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ABSTRACT This paper proposes a radio-protected area (RPA) estimation model that achieves full pro-
tection and avoids overprotection by adding an appropriate margin to the extended-Hata (EH) model, for
realizing efficient spectrum sharing in the V-High-band. This additional margin, called location gain, is a
location-dependent value that accounts for knife-edge losses calculated from topographic information. This
study experimentally obtains the location gain by conducting VHF-band-based propagation experiments
in urban and suburban areas. Subsequently, we developed an estimation formula for the location gain
using topographic data, which include correction terms based on the experimental data. As a result, RPA
can be estimated using only the topographic data, excluding the need for propagation experiments. The
proposed model resolved the problems of the EH model (incomplete protection) and free-space (FS) model
(overprotection). In urban and suburban areas, the proposed model achieved full protection and over 99.7%
reduction in the RPA size of the FS model when the threshold of the received power for determining the RPA
was set to –80 dBm.

INDEX TERMS Knife-edge loss, location-gain, radio-protected area, spectrum sharing, VHF.

I. INTRODUCTION
In Japan, terrestrial analog television (TV) broadcasting ser-
vices at very high frequency (VHF) and ultra-high frequency
(UHF) bands were terminated in 2012. Following this termi-
nation, 130 MHz of new spectrum resources were created
for use by other communication systems [1]. The Ministry
of Internal Affairs and Communications of Japan allocated
170–202.5 MHz (with 5 MHz bandwidth for each chan-
nel, six channels in total), as part of providing new spectral
resources to public broadband (PBB) systems—mobile broad-
band wireless communication systems for public safety [1].
This spectral band is referred to as the PBB band.

The ARIB STD-T103 was developed as a domestic stan-
dard for Japanese PBB systems [2]. It is an orthogonal
frequency division multiple access (OFDMA)-based standard
developed based on the IEEE 802.16-2009 standard [3], with
customized physical layer parameters for operability in the

VHF band [3], [4], [5]. The relatively long wavelength of
the VHF band permits longer transmission distances and a
wide coverage area. However, it faced the issue of excessively
delayed multipath fading. Therefore, a longer cyclic prefix
(CP) than IEEE 802.16-2009, and a unique pilot signal align-
ment were defined in ARIB STD-T103 [3]. This allowed the
ARIB STD-T103-based PBB system to provide high-quality
video transmission and other broadband services, even in non-
line-of-sight environments over a wide area. Furthermore, to
realize a wider area coverage, ARIB STD-T119 was stan-
dardized to enable the operation of ARIB STD-T103 in the
multi-hop relay communication mode [6], [7]. The develop-
ment and commercialization of ARIB STD-T103/T119-based
PBB systems are currently underway as critical wireless mo-
bile communication infrastructure for public agencies (e.g.,
police, fire departments, emergency services, and local gov-
ernments) during disasters and emergencies. These systems
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are expected to accommodate high-resolution video/image
transmission communication by multiple public agency users
at disaster emergency sites in the future. Furthermore, in ad-
dition to these public agencies, private institutions related to
disaster recovery, such as electric power companies, demand
the availability of VHF band-based communication. However,
as only six channels (5 MHz bandwidth for each channel)
can be allocated in the PBB band, more spectrum resource
allocation is required to accommodate further increase in data
traffic and user agencies.

The most promising candidate for an additional spectrum
for the PBB system is the 207.5–222 MHz band called as
the V-High-band. Similar to the PBB band, the V-High-band
is part of the VHF band reallocation due to the termination
of terrestrial analog TV broadcasting. Communications via
mobile terminals for multimedia broadcasting services were
allocated from 2012; however, all services were terminated
in 2016 and the V-High-band became vacant again. Various
systems, including the PBB systems, are currently candidates
for V-High-band use systems, although no final operational
guidelines have been determined. Considering the problem of
spectrum resource depletion, there is a possibility that multi-
ple systems will share the V-High-band spectrum.

Spectrum sharing systems have been studied and imple-
mented as TV white space utilization systems (e.g., IEEE
802.11af [8], [9], [10], [11], IEEE 802.15.4m [12], [13], [14],
and IEEE 802.22 [15], [16], [17]), licensed shared access
(LSA) in Europe [18], [19], [20], spectrum access system
(SAS) in the United States [21], [22], [23], and dynamic
spectrum sharing (DSS) in Japan [24], [25], [26]. In these
spectrum-sharing systems, a primary user with a high prior-
ity (such as a system originally allocated to the spectrum)
and a secondary user with a low priority (such as a system
newly allocated to the spectrum) share the same spectrum.
Secondary users can use the spectrum only if they do not
interfere with primary users or have a minor impact on
them.

