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Abstract

In this paper, we propose a novel evaluation method to assess the strength of electromag-
netic (EM) waves in a specific area by analyzing the propagation environment at a radar
testing site. To analyze the propagation environment of the radar test site, this evaluation
method performs precise modeling of actual structures such as buildings and terrain. The
calculated received power is then converted into electric field strength to compare with
the reference threshold level (61 V/m). The electric field during the radar operation is
examined by changing two scenarios: one is when the transmitter (Tx.) is directed toward
the receiver (Rx.), and the other is when the Tx. is misaligned. In particular, it may increase
the electric field strength near the Tx. system when Tx. and Rx. are misaligned. To reduce
the impact of EM waves, we conducted a comparison based on the installation of absorbers.
The results indicate that the received electric field shows attenuation rates of 39.47% in
the X-band and 39.35% in the Ku-band, achieved with a 1 m absorber. In addition, the
theoretical and average measured received powers of −61.9 dBm and −62.03 dBm, respec-
tively, show good agreement with the simulated result of −64.64 dBm. This measurement
procedure exhibits high accuracy when compared with theoretical and simulation results.
These results demonstrate the reliability of the propagation environment analysis using the
proposed integrated simulation model.

Keywords: propagation environment; radar site measurement; ray-tracing method; digital
elevation model

1. Introduction
In military applications, the importance of radar systems capable of accurately detect-

ing and tracking enemy attacks in advance is growing [1–4]. During the operation of these
radar systems, the occurrence of false positives or false negatives can result in unnecessary
responses [5–7]. Consequently, ensuring reliability and accuracy is crucial for the stable
operation of the radar system. For this reason, radar performance testing is considered an
essential procedure, which is conducted at test sites similar to actual operating environ-
ments [8,9]. This performance test is carried out by steering the Tx. radar toward Rx. probe
antenna. In this process, a high power of electromagnetic (EM) waves is emitted not only
through the radar’s main lobe but also through the side lobes [10]. These EM waves may be
transmitted to areas other than the receiver due to the reflection, diffraction, and scattering
caused by the complexity of surrounding structures such as trees and buildings [11–13].
In particular, the reference level for electric field strength is established at 61 V/m when
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the EM waves are transmitted to areas accessible to the general public [14]. Thus, a precise
analysis of the propagation environment, including both direct and indirect paths, as well
as the electric field strength around the test areas, is required before radar performance
testing. To predict such a propagation environment, empirical statistical models such as the
Okumura and Hata models, as well as ITU-R models (P.452-17, P.530-18, P.1546-6), which
can be applied to various frequencies, have been utilized [15–18]. However, these models
are limited in accuracy because they depend on statistical methods and do not accurately
account for structures such as terrain and buildings. Although studies have been conducted
in specific regions using precise modeling and simulation (M&S), these have primarily
focused on analyzing direct and indirect paths [19,20]. Therefore, comprehensive research
is needed to evaluate the impact of environmental factors, including terrain and buildings,
on the radio environment surrounding radar test sites.

In this paper, we propose a novel evaluation method for the strength of EM waves in
the area by analyzing the propagation environment in a radar testing site. This evaluation
method, which utilizes EM simulation, follows three steps: First, to analyze the propagation
environment of the radar test site, actual structures, such as buildings and terrain, are
precisely modeled. An integrated model is then set up by applying them to a propagation
simulation tool (Wireless InSite 3.3.0 software). Herein, the terrain is modeled using
digital elevation model (DEM) data provided by the Ministry of Land, Infrastructure, and
Transport. Second, the EM waves transmitted from the Tx. system to Rx. system are
classified into the direct path and the indirect path. The received power around each
system is analyzed based on the sum of these paths. Third, we convert the calculated
received power into electric field strength for comparison with a reference threshold level.
Through this process, we analyze two scenarios: one is when the Tx. is directed toward the
Rx., and the other is when the radar is misaligned. Finally, in the misaligned scenario, we
evaluate the electric field strength by placing absorbers on the Tx. radar building. To verify
the accuracy of the proposed evaluation method, we conduct measurements at an actual
radar site and compare the measured received power with the simulation results.

2. Method for Analyzing Propagation Environments and Modeling
Radar Sites

Figure 1 illustrates the propagation environment scenario at the radar performance
test site. In this scenario, the Tx. system, located above the radar control center, emits EM
waves directed toward the Rx. system, which is placed at the top of a beacon tower at
a height of 60 m. Herein, various geographical features, such as buildings, a river, and
mountains, are distributed between each system (distance of 850 m). Because of these
features, EM waves propagate not only through a direct path but also through indirect
paths, which occurs by reflection, diffraction, and scattering. In particular, high electric
field strength can be transmitted around the Tx. system through both direct and indirect
paths due to reflection or malfunctions of the radar system. The areas that can be reached
by indirect paths are classified as important observation areas, and the received EM waves
should be considered. To analyze the propagation environment in such specific areas, the
ray-tracing method based on geometrical optics (GO) and the Uniform theory of diffraction
(UTD) can be utilized. The received power can be represented as the sum of the received
power from both direct and indirect ray paths, as expressed in the following equation [21]:

Pt(s) = Pd(sd) +
N

∑
i=1

Pg,i(si) +
M

∑
j=1

Pu,j(sj), (1)
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where Pt(s) is the total received power at a specific point s, which consists of the Pd(sd)
transmitted through direct paths, the sum of Pg,i(si) transmitted through reflected paths,
and the sum of Pu,j(sj) transmitted through diffracted paths. Here, sd represents the distance
of the direct path, while si and sj denote the distances of the i-th reflected path and the j-th
diffracted path, respectively. N is also the total number of reflected paths, and M denotes
the total number of diffracted paths. The electric field strength is then determined based on
the received power to evaluate the impact of the radar on the observation area. The electric
field strength can be calculated from the received power using the following equation [22]:

Er =

√
η

Pt · 4π

Grλ2 , (2)

where η is the intrinsic impedance (Ω) in free space, Pt is the received power (W), Gr is the
gain of the receiving antenna, and λ is the wavelength. Since this value varies depending
on the input power and frequency of the radar, accurate analysis enables the assessment of
the impact of received EM waves on the radar site.

Figure 1. Radio wave propagation scenario in the radar test site.

Figure 2 represents the simulation model for analyzing the propagation environment
during the test of radar performance. In this study, we employ Wireless InSite by Rem-
com, which utilizes the ray-tracing method to analyze the propagation environment [23].
For accurately analyzing propagation characteristics such as reflection, diffraction, and
scattering, this simulation model consists of three parts: terrain, buildings, and a river.
First, to apply complex terrain into the simulation, we utilize DEM data provided by the
Ministry of Land, Infrastructure, and Transport [24]. This data has a higher resolution
(1 m) compared to the NASA and Google terrain data (20–30 m) used in previous studies,
allowing for a more effective simulation of complex terrain features [25]. Structures such as
buildings and river are then modeled on the terrain. Herein, the material characteristics of
structures are applied separately. The DEM terrain data is modeled as wet earth (εr = 20,
σ = 0.02 S/m), and the material properties of building structures are set as concrete (εr = 15,
σ = 0.015 S/m). The water of the river is also modeled as fresh water (εr = 81, σ = 0.22 S/m).
The number of ray paths arriving at each receiver is limited to a maximum of 25, and each
ray carried a sinusoidal signal with a bandwidth of 1 MHz. The ray-tracing simulation is
configured in narrowband mode at the operating frequency, enabling accurate comparison
with the measurement and theoretical results.
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Figure 2. Simulation model for the analysis of EM wave propagation environment.

3. Analysis of the Propagation Environment During Radar Operation
Figure 3 illustrates the radiation patterns of the radar system used in the simulation.

In our study, we analyze the X-band and Ku-band frequencies based on actual radar
specifications. The beam pattern for the patch array antenna is generated using the antenna
design software CST Studio Suite 2020 EM simulator [26] and then converted into a format
compatible with Wireless InSite. The radiation patterns of the radar system are generated
using a uniform planar array of single patch antennas, based on the standard array factor
approach. In Figure 3a, the red solid line indicates the radiation pattern for the X-band,
while the blue line presents the radiation pattern for the Ku-band. The generated X-band
radar radiation pattern has a bore-sight gain of 30.07 dBi, a 3 dB beamwidth of 4.9◦, and a
sidelobe level of 13.3 dB. The Ku-band radiation pattern has a bore-sight gain of 35.86 dBi,
a 3 dB beamwidth of 2.2◦, and a sidelobe level of 13.5 dB. The characteristics of the X-band
and Ku-band radar systems are listed in Table 1. Figure 3b shows 3D radiation pattern of
test radar in simulation model. In the simulation, the radiation pattern of the test radar
is positioned 5 m above the top of the radar control center, and the frequency-specific
radiation patterns shown in Figure 3a are applied according to each simulation case.

 
 

(a) (b) 

Figure 3. Radiation patterns of the radar system for Wireless Insite simulation: (a) radiation patterns
of the test radar; (b) 3D radiation pattern at 18 GHz in the simulation model.
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Table 1. Characteristics of the radar system radiation patterns.

Parameters X-Band (8 GHz) Ku-Band (18 GHz)

Realized gain (dBi) 30.07 35.86
3 dB beam width (◦) 4.9 2.2
Side lobe level (dB) 13.3 13.5

Figure 4 illustrates the analysis of the propagation environment in a radar testing sce-
nario using the proposed simulation model. To analyze the EM waves transmitted around
the Tx. system and Rx. system through both direct and indirect paths, the observation
points are placed at 2 m intervals in the radar site. Herein, the direct path refers to the
line-of-sight (LoS) between the Tx. and Rx. of the radar system, while the indirect path
consists of waves that are reflected, diffracted, or scattered by terrain and buildings. A
λ/4 monopole antenna (5.15 dBi) is placed at the top of the beacon tower (60 m above
the ground) to examine the propagation path to the Rx. System. Figure 4a shows not
only the direct path (red solid line) but also the indirect path (yellow solid line), which
is caused by the side lobe of the radar and reflection by the terrain. Although the radar
is directed towards the Rx. system, the results indicate that the transmitted EM waves
reach the surrounding terrain and are received through various paths due to reflection and
diffraction. Figure 4b provides the received power distribution around the Tx. radar and
the Rx. system in the X-band. The transmitted power of the radar is set at 1 W (30 dBm),
and the received power at each location is listed in Table 2. According to the results of the
X-band, the maximum received power of −44.39 dBm and −52.86 dBm in the surrounding
areas of the Tx. and Rx. systems are calculated, respectively. These results can be converted
to electric field strengths of 0.19 V/m and 0.07 V/m, which are significantly lower than
the reference level of 61 V/m. Figure 4c represents an analysis for the Ku-Band, and
the maximum received power of −59.09 dBm (0.08 V/m) and −59.94 dBm (0.07 V/m) is
calculated and confirmed to be lower than the reference level.

Table 2. Received power at the analyzed frequency.

X-Band Ku-Band

Minimum received
power (dBm)

Tx. area −216.75 −218.17
Rx. area −218.87 −219.95

Maximum received
power (dBm)

Tx. area −44.39 −59.09
Rx. area −52.86 −59.94

Figure 5 illustrates the distribution of received power in the X-band and Ku-band
with steering toward a nearby area. The transmitted power is set to 1 W, and the elevation
angle of the radar is adjusted to −30◦, which allows the signal to reach the nearby area in
the shortest distance. The transmitted power is attenuated by a path loss of 88.2 dB and
96.6 dB in the X-band and Ku-band, respectively, over 76.7 m until reaching the ground.
Based on the simulation, the received power is calculated as −26.48 dBm (1.52 V/m) and
−28.32 dBm (2.77 V/m) in the X-band and Ku-band, respectively. Although the electric
field does not exceed the reference level in either the X-band or Ku-band, the electric field
strength around the Rx. system increases compared to the scenario shown in Figure 4.
These results show that the proposed method can be used to analyze the potential impact
on received EM waves in areas near the radar site in advance, allowing for netter prepare
for such situations.
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(a) 

  
(b) (c) 

Figure 4. Propagation path and received power in the surrounding area during radar performance
measurement: (a) propagation path from the Tx. system to the Rx. system; (b) distribution map of
received power at 8 GHz; (c) distribution map of received power at 18 GHz.

 
(a) (b) 

Figure 5. Simulation of the received electromagnetic power within the area near the Tx. system
during beam steering errors: (a) received power at 8 GHz with an input power of 1 W; (b) received
power at 18 GHz with an input power of 1 W.
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Even though the electric field strength may already be low, the field strength around
the radar site can be further minimized in cases where the radar is misaligned. One of
the possible solutions is to consider the placement of absorber structures. Figure 6 shows
the analysis results of the received power distribution in the nearby area when absorber
(εr = 22.9 −j1.37, τ = −29.90 dB) structures are placed in front of the Tx. radar. In this
analysis, the transmitted power and elevation angle of the Tx. radar systems are set the
same as in Figure 5, and absorber structures are placed in front of the radar to analyze the
attenuating rate of the received power reaching the nearby area. The height of the absorber
is applied from 1 m to 2 m in 0.5 m increments. According to the simulation result with
1 m of absorber height, the received power is calculated as −30.82 dBm in the X-band
and −32.67 dBm in the Ku-band at a transmitted power of 1 W, as shown in Table 3. The
maximum electric field near the Tx. Radar system is 0.92 V/m for the X-band and 1.68 V/m
for Ku-band. A comparison of the received electric field depending on absorber installation
shows an attenuation rate of 39.47% and 39.35% in each frequency band. Furthermore,
the attenuation rate of the received electric field increases with the height of the absorber
structures. In addition, we move the 1 m-high absorber 5 m closer to the radar to assess the
impact of its position. In this configuration, the maximum received power is −22.23 dBm,
representing an increase of 8.59 dB compared with the original setup. Therefore, installing
absorber structures near the Tx. system can further reduce the electric field around the
testing areas while the radar system is in operation.

 
(a) 

 
(b) (c) 

Figure 6. Simulation of received power near the Tx. system with an absorber under a beam steering
error scenario: (a) scenario of beam steering error with the absorber; (b) received power at 8 GHz
with a 1 m high absorber; (c) received power at 18 GHz with a 1 m high absorber.
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Table 3. Maximum received electric field in the analyzed area based on the height of the absorber.

Height of
Absorber Frequency W/O Absorber With Absorber Attenuation

Rate

1 m
8 GHz 1.52 V/m 0.92 V/m 39.47%
18 GHz 2.77 V/m 1.68 V/m 39.35%

1.5 m
8 GHz 1.52 V/m 0.29 V/m 80.92%
18 GHz 2.77 V/m 0.46 V/m 83.39%

2 m
8 GHz 1.52 V/m 0.17 V/m 88.82%
18 GHz 2.77 V/m 0.18 V/m 93.5%

4. Verification of Analysis Results Through Comparison of Measurement
and Simulation

To verify the reliability of the results analyzed through the simulation model, mea-
surements are conducted at the actual radar site and compared with the simulation results.
This measurement is conducted in the L-band (1.2 GHz) to minimize electromagnetic
interference at the operational radar site. The Tx. signal is radiated with a 0 dBm L-band
frequency by the signal generator. The Rx. system employs the same monopole antenna as
that of the Tx. system and is connected to a spectrum analyzer (Anritsu MS2720T (Anritsu
Corporation, Atsugi, Japan)) located approximately 120 m from the Radar Control Center,
as shown in Figure 7a. In this simulation setup, the Tx. antenna uses the same monopole
antenna as that of the measurement system and is placed in front of the Radar Control
Center, with a transmitted power set to 0 dBm. Figure 7b illustrates the measurement setup
used to determine the insertion loss of the RF cable for measurement verification. In this
setup, a Rohde & Schwarz SMBV100A Vector Signal Generator (Rohde & Schwarz GmbH
& Co. KG, Munich, Germany) is configured to output a signal at a frequency of 1.2 GHz
with an output power of 0 dBm. This signal is transmitted through the testing RF cable
and received by an Anritsu MS2720T Spectrum Analyzer (Anritsu Corporation, Atsugi,
Japan), which measures the power level of the received signal. The insertion loss is obtained
by subtracting the measured power from the transmitted power (0 dBm). As shown in
Figure 7b, the received signal strength at the center frequency of 1.2 GHz is observed to be
−5.01 dBm, resulting in a total insertion loss of 5.01 dB.

 

 

(a) (b) 

Figure 7. Measurement system setup: (a) measurement environment; (b) cable loss measurement.
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Figure 8 presents the fabrication and reflection coefficient of the λ/4 monopole antenna
used for measurement. Figure 8a provides a fabricated antenna with a radiator placed at
the center of a ground plane (30 cm × 30 cm). The radiator of the monopole antenna is
designed to operate in the L-band with a length of approximately 6.25 cm. Figure 8b shows
the reflection coefficient of the fabricated antenna. The measurement and simulation results
are indicated by solid and dashed lines, respectively. The measured reflection coefficient is
−25.1 dB, while the simulated result is −24.07 dB at the operating frequency of 1.2 GHz. It
is observed that there is a discrepancy between the measured and simulated results, and
it can be attributed to parasitic conductance or inductance caused by the discontinuity
between the radiator and connector.

 

 

(a) (b) 

Figure 8. Fabrication and reflection coefficient of the Tx. and Rx. antenna: (a) fabrication of λ/4
monopole antenna; (b) reflection coefficients.

Figure 9 represents the radiation patterns of the Tx. and Rx. antenna. The λ/4 monopole
antenna is measured in the full anechoic chamber, as shown in Figure 9a. The fabricated
antenna is fixed with a Styrofoam jig, and the antenna gains of the fabricated antenna are
measured to verify antenna feasibility. Figure 9b,c illustrate the measured and simulated
2D radiation patterns of the monopole antenna (the azimuth and elevation directions). The
measured radiation patterns show an omnidirectional pattern with an average gain of 0 dBi,
and they also have a good agreement with the simulated result (dashed line).

Figure 10 represents the measurement setup at the actual radar site for verifying
the integrated simulation model. In order to verify the free-space loss obtained from
simulation, the measured received power is applied into the Friis transmission equation,
which includes not only free space propagation loss but also various system level losses, as
expressed in the following equation:

Pr(dB) = Pt + Gt + Gr − Ltc − Lrc − Ls − Lp (3)

where Pr is the received power of Rx. antenna (dBm), Pt is the transmitted power of Tx.
antenna (dBm), Gt and Gr are the antenna gains at the Tx. and Rx. antenna (dBi), and Ltc

and Lrc represent the cable losses (dB), which are integrated with the Tx. and Rx. antenna
systems, respectively. Ls also represents other system losses (such as connectors and circuit
loss), and Lp is the Free Space Path Loss (FSPL), which depends on the distance between
Tx. and Rx. systems, as well as the operation frequency. Since the conventional Friis model
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assumes ideal transmission conditions, it is necessary to consider the measured cable loss
into the equation to reflect the actual signal attenuation in the measurement setup. Radiated
power was measured at nine points arranged in a 3 × 3 matrix with 1 m increments. The
measured values are listed in Table 4. The averaged measured power is then compared
with the simulated result. Herein, the measured data is obtained at nine points (p1 to p9)
at 1 m intervals, as shown in Figure 10. The averaged measured power is then compared
with the simulated result. The comparison of the simulation results, conducted under
the same conditions as the theoretical and measurement results, is presented in Table 5.
The theoretical received power is calculated by accounting for the measured monopole
antenna gain, cable loss, and system loss, while the measured received power is averaged
over the nine measurement points. The theoretical and average measured received powers
of −61.9 dBm and −62.03 dBm, respectively, show good agreement with the simulated
result of −64.64 dBm. Therefore, we validate our measurement method and support the
reliability of the X-band and Ku-band analyses in Chapter 3. This procedure indicates that
the proposed method provides comparable results in theory, simulation, and measurement.

  
(a) 

 
(b) (c) 

Figure 9. Radiation patterns of the Tx. and Rx. antenna: (a) measurement setup in a full anechoic
chamber; (b) radiation patterns (θ = 0); (c) radiation patterns (φ = 0).
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Figure 10. Measurement setup in actual radar site.

Table 4. Measurement results for analysis verification (dBm).

Position x1 x2 x3

y1 −61.02 (p1) −61.58 (p2) −62.41 (p3)
y2 −63.08 (p4) −59.12 (p5) −62.32 (p6)
y3 −60.17 (p7) −62.44 (p8) −66.12 (p9)

Table 5. Comparison of measurement and simulation results.

Measured Simulated Theoretical

Distance (m) 120.59 120.66 120.59
Average received

power (dBm) −62.03 −64.64 −61.9

5. Conclusions
In this paper, we proposed a novel evaluation method for the strength of EM waves in

the area by analyzing the propagation environment in a radar testing site. To analyze the
propagation environment of the radar test site, actual terrain was precisely modeled using
DEM data provided by the Ministry of Land, Infrastructure, and Transport. For the scenario
of steering towards the Rx. system, the maximum electric fields of 0.19 V/m and 0.08 V/m
in the X-band and Ku-band were calculated, respectively. In the misaligned scenario, the
maximum electric fields of 1.52 V/m and 2.77 V/m in the X-band and Ku-band were
calculated, respectively. These results were significantly lower than the reference level of
61 V/m. To more effectively reduce the impact around the radar site in the misaligned
scenario, the absorber structures were placed in front of the radar. With the installation of
a 1 m absorber, a comparison of the received electric field showed an attenuation rate of
39.47% and 39.35% in each frequency band. To verify the reliability of the results analyzed
through the integrated simulation model, measurements were conducted at the actual
radar site and compared with the simulation results. The theoretical and average measured
received powers of −61.9 dBm and −62.03 dBm, respectively, showed good agreement
with the simulated result of −64.64 dBm. This procedure indicated that the proposed
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method provided comparable results in theory, simulation, and measurement. These
results demonstrated the reliability of the propagation environment analysis using the
proposed integrated simulation model.
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