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Featured Application: This article is related to estimation method to optimize position of a relay
station in the S-band.

Abstract: This article investigates a novel estimation method to optimize the position of a relay
station of the S-band telemetry system in outdoor environments. To determine an optimal relay
station position, complex terrain surface and buildings near the Naro Space Center are included in
the EM (Electromagnetic) simulation. The optimal relay station position is then determined using
the estimation method by comparing the path losses from the rocket to the main station and some
candidate positions of the relay station. To better understand the path loss, the ray analysis is also
conducted, and the result demonstrates that once the rocket altitude to be covered by the relay station
is determined, it is possible to find the optimum position of the relay station.

Keywords: electromagnetic wave propagation; wireless communications; ray tracing method;
relay station

1. Introduction

Along with the recent widespread expansion of aerospace applications, the demand for a variety of
wireless communication technologies is gradually increasing in rocket launch events [1–3]. The wireless
communication systems are generally used for collecting the information about the rocket status [4–6].
If the communication link between the rocket and the main station is disconnected, the rocket’s position
can be missed. Then, the rocket should self-destruct for safety issue with a termination command. Thus,
maintaining a stable communication link is critical for successful rocket launch events. However, due to
the reflection and diffraction from complex terrain and buildings, the radio propagation characteristics
may be significantly degraded in outdoor environments [7–11]. Moreover, the environment where
the communication is taking place changes rapidly depending on the altitude of the launched rocket.
Previously, electric field distributions by wireless communication systems were analyzed in outdoor
wave propagation studies [12,13], and a path loss model for the urban area was proposed [14–16].
Channel characteristics analysis for moving targets including line of sight (LoS) and non-line of sight
(NLoS) situations was also executed [17–19]. However, research on the propagation characteristics
from the launched rocket to the base station or the relay station according to the altitude of the rocket
has not been fully carried out yet.
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In this paper, we propose a novel estimation method to optimize a relay station position of the
S-band telemetry system in outdoor environments. The estimation method using the EM simulation
needs four steps: first, the model for the nearby environment such as the terrain and building is
included in the EM simulation. Second, the path loss between the rocket and the receiver according to
rocket’s altitude is calculated using the EM simulation. Third, the optimal position of the relay station
is determined by examining the path loss from the rocket to the relay station and the main station.
Finally, the optimum position of the relay station is validated by observing the effect of the radiation
pattern and phase variation. To determine an optimal relay station position, a ray tracing-based EM
simulation software (Wireless InSite) is utilized [20], complex terrain surfaces and buildings near the
Naro Space Center are included in the simulation. The transmitting and receiving antenna patterns are
also considered in the simulation. Their radiation patterns are assumed to be a dipole pattern and
an ideal isotropic pattern, respectively. The optimal relay station position is then determined using
the estimation method by comparing the path losses from the rocket to the main station and some
candidate positions of the relay station. The relay station in this work is not portable and should be
installed at a fixed position on a building. The rocket’s communication link is significantly influenced
by the surrounding terrain and buildings, especially when the rocket is at low altitudes. Since the
shorter distance between the transmitting and receiving antennas has a lower path loss, the relay
station near the rocket is more advantageous for maintaining a better communication link. However,
when the rocket is at high altitude, the gain in the LoS direction decreases due to the weak pattern of
the antenna in the rocket’s tail direction. Thus, it is very important to select the advantageous position
of the relay station for a better overall communication link. The results demonstrate that the relay
stations near the rocket are more advantageous when the rocket’s altitude is low due to less path loss.
On the other hand, due to the shaded region by the radiation pattern of the transmitting antenna,
the relay station farther away would be better for the rocket at a higher altitude. It means that once
the rocket altitude to be covered by the relay station is determined, it is possible to find the optimum
position of the relay station. The presented method for determining the optimal position of the relay
station can be practically applied in aerospace applications. To better understand the resulting path
losses, we observed several ray paths from the rocket to the relay stations. We found that slow envelope
variations and fast fluctuations in the received power are due to the transmitting antenna pattern and
the phase difference between the direct and indirect reflected rays, respectively. Based on this path
loss analysis, according to the rocket’s altitude, it is possible to determine the optimal relay position
considering the outdoor environment near the rocket launch site.

2. Path Loss Simulation for Optimal Relay Position

Figure 1 presents the configuration of the S-band telemetry system for rocket launching, where
the main station and the relay station are used simultaneously to receive status information from the
rocket. Immediately after launching the rocket, detailed status information of the rocket is broadcasted,
and the main station should consistently receive the information to monitor the rocket status without
interruption. However, since the rocket, when at lower altitudes, is significantly influenced by the
terrain and nearby buildings, the communication link between the rocket at lower altitude and the
main station can be seriously affected. In order to maintain a stable communication link, it is necessary
to place an additional relay station at a location where the path loss is lower than at the main station.