To perform interference estimations, system information
such as location and transmit power of base stations (BSs)
and mobile stations (MSs) for each system is registered in
the spectrum-sharing database. Using this registered informa-
tion and a radio propagation model such as the free-space
(FS) model [27], the extended Hata (EH) model [28], the
ITU-R P.1411 model [29], or the Walfish-Ikegami model [30],
[31], the communication service area of each system is es-
timated. Among these models, the FS and EH models are
available in the VHF band (around 200 MHz, the target band
of this paper). The estimated area that should be protected
from interference emitted by other systems is referred to
as the radio-protected area (RPA) in this study. Intersystem
interference can be prevented by adjusting the transmission
parameters to avoid overlapping of the RPA for each system.
However, conventional RPA estimation models are problem-
atic from two perspectives: overprotection and incomplete
protection. The FS model often overestimates the RPA, which
is problematic in terms of spectral efficiency [32], while the

EH model often underestimates the RPA as too small and
cannot achieve full protection because the EH model is only
an experimental model that mainly estimates average trans-
mission characteristics [32], [33], [34]. To use the EH model
as an RPA estimation model, a significant distance margin
must be added to fully protect the primary user. This results in
excessive protection even in areas that do not require protec-
tion (areas inherently available to secondary users), resulting
in the degradation of spatial-spectral efficiency [32].

This paper proposes an RPA estimation model that achieves
full protection and avoids overprotection to increase the avail-
able area for secondary users while fully protecting primary
users from interference by adding an appropriate margin to
the EH model, aiming for a highly efficient spectrum shar-
ing realization in the V-High-band. This additional margin is
a location-dependent value that accounts for the knife-edge
losses [35] calculated from the topographic information, in-
cluding building heights, and is referred to as the location
gain. In this paper, the location gain was experimentally ob-
tained by conducting VHF-band propagation experiments in
urban and suburban areas. Subsequently, an estimation for-
mula for location gain using topographic data, was developed,
which included the correction terms based on the experimen-
tal data. Therefore, using our developed estimation formula,
RPA can be calculated using only the topographic data, ex-
cluding the need for propagation experiments.

The remainder of this paper is organized as follows:
Section II provides an overview of the conventional ra-
dio propagation models for RPA calculation. In Section III,
RPA estimation is demonstrated using conventional radio
propagation models by conducting actual radio propagation
experiments in urban and suburban areas to highlight the
problems with the conventional models and to clarify the
motivation for this paper. In Section IV, the proposed methods
are presented. Sections V and VI evaluate the proposed meth-
ods using actual propagation measurement data in an urban
area and a suburban area, respectively. Finally, Section VII
concludes this paper.

II. CONVENTIONAL MODELS FOR RPA ESTIMATION
In this section, we explain the typical radio propagation mod-
els for RPA estimation: the FS and EH models. In this study,
the outermost side of the RPA is called the protection bound-
ary and the distance from the BS to the protection boundary
is called the protection distance.

A. FREE-SPACE MODEL (FS MODEL)
The FS model is the most basic radio propagation loss-
calculation model. The propagation loss LF(d ) (dB) is ex-
pressed as follows:

LF (d ) = 20log10d + 20log10 f + 32.44 (1)

where f (MHz) is the frequency and d (km) is the antenna
distance between the BS and MS [27]. Here, we define the
received power threshold for determining the RPA by Pth
(dBm). In other words, received power greater than Pth is
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not measured outside the RPA. Moreover, propagation loss is
also determined at the protection boundary L(Pth), using the
transmitting (Tx) power Pt (dBm) of the BS, Tx antenna gain
Gt (dBi), receiving antenna gain Gr (dBi), and Pth as follows:

L (Pth) = Pt + Gt + Gr − Pth. (2)

When the protection distance of the RPA estimated by the
FS model is defined by RF (km), the RPA is calculated as a
circle centered on the BS with a radius RF. Because L(Pth) is
equal to LF(d = RF), RF can be obtained as follows:

RF = 10α/20 (3)

α = Pt + Gt + Gr − Pth − 32.44 − 20log10 f . (4)

Because the FS model is an ideal physical model in free
space and does not consider any diffraction or reflection due
to terrain or buildings, it vastly over estimates the RPA which
reduces the spatial-spectral efficiency [32].

B. EXTENDED-HATA MODEL (EH MODEL)
The EH model is an empirical radio propagation loss model
[28]. Therefore, the formulas differ between the urban and
suburban areas. The EH models for the urban and subur-
ban area are called as the EHU model and EHS model,
respectively. The propagation losses calculated using the EHU
model, LU(d ) (dB), and the EHS model, LS(d ) (dB), are
described as follows:

LU (d ) = v + w log10 (d ) (5)

LS (d ) = LU (d ) − c − 5.4 (6)

v = 69.6 + 26.2log10 ( f )

− 13.82log10 (max {30, Hb}) − a − b, (7)

w = 44.9 − 6.55log10 (max {30, Hb}) (8)

a = (
1.1log10 ( f ) − 0.7

)
min {10, Hm}

− (
1.56log10 ( f ) − 0.8

)

