig. 21, 22, 23 and 24 show how themeasured data behaved
and the extension of the CI model for H-H co-polarization. In
the case of bands of 8 and 10 GHz, the PLE for H-H values
are small than the PLE for the V-V and H-H values, as seen
in Table 2. These show higher values of PLE for H-H, and
for the frequencies of 9 and 11 GHz and the V-V polarization
had higher values for PLE. The performance of the measured
data for the frequencies of 8 and 9 GHz for the V-V and H-
H antennas are very close and show the feasibility of using
either of the two polarized antennas for this environment.
In the frequencies of 10 and 11 GHz, the loss values behaved
in different ways for the H-H polarization, where there was an
increase of approximately 5 dB in the propagation loss with
regard to V-V.

FIGURE 21. 8 GHz LOS large-scale CI-HH path loss model in lab.

FIGURE 22. 9 GHz LOS large-scale CI-HH path loss model in lab.

FIGURE 23. 11 GHz LOS large-scale CI-HH path loss model in lab.

The same system is carried out with H-H co-polarization
antennas for the frequencies of 8, 9, 10 and 11 GHz in the lab.
Fig. 25. shows the variation of the standard deviation for each
point that is measured, as seen in the Y axis, which ranges
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FIGURE 24. 11 GHz LOS large-scale CI-HH path loss model in lab.

FIGURE 25. Point-to-point standard deviation of data measured in the
corridor for frequencies 8 - 11 GHz in the corridor for V-V antennas.

from 0 to 1.1 dB; the main fluctuations of the measured data
are apparent when H-H cross-polarized antennas are used
between the Tx and Rx. A clearer view of the difference of
the standard deviation between co-polarization (V-V) and co-
polarization (H-H) is seen in Fig. 26, which shows the point-
to-point standard deviation by analyzing the polarizations and
frequencies at the same time.

C. ANALYSIS SINGLE-FREQUENCY AND
MULTI-FREQUENCY
The single: CI and FI and multi-frequency: ABG and CIF
models were used to characterize the signal attenuation for
frequencies 8, 9, 10 and 11 GHz as a function of frequency
and distance for indoor environments.

First, we compared the results for the single analysis for the
CI and FI models for the two environments seen in Fig. 28.
In Fig. 28(A) and (D) compares βFI/FSPLCI , and Fig. 28(B)
and (E) compares αFI/PLECI and Fig. 28(C) and (F) com-
pares the standard deviation between the models σFI/σCI for
the corridor and laboratory respectively. The parameters of

FIGURE 26. Point-to-point standard deviation of data measured in the
corridor for frequencies 8 - 11 GHz in the corridor for H-H antennas.

FIGURE 27. P2P standard deviation of data measured in the corridor for
V-V and H-H polarization.

the initial loss, (βFI/FSPLCI ) for the corridor and laboratory
obtained values above 50 dB and below 54 dB for all the
frequencies.

The αFI/PLECI had values above 1.73 and below 2.28 for
all the frequencies and thus it is worth recalling that the
values are close to the theoretical PLE = 2. For the standard
deviation it was above 0.81 and below 2.59. The variability
of the loss parameter with the distance PLE, in Fig. 29 and
30 show above 0.7 and below 1.49. The variability of the loss
parameter with the distance PLE, in fig. 29 and 30 present the
data measured with the CI models for each frequency with the
PLE values, (seen in Table 2), for the corridor and laboratory
respectively.

The single parameter variance determined for the CI model
demonstrates the slope of the curve for each frequency,
and the nature of the PLE analysis for each frequency and
environment. This shows that the highest PLE value for the
corridor is within the 9 GHz frequency, while for the lab the
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FIGURE 28. Frequency dependence analysis of the single-frequency FI and CI models for frequencies 8, 9, 10 and 11 GHz. (a) and (d) comparing the
βFI /FSPLCI , Fig. 29 (b) and (e) comparing αFI /PLECI and Fig. 29 (c) and (f) comparing σFI /σCI for the corridor and lab respectively.

