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ABSTRACT The number of fifth generation (5G) base stations (BSs) installed for commercial services
continues to increase in South Korea since the first 5G rollout of the 3.5 GHz band in 2019. However, this
will cause a rapid increase in the cost and effort required for an electromagnetic field (EMF) installation
compliance measurements of a 5G BS. This paper studies an appropriate measurement spacing for EMF
installation compliance assessments of a 3.5 GHz 5G BS. Ray-tracing simulations based on the ray frustum
technique are performed for three installation scenarios according to the accessibility categories provided in
the International Telecommunication Union-T K.52 recommendation to observe the power density exposure
trends. An interference analysis using the two-ray propagation model indicates that the spacing of 1 m can
be suitable for the installation compliance of a 5G BS above 3 GHz. In addition, it was found that this
spacing could be also applied up to the higher frequency of 7.125 GHz, the upper limit of Frequency Range
1 defined in the 3rd Generation Partnership Project specification. Measurements based on two different 5G
signal extrapolations using the Synchronization Signal Block were conducted to validate the spacing of 1 m
for a 3.5 GHz 5G BS established by simulation studies.

INDEX TERMS Base station, 5G, 3.5 GHz, measurement spacing, interference, installation compliance.

I. INTRODUCTION
The fifth generation (5G) communication system is cur-
rently attracting significant attention worldwide owing to its
enhanced capabilities of supporting various applications [1].
Since the first commercial launch of the 5G network at
3.5 GHz in April of 2019 [2], [3], the number of subscribers
to 5G services has reached approximately 7 million in South
Korea [4].

However, this has resulted in a proliferation of extra base
stations (BSs) necessary for providing higher capacity and
faster data transmission speeds required for 5G services.
Although the number of 5G BSs currently installed nation-
wide in South Korea exceeds approximately 100,000, this is
still far fewer than those for the fourth generation Long Term
Evolution service [5], [6] and there is still a rapid increase
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in the 5G BS density for an actual cellular network due to
the larger propagation losses at the higher frequency bands
introduced in 5G communications.

Public concerns related to the 5G electromagnetic
field (EMF) exposures, however, can have a considerable
impact on the industrial and economic issues about the 5G
service [7]. Compliance with the current exposure limit can
also inhibit and hinder installations of the high performance
5G network [8]. Recently, the uplink and downlink power
were measured and the exposure levels were also evaluated in
the 5G network in Seoul, the capital city of South Korea [6].
The heatlth effects due to the 5G millimeter-wave (MMW)
exposures is well discussed in a systematic review [9] as
well. Many studies have been also recently available on the
actual exposure measurements of a 5G BS for EMF compli-
ance mainly based on the extrapolation technique by using
the ’always-on’ Synchronization Signal Block (SSB) signal
[10]–[13]. However, the large number of 5G BSs will result
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in an increase in the measurement cost and effort required for
BS compliance assessments as a consequence.

The current BS standard of the International Electrotech-
nical Commission [14] requires moving the probe slowly
inside the accessible area to find the maximum exposure level
and distance for installation compliance measurements. This
procedure, however, can cause more ambiguity in measure-
ment results for assessments due to the unspecifiedmovement
speed of a measurement probe as well as the dynamic behav-
ior of propagation environments. In addition, the new tech-
nologies employed for 5G communications, e.g., the beam-
forming technique [15] and flexible numerology [11]–[13]
should make it more difficult to conduct EMF measurements
for a 5G BS compliance assessment. Hence, an appropriate
measurement spacing 1 adequate for the maximum power
density (PD) can be very useful for 5G BS installation com-
pliances. Promising candidates to treat this problem are the
spacing of 1 ≤ 50 cm for frequencies of above 3 GHz
and 1 ≤ 1 m for frequencies of below 3 GHz, specified in
the European standard [16]. These spacings have been also
adopted for the EMF installation compliance of BSs in South
Korea [17], as defined in [18].