+ max

{
020log10

(
Hm

10

)}
(9)

b = min

{
020log10

(
Hb

30

)}
(10)

c = 2

{
log10

[
min {max {150, f } , 2000}

28

]}2

(11)

Hm = min {hb, hm} (12)

Hb = max {hb, hm} (13)

where hb and hm are the antenna heights of the BS and MS,
respectively. The applicable range of each parameter is 150
MHz < f ≤ 1500 MHz, 0.1 km < d ≤ 20 km, hb ≤ 200 m,
and hm ≤ 200 m, respectively. Similar to the FS model, when
the received power threshold for determining the RPA is Pth,
the RPA calculated using the EHU or EHS model becomes

TABLE 1. ARIB STD-T103-compliant Experimental Instruments Parameters

a circle centered on the BS with radius RU (km) or radius RS

(km). Because L(Pth) equals LU(d = RU) and LS(d = RS), RU

and RS are calculated as follows:

RU = 10(v−L(Pth ))/(−w) (14)

RS = 10(v−c−5.4−L(Pth ))/(−w) (15)

Because the EH model is developed based on extensive
experimental results, it represents the average characteristics
of propagation loss. The actual propagation loss can be above
or below this average. Therefore, the RPA estimated using the
EH model results in excessive or insufficient protection. From
the viewpoint of interference avoidance, insufficient protec-
tion in particular is problematic when used for RPA estimation
[32], [33], [34]. Therefore, a large distance margin must be
added to fully protect the primary user. However, this would
result in excessive protection, even in areas that do not require
protection, resulting in degradation of the spatial-spectral ef-
ficiency [32].

III. PERFORMANCE CONFIRMATION OF CONVENTIONAL
MODELS USING ACTUAL VHF-BAND EXPERIMENT
In this section, we validated the RPA estimation performance
of the conventional models by using actual VHF-band propa-
gation measurement data in urban and suburban experimental
fields to highlight the problems with the conventional models
and to clarify the motivation for this paper.

A. EXPERIMENTAL INSTRUMENTS
The ARIB STD-T103-compliant BS and MS [5] were used in
the VHF-band radio propagation measurement experiments in
each field. The ARIB STD-T103 transmission signal is based
on orthogonal frequency division multiplexing (OFDM). The
propagation measurements can be performed using 840 sub-
carriers in a 5 MHz bandwidth [2], allowing the averaging of
multipath fading and other effects. The setup parameters of
the BS and MS are listed in Table 1.
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FIGURE 1. Experimental field for measurements in an urban area
(Sakyo-ku, Kyoto, Japan) and received power measured at each location.

FIGURE 2. BS and MS installations of the experiment conducted in an
urban area.

As described in Section I, this study aims to propose
an RPA estimation model for the realization of highly effi-
cient spectrum sharing in the V-High-band (207.5–222 MHz).
However, it is not possible to emit radio waves in the V-High
band at this time because specific legislation has not yet been
passed. Therefore, this experiment was conducted in the 195
MHz band with 5 MHz channel bandwidth, which is very
close to the target band and for which we have been granted
an experimental license by the Japanese government.

B. EXPERIMENT CONDUCTED IN AN URBAN AREA
1) MEASUREMENT FIELD AND INSTRUMENTAL SETUP
The urban area shown in Fig. 1(Sakyo, Kyoto, Japan) was
selected as the experimental field for the urban area mea-
surements. As shown in Fig. 2, the BS was installed on the

FIGURE 3. Relationship between the distance from transmitter to the
receiver and received power based on the experimental results, FS model,
and EHU model.

roof of the International Science Innovation Building at Ky-
oto University. The BS antenna (horizontal omnidirectional
ground-plane antenna with 2.15 dBi gain) was mounted on
top of the building (20 m above the ground level). The MS
was installed in a measurement vehicle with the MS antenna
(horizontal omnidirectional whip antenna with 2.15 dBi gain)
and GPS antenna mounted on the vehicle’s roof (2.0 m above
the ground level).

The MS on the measurement vehicle received the ARIB
STD-T103 downlink signal at the measurement location and
measured its received power and GPS information per second.
Measurements were performed while moving at an aver-
age speed of approximately 22 km/h (maximum speed of
approximately 50 km/h). We conducted four rounds of the
measurement route on the north side of the main campus of
Kyoto University, as shown in Fig. 1, and obtained data for
14252 points.

2) MEASUREMENT RESULTS AND RPA ESTIMATION
PERFORMANCE OF CONVENTIONAL MODELS
The measured received power, PM, is illustrated using the
heatmap in Fig. 1. Additionally, Fig. 3 shows the relation-
ship between d (i.e., the distance from the BS (transmitter)
and MS (receiver)) and the received power measured through
the experiment and the relationship between d and the re-
ceived power calculated using the FS and EHU models. As
shown in Fig. 3, the received power calculated using the FS
model is above the measured received power, and the received
power calculated using the EHU model represents the average
characteristics of the measured received power. These results
suggest that the FS model estimates a much larger RPA than
the actual RPA and the EHU model has the tendency to esti-
mate an RPA smaller than the actual RPA or larger than the
actual RPA, depending on the location.