FIGURE 29. PLE Surface plot for frequencies 8 - 11 GHz in the corridor for
V-V antennas.

highest PLE value is 11 GHz. We compared the results of
multi-frequency CIF and ABG path loss models that provide
the features of the channel a cross the frequency band. The
trajectory loss surface plots and model parameters for CIF
and ABG for the two environments are shown in Figs. 31, 32,
33 and 34 and Table 2, respectively. Figs. 33 to 34 and Table 2
show that the CIF andABGmodels have very similar parame-
ters for PLE and σ over the entire frequency band. The PLE/α
parameters of the CIF and ABG models are within the range

FIGURE 30. PLE Surface plot for frequencies 8 - 11 GHz in the lab for V-V
antennas.

of 1.8 above and below 2.18 in all the frequency bands, which
agrees well with the theoretical free space PLE of 2, in [20]
the author points out such values for the parameters α = 0.9,
β = 43.6 and γ = 1.8 for the 28 GHz and 73 GHz frequen-
cies, these results indicate that since with near frequencies the
model parameters values are close what it has been published
in the literature. When the frequency dependence factors b
with γ , for the CIF are compared, the frequency-dependent
parameters are higher in the laboratory measurements (0.1)
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FIGURE 31. Frequency dependence for the CIF model with the CI for the
frequencies 8 - 11 GHz in the corridor for V-V antennas.

FIGURE 32. Frequency dependence for the CIF model with the CI for the
frequencies 8 - 11 GHz in the lab for V-V antennas.

than in those in the corridor (−0.35); the parameter f0 found
was 9.35 for the corridor and 9.5 for the laboratory. On the
other hand, the γ for the corridor had a value of 0.47 while the
laboratory had a value of 2.39. The results show that the CIF
has more statistically significant Insights about the frequency
dependence on trajectory loss than ABG due to the anchor of
path loss based on physics. It was found that the PLE values
for the multi-frequency models had a greater stability than
the single-frequency, on the other hand the standard deviation
for the multi-frequency models was higher than the single-
frequency, which led to less precision for the models with
multiple frequencies.

D. LOSS CAUSED BY THE WALL
The loss caused by the wall is important because there is a
change in the means of propagation between the Tx and Rx,
which is directly involved in the intensity and signal path.

FIGURE 33. Frequency dependency for the ABG model with the CI for
frequencies 8 - 11 GHz in the corridor for V-V antennas.

FIGURE 34. Frequency dependency for the ABG model with the CI for
frequencies 8 - 11 GHz in the lab for V-V antennas.

There are various obstacles (both partial and complete),
within indoor environments; this study addresses the question
of complete obstruction – that is, it is concerned with the
walls or doors.

For OLoS measurement campaigns the transmitter and
receiver were 1.5 m above ground with co-polarized antennas
(V-V), with elevation and azimuth at 0◦ to one meter from the
obstacle for the Tx and Rx. 10× 10001 points were captured
for each type of obstacle (masonry, wood and glass).

The measurements for this study include a number of
materials such as: wood, bricks, glass and MDF [Medium
Density Fireboard]. The frequencies used are the same for
LOS conditions, and 8, 9, 10 and 11 GHz with directional
horn (V-V) co-polarization antennas. The results for the loss
caused by each type of wall and for each band are shown
in Table 3.
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E. COMPARISON BETWEEN THE MEASURED DATA IN THE
CORRIDOR (V-V and V-H) AND LAB (V-V and H-H)
The pattern of the measured data for the two environments
shows to what extent the environment influences the propaga-
tion loss, as well as the polarization of the antennas. The main
parameters of the models used to define a better approxima-
tion are as follows: PLE (V-V and H-H), XPD, Xσ and OPLE.
The mean standard deviation and point-by-point standard
deviation are key factors in analyzing the propagation loss in
the whole of its path and each meter travelled, respectively.

It can be determined from an analysis of Table 2 that
the PLE values for the corridor are less than those of the
lab when V-V co-polarization antennas are employed. This
reveals that the attenuation is less intense in the corridor
comparedwith the lab, which can be explained by the features
of the corridor and the fact that its shorter length allows more
reflections that can be either constructive or destructive. The
PLE values remained close for the frequencies of 8, 9 and
10 GHz that use V-V co- polarization guided horn antennas
in two environments (Table 2). The PLE values of the corridor
are lower than those of the lab for 11 GHz.

