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Channel Propagation Characteristics for the Communications inside
Tower Structure Buildings
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Abstract—Steel-tower structure buildings are different from traditional buildings and lack of effective
channel models. A ray-based channel model suitable for severe multipath effects is proposed in this
paper. The calculation method of channel parameters is introduced in detail, and the statistical
characteristics at different frequencies are also analyzed based on the ray tracing (RT) method. We
compare the RT-based channel data at 800 MHz, 2.4 GHz, 6GHz, and 28 GHz with different positions
of transceivers, and obtain the corresponding characteristics of channel parameters. According to
the probability density distribution of each parameter, it is shown that the angle offset, delay, and
power attenuation can be well fitted by Laplace distribution, Gaussian distribution, and exponential
distribution, respectively. On this basis, the power delay profile at different positions is analyzed.
These results can be used to optimize the deployment of sensor networks and evaluate the performance
of communication systems inside the tower structure buildings.

1. INTRODUCTION

Nowadays, steel tower structures are applied in more and more buildings due to their good seismic,
wind resistance ability, light weight, and strong toughness. Steel tower structures are used in many
famous buildings, such as the Bird’s Nest, National Centre for the Performing Arts of China, the Eiffel
Tower, and Golden Gate Bridge. For the purpose of monitor or communication, we need to set up
several sensors or network nodes inside the buildings. Since wireless channel plays an important role in
data transmission and determines the communication quality significantly, it is important to study the
channel model and characteristic inside the tower structure scenarios.

From the existing literatures, a lot of channel models have been studied in indoor or outdoor
scenarios [1–7]. However, there are few studies for the inside of tower structures. Considering that tower
structure is a special case of indoor scene, and some indoor channel models are worthy of references [8–
12]. The channel model and channel characteristics were studied in metro train based on the ray tracing
(RT) method at 26.5–40 GHz [9], and the validity of proposed model was verified by the measured data.
In [10, 11], the channel in a cabin is studied. Besides, the authors in [10] also proposed a path loss
prediction scheme combining empirical model and machine learning based on the measured data of
2.4 GHz, 3.52 GHz, and 5.8 GHz. Some scholars studied the channels inside the ships [12]. Similar to
tower structures, bulk carrier vessel has a high metal content, so the influence of metal environments
on the path loss was studied in the literature [12].

However, tower structure has some unique features, such as massive reflective surfaces and serious
multipath effect. Moreover, tower structure is not a fully enclosed structure, and some reflected signals
are lost. In this paper, a ray-based channel model is proposed. Based on RT method, the propagation
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path of each ray can be tracked. By calculating the geometric parameters and model parameters of
each ray, statistical parameters such as angle offset, delay, and power attenuation can be obtained. In
addition, in order to reduce the computational complexity under the premise of ensuring accuracy, the
rays with less power are ignored. On this basis, the characteristics of channel parameters are analyzed.
The distribution of each model parameters is counted, and the distribution is fitted with appropriate
functions.

The remainder of the paper is organized as follows. Section 2 gives a general ray-based channel
model for the tower structure buildings. In Section 3, channel parameters such as angle, delay, and
power are given. The simulation results and analysis are shown in Section 4. Finally, conclusions are
given in Section 5.

2. CHANNEL MODEL FOR TOWER STRUCTURE SCENES

The communication channel inside steel structure buildings is complex. The received signal is composed
of multipath components, which are represented by angle, time delay, and power gain. The channel
impulse response (CIR) can be modeled as the sum of many rays as
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where L is the number of rays; Al, ψl, and τl denote the power gain, random initial phase, and delay of
the lth ray, respectively; and αTX

l , βTX
l , αRX

l , and βRX
l denote the azimuth angle of departure (AAoD),

elevation angle of departure (EAoD), azimuth angle of arrival (AAoA), and elevation angle of arrival
(EAoA), respectively. In addition, δ function represents the unit impulse response. Therefore, the
normalized direction vector of the transmitting/receiving signal of lth ray can be represented as
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Note that l = 0 denotes the light-of-sight (LoS) ray, otherwise, non-light-of-sight (NLoS) rays.
There are many methods for calculating channel parameters theoretically based on the

electromagnetic theory. For example, by transforming the curl equation of Maxwell’s equations in time
domain into a finite difference time domain (FDTD) equation on a discrete grid node, the propagation
process in the desired region can be intuitively simulated by iteration in time domain. This model is
called FDTD [13]. This method has high accuracy as well as complexity. Since the analysis of tower
structure channel characteristics does not need extremely accurate solution, the geometric optics theory
combined with the electromagnetic propagation theory is applied in this paper.

3. MODEL PARAMETER COMPUTATION AND ANALYZE

The ray tracing method based on Geometric Optics (GO) theory and Geometric Theory of Diffraction
(GTD) is a deterministic parameter estimation method, which has been widely used in recent years [14].
The RT method can calculate every reflection, scattering, and diffraction of the ray, calculate whether
there is an intersection point on the surface of the scatterer, and finally carry out vector superposition
on all the ray signals at the receiver. Considering the complex internal structure of the tower, there are
not only direct rays, but also a lot of reflected and diffracted rays, and the positions of the transmitter
and receiver remain unchanged. RT method is more suitable to analyze. We divide all parameters into
geometric parameters and model parameters. The calculation details of each parameter are as follows.

3.1. Geometric Parameters

We set the coordinates of the transmitter and receiver, project the ray from the transmitter to the
triangle facet, and judge whether there is an intersection point between the ray and the triangle facet.
Then the coordinates of the intersection point and the total distance of the ray can be obtained [15].
Firstly, we assume that the coordinate of TX antenna is TX = (TXx,TXy,TXz), and the coordinate
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of RX antenna is RX = (RXx,RXy,RXz). According to geometric theory, the transmission distance of
LoS ray can be calculated as

DTX,RX
0 =

√
(TXx − RXx)

2 + (TXy − RXy)
2 + (TXz − RXz)

2 (3)

For the case of NLoS rays, the coordinate Ql = (Ql,x, Ql,y, Ql,z) of the intersection point of lth
ray and the scatterer can be obtained by the algorithm of trigonometry, and then the distance between
TX antenna and scatterer DTX,S

l and the distance between scatterer and Rx DS,RX
l can be respectively

expressed as
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3.2. Channel Parameters

Based on the geometric parameters, the coordinates of the transmitter, receiver, and the intersection
point of the ray and triangular facet are obtained. We can calculate the channel parameters according
to the definitions in [2].

The angle parameter of the channel is related to the position vector of the TX antenna, RX antenna,
and scatterers. For all valid rays received by the RX, AAoD αTX

l and EAoD βTX
l can be expressed as
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Similarly, AAoA αRX
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l can be expressed as
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In particular, when there is a LoS ray between the TX antenna and RX antenna, the formula for
αTX
l and βTX

l can be obtained by replacing the coordinate of Ql in Equations (6) and (7) with the
coordinate of RX. Similarly, the formula for αRX

l and βRX
l can be obtained by replacing the coordinate

of Ql in Equations (8) and (9) with the coordinate of TX antenna.
Since the total transmission distance of each effective ray is different, the corresponding time delay of

the ray can be calculated by calculating the total distance of each ray. Assume that c is the propagation
velocity of electromagnetic wave in free space, then the delay of rays can be calculated as

τl =
DTX,S
l +DS,RX

l

c
(10)

In particular, when there is a LoS ray between the TX antenna and RX antenna, the delay of LoS
ray can be calculated as

τl =
DTX,RX

0

c
(11)

The total field intensity of the receiving point is the vector superposition of the field intensity of
the direct, reflected, and diffracted rays arriving at the receiving point. Assuming that the transmitting
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antenna gain and receiving antenna gain are GTX and GRX, respectively, the power gain of the receiving
point can be expressed as
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where λ is the wavelength, E1m the electric field intensity of 1 m from the transmitter, and El the
receiving field strength of lth ray.

For the LoS case, the calculation formula of electric field intensity can be described as
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For the reflection ray, assuming that reflection coefficient is R, the calculation formula of electric
field intensity can be described as
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Similarly, when there are diffraction rays, according to the UTD theory, assuming that diffraction
coefficient is D, the electric field intensity can be calculated as
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4. SIMULATION RESULTS AND STATISTICAL CHARACTERISTIC

We conducted simulation inside the tower structure scenario based on the RT method. As shown in
Fig. 1, the TX antenna is placed on the edge of the tower structure at the height of 53 m, and the

Figure 1. Communication in tower structure scenario.



Progress In Electromagnetics Research M, Vol. 103, 2021 75

RX antenna is placed on three floors with heights of 52 m, 84 m, and 114 m, respectively. There are 80
receiving nodes on each floor, and the distance between each two adjacent receiving nodes is 5 meters.
In addition, in order to illustrate the effect of communication frequency on the channel parameters and
statistical properties, we set four different frequencies as 800 MHz, 2.4 GHz, 6 GHz, and 28 GHz. The
rest simulation parameters are described in Table 1. Finally, we obtain up to 960 channel data from
different channels at different locations and frequencies, including angle, delay, and power. Based on
these data, the statistical characteristics are analyzed as follows.

Table 1. Simulation parameters.