The remainder of this paper is organized as follows:
Section II describes the ray-tracing approaches, simulation
scenarios and measurement methods employed to establish
the appropriate measurement spacing. Section III proposes
the spacing based on the analyses on various exposure trends
from a 5G BS. Finally, some concluding remarks are given in
Section IV.

II. APPROACH AND METHOD
This section presents the exposure assessment method of a
3.5 GHz 5G BS to establish an appropriate measurement
spacing. The proposed approach consists of two stages: sim-
ulations and measurements.

A. SIMULATION
1) RAY-TRACING ANALYSIS
The ray-tracing method has been used for various appli-
cations over wide frequency ranges from gigahertz [19]
to MMW [20] bands, even for terahertz applications [21].
Hence, the ray-tracing software developed by the authors
for a 5G MMW BS compliance [22] is employed for
simulations throughout the paper. This software is based
on the ray frustum algorithm [23] for a computational
acceleration, which originates from computer graphics and
visualization [24], [25]. The ray-frustum-based tracing has
also been considered to predict the propagation characteris-
tics of the 5GMMWchannel [26], [27] and the orbital angular
momentum waves [28] in efficient way.

2) SIMULATION SCENARIOS
Various simulations are conducted for three different instal-
lation scenarios based on the accessibility categories defined
in the International Telecommunication Union (ITU)-T

FIGURE 1. Schematic geometry of Scenario 1 with few significant
reflecting structures near a BS.

K.52 recommendation [29] for estimation of the maximum
exposure from a BS. These scenarios have been adopted
in [29] to incorporate most of the practical installation envi-
ronments and locations of outdoor 3.5 GHz 5G BSs, which
are now very similar to those of the previous generations. In
addition, higher-order reflections due to propagation mecha-
nisms in a complex urban environment (e.g., a street caynon
etc) have not a strong influence on the major exposure trend
governed by the two-ray propagation [30]. Hence, these three
scenarios [29] can be useful to investigate the dominant expo-
sure behavior of a 3.5 GHz 5GBS near themaximumdistance
in many practical situations.

Scenario 1, schematically shown in Figure 1, corresponds
to an installation site with few reflecting structures (e.g.,
buildings and houses) that significantly affect the electromag-
netic field strength emitted from a BS antenna, similar to the
accessibility category 1 described in [29]. Hence, the wave
propagation and attenuation depend primarily on the ground
reflection in this case. Here, H is the BS installation height
from the ground level, L is the observation (computation or
measurement) height occupied by a human body, 1 is the
measurement spacing between two neighboring points, θt is
the downtilt angle of a BS (mechanical and electrical), θv is
the elevation (vertical) half-power beamwidth (HPBW) of a
BS antenna, and x denotes the horizontal distance from the
BS, respectively. Because the observation height L of 1.5 m
has been currently adopted as the standard for conducting
general exposure measurements for a BS installation compli-
ance [14], [18], [31], all simulations are also performed based
on a height of L = 1.5 m.

In a similar manner, Scenarios 2 and 3, depicted
in Figure 2, describe the installation environments with a sig-
nificant reflecting structure (e.g., building and house) causing
considerable variation in the direct incident field emitted from
a BS. Here, D is the distance between a BS and a building,
and the building height H ′ is approximately similar to and
relatively smaller than the BS installation height H in the
case of Scenarios 2 and 3, respectively, as in the accessibility
categories 2 and 3 of [29]. Note that the BS installation height
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TABLE 1. BS specifications adopted for the simulations.

H should be defined from the ground level regardless of the
installation environment of the BS. The observation height L
should be above the top of the building (e.g., a rooftop) when
a horizontal observation path encounters a building surface,
which is also clearly incorporated in the estimation formula
of [29].

The single continuous wave at a frequency of 3.65 GHz,
one of the carrier frequencies used in current 5G commercial
networks in South Korea, is assumed for analysis. Table 1
lists the BS specifications adopted for the simulations in
accordance with a commercial 5G BS currently installed for
the 5G network used in South Korea as discussed below (see
Section II-B). Note that the input power and the maximum
gain given in Table 1 indicates the maximum power trans-
mission from a BS, i.e., the full traffic case considered for a
BS installation compliance assessment based on the extrap-
olation approach [10]–[13]. This input power of 50 dBm is
also the same as one used in simulation [32] and similar
to one used in measurement study of 53 dBm [33], respec-
tively. A constant side lobe level of -30 dB stems from the
antenna model defined in the 3rd Generation Partnership
Project (3GPP) channel report [34]. The dielectric constant
εr and the conductivity σ of the building and ground surface
are assumed as εr = 6.09, σ = 0.0156, and εr = 5.6,
σ = 0.01, respectively [35]. A numerical validation of the
ray-frustum-based software [22] is performed by comparing
the results to those obtained from a commercially available
ray-tracing software ofWireless InSite using the shooting and
bouncing ray method.

It should be noted here that although the installation geom-
etry is modeled only on the elevation plane under all three
scenarios shown in Figures 1 and 2, this simplification has
been a conventional approach for a BS compliance assess-
ment [29], [36], [37] because the maximum exposure mostly
occurs along the direction of the maximum radiation at the
azimuth plane.

B. MEASUREMENT
Measurements of a 3.5 GHzBS are also carried out to validate
the spacing 1 determined from the simulations as discussed
in Section II-A. Actual measurements are conducted at a
commercial site of a 3.5 GHz 5G BS located in Daejeon,
South Korea.

FIGURE 2. Schematic geometry of Scenarios 2 and 3 with a significant
reflecting structure of height H ′ near a BS; (a) Scenario 2 (H ′ ' H);
(b) Scenario 3 (H ′ � H).

The specifications of the BS are listed in Table 1 (see
Section II-A2). The geometry used for the measurements
is the same as that shown in Figure 2b with dimensions of
H = 37 m, H ′ = 22 m, and D = 53 m. The measurement
points at L = 1.5 m on the ground and rooftop, represented
by the red-filled circles, can also be seen.

The methods by means of the New Radio (NR) signal
extrapolation using the SSB are employed for measure-
ments [14]. Two different methods are based on different
instrument functions: a dedicated NR decoder (hereafter
referred to as ‘‘Decoding’’) and a spectrum analyzer (SA)
in zero span mode (hereafter referred to as ‘‘Zero Span’’).
An Anritsu MS2090A Spectrum Analyzer and a Rohde &
Schwarz FPH Spectrum Rider are used for the Decoding
and the Zero Span methods, respectively. Figure 3 shows
photographs of a 3.5 GHz BS at each measurement site (i.e.,
the ground and rooftop) with two different probes corre-
sponding to two NR measurement methods. All measure-
ments are performed at L = 1.5 m in accordance with the
standard height [14], [18], [31], as discussed in Section II-A,
based on the spacing of1 = 50 cm as mentioned in Section I
above. These two measurement results are scaled up based
on the average value of simulations carried out under the
maximum power transmission, and overall exposure trends
are compared to each other for validation as discussed below.

VOLUME 9, 2021 88169



Y. S. Lee et al.: Study on Appropriate Measurement Spacing for EMF Installation Compliance Assessments of 3.5 GHz 5G BS

FIGURE 3. Photographs of the measurements of a 3.5 GHz BS located in Daejeon, South Korea; (a) at the rooftop with a probe for the Decoding
method; (b) at the ground with a probe for the Zero Span method.

The Decoding method measures the electric field strength
per resource element (RE) of the SSB and then determines
the actual exposure level by applying the extrapolation factor.
A set of parameters with the center frequency of 3650 MHz,
the SSB offset of -41.22 MHz, the subcarrier spacing
of 30 kHz, and the channel bandwidth of 100 MHz are used
for actual measurements. The extrapolated maximum electric
field strength, Emax, is evaluated as follows:

Emax = ESSB ×
√
FextSSB

= ESSB ×
√
FBW × FPR × FTDC (1)

where ESSB is the electric field strength per RE of the SSB,
FextSSB is the extrapolation factor for the SSB, FBW is the
total number of subcarriers within the carrier bandwidth, FPR
is the power reduction for the actual maximum approach,
and FTDC is the technology duty cycle, respectively. The
extrapolation factor FextSSB applied to the 5GNR frame struc-
ture used by Korean mobile operators can be found in [38].
The technology duty cycle FTDC of 0.743 is employed for

measurements based on the 5G NR time division duplexing
frame configuration of DDDSU, where D, S, U denote the
downlink, special, and uplink slot, respectively [11], [12].

By contrast, with the Zero Span method, the peak elec-
tric field of the SSB is recorded using a SA in zero span
mode in the time domain. The measurement setup uses the
sweep time of 20 ms based on the SA resolution bandwidth
of 30 kHz with the center frequency of 3608.78 MHz. An
actual exposure in this case is also determined by applying
the extrapolation factor, and Emax is defined as follows:

Emax = Epeak ×

√
SCS
RBW

× FBW × FPR × FTDC (2)

where Epeak is the peak electric field strength of the SSB,
SCS is the subcarrier spacing, and RBW is the resolution
bandwidth of an SA, respectively.

However, it is difficult to obtain a reasonable maximum
exposure level of Emax based on the extrapolation approach
given in (1) and (2) directly since the precise information
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FIGURE 4. PD levels from a 3.5 GHz 5G BS in the case of Scenario 1 when
H = 10 m and L = 1.5 m (exposure limit - 10 dBW/m2).

on the 5G NR flexible frame structure must be provided for
an appropriate instrument setup during compliance measure-
ments. Hence, Emax is determined by means of linear scaling
using the average value of ray-tracing simulations instead:

Emax = Eraw × Ascale (3)

where Ascale is the scale factor defined as the ratio of the
average value of simulations to those of measurements. Note
that simulations are performed under the maximum power
condition as discussed in Section II-A2. Eraw is the measured
raw data given by ESSB and Epeak in (1) and (2), respectively.
It should be noted here that the electric field strength is used
for scalings since the extrapolations of (1) and (2) are defined
based on this field strength. The PD is then obtained from
these measured field strengths based on the relation of PD =
E2

377 (i.e., the equivalent plane wave power density) [14],
[29], [39]. Comparisons of the overall exposure behaviors are
carried out to validate the appropriate spacing.

III. RESULTS AND DISCUSSION
Figure 4 shows the PD simulation results from a 5G BS
for Scenario 1 (see Figure 1) versus the horizontal distance
x from a BS at an observation height L of 1.5 m, as dis-
cussed in Section II-A. The installation height H is assumed
to be 10 m. It can be clearly seen that the maximum PD
is much smaller than the exposure limit of 10 dBW/m2

(= 10W/m2) defined in the current International Commission
on Non-Ionizing Radiation Protection (ICNIRP) guideline
as the reference level for the whole-body exposure [40].
Note that these PDs are still well below the 10 dBW/m2

limit even though the spatial averaging over the whole-body
space is performed according to [14]. The total PD profiles
analogous to estimated results in [29] can be subdivided into
three regions: the side lobe (about x ≤ 18 m), the main
beam (about 18 m ≤ x ≤ 35 m), and the interference
region (about x ≥ 35 m). Note that the ‘‘interference’’ is
used to denote the wave interference phenomenon caused

by the phase difference between two waves throughout the
paper [41]. Extremely low exposure levels can be seen in
the side lobe region owing to the side lobe level of a BS
antenna, and the main beam region represents an increase in
the PDs with increased horizontal distances from a 5G BS
owing to the directional characteristics of a 5G BS antenna.
The interference pattern within the farthest region, along with
the propagation decays relative to the distance, is due to the
constructive and destructive interference between the direct
incident and reflected rays from the ground.

The simulated PD results of Scenario 1 with three dif-
ferent installation heights H when L = 1.5 m are shown
in Figure 5. The exposure characteristics of the three different
regions shown in Figure 4 above can also be clearly seen
as expected. All PDs still do not exceed the ICNIRP limit
of 10 dBW/m2 [40]. The PD distributions are spread out
with increasing installation heights owing to an increase in
the wave propagation losses related to the three-dimensional
distance between the BS antenna and the observation point,
and the distance of the maximum exposure moves toward the
interference region as the installation height H increases as
a consequence. This PD behavior can be confirmed by the
study in [36], which estimates the range of the maximum dis-
tance dm (i.e., the maximum exposure occurs when x = dm)
based on the first-null beamwidth (FNBW) of a BS antenna
as follows:

d1 =
H − L
tan θt

, d2 = H−L

tan
(
θt+

θfn
2

) ,
d2 < dm < d1 (4)

where θfn is the FNBW of a BS antenna, and d1 and d2 are
the distances corresponding to the direction of the maximum
gain and the FNBW from a BS, respectively. However, it is
apparent that the ranges of (4) marked by the black stars
in Figure 5 are clearly an extremely rough estimate of the
maximum distance dm.
A good alternative can be the use of the vertical HPBW θv

in (4) instead of the FNBW θfn, and the resolution capabilities
of the antenna are in fact closely related to the HPBW, provid-
ing most of the propagating energy inside its coverage [42].
The ranges based on the HPBW, which are represented by
the black triangles in Figure 5, actually show a significant
improvement in estimations of the maximum distance dm.
Also, this estimated HPBW ranges assure the spread-out
distributions of the PD levels as shown in Figure 5. Note
that the figure on the right displays the PD results within this
HPBW range for H = 20 m (i.e., the horizontal axis scale
is expanded based on the estimated HPBW range). It can
clearly be seen that the maximum distance dm occurs inside
the farthest region having an interference pattern. Unlike
the other two cases, an inappropriate spacing of 1 used
for compliances will not be able to capture proper samples
for maximum exposure and distance, which are crucial for
an EMF installation compliance assessment of a 5G BS. It
should be stated that, although the overall PD profiles are in
agreement with the exposure trends obtained by the spherical

VOLUME 9, 2021 88171



Y. S. Lee et al.: Study on Appropriate Measurement Spacing for EMF Installation Compliance Assessments of 3.5 GHz 5G BS

FIGURE 5. PD levels from a 3.5 GHz 5G BS with three different installation heights H for Scenario 1 when L = 1.5 m (exposure limit - 10 dBW/m2).

estimation formula described in [29], those of [29] are unable
to express the interference phenomena within the farthest
region because of an approximation included in its deriva-
tion. Hence, an explicit analysis should be further required
to determine the appropriate spacing required to reduce the
measurement burden for a 5G BS.

The useful two-ray propagation model, a typical interfer-
ence modeling widely used for mobile communication [43],
can be employed for this purpose on the elevation geometry
of Scenario 1. According to this model, the received power
Pr specifying the interference owing to the ground reflection
is expressed as follows:

Pr =
(
λ

4πx

)2

4 sin2
(
2πHL
λx

)
EIRP · Gr (5)

where λ is the wavelength, EIRP is the effective isotropic
radiated power of a BS, and Gr is the gain of a receiving
antenna, respectively. With the relation between the effective
aperture and the PD [42], the PD can be written as follows:

PD =
EIRP
4πx2

4 sin2
(
2πHL
λx

)
(6)

Note that this expression is particularly suitable for the
PD profile inside the interference region with an attenuation
inversely proportional to x2 and an interference from a con-
tribution of sin2

(
2πHL
λx

)
. Figure 6 illustrates this normalized

PD interference pattern of sin2
(
2πHL
λx

)
for Scenario 1 within

the estimated HPBW range (i.e., near the maximum distance
dm) whenH = 20 m and L = 1.5 m (see Figure 5). The green
circles and red crosses calculated based on a spacing of 50 cm
and 1 m are also represented as discussed in Section I. Sup-
posing that two samples are captured inside one crest of inter-
ference, it can be clearly seen that the maximum exposure can
be assessed within half of the maximum interference level
even under the worst situation of the shift in measurement

points. However, measurements are not be able to properly
detect the maximum PD and distance, or even going to record
the minimum PD at worst, if one sample is missing inside
one crest of interference. This indicates that at least two
sample points should be provided inside one crest for reason-
able compliance assessments (i.e., to suppress the maximum
error within half of the interference level at worst). Actually,
four to five samples can be achieved based on the data of
1 = 1 m (red crosses), as shown in Figure 6a, indicating
that the maximum exposure can be recorded with reasonable
accuracy for a 5G BS of 3.65 GHz frequency. By contrast,
more sample points can be expected to be required owing to
a short interference interval with increasing frequency based
on the frequency (wavelength) scaling of the electromagnetic
waves [42], as clearly indicated in Figure 6b,c. Indeed, based
on the spacing of 1 = 1 m, two samples can be recorded for
7.125GHz, which is the upper frequency limit of FR1 defined
in the 3GPP specification [44], as indicated in Figure 6b;
in contrast, only one sample is captured near the maximum
distance dm of approximately 60 m (see Figure 5) for 14 GHz,
as shown in Figure 6c. Thus it is apparent that the spacing of
1 = 1 m can also be applied to the FR1 up to 7.125 GHz
instead of that of 1 = 50 cm of a narrower one, indicating
that the measurement burden for 5G BS compliances can be
greatly reduced as a consequence.

In a similar manner, ray-tracing results for Scenario 2 are
depicted in Figure 7. The installation parameters are assumed
to be H = 20 m, H ′ = 18 m, and D = 10 m, respectively.
Relatively smaller PDs can be observed on the ground path
(< 10 m) because of the larger attenuation (i.e., the larger
distance between a BS and an observation point). The fluctu-
ation characteristics of the PDs near the edge of the rooftop
are due to the diffractions from the edge, and the higher PDs
stem from a small relative installation height from the rooftop
level (H −H ′) as can be seen in the formula of [29]. Figure 8
shows the simulation results for Scenario 3 with the same
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FIGURE 6. Normalized PD interference pattern near the maximum
distance dm for Scenario 1 when H = 20 m and L = 1.5 m; (a) 3.65 GHz;
(b) 7.125 GHz; (c) 14 GHz.

installation parameters except for a building height of H ′ =
18 m. The expected small PD level occurs on the ground path
as shown in Scenario 2 of Figure 7. Two PD curves depicted

FIGURE 7. PD levels from a 3.5 GHz 5G BS for Scenario 2 when H = 20 m,
H ′ = 18 m, D = 10 m, and L = 1.5 m (exposure limit - 10 dBW/m2).

FIGURE 8. PD levels from a 3.5 GHz 5G BS for Scenario 3 when H = 20 m,
H ′ = 10 m, D = 10 m, and L = 1.5 m (exposure limit - 10 dBW/m2).

in Figures 7 and 8 are also below the 10 dBW/m2 limit in [40].
It should be stated that the PD behaviors on the rooftop are
in agreement with those in Figure 4 for Scenario 1 with
H = 10 m, indicating that the PD levels emitted from a BS
certainly have a strong dependence on the relative installation
height of H − H ′. As a consequence, all of the preceding
discussions and the spacing of 1 = 1 m determined from
Scenario 1 (i.e., few reflecting structures near a BS) can also
be valid for the other installation scenarios with a significant
reflecting structure based on this relative height of H − H ′.
In addition, a numerical result of the ray-frustum-based

software [22] is compared with that obtained from a com-
mercial software of Wireless InSite for validation purposes.
Note that the parameters of H = 37 m, H ′ = 22 m, and
D = 53 m are employed for a simulation in accordance with
the dimensions of the measurement environment defined in
Section II-B and the computed PD results levels on the ground
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FIGURE 9. Comparison between the ray-frustum-based software and
Wireless InSite (exposure limit - 10 dBW/m2).

FIGURE 10. Measurement results of a 3.5 GHz 5G BS located in Daejeon,
South Korea. Ray-tracing simulation is also shown for comparison
(exposure limit - 10 dBW/m2, EIRP = 71.5 dBm).

path are shown in Figure 9. A good agreement between two
results can be observed despite fairly small PD levels on the
ground, which is attributed to a relatively high installation of a
BS. The very low values of the PD relative to the 10 dBW/m2

limit [40] is also clearly seen.
Figure 10 shows the measurement results of a 3.5 GHz

5G BS located in Daejeon, South Korea, obtained by two
different methods of Decoding and Zero Span as discussed in
Section II-B. It should be noted again that the measured data
are scaled up based on the average value of the simulation
results and the PDs are obtained based on the relation of
PD = E2

377 (i.e., the equivalent plane wave power density).
Each marker in measured PD curves represents an actual
measurement point with the spacing of 1 = 50 cm. Note
that the measurements along the ground path are only con-
ducted over a distance less than 36 m since extremely low
PD levels beyond this distance are hardly detectable. It is
seen that the results of the Decoding method show slightly

greater differences than those of the Zero Span method when
compared with simulations. This is owing to the difficulty
in detecting the accurate 5G SSB signals with low received
powers at the ground level. Nonetheless, two measured PD
behaviors show a good agreement with each other especially
on the rooftop level, indicating that the proposed spacing of
1 = 1 m can be very helpful for compliance measurements
of a 5G BS. It is also observed that the overall trends of
the scaled measurement results are also in agreement with
those of the ray-tracings. The differences between measure-
ments and simulations are mainly owing to the dynamic
behavior of propagation environments (the BS specifications
given in Table 1 may also be adjusted in the actual 5G
wireless network in accordance with operating conditions).
Note that all PDs are still do not exceed the exposure limit
of 10 dBW/m2 [40]. Also, it can be seen that the spacing
of 1 = 1 m can ensure four to five samples inside one
crest of interference especially near the maximum distance,
providing a good approximation to the overall PD profiles
as a consequence. Therefore, it is evident that reasonable
assessments can be conducted for installation compliances
based on the 1 = 1 m spacing, as discussed in detail above
by using the two-ray propagation model. Note that although
a fixed beam radiation is assumed for analysis to deduce the
appropriate spacing of 1 = 1 m, a beamforming scenario
using multiple beams can be easily taken into account based
on the superposition of all possible beams focusing different
directions in the azimuth plane [14], [32].

IV. CONCLUSION
In this paper, a study on the appropriate measurement spacing
used for installation compliance assessments of a 3.5 GHz
5G BS is presented. Ray-tracing simulations based on the ray
frustum technique are conducted for three different installa-
tion scenarios on the elevation plane according to the accessi-
bility categories from the ITU-T K.52 recommendation [29].
The simulation results from Scenario 1 indicate that the PD
trends can be subdivided into three different regions with
increasing the horizontal distance from a 5G BS. It can be
seen that the farthest region (i.e., the ‘‘interference’’ region)
has the most significant influence on an appropriate measure-
ment spacing for reasonable EMF installation compliance
assessments due to its interference pattern near the maxi-
mum distance. An interference analysis based on the two-ray
propagation model indicates that the spacing of 1 = 1 m
for frequencies below 3 GHz can also be applied for 5G BS
compliances up to 7.125 GHz, which is defined in the 3GPP
specification [44] as the upper limit of FR1 for a 5G NR
service. The overall PD trends in Scenarios 2 and 3, largely
dependent on the relative installation height, indicate that the
spacing of 1 = 1 m established by simulations and analyses
based on Scenario 1 can also be valid for the other installation
scenarios having a significant reflecting structure near a BS.
Validation of the 1 = 1 m spacing from simulation studies
is performed based on actual measurement of a 3.5 GHz 5G
BS at a commercial site located in Daejeon, South Korea
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using two different NR extrapolation methods. The spacing
of 1 = 1 m proposed in this study will be incorporated into
the standard for EMF installation compliances of a 5G BS in
the future for effective measurement assessments.
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