The H-H and V-H polarizations differ considerably from
each other; the main difference can be seen in the PLE, where
H-H has much higher values than V-H. Another difference is
the standard deviation since the V-H polarization has lower
values than the H-H. However, if the standard deviation is
assessed point by point, the H-H polarization has lower values
than V-H.

When the V-V polarization is assessed together with the
H-H and V-H, it is clear that H-H is the nearest in terms of
performance and PLE values, and in some cases the values are
very close. V-H proved to be the one that showed the greatest
loss, from the nearest point (1m) to the end of the path, as well
as having considerable point-by-point variability since it was
the most unstable of the measurements.

The random variable was only analyzed for the CI models,
corridor and lab. Fig. 14 and 22 show the signal variation rep-
resented by the CI model and random variable (Xσ ) together
with the measured data and the configurations of the V-V
co-polarization antennas. In Fig. 14, it can be noted that
the spacing between the frequencies is greater with regard
to the fluctuations in Fig. 22. The values in the corridor
(Fig. 14) are lower than those in the lab (Fig. 22). This factor
is important because it shows the variation of the models with
the environments.

V. CONCLUSION
The objective of this study was to examine channel modeling
by employing close-in path loss models and their extensions
to characterize future wireless channel networks. Close-in
models and their extensions have good approximations in
LOS and OLOS conditions when directional horn antennas
and co- and cross-polarization are used in a corridor and
laboratory. The PLE parameter values for the corridor and
laboratory (obtained by means of V-V directional antennas),

are close to those found in the literature [19] and [20]. How-
ever, PLE for V-H cross-polarization antennas have lower
values for co-polarization in the same environments.

For modeling purposes, data measured for V-V in LOS sit-
uations have higher PLE values than V-H in LOS situations.
Since PLE is responsible for the slope of the curve, determin-
ing this parameter is paramount for greater accuracy of the
modeling in relation to the measured data. For this, the CIX
model has a specific PLE in order to reduce the standard
deviation between the measured data and the dummy.

Another key analysis that was conducted, concerned mean
and point by point standard deviation; in other words,
it sought to determine the signal variability per meter trav-
elled as a whole, as well as being linked to the polarizations
of the transmitter antennas and receptors. In the case of the
corridor, the mean standard deviation and the values of the
standard deviation for frequencies of 8 and 9 GHz, have
greater values than those with 10 and 11 GHz. With regard
to point-by-point standard deviation, it was confirmed that
the use of V-V co-polarization antennas, resulted in little
variation and remained between 0 to 0.7 dB, (as seen in
Fig. 15). In the case of V-H cross-polarized antennas, there
was greater variability in the standard deviation, which went
from 0 to 3.5 dB (Fig. 16).

When the measurements were carried out in the laboratory
with V-V and H-H directional antennas (by means of close-in
models and extensions), they showed different PLE values for
each frequency and polarization, particularly for frequencies
of 8 GHz and 10 GHz. The PLE values for H-H antennas are
higher than those of the V-V, for frequencies of 9 GHz and
11 GHz, while the PLE value was higher for the V-V than the
H-H.

The influence of the walls is different for each of the
obstacles and the propagation loss changes in accordance
with the frequency - the greater the frequency, the greater
the loss experienced. The study of propagation loss for the
total OLOS (complete obstruction) is a key factor, because
the shorter the wavelength, the greater the propagation loss
will be, when obstacles are encountered. Future telecommu-
nications systems should be able to circumvent this problem
because millimeter waves will be used.

Another point is the need to distinguish between the waves
that are propagated within different environments, however
they might be confined. The reflections are more intense in
the corridor owing to the proximity of the walls, as well
as the kind of material used in constructing the walls, floor
and ceiling, together with the metal grilles and panels. The
laboratory is a more extensive environment and is formed
in a different way from the corridor. It has walls built of
brick and wood, as well as being furnished with chairs, tables
and desktops. These features affect the path loss of the elec-
tromagnetic waves of these environments and in this study,
showed their differences through close-in free space path loss
models, together with their extensions and standard deviation.

In future studies, a small-scale approach will be
adopted for the frequencies used here of 8, 9, 10 and
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11 GHz, measurements. This will be accompanied by a large-
scale approach in higher frequencies of 28 GHz to 93 GHz
for indoor environments, and the modeling of path loss by
means of directional and omni antennas.
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