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According to the demands for fifth-generation (5G) communication systems, high frequency bands (above 6GHz) need to be
adopted to provide additional spectrum.This paper investigates the characteristics of indoor corridor channels at 15 GHz. Channel
measurements with a vector network analyzer in two corridors were conducted. Based on a ray-optical approach, a deterministic
channel model covering both antenna and propagation characteristic is presented. The channel model is evaluated by comparing
simulated results of received power and root mean square delay spread with the corresponding measurements. By removing the
impact of directional antennas from the transmitter and receiver, a path lossmodel as well as small-scale fading properties for typical
corridors is presented based on the generated samples from the deterministic model. Results show that the standard deviation of
path loss variation is related to the Tx height, and placing the Tx closer to the ceiling leads to a smaller fluctuation of path loss.

1. Introduction

Candidates for the fifth-generation (5G) terrestrial wireless
technology have attracted a lot of interest in recent years
as the next set of mobile communication standards beyond
the 4G standards [1, 2]. Although 5G is not an official term
yet, the standardization of 5G technologies is expected to be
finished between 2016 and 2018 [3]. Beyond the capabilities of
previous generation systems, the 5Gmobile communications
systems will emerge to meet additional demands [4, 5]. The
increase of global mobile data traffic is expected to be more
than a factor of 200 from 2010 to 2020, with an even higher
growth factor in developed cities and hotspots. However, due
to limited available spectrum in the microwave bands, the
increasing demand cannot be fully met [6]. So, with much
larger required bandwidths, high frequency bands (above
6GHz) should be adopted for 5G mobile systems to support
anticipated higher data rates [7–9].

Since a large attenuation is suffered at higher frequencies,
the frequency bands with relatively large bandwidth and yet
still “low” central frequency aremost promising. As one of the
candidate frequency bands for 5G system, the 15GHz band

still has more than 0.7GHz bandwidth to be allocated [9],
which makes this band one of the most promising candidate
potential high frequency bands. Furthermore, the 15GHz
band belongs to theKu-bandwhich is from 12GHz to 18GHz.
The most widespread usage of the Ku-band is traditional
satellite mobile services, and only a few publications have
appeared on its usage for terrestrial applications [10]. In [11],
measurements of the land mobile satellite (LMS) channel
are presented. A statistical model for the LMS channel is
proposed to show the properties at Ku-band [12]. In [13], both
the narrow and wideband parameters were investigated for
LMS land at Ku-band. A comparison of the first- and second-
order statistics of the LMS channel at Ku-band and other high
frequency bands is presented in [14]. The above publications
provide the basic (outdoor) channel properties at Ku-band.
However, in this band, channel measurement and modeling
have been investigated much less thoroughly than in other
frequency bands, and most of the investigations are limited
to LMS channel conditions. Measurements of an indoor
radio frequency (RF) propagation channel were performed
at 14GHz in [15]. However, only some initial measurement
results were presentedwithout in-depth analysis ormodeling.
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The research on propagation for indoor corridor sce-
narios has drawn significant attention over the years. For
measurement and modeling, statistical and deterministic
channel model methods are commonly used. The statistical
methodmainly pertains to themeasurement-basedmodeling
[16]. This method provides the large- and small-scale fading
properties which are extracted from measurement results
[17]. In [18], the path loss exponent, standard deviation of the
large-scale fading, and Ricean K-factor were extracted and
analyzed in three different corridors at 450MHz, 900MHz,
1.35GHz, and 1.89GHz. In [19, 20], MIMO channel measure-
ments for four typical indoor scenarios including the corridor
were made at 1.9 GHz, and correlations between the channel’s
K-factor, delay spread, and shadowing were derived. A
dynamic propagation measurement in a corridor at 5.2 GHz
with a moving transmitting antenna was performed in [21].
At a millimeter wave band of 60GHz, statistical results and
channelmodels extracted by impulse responsemeasurements
for an indoor scenario including offices and corridors were
presented in [22]. None of these works considered Ku-band,
and none considered the influence of the antenna height.