Parameter Value
Frequency 800 MHz, 2.4 GHz, 6GHz, 28 GHz
Bandwidth 500 MHz

Transmitting power 20 dBm
Antenna type Isotropic antenna

TX antenna location 53 m
RX antenna location 52, 84, 114 m

In order to investigate the distribution characteristics of angle parameters, the angle values of all
rays from different positions are subtracted from their mean values. Taking AAoD as an example, the
statistical results of azimuth angle offset at different operating frequencies and different heights are
shown in Fig. 2. The azimuth angle offset is defined as the azimuth of each ray minus the average of the
azimuth angles of all rays. It can be observed that when the transmitter and receiver are at the same
altitude, the variance of the azimuth angle offset decreases from 0.88 to 0.68 as the frequency increases.
However, when the receiver height is 114 m, the variance of the azimuth angle offset increases from 0.86
to 1.28 with the increase of frequency. This indicates that with the increase of frequency, the influence
of multipath effect on signal propagation becomes more and more serious. Moreover, it can be seen
that the azimuth offset distribution can be fitted well with the Laplace function [16], and the mean μa
and standard deviation σa of the fitted curves are shown in Table 2.

Since the delay has a great influence on the communication quality, we count the delay of each
effective received ray, and the distribution is shown in Fig. 3. With the increase of the height, the
number of reflections for the rays to reach the RX increases. It is found that the delay distribution can
be fitted by Gaussian distribution. The mean μτ and standard deviation στ of fitting curve at different
heights and frequencies are shown in Table 2. When the receiver height is 52 m, the mean of the delay
distribution changes greatly with the increase of frequency, from 174.9 ns to 208.6 ns, and the variance
decreases from 89.32 to 85.36. When the height of the receiver is 84 m and 114 m, the mean and variance
of the delay distribution basically remain unchanged with the increase of frequency. Note that there
are a lot of reflected and scattered rays inside the tower structure building due to the rich scattering,
and the parameter characteristics are different from other scenes.

The attenuation of received power is also important for assessing the quality of communication
channel. In order to eliminate the influence of received power of the LoS ray, we evaluate the value
of power attenuation instead of the absolute received power. The distribution of power attenuation
is shown in Fig. 4. We find that the power attenuation of most rays is concentrated in the range of
0 ∼ 5 dBm, and only a few rays have power attenuation over 20 dBm. Therefore, in the analysis and
calculation, in order to reduce the computational complexity, the ray with less power can be ignored.
Furthermore, the PDFs of power attenuation can be fitted well by the exponential distribution, and the
attenuation coefficients λP and standard deviation σP of each frequency at each height are shown in
Table 2.

In order to observe the received signal power and delay of individual typical positions, we select a
position for each floor, which is denoted as Rx1, Rx2, and Rx3, respectively. Fig. 5 shows the power
delay profile at the above three receiving terminals at 800 MHz with the same TX. It can be seen that
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Figure 2. Statistical distributions of azimuth angle offset.

the signal propagation is greatly affected by the distance and position. Due to the existence of LoS ray
between Rx1 and TX, the signal received by Rx1 has a smaller delay and a higher power than the one
received by Rx2 and Rx3. In addition, due to the particularity of tower structure, there are a large
number of reflected and scattered rays at the receiver.
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Figure 3. Statistical distributions of ray delay.

Figure 4. Statistical distributions of power attenuation.
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Table 2. Fitting parameters of angle, delay and power.

Channel parameters Height Curve parameters
Frequencies

800 MHz 2.4 GHz 6 GHz 28 GHz

Azimuth angle offset

52 m μa −1.41 −0.88 −1.25 0.56
σa 0.88 0.86 0.79 0.68

84 m μa 0.69 0.39 0.7 0.6
σa 1.18 1.15 1.24 0.93

114 m μa 0.3 0 0.2 −0.5
σa 0.86 0.86 0.88 1.28

Delay

52 m μτ 174.9 189.3 197.5 208.6
στ 89.32 87.69 88.89 85.36

84 m μτ 300.6 302.2 302.8 302.7
στ 58.01 60.49 58.64 58.98

114 m μτ 423.9 424.2 425.9 425.5
στ 67.60 67.47 66.74 66.72

Power attenuation

52 m λP 0.82 0.78 0.68 0.51
σP 1.49 1.64 2.16 3.84

84 m
λP 0.89 0.75 0.65 0.61
σP 1.26 1.78 2.37 2.69

114 m
λP 0.69 0.78 0.86 0.86
σP 2.10 1.64 1.35 1.35

Figure 5. Power delay profile of different Rx positions.
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5. CONCLUSIONS

In this paper, we have developed a ray-based channel model suitable for severe multipath effects and
analyzed channel characteristics. Based on a large amount of RT-based channel data, we have obtained
the distributions of azimuth angle offset, delay, and power attenuation at three heights and four carrier
frequencies. The simulation results show that as the height changes, the frequency will have different
effects on different parameters of the channel. However, the statistical characteristics of the channel
parameters remain unchanged. The angle offset, delay, and power can be well fitted with Laplace
function, Gaussian distribution, and exponential distribution, respectively. This is of great significance
for us to establish channel models and evaluate the performance of communication systems. The model
and parameter calculation method established in this paper can be used in tower structure buildings or
other scenes with many metal scatterers.
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