VOLUME 4, 2023 15



MINAKI ET AL.: RADIO-PROTECTED AREA ESTIMATION MODEL USING LOCATION-DEPENDENT GAIN

FIGURE 4. Measurement locations where the received power is above Pth
dBm, obtained by the experiment in an urban area, and the boundary of
the region where the received power is above Pth dBm estimated using the
EHU model.

The results when plotting only the measurement locations
with PM ≥ Pth and the RPA based on the EHU model cal-
culated using (14) with each Pth are shown in Fig. 4. In
Fig. 4(a)–(d), Pth is set to –80, –73, –66, and –59 dBm, re-
spectively. To completely avoid intersystem interference, all
measurement locations with PM > Pth must exist inside the
estimated RPA with Pth. However, as shown in Fig. 4, some
measurement locations were outside the estimated RPA, thus
preventing the EHU model from achieving perfect interfer-
ence avoidance. Furthermore, the EHU model also sets up
excessive RPAs in some locations, as shown in Fig. 4(a).

When the RPA is estimated using the FS model, the protec-
tion distance (the radius of the RPA) was calculated according
to (3) as 142.1, 63.45, 28.34, and 12.66 km when Pth = –80
dBm, –73 dBm, –66 dBm, and –59 dBm, respectively. This
shows that the RPAs are set excessively compared to the actual
measured received power, as shown in Figs. 3 and 4.

C. EXPERIMENT CONDUCTED IN A SUBURBAN AREA
1) MEASUREMENT FIELD AND INSTRUMENTAL SETUP
The suburban area shown in Fig. 5(Seika, Soraku, Kyoto,
Japan) was selected as the experimental field for suburban
area measurements. As shown in Fig. 6, the BS was installed
on the roof of the West Wing Building of the Advanced
Telecommunications Research Institute International (ATR).
The BS antenna (horizontal omnidirectional ground-plane an-
tenna with 2.15 dBi gain) was mounted on the roof of the
building (18 m above the ground level). The MS was installed
in a measurement vehicle. The MS antenna (horizontal omni-
directional whip antenna with 2.15 dBi gain) and GPS antenna
were mounted on the vehicle’s roof (2.0 m above the ground
level).

FIGURE 5. Experimental field for measurements in a suburban area (Seika,
Soraku, Kyoto, Japan) and received power measured at each location.

FIGURE 6. BS and MS installations of the experiment conducted in a
suburban area.

The MS on the measurement vehicle received the ARIB
STD-T103 downlink signal at the measurement location and
measured its received power and GPS information every
second. Measurements were performed while moving at an
average speed of approximately 24 km/h (maximum speed of
approximately 50 km/h). We performed four rounds of the
measurement route, as shown in Fig. 5 and obtained data of
15781 points.

2) MEASUREMENT RESULTS AND RPA ESTIMATION
PERFORMANCE OF CONVENTIONAL MODELS
The measured received power, PM, is illustrated using the
heatmap in Fig. 5. In addition, Fig. 7 shows the relation-
ship between d and the received power measured through the
experiment and the relationship between d and the received
power calculated using the FS and EHS models. From the fig-
ure, we can confirm that the received power calculated using
the FS model is above the measured received power, and the
received power calculated using the EHU model represents
the average characteristics of the measured received power,
similar to the results in the urban areas.
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FIGURE 7. Relationship between the distance from transmitter to the
receiver and received power based on the experimental results, FS model,
and EHS model.

FIGURE 8. Measurement locations where the received power is above Pth
dBm, obtained by the experiment in the suburban area, and the boundary
of the region where the received power is above Pth dBm, estimated using
the EHS model.

The results of plotting only the measurement locations with
PM ≥ Pth and the RPA based on the EHS model, calculated
using (15), with each Pth are shown in Fig. 8. In Fig. 8(a)–(d),
Pth is set to –80, –73, –66, and –59 dBm, respectively. As men-
tioned earlier, all measurement locations with PM > Pth must
exist inside the estimated RPA with Pth to completely avoid
intersystem interference. However, as shown in Fig. 8, some
measurement locations were outside the estimated RPA, thus

FIGURE 9. Counterclockwise polar coordinate system for RPA estimation.

preventing the EHS model from achieving perfect interference
avoidance. Furthermore, the EHS model also sets up excessive
RPAs in some locations, as shown in Fig. 8(a).