The deterministic modeling method mainly refers to
deterministic channel modeling based on a ray-optical
approach. This method can provide accurate modeling of
the environment and wave propagation, at the expense of
a relatively high computational complexity, and inherent
site-specificity. In [23], a comparison of measurements in
an indoor corridor at 900MHz and 1800MHz and 2D ray
tracing simulations were presented. In [24], a 3D ray tracing
method was used to evaluate a multiple-input multiple-
output (MIMO) system in an indoor rectangular corridor
at 2.53GHz. In [25], the path loss in three corridors was
modeled by a deterministic method using ray tracing, but the
resulting mean square error (MSE) values between predic-
tions andmeasurementswere all above 6.5 dB.At amillimeter
wave bandof 60GHz, the channel characteristics in an indoor
corridor were addressed in [26] using ray tracing and an
ITU-R model [27]. Generally, the accuracy of deterministic
channelmodel still needs to be improvedwith low complexity
for indoor corridor scenarios, and, as an important part of
this channel model, the antenna characteristics also should
be considered.

To fill these gaps, the main contribution of this paper is
to present a statistical path loss model and small-scale fading
properties for indoor corridor scenarios based on a ray-
optical simulator validated by measurements in the 15GHz
band. By analyzing the influence of directional antennas and
multipath components, the correlation between the height of
transmitter (Tx) and the standard deviation of shadow fading
is modeled based on extensive simulations. With the aid of
this path loss model for a typical corridor, the path loss can
be predicted to achieve sufficient accuracy for the design and
planning of various communication systems at 15GHz.

This paper is organized as follows. The indoor corridor
measurement is described in Section 2. Section 3 provides
a detailed deterministic propagation modeling approach.
The validation of the simulation is presented in Section 4.
In Section 5, the analysis and statistical modeling of the
simulation are reported. Section 6 concludes the paper.

Table 1: Electromagnetic parameters of building materials.

Materials Relative permittivity Conductivity (S/m)
Plasterboard wall 2.94 0.0788
Ceiling 1.50 0.0117
Floor 3.66 0.1710

2. Indoor Corridor Measurement

2.1. Measurement Locations. Measurements were performed
at two different floors of the Mechanical Engineering Build-
ing in Beijing Jiaotong University, China. The Mechanical
Engineering Building is a 10-floor office building with all the
classrooms on the west side and all the faculty offices on the
east side. The measurements were carried out on floors 2 and
4 of the east side in the Mechanical Engineering Building, as
shown in Figure 1.These two corridors have the same size and
the same heights of 2.7 meters. The only difference between
these two corridors is that there is an open area on floor 2 as
marked in Figure 1.

The fixed Tx with a single antenna is located at center
of the corridor, and there are several line-of-sight (LoS)
locations of the receiver (Rx) located at the center or nearer
one side of the corridor, 1.2 meters apart from each other, as
marked in Figures 1(a) and 1(b). The smallest Tx-Rx distance
is also 1.2 meters, and the largest distance is about 22m.
Acting as a single-antenna user, the Rx’s antenna is moved
along a straight line. The measurements are performed in
controlled indoor corridor environments, where there were
no persons or movements on either of the two floors. The
corridor surface materials are plasterboard “drywall” for the
walls, ceramic covered by floor tiles on the floors, and acoustic
ceiling tiles for the ceiling, which are very common in most
buildings.The electromagnetic parameters including permit-
tivity and conductivity of these typical building materials are
provided in an ITU-R recommendation for indoor scenarios
[28], and these are calculated and listed in Table 1.

2.2. Measurement System. The measurements were carried
out at the center frequency of 15GHz. The channel between
single Tx and single Rx of each location was measured by a
vector network analyzer (VNA) with a bandwidth of 1 GHz
ranging from 14.5 GHz to 15.5 GHz using 1024 frequency
points, yielding a time resolution of 1 ns. The transmitted
power is 0 dBm.The dynamic range of the VNA is 85 dB with
a noise floor of −88 dBm. At each Rx position, the measure-
ment was conducted twice for time averaging, and totally
five different positions weremeasured for spatial averaging of
small-scale effects: these positions were separated by approx-
imately two wavelengths. The arrangement of these positions
is shown in Figure 2. Both the Tx and Rx were equipped
with directional antennas designed by a company named
“OceanMicrowave” with the model number of “OBH08180,”
which are ultrawideband (UWB)horn antennaswith a gain of
about 13.5 dBi at 15GHz, as shown in Figure 3(a). Figure 3(b)
shows the antenna pattern of OBH08180, where the 𝐸 plane
and 𝐻 plane represent the vertical cut and horizontal cut
of the antenna, respectively. Both the Tx and Rx antennas
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Figure 1: (a) Diagram of floor 2 in Mechanical Engineering Building. (b) Diagram of floor 4 in Mechanical Engineering Building. (c)
Photograph of measurement scenario on floor 2. (d) Photograph of measurement scenario on floor 4.

were set up on wooden tripods, paralleling the corridors
for all the measurements. Between the Tx/Rx and VNA, we
used a long cable, and the attenuation caused by the cable
was calibrated out for measurements. Figure 4 illustrates the
wholemeasurement system.All themeasurement parameters
are listed in Table 2.