The altitude of the rocket is denoted by h, and the distance from the rocket to the relay station
and the main station is indicated by dR and dM, respectively. As h increases, the radio wave shading
region is widened due to the weak radiation pattern of the transmitting antenna in the tail direction
of the rocket. On the other hand, as dR decreases, the path loss between the rocket and relay station
becomes lower. The receiver closer to the rocket can have less path loss, but it may quickly enter the
radio shaded area as the rocket altitude rises. Thus, the optimal additional receiver position should be
determined considering the radio wave shaded area and distance between the rocket and the relay
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station. Considering these issues, we investigated the optimal location of the relay station at the Naro
Space Center in Korea.
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Figure 1. Configuration of the S-band telemetry system with main and relay stations.

Figure 2 shows detailed location information for the Naro Space Center on the eastern side of
Oenaro-island. The analysis area is limited to a 1.2 × 2.4 km range, including the Naro Space Center.
Since this area is surrounded by various outdoor features such as the sea, terrain, and buildings, they
are included as accurately as possible in our simulation, as shown in Figure 3.

Figure 3 shows the model for the EM analysis, which approximates the analysis area with
triangular meshes, including the main station and the relay station. The four candidate locations of the
relay stations that are determined considering the ease of placement are denoted by p1, p2, p3, and p4,
and the main station is denoted by p5. In this rocket launch scenario, the position of the main station is
given previously. However, in this work, the position of the relay station can be changed. The relay
station just plays the role that supports the main station when it is difficult for the main station to
receive signals. The relay station can maintain a communication link with the rocket when a received
power of more than −100 dBm is obtained by the receiving antenna. Thus, it is very important to
select the advantageous position of the relay station for a better overall communication link. Of the
candidate locations, the position p1 is closest to the rocket and the position p4 is closest to the main
station. The detailed coordinate parameters for the candidate positions and the main station are listed
in Table 1. To calculate the path losses from the rocket to the candidate relay station, a ray tracing-based
EM simulation software (Wireless InSite [20]) is utilized along with the model shown in Figure 3.
The transmitting and receiving antenna patterns are also included in the simulation. The transmitting
antenna is assumed to be a half-wavelength dipole antenna with vertical polarization, and it is also
assumed that there is no pattern distortion caused by the rocket. Therefore, maximum gain is 2.15 dBi,
and radiation pattern is omni-directional pattern in the azimuth direction with a half-power beam
width of 90◦ in the elevation direction. Simultaneously, we use the receiving antenna with an ideal
isotropic pattern, which helps to observe the effect by the surrounding environment without the
influence of the antenna pattern itself.
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Table 1. Coordinates of the main station and candidate positions of the relay stations.

Symbols Coordinates Distance (Tx. to Rx.)

p1 (x,y) = (689 m,237 m) 50 m
p2 (x,y) = (521 m,292 m) 198 m
p3 (x,y) = (671 m,767 m) 581 m
p4 (x,y) = (707 m,1290 m) 1104 m

p5 (main station) (x,y) = (711 m,2097 m) 1952 m

Figure 4 illustrates the path loss distributions in the analysis area at rocket altitudes of 0 m and
1000 m. To obtain the simulated result, up to 25 rays are calculated between the transmitting antenna
and the receiving antenna. In addition, we arranged receivers at 10 m intervals in the analysis area,
and the altitude is limited to less than 1000 m, because the communication link is more significantly
influenced by the surrounding terrain surface and buildings, especially when the rocket is at a low
altitude. When the rocket’s altitude is 0 m, the path loss at p1 is the lowest among all the candidate
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positions, as shown in Figure 4a. As can be seen, some areas around the basin and buildings have a
higher path loss due to the lack of LoS between the rocket and observation points. On the other hand,
at a rocket altitude of 1000 m, those areas can have a better LoS, resulting in lower path loss, as shown
in Figure 4b.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 11 

positions, as shown in Figure 4a. As can be seen, some areas around the basin and buildings have a 
higher path loss due to the lack of LoS between the rocket and observation points. On the other hand, 
at a rocket altitude of 1000 m, those areas can have a better LoS, resulting in lower path loss, as shown 
in Figure 4b. 

 

(a) 

 

(b) 

Figure 4. Path loss distributions according to rocket altitude: (a) at 0 m; (b) at 1000 m. 

Figure 5 presents the path loss at the main station and the candidate positions along the altitude 
of the rocket. To obtain this result, we simulated the path loss between the rocket and the relay station 
by varying the rocket’s altitude from 0 m to 1000 m with an increment of 1 m. The black line shows 
the path loss of the main station, and other color lines indicate the path loss of the candidate positions 
p1, p2, p3, and p4, respectively. The path loss at the four candidate positions have different rate increase 
of along the rocket altitude, and thus the path losses of four candidate positions intersect with the 
path loss of the main station at different rocket height. The altitude of the rocket where the path loss 
intersects between the candidate site and the main station is very important. Below the crossing 
altitude the reception is dominantly handled by the relay station, above which the main station is 
responsible for reception. Therefore, once the rocket altitude that the relay station will receive is 
determined, the optimal position of the relay station can also be decided. However, since there are 
fast fluctuations in the path loss, it is difficult to obtain the rate of increase and the interaction altitude. 
Therefore, the running average was applied to the path loss result to facilitate the acquisition of the 
rate of increase and intersection altitude. 

Figure 6 represents the running averaged path losses at the main station and the candidate 
positions along the rocket altitude using the running average as shown in the following equation [21]: 

0

0 1

1( ) ( )
t K

i i
k t

x K x k
K

+

= +

=   (1) 

where xi is original data, and K is the window size in which the sample values are averaged. In this 
work, K is selected as 100. As shown in Figure 6, the running averaged data xi(K) becomes smoother, 
and the crossing altitude is also more clearly observed. For the candidate position p1, since p1 is the 
closest point to the rocket, the lowest path loss is observed at p1 as indicated with a blue line when h 

Figure 4. Path loss distributions according to rocket altitude: (a) at 0 m; (b) at 1000 m.

Figure 5 presents the path loss at the main station and the candidate positions along the altitude
of the rocket. To obtain this result, we simulated the path loss between the rocket and the relay station
by varying the rocket’s altitude from 0 m to 1000 m with an increment of 1 m. The black line shows the
path loss of the main station, and other color lines indicate the path loss of the candidate positions p1,
p2, p3, and p4, respectively. The path loss at the four candidate positions have different rate increase
of along the rocket altitude, and thus the path losses of four candidate positions intersect with the
path loss of the main station at different rocket height. The altitude of the rocket where the path
loss intersects between the candidate site and the main station is very important. Below the crossing
altitude the reception is dominantly handled by the relay station, above which the main station is
responsible for reception. Therefore, once the rocket altitude that the relay station will receive is
determined, the optimal position of the relay station can also be decided. However, since there are fast
fluctuations in the path loss, it is difficult to obtain the rate of increase and the interaction altitude.
Therefore, the running average was applied to the path loss result to facilitate the acquisition of the
rate of increase and intersection altitude.

Figure 6 represents the running averaged path losses at the main station and the candidate
positions along the rocket altitude using the running average as shown in the following equation [21]:

xi(K) =
1
K

t0+K∑
k=t0+1

xi(k) (1)

where xi is original data, and K is the window size in which the sample values are averaged. In this
work, K is selected as 100. As shown in Figure 6, the running averaged data xi(K) becomes smoother,
and the crossing altitude is also more clearly observed. For the candidate position p1, since p1 is the
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closest point to the rocket, the lowest path loss is observed at p1 as indicated with a blue line when
h is near an altitude of 0 m. However, the path loss increases rapidly with the rocket altitude, and
the crossing altitude is relatively low at 217 m. Thus, it is more advantageous to receive the rocket
status from the relay station than the main station when the rocket altitude is under h = 217 m. On the
other hand, in case of the position p4, which is the farthest point from the rocket, the pass loss increases
slowly according to h. Thus, the relay station at p4 is more suitable for reception than the main station
when the rocket altitude is under 1000 m. p2 and p3 are placed between p1 and p4 so that the intersection
altitudes at these positions are 432 m and 619 m, respectively. The relay stations at p2 and p3 have are
advantageous than the main station when rocket altitudes are less than 432 m and 619 m, respectively.
Therefore, once the rocket altitude to be covered by the relay station is determined, it is possible to find
the optimum position of the relay station. In our rocket launching event, the rocket altitude covered
by the relay station is assumed to be 430 m. Thus, p2 is found to be the optimum position of the
relay station.
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3. Verification Using Ray Analysis

To validate the result in Figure 5, we compare the received power at the optimum position p2 along
the rocket altitude with the gain of the transmitting antenna. Figure 7 illustrates the relation between
the elevation angle and the rocket’s altitude in the LoS direction at p2. The blue line expresses the
radiation pattern of the transmitting antenna, and the elevation angle at the LoS direction is denoted
by θe, which is related to the rocket’s altitude of h. For example, as θe increases according to the rocket
altitude h, the gain along the LoS direction decreases due to the weak pattern of the antenna in the
rocket’s tail direction.

Figure 8 presents the elevation angle and the gain according to the rocket’s altitude. The solid
line presents θe along h, and the dashed line indicates the LoS direction’s gain along the h. As can
be seen in Figure 8, θe increases from −3.6 to 78.7◦ when the rocket’s altitude h increases from 0 to
1000 m. At the same time, the gain in the LoS direction decreases from 2.15 to −12.0 dBi. Thus, the θe

is proportional to the rocket’s altitude, and the gain decreases with the rocket’s altitude. The result
demonstrates that gain in the LoS direction is related to radiation pattern of the transmitting antenna
and rocket’s altitude, because the relation of the θe and the gain in the LoS direction is determined by
transmitting antenna pattern. Therefore, it can be expected that the increments in path loss are mainly
influenced by the radiation pattern of the transmitting antenna, as the rocket’s altitude increases.
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The Figure 9 shows the received power and the gain in the LoS direction at p2. The solid line
shows the received power when the input power to the transmitting antenna in the rocket is 0 dBm.
The received power is −86 dBm at the altitude of 200 m where the path loss is 86 dB. Thus, the received
power in Figure 9 is related to the path loss in Figure 5. The dashed line is the antenna gain of the
transmitting antenna in the rocket along the LoS direction according to the altitude. Therefore, we
found that the envelope of the received power curve is very similar to the gain curve in the LoS
direction according to the altitude h. The envelope of the received power gradually decreases due
to the weak radiation pattern of the transmitting antenna in the tail direction of the rocket when the
rocket’s altitude increases.
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where Np represents the number of pth rays so that |Γ(p,n)| and φ(p,n) are the amplitude and phase of 
nth reflection coefficients for the pth ray. 
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Figure 9. Received power and the gain in the LoS direction at p2.

Figure 10 describes the received power intensity and phase differences between direct and reflected
rays, which can be written as Equations (2) and (3), respectively [22]:

Ek
d =

∣∣∣Ek
1

∣∣∣e− jβφd (2)

where Ed is the electric field of a direct ray, which is generally dominant, and the superscript k is the
index of the observed point. Em represents the total multiple reflected rays, which can be expressed
as below:
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(3)

where Np represents the number of pth rays so that |Γ(p,n)| and ϕ(p,n) are the amplitude and phase of nth
reflection coefficients for the pth ray.

∠Φk(φ) = φd −φm (4)

where Φk is the phase difference between the phase ϕd of the direct ray and the phase ϕm of the
summation of the multiple reflected rays. The higher phase difference results in the lower the received
power. Therefore, from the results, it can be understood that the slow envelope variation of the received
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power arises from the antenna radiation pattern in the LoS direction, and the fast fluctuation of the
received power comes from the phase difference between the direct and reflected rays.
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4. Drawbacks

Unfortunately, we have limited information for the telemetry system used in this work due to
the security concerns. Since we did not show specific information of all systems used, our paper may
seem somewhat superficial. The restrictions of our paper are as follows: first, detailed information for
transmitter and receiver is not included. Second, the size and geometry of the main structures are not
shown. Finally, accurate frequency information is not released. Nevertheless, we have tried our best to
explain detailed information about the system as possible in our paper.

5. Conclusions

We have investigated a novel estimation method to optimize the position of a relay station of
the S-band telemetry system in outdoor environments. The optimal relay station position was then
determined using the estimation method by comparing the path losses from the rocket to the main
station and some candidate positions of the relay station. The path loss at the four candidate positions
had different rates of increase along the rocket altitude, and thus, it intersected with the path of the
main station at different rocket height. Therefore, once the rocket altitude that the relay station would
receive was determined, the optimal position of the relay station could also be decided. To verify
the result, the received power at the optimum position along the rocket altitude was examined by
comparing it with the gain of the transmitting antenna. From the results, it could be understood that
the slow envelope variation of the received power arises from the antenna radiation pattern in the LoS
direction, and the fast fluctuation of the received power came from the phase difference between the
direct and reflected rays. The proposed method can also be applied to the cell planning applications in
mobile communications because mobile communications require many repeaters at high heights.
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