When the RPA is estimated using the FS model, the pro-
tection distance (i.e., the radius of the RPA) can be calculated
according to (3) as 142.1 km, 63.45 km, 28.34 km, and 12.66
km when Pth = –80, –73, –66, and –59 dBm, respectively.
This indicates that the RPAs are set excessively compared to
the actual measured received power (Fig. 8).

IV. PROPOSED MODEL FOR RPA ESTIMATION
We propose an effective RPA estimation model that achieves
full protection and avoids overprotection by adding location
gain to the EH model. First, we defined the location gain
and described the basic concept of the proposed model. Sub-
sequently, we developed a location-gain estimation formula
using topographic data.

Prior to the proposal, we defined the coordinate system
for RPA estimation. The location (d, θ ) is defined by the
measurement point in a clockwise polar coordinate system,
as shown in Fig. 9. The origin is the BS to be protected and
the starting line is the direction of true north. θ (θS ≤ θ < θE)
indicates the azimuth angle, and θS and θE indicate the ranges
to be calculated. For example, if the RPA is calculated for all
directions with the BS as the origin, θS and θE are set as 0°
and 360°, respectively.

A. MODEL CONCEPT AND DEFINITION OF THE LOCATION
GAIN
The proposed model aims to achieve an efficient RPA es-
timation that combines full protection and reduction of the
overprotected area by adding a location-specific correction
value (that is, location gain) to the RPA estimated using the
EH model. The location gain, G(d, θ ) (dB), at location (d, θ )
is defined as the difference between the actual received power
P(d, θ ) (dBm) and the estimated received power PE(d ) (dBm)
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calculated using the EH model as follows:

G (d, θ ) = P (d, θ ) − PE (d ) (16)

PE (d ) = Pt + Gt + Gr − LE (d ) (17)

where LE(d ) is the propagation loss calculated using the EH
model at location (d, θ ). If the target field is an urban area or a
suburban area, LE(d ) can be calculated as LE(d ) = LU(d ) or
LE(d ) = LS(d ), respectively.

Since the location gain is present at each arbitrary point, we
essentially need to calculate the individual location gains for
all the locations. Because the number of locations is infinite,
the computational complexity becomes large. Therefore, the
target field was divided into several regions according to the
angle, and the protection distance was calculated for each
region. By limiting the number of regions for calculating the
location gain to a finite number, the amount of calculation is
reduced. Assume that N is the number of divisions and any
location (d (n), θ (n) ) included in the n-th region satisfies the
following:

d (n) ≥ 0 (18)

θS + (n − 1) (θE − θS)

N
≤ θ (n) < θS + n (θE − θS)

N
(19)

where n is an integer of 0 < n ≤ N . Assume that
G (d (n), θ (n) ) is the location gain at a point included in the
n-th region. Thus, its maximum value, G(n) , is defined as the
representative location gain of the n-th region as follows:

G(n) = G
(

d (n)
R , θ

(n)
R

)
= max

{
G

(
d (n), θ (n))} (20)

The location (d (n)
R , θ

(n)
R ) at which the representative loca-

tion gain is obtained is called the representative location of the
n-th region. Using the calculated G(n), the protection distance
for the n-th region in the urban area R(n)

PU and in the suburban

area R(n)
PS can be calculated as follows:

R(n)
PU = 10

{(
v−L(n) (Pth )

)
/(−w)

}
(21)

R(n)
PS = 10

{(
v−c−5.4−L(n) (Pth )

)
/(−w)

}
(22)

L(n) (Pth) = Pt + Gt + Gr + G(n) − Pth (23)

Using the representative location gain, which is the max-
imum location gain in the n-th region, full protection in the
n-th region should be achieved.

Fig. 10 shows an example of the RPA estimated using the
proposed model in an urban area. In this example, the RPA
estimation range is divided into N = 7. When G(n) > 0, the
physical meaning of G(n) is a positive margin to expand the
RPA, estimated using the EH model, for preventing the gener-
ation of unprotected areas, as shown in the 6th region in Fig. 9.
When G(n) < 0, the physical meaning of G(n) is the negative
margin to reduce the RPA, estimated using the EH model, for
preventing the generation of overprotected areas, as shown in
the 7th region in Fig. 9.

FIGURE 10. Example of RPA estimated using the proposed model in an
urban area.

B. ESTIMATION OF THE LOCATION GAIN
To calculate the proposed RPA, R(n)

PU or R(n)
PS , we must obtain

the actual received power P(d, θ ) in (16). However, the mea-
surement of all the P(d, θ ) values at every point in the target
field is unrealistic. Therefore, we developed an equation that
can estimate G(n) in (20) using terrain profiles.

First, assuming that the location gain depends on the dis-
tance and diffraction losses, we developed an estimation
formula for G(d, θ ) as follows:

GE (d, θ ) = k1log10d + k2J (d, θ ) + C (24)

where GE(d, θ ) denotes the estimated G(d, θ ), and J (d, θ ) is
the diffraction loss calculated using the Bullington model—
single-point knife-edge diffraction model [35] with terrain and
building information. k1, k2, and C indicate the adjustment
coefficients to be designed using the results of the actual radio
propagation experiments presented in Section III.