3. Deterministic Propagation Modeling

The radio channel behavior of this indoor corridor scenario
has been simulated by a deterministic propagation model,
that is, the ray-optical approach. As a deterministic model,

this self-developed 3Dmethod includes the direct path, spec-
ular reflection paths, and scattering paths. Based on image
method, specular reflection paths can be computed by up to
the 5th order in our simulator. Scattering paths are those on
surfaces which can be seen by both the Tx and Rx.These sur-
faces are segmented into tiles and only one-order scattering
paths are computed according to radar equation for scattering
processes [29]. The 3D ray-optical model consists of the
antenna modeling, modeling of the environment, and the 3D
ray-based channel modeling including the polarization [30].

3.1. Antenna Modeling. The antenna gain, polarization, and
elevation and azimuth angles strongly affect the propagation



4 International Journal of Antennas and Propagation

Table 2: Measurement parameters.

Parameters Value
Center frequency 15GHz
Bandwidth 1GHz
Frequency points 1024
Time resolution 1 ns
Transmitted power 0 dBm
Dynamic range 85 dB
Noise floor −88 dBm
Antenna gain 13.5 dB

One specific
location

Figure 2: Positions of Rx at each location. One received point is
at the center of one specific location, surrounded by the other four
points.

[31]. Therefore, especially for a directional antenna in an
indoor scenario, the antenna should be modeled precisely,
and both the gain and the polarization of the antenna need to
be accounted for. For the gain, two orthogonal components of
the horizontal and the vertical fields of the antenna patterns
are defined as 𝐸𝜑 and 𝐸𝜗, respectively. The 2D antenna
patterns of 𝐸𝜑 and 𝐸𝜗 are obtained at all angles of departure
or arrival by using the linear interpolation, as showed in
Figures 5(a) and 5(b). Then the 3D antenna pattern can be
generated by the interpolation of the 2D patterns, as shown
in Figure 5(c).

3.2. Modeling of the Scenario. As a deterministic model,
the modeling of the scenario influences the propagation
significantly due to scenario-dependent propagation mech-
anisms. The scenario model consists of the structure of the
corridors, the electromagnetic parameters (permittivity and
conductivity) of all objects, the position of Tx/Rx, and the
directions of the antennas. Figure 6(a) shows the scenario
model of floor 2 in the Mechanical Engineering Building,
where the red dot and the red line represent the Tx’s position
and main beam direction, and the blue dots represent the Rx
in different locations, whose directions are always pointing
parallel to the corridor.

3.3. 3D Ray-Optical Based Channel Simulation. Using the 3D
ray-optical based channel simulation, the information of each

ray can be obtained, including type of the path (i.e., direct
path, reflection path, or scattering path), path delay, path loss,
and 3D angular properties. A snapshot of the ray tracing
result is illustrated in Figure 6(b). Specular reflections are
calculated based on the image method [32]. Only the single
scattering paths are considered by dividing each surface into
small square tiles. By accounting for the antenna gain, the
time-variant channel impulse response (CIR) ℎ(𝑡, 𝜏) of the 3D
ray-optical model can be obtained. It can be expressed in the
complex baseband as follows [29]:

ℎ (𝑡, 𝜏) =

𝑁(𝑡)

∑

𝑘=1

𝑎𝑘 (𝑡) 𝑒
−𝑗(2𝜋𝑓

𝑐
𝜏
𝑘
(𝑡)+𝜑
𝑘
(𝑡))
𝛿 (𝜏 − 𝜏𝑘 (𝑡)) ,

(1)

where 𝑎𝑘(𝑡), 𝜏𝑘(𝑡), and 𝜑𝑘(𝑡) represent the amplitude, the
delay, and the additional phase shift of the 𝑘th multipath
component at time 𝑡 for a specific carrier frequency 𝑓𝑐,
respectively. The amplitude 𝑎𝑘(𝑡) and the phase 𝜑𝑘(𝑡) can be
combined as a complex coefficient 𝑎𝑘(𝑡) for each multipath
component, which can be expressed as

𝑎𝑘 (𝑡) =
⃗𝑒Rx
𝐻
⋅ P𝑘 (𝑡) ⋅ ⃗𝑒Tx ⋅ 𝐿𝑘 (𝑡) , (2)

where (⋅)𝐻 donates the Hermitian transpose of a matrix. ⃗𝑒Rx
and ⃗𝑒Tx are both the 2×1 complex polarization vectors for Rx
and Tx antennas, respectively. These vectors include the gain
and the polarization of the antennas. By utilizing the Jones
calculus in [33], these two vectors can be obtained. P𝑘(𝑡) is
the 2 × 2 complex channel polarization matrix including the
losses of the considered reflection or scattering path which
can be calculated according to [34]. The complex coefficient
𝐿𝑘(𝑡) includes the propagation loss and the phase shift of the
𝑘th multipath component. For the direct and reflected paths,
𝐿𝑘(𝑡) can be obtained according to free space attenuation,
expressed as

𝐿𝑘 (𝑡) =

𝜆

4𝜋𝑟𝑘 (𝑡)

⋅ 𝑒

−𝑗2𝜋𝑟
𝑘
(𝑡)/𝜆
, (3)

where 𝜆 is the wavelength and 𝑟𝑘(𝑡) is the total distance of the
corresponding path from Tx to Rx. For the scattering paths,
the term 𝐿𝑘(𝑡) needs to be calculated by the radar equation
for scattering processes, shown as

𝐿𝑘 (𝑡) =

𝜆√𝐴𝑘

(4𝜋)

3/2
𝑟𝑇
𝑘

(𝑡) 𝑟𝑅
𝑘

(𝑡)

⋅ 𝑒

−𝑗2𝜋(𝑟
𝑇
𝑘

(𝑡)+𝑟
𝑅
𝑘

(𝑡))/𝜆
, (4)

where 𝑟𝑇
𝑘

(𝑡) and 𝑟𝑅
𝑘

(𝑡) are the distances between the scatterer
point of corresponding path to the Tx and the Rx, respec-
tively. 𝐴𝑘 is the area of the tile which is the segmentation
of each surface that we previously mentioned. More compre-
hensive details of this ray-optical channelmodel can be found
in [29].

4. Validation of the Simulation

4.1. Received Power Comparison. The comparison of received
power based on the ray-optical model and measurement
is shown in Figure 7, where the corresponding results are
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Figure 3: (a) Directional antenna: OBH08180. (b) Antenna pattern of OBH08180.
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Figure 4: Measurement system with Tx, Rx, VNA, and cable.

obtained from floor 2, with both Tx and Rx located at the
center of the corridor at a height of 1.4m. In Figure 7, the
triangles and the dashed black line represent all the original
measurement results and the mean value of these measured
data points, respectively.The solid black line shows the results
simulated by the ray-optical model.The selected position and
direction of the antennas can also be found in Figure 6(a).
For measurement data, some of the original results that are
10 dB larger or smaller than the mean value at each Rx’s
position are removed. With the antenna modeling and the
consideration of the cable loss, a good agreement between
simulation and measurement can be observed. The mean
error (ME), standard deviation (Std), and root mean square
error (RMSE) are 1.12 dB, 2.23 dB, and 2.44 dB, respectively.

However, some mismatch can also be observed. One reason
for the discrepancies between measurements and model is
that the objects like office doors and some small signs that
have different scattering and reflection properties are not
considered in the simulation for the reason of complexity.
Figure 7 also demonstrates the predicted results of free space
model and two-ray model by considering the directional
antennas at both communication ends. From the comparison
results, it can be observed that, at the distance smaller than
10m from Tx to Rx, there are almost no differences between
these twomodels and the proposed model; however, at larger
distances, the proposed model has the best agreement with
the measured data. This is because the directional antennas
filter out most of the multipath components; however, as the
distance increases from Tx to Rx, more multipath compo-
nents can be received from the main lobe of the antennas.

4.2. RMS Delay Spread Comparison. The comparison of the
RMS delay spread calculated from simulations and measure-
ments is investigated next. The mean delay is defined as
follows:

𝜏 =

∑

𝑘
𝑃 (𝜏𝑘) 𝜏𝑘

∑

𝑘
𝑃 (𝜏𝑘)

, (5)

where 𝑃(𝜏𝑘) is the received power at each discrete multipath
delay 𝜏𝑘. The RMS delay spread can be calculated as follows
[35]:

𝜎𝜏 =
√

𝜏

2
− (𝜏)

2
,

(6)

where 𝜏2 can be computed as

𝜏

2
=

∑

𝑘
𝑃 (𝜏𝑘) 𝜏𝑘

2

∑

𝑘
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.
(7)
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Figure 5: 3D pattern of the OBH08180 antenna, interpolated by the vertical and horizontal cut.

(a) (b)

Figure 6: (a) Scenario model of floor 2 in Mechanical Engineering Building. (b) A snapshot of the ray tracing result.

The bandwidth of the measurement is 1 GHz, which
can be characterized as a UWB signal. However, only one
deterministic frequency point can be simulated in the ray-
optical simulation. In order to improve the accuracy of the

simulation, the subband divided ray tracing algorithm [36]
is used. For this simulation, the entire UWB bandwidth is
divided into four subbands, each with a 250MHz bandwidth.
At the center frequency of each subband, the CIR is obtained
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in delay domain.Then the channel transfer function (CTF) at
each subband is obtained by Fourier transform. By concate-
nating the CTFs of all subbands, the CTF of entire bandwidth
is obtained. Finally, the CIR in delay domain for the entire
bandwidth is regenerated by the inverse Fourier transform.

In order to get the measured RMS delay spread, a
threshold which lies 6 dB above the noise level is applied
[37]. The comparison of RMS delay spread based on
ray-opticalmodel andmeasurement is shown in Figure 8.The
characteristics of this figure are summarized as follows:

(1) It can be observed that the RMS delay derived from
simulation is of the same order of magnitude as the

Table 3: The difference between the measurement and the ray-
optical model.

Parameters ME Std RMSE
Received power on floor 2 1.12 dB 2.23 dB 2.44 dB
Received power on floor 4 0.67 dB 2.84 dB 2.82 dB
RMS delay spread on floor 2 6.58 ns 13.77 ns 14.84 ns
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Figure 9: Received power versus link distance derived from ray-
optical model and measurements on floor 2.

one derived from themeasurement.TheME, Std, and
RMSE are 6.58 ns, 13.77 ns, and 14.84 ns, respectively.

(2) However, the simulated RMS delay spread is
smoother. This can be explained by the fact that
the simulation likely does not model all multipath
components, whereas measurements do capture
them. The simulated RMS delay spread varies more
smoothly than measurements because it inherently
must simplify the environment.

(3) Formost of themeasurement positions, the simulated
RMS delay spread is larger than the measured one.
This is because, in the simulation results, except the
direct path and scattering paths, about 2/3 multi-
path components are from reflections, and either
the number of these multipath components or their
strength may be overestimated by adopting the sub-
band divided ray tracing algorithm.

4.3. Validation for Ray-Optical Model. To better use the
results to analyze and build a statistical model for large-scale
fading, the accuracy of the proposed ray-optical model is
evaluated in two other scenarios with different settings.

The first one is still on floor 2, but the Tx and Rx
antennas’ heights are 2.45m and 1.45m, respectively. Only
seven positions are measured to show the influence of the
directional antennas. The comparison of received power
based on the ray-optical model and measurement is shown
in Figure 9. A good agreement between the simulation and
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Figure 10: Received power versus link distance derived from ray-
optical model and measurements on floor 4.

the measurement can be observed and influence of the
directional antennas can also be seen at the first three
positions, as the received power values are increasing at these
positions because of the misalignment of Tx and Rx. The
second comparison is on floor 4.The heights of the Tx and Rx
antennas are both 1.4m, but the Rx is located at the east side
of the corridor with a distance of 0.6m from the antenna to
the wall. In this scenario, the comparison of received power
based on the ray-optical model and measurement is shown
in Figure 10. The ME, Std, and RMSE are 0.67 dB, 2.84 dB,
and 2.82 dB, respectively. For different parameters obtained
on different floors, the ME, Std, and RMSE of the difference
between the measurement and the ray-optical model are
summarized in Table 3.

5. Analysis and Statistic Modeling of
the Simulation

As the deterministicmodel has been validated in Section 4 by
using RMS delay spread and received power which includes
both the large- and small-scale fading for indoor corridor
scenarios at 15GHz, it is possible to simulate more conditions
at this frequency band to show the influence of different
antennas, different multipath components, and different
Tx heights. Also, the small-scale fading properties can be
obtained. In our simulator, the propagation channel model
can be coupled with various antenna configurations; that is
to say, a pure propagation channel can be obtained without
the influence of antennas (or equivalently with isotropic
antennas). So, in this section, we also present a statistical
path loss model for a general indoor corridor with the same
materials for walls, floors, and ceiling as those we measured.

5.1. Influence of the Antenna. The simulation scenario is the
corridor which has same dimension and materials with the
one on floor 4. The heights of the Tx and Rx antennas are
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both 1.5m, and both antennas are located at the center of the
corridor. For this simulation, two different cases are consid-
ered: case 1 is configured with the same directional antennas
denoted as OBH08180, while omnidirectional antennas are
utilized in case 2 with almost the same gain as the OBH08180.
The distance between adjacent locations of Rxs is only 12 cm,
and the received power of two cases is shown in Figure 11.
From the simulation results, it can be concluded that less
fluctuation can be observed in case 1, and the path loss
exponent in case 1 is slightly smaller than in case 2. This can
be explained by noting that the directional antennas filter out
most of themultipath components, and the LoS component is
“strengthened” relatively. To obtain a pure propagationmodel
for indoor corridor scenarios, the influence of antennas
should be removed.

5.2. Influence of Different Multipath Components. By remov-
ing the impacts of antennas at both link ends, the influence of
different multipath components can be investigated.Without
loss of generality, a common corridor with a width of 2m
and a height of 3m is generated, and the materials for all the
surfaces are the same as those we measured in Section 2. The
distance between adjacent locations of Rxs is only 1 cm; more
data are thus simulated to reflect both the large- and small-
scale fading characteristics.

Figure 12 shows the influence of different multipath
components. The blue line is the received power simulated
with LoS, scattering paths, and reflection paths where more
multiple reflection paths up to 3rd order are added. The
red triangles are the results without multiple reflected paths.
The green circles are the results with only LoS and single
reflections. In indoor corridor scenarios, it can be observed
that the path loss exponent is mainly influenced by the mul-
tiple reflection paths; in other words, the exponent becomes
much smaller in a traditional log-distance path loss model
when all of these multiple reflections are included. The deep
fading is mainly caused by the scattering paths according to
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Figure 12: Simulated received power versus link distance derived
from different multipath components.

the comparison between green circles and red triangles. The
fluctuation always exists because of the numerous multipath
components at this frequency band.

5.3. Influence of the Tx Height ℎ. In the 15GHz frequency
band, the Tx antenna might be mounted on different heights
for various indoor applications. In the typical corridor used
in Section 5.2, the Tx height was changed to investigate its
influence on channel parameters. To obtain the large-scale
fading from the corresponding received power, the effects
of small-scale fading are removed by averaging using a 40-
wavelength slidingwindow [38]. Based on a log-normal “shad-
owing” model [35], a path loss model is expressed as follows:

PL (d) = PL (𝑑0) + 10𝑛 log10 (
𝑑

𝑑0

) + 𝑋𝜎, (8)

where PL(𝑑0) is the intercept value of the path loss model
at the reference distance 𝑑0, which is 1m, 𝑛 is the path
loss exponent, and 𝑋𝜎 is a zero-mean Gaussian distributed
random variable with standard deviation of 𝜎𝑠 describing the
random variation about the linear fit. From a large number
of simulation results including all the multipath components
as in blue curve in Figure 12, it can be seen that the path loss
exponent 𝑛 and the intercept value 𝑑0 are not influenced by ℎ.
Based on the Least Squares (LS) fit, the average 𝑛 and PL(𝑑0)
are 1.93 and 50.4 dB, respectively. The LS fit of using these
values of 𝑛 and PL(𝑑0) when ℎ = 1.5m is shown in Figure 13.

An interesting finding is observed here. Although the
path loss exponent 𝑛 and the intercept value 𝑑0 are not
affected by ℎ, the standard deviation 𝜎𝑠 of shadow fading is
found to be related to ℎ. To state this feature clear, threemath-
ematical formulas are presented in the same way as in [39]:

Model 1: 𝜎𝑠 = 𝑎ℎ + 𝑏, (9)

Model 2: 𝜎𝑠 =
𝑎

ℎ

+ 𝑏, (10)

Model 3: 𝜎𝑠 = 𝑎 log10ℎ + 𝑏, (11)

Table 4: Parameters of three models.

Model 1 Model 2 Model 3
a b a b a b

−0.975 2.699 3.553 −0.741 −3.957 2.266
R2 0.9594 0.9965 0.9861
RMSE 0.087 0.025 0.051
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Figure 13: LS fit of large-scale fading versus link distance for a
typical corridor.

where ℎ is the Tx height and 𝑎 and 𝑏 are undetermined
coefficients. The fit curves of the three models are shown in
Figure 14. According to the fits, the parameters of models
are given in Table 4. The goodness of each fit is evaluated by
RMSE and 𝑅2:

RMSE = √ 1

𝑀 − 1

𝑀

∑

𝑖=1

(𝑦𝑖 − 𝑦)
2
,

𝑅

2
= 1 −

∑

𝑀

𝑖=1
(𝑦𝑖 − �̂�𝑖

)

2

∑

𝑀

𝑖=1
(𝑦𝑖 − 𝑦)

2
,

(12)

where 𝑦𝑖 and �̂�𝑖 are measured value and estimated value,
respectively. 𝑦 is mean value of measured data and 𝑀 is
number of samples. RMSE represents the sample standard
deviation of the differences between predicted values and
observed values, and 𝑅2 indicates how successful the fit is in
describing the variation of the data. A value closer to 0 for
RMSE and a value closer to 1 for𝑅2 show a better fit of model.
With lowest RMSE of 0.025 and highest 𝑅2 of 0.9965, Model
2 is found to be the best model to describe the influence of ℎ.
The standard deviation 𝜎𝑠 can be written as follows:

𝜎𝑠 =

3.553

ℎ

− 0.741,
(13)

where units of ℎ are in meters.
According to (11), the Tx located closer to the ceiling of

the corridor leads to a smaller fluctuation of path loss.
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Figure 14: The fit curves of three models versus Tx height ℎ.
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Figure 15: CDF of Ricean 𝐾-factor in the typical corridor.

5.4. Analysis of Small-Scale Fading Properties. In the typical
corridor used in Section 5.2, the heights of Tx and Rx are
both 1.5m.The influences of antennas have been removed. As
the large-scale fading data including path loss and shadowing
are obtained by using a 40-wavelength sliding window [38],
the small-scale fading data can be obtained by removing the
large-scale fading from the simulated data. Because of the
clear LoS in this case, the amplitudes of small-scale fading
are described by a Ricean distribution. The most important
parameter of this distribution is Ricean 𝐾-factor which is
vital to the design of wireless communication techniques
[40]. In this paper, the𝐾-factor is estimated by the moment-
based method [41], in the set of 20-wavelength window as a
function of distance. In this case, CDF of Ricean𝐾-factor and
the corresponding fitting with a lognormal distribution are
shown in Figure 15. A 𝐾-factor with a mean value of 7.17 dB

and a standard deviation of 2.78 dB is observed, which is
similar to the results in our previous work [42]. From the
simulated results, the fluctuations of 𝐾-factor always exist at
15 GHz for most of the locations, from almost 5 dB to 10 dB.

6. Conclusion

A measurement campaign for indoor corridor scenarios in
the 15GHz band has been carried out, and a deterministic
propagation model with both antenna modeling and prop-
agation modeling was proposed. The model was validated by
comparing its values of received power and RMS delay spread
to those obtained by measurements. After removing the
influence of the directional antennas, the path loss exponent
was found to be mainly affected by multiple reflection paths
and the scattering paths which also lead to deep fading.
Finally, a statistical path loss model incorporating Tx height
was proposed based on the generated samples with the
proposed deterministic model. It shows that the average path
loss exponent is 1.93 and the standard deviation is closely
related to Tx height. For different locations, the fluctuations
of Ricean𝐾-factor always exist, with values of𝐾 ranging from
almost 5 dB to 10 dB. Moreover, the limited measurement
results were used to validate our ray-optical simulator that is
shown to be able to predict the propagation in various indoor
corridors in the 15GHz band.
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