The location gain calculated from the measured received
power at the location of (d (n), θ (n) ) in the n-th region,
GM(d (n), θ (n) ), is expressed using (16) as follows:

GM
(
d (n), θ (n)) = PM

(
d (n), θ (n)) − PE

(
d (n)) (25)

where PM(d (n), θ (n) ) is the measured received power from
the experiment and includes the effect of shadowing, block-
age obstacles, and reflection obstacles, as it is the actual
experimental result. Here, PE(d (n) ) also includes the effect
of shadowing, blockage obstacles, and reflection obstacles
because the EH model is developed on the basis of the exten-
sive experimental results. Thus, GM(d (n), θ (n) ) includes the
combination all of the aforementioned effects.

The representative location gain of the n-th region, G(n)
M ,

can be calculated using (20) as follows:

G(n)
M = GM

(
d (n)

R , θ
(n)
R

)
= max

{
GM

(
d (n), θ (n))} . (26)

18 VOLUME 4, 2023



Using the terrain and building information between the rep-
resentative and the BS locations in each region, the diffraction
loss can be determined using the Bullington model to include
the effect of diffraction. Because the objective is to obtain
GE(d (n)

R , θ
(n)
R ) = GM(d (n)

R , θ
(n)
R ), the following equation must

hold from (24) and (26):

G(n)
M = k1log10d (n)

R + k2J
(

d (n)
R , θ

(n)
R

)
+ C (27)

where G(n)
M , d (n)

R , and J (d (n)
R , θ

(n)
R ) are known. Thus, we have

N relational equations to determine the three undetermined
coefficients—k1, k2, and C. In this study, we propose two
methods to resolve this problem: determining using three si-
multaneous equations and multiple regression analysis.

1) METHOD-A: THREE SIMULTANEOUS EQUATIONS
Because of three undetermined coefficients, we need three si-
multaneous equations to obtain the solution. Therefore, three
equations should be selected to obtain the solution from N
equations. In the proposed method, n = n1 for the maxi-
mum G(n)

M , n = n2 for the maximum d (n)
R , and n = n3 for the

maximum J
(

d (n)
R , θ

(n)
R

)
are selected, and the coefficients are

determined by solving the simultaneous equations shown in
(27).

2) METHOD-B: MULTIPLE REGRESSION ANALYSIS
In this method, the three coefficients are determined by
performing a multiple regression analysis based on the least-
squares method using all N equations. The coefficients are
determined as values that minimize the sum of squares of the
difference between the measured and estimated location gains.

�G(n) (k1, k2,C) = G(n)
M − G(n)

E (28)

{k1, k2,C} = arg min
k1,k2,C

N∑
n=1

∣∣�G(n) (k1, k2,C)
∣∣2

(29)

where G(n)
E = GE(d (n)

R , θ
(n)
R ). The variance inflation factor

value v, is an indicator of multicollinearity. If v ≤ 5, a statisti-
cally reliable regression equation without multicollinearity is
considered to have been obtained [36]. This method is referred
to in this study as Method-B.

Using Method-A or -B, the coefficients k1, k2, and C can
be determined and the estimated location gain G(n)

E can be

obtained. When G(n)
E < G(n)

M , the coefficient C is updated as
C′ = C + GC to prevent the generation of unprotected areas,
where GC is the adjustment value calculated as

GC = max
{

g(n)
C

}
(30)

g(n)
C = max

{
0, G(n)

M − G(n)
E

}
(31)

Finally, the estimated location gain for the n-th region is
obtained as follows:

G(n)
E = k1log10d (n) + k2J

(
d (n), θ (n)) + C′ (32)

TABLE 2. Experimental Data to Determine the Coefficients of the
Estimation Formula of the Location Gain in an Urban Area

V. PROPOSED MODEL EVALUATION BY MEASUREMENT
EXPERIMENTS IN AN URBAN AREA
This section evaluates the proposed RPA estimation method in
an urban area using the experimental results described in Sec-
tion III. First, the coefficients in the location-gain estimation
formula (32) were determined using the measurement results
of the experiment conducted in the urban area. Subsequently,
the RPA estimation performance of the proposed model was
evaluated.

A. ESTIMATION OF THE LOCATION GAIN
1) EXPERIMENTAL DATA TO DETERMINE THE COEFFICIENTS
OF THE LOCATION GAIN ESTIMATION FORMULA
The measurement data of the received power, shown in Fig. 1,
were used in this evaluation. θS, θE, and N were set as θS =
−75◦, θE = 60◦, and N = 9, respectively. Table 2 shows G(n)

M ,

d (n)
R , and

(
d (n)

R , θ
(n)
R

)
obtained from the measurement data in

the experiment.

2) LOCATION GAIN ESTIMATION USING METHOD-A
From Table 2, we selected three measurement datasets: n1 =
6, n2 = 7, and n3 = 4. Therefore, coefficients k1, k2, and C
were determined using the following equations:

G(6)
M = k1log10d (6)

R + k2J
(

d (6)
R , θ

(6)
R

)
+ C (33)

G(7)
M = k1log10d (7)

R + k2J
(

d (7)
R , θ

(7)
R

)
+ C (34)

G(4)
M = k1log10d (4)

R + k2J
(

d (4)
R , θ

(4)
R

)
+ C. (35)

By solving the simultaneous Equations (33)–(35), k1 =
2.3735, k2 = −0.7246, and C = 23.5018 were obtained.
Thus, the location gains in each region are estimated as fol-
lows:

G(n)
E = k1log10d (n)

R + k2J
(

d (n)
R , θ

(n)
R

)
+ C. (36)

Fig. 11(a) shows the relationship between G(n)
M and G(n)

E
estimated using (36) with k1 = 2.3735, k2 = −0.7246, and
C = 23.5018. GC = 1.6797 was obtained from Fig. 11(a),
and C was updated to C′ = 25.1815. Fig. 11(b) shows the
relationship between G(n)

M and G(n)
E estimated using (36) with
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FIGURE 11. Relationship between G(n)
M and G(n)

E estimated using Method-A.

FIGURE 12. Relationship between G(n)
M and G(n)

E estimated using Method-B.

k1 = 2.3735, k2 = −0.7246, and C′ = 25.1815. We validated
that G(n)

M ≤ G(n)
E was achieved in all the regions.

3) LOCATION GAIN ESTIMATION USING METHOD-B
Using the measurement datasets shown in Table 2 and (24),
(28), and (29), we obtain k1 = 1.2230, k2 = −0.5655, and
C = 19.3407. This multiple regression analysis has a value
of v = 1.107≤5 and is a statistically reliable regression
equation without multicollinearity. Fig. 12(a) shows the re-
lationship between G(n)

M and G(n)
E estimated using (36) with

k1 = 1.2230, k2 = −0.5655, and C = 19.3407. GC = 2.2968
is obtained from Fig. 12(a), and C is updated using C′ =
21.6375. Fig. 12(b) shows the relationship between G(n)

M and

G(n)
E estimated using (36) with k1 = 1.2230, k2 = −0.5655,

and C′ = 21.6375. We validated that G(n)
M ≤ G(n)

E is achieved
in all the regions.

B. EVALUATION OF THE PROPOSED MODEL
We evaluated the RPA estimation performance of the pro-
posed models using Methods-A and -B. As earlier mentioned,
the estimated RPA must be as small as possible to avoid gener-
ating unprotected areas. As mentioned in Section III, the EHU
model cannot achieve perfect interference avoidance. There-
fore, the proposed model was compared with the FS model
and the fixed location-gain model in which the maximum
location gain obtained from the measurements (i.e., G(6)

M =
13.1497 dB) is applied to all regions.

FIGURE 13. RPA estimated using the proposed model with Method-A in
the urban area.

FIGURE 14. RPA estimated using the proposed model with Method B in
urban area.

Figs. 13, 14, and 15 show the RPA estimated by the
proposed models using Method-A, Method-B, and the fixed
location gain, respectively, along with the results of plotting
only the measurement locations with Pth ≤ PM. Based on
these visualization results, the RPAs estimated using all three
methods encompass the actual values and achieve 100% radio
protection.

Table 3 shows the size of the RPA estimated by the
FS model, the fixed location gain model, and the proposed
model using Method-A and Method-B. Regardless of the
Pth, the models were employed in increasing order of RPA
size: the proposed model using Method-B, the proposed
model with Method-A, the fixed location gain model, and
the FS model, respectively. When Pth = –80 dBm, the
proposed model using Method-B can reduce the RPA size
by 2.375 × 104 km2 (99.92%), 44.15 km2 (67.40%), and
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FIGURE 15. RPA estimated using the fixed location-gain model in the
urban area.

TABLE 3. RPA Size Comparison in an Urban Area

3.74 km2 (14.89%) compared to the FS model, fixed lo-
cation gain model, and proposed model using Method-A,

respectively.

VI. PROPOSED MODEL EVALUATION USING THE
MEASUREMENT EXPERIMENTS IN A SUBURBAN AREA
This section evaluates the proposed RPA estimation method in
a suburban area using the experimental measurement results
described in Section III. First, the coefficients in the location
gain estimation formula (32) were determined using the mea-
surement results of the experiment conducted in the suburban
area. Subsequently, the RPA estimation performance of the
proposed model was evaluated.

A. ESTIMATION OF THE LOCATION GAIN
1) EXPERIMENTAL DATA TO DETERMINE THE COEFFICIENTS
OF LOCATION GAIN ESTIMATION FORMULA
The measurement data of the received power, shown in Fig. 5,
were used in this evaluation. θS, θE, and N were set as θS =
0◦, θE = 360◦, and N = 18, respectively. Table 4 lists G(n)

M ,

d (n)
R , and (d (n)

R , θ
(n)
R ) obtained from the measurement data in

the experiment.

2) ESTIMATION OF THE LOCATION GAIN USING METHOD-A
From Table 4, we selected three measurement datasets: n1 =
14, n2 = 3, and n3 = 17. Therefore, coefficients k1, k2, and C

TABLE 4. Experimental Data for Determining of Location-gain Estimation
Formula Coefficients in a Suburban Area

FIGURE 16. Relationship between G(n)
M and G(n)

E estimated by Method-A.

were determined using the following equations:

G(14)
M = k1log10d (14)

R + k2J
(

d (14)
R , θ

(14)
R

)
+ C (37)

G(3)
M = k1log10d (3)

R + k2J
(

d (3)
R , θ

(3)
R

)
+ C (38)

G(17)
M = k1log10d (17)

R + k2J
(

d (17)
R , θ

(17)
R

)
+ C. (39)

By solving the simultaneous equations (37)–(39), we ob-
tain k1 = 5.9641, k2 = −1.2236, and C = 24.8617. Thus, the
location gain in each region was estimated using (36).

Fig. 16 shows the relationship between G(n)
M and G(n)

E esti-
mated using (36) with k1 = 5.9641, k2 = −1.2236, and C =
24.8617. Because G(n)

M ≤ G(n)
E in all regions in Fig. 16, GC =

0 and C′ = C.

3) ESTIMATION OF THE LOCATION GAIN USING METHOD-B
Using the measurement datasets shown in Table 4 and (24),
(28), and (29), we obtain k1 = 18.4882, k2 = −0.3392, and
C = 10.5400. This multiple regression analysis has v = 1.052
≤ 5 and is a statistically reliable regression equation without
multicollinearity. Fig. 17(a) shows the relationship between
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FIGURE 17. Relationship between G(n)
M and G(n)

E estimated by Method-B.

FIGURE 18. RPA estimated by the proposed model using Method-A in a
suburban area.

G(n)
M and G(n)

E estimated using (36) with k1 = 18.4882, k2 =
−0.3392, and C = 10.5400. From Fig. 17(a), GC = 8.8402
was obtained and C was updated by C′ = 19.3802. Fig. 17(b)
shows the relationship between G(n)

M and G(n)
E estimated using

(36) with k1 = 18.4882, k2 = −0.3392, and C′ = 19.3802.
We validated that G(n)

M ≤ G(n)
E was achieved in all the regions.

B. EVALUATION OF THE PROPOSED MODEL
We evaluated the RPA estimation performance of the pro-
posed models using Method-A and Method-B. As mentioned
in Section III, the EHS model cannot achieve perfect interfer-
ence avoidance. Therefore, the proposed model was compared
with the FS model and the fixed location gain model in
which the maximum measured location gain (that is, G(14)

M =
16.5575 dB) is applied to all regions.

Figs. 18, 19, and 20 show the RPA estimated by the
proposed models using Method-A, Method-B, and the fixed
location gain, respectively, along with the results when plot-
ting only the measurement locations with Pth ≤ PM. Based on

FIGURE 19. RPA estimated by the proposed model with Method-B in a
suburban area.

FIGURE 20. RPA estimated by the fixed location-gain model in a suburban
area.

these visualization results, the RPAs estimated using all three
methods encompass the actual values and achieve 100% radio
protection.

Table 5 shows the size of the RPA estimated by the
FS model, fixed location gain model, and proposed models
using Methods-A and -B. Regardless of Pth, the proposed
model using Method-B can estimate the minimum RPA size.
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TABLE 5. RPA Size Comparison in Suburban Area

When Pth = –80 dBm, the proposed model using Method-
B can reduce the RPA size by 6.323 × 105 km2 (99.76%),
52.58 km2 (34.78%), and 1.913 × 102 km2 (54.83%) com-
pared with the FS model, fixed location gain model, and
proposed model using Method-A, respectively.

VII. CONCLUSION
This paper proposed an RPA estimation model that achieves
full protection and avoids overprotection by adding an ap-
propriate margin (i.e., location gain) to the EH model, for
realizing efficient spectrum sharing in the V-High-band. This
study experimentally obtained the location gain by conducting
VHF-band propagation experiments in urban and subur-
ban areas. Subsequently, an estimation formula for location
gain, using topographic data, was developed. The developed
estimation formula included correction terms based on exper-
imental data. Therefore, propagation experiments to estimate
the RPA using our developed RPA estimation formula are
not necessary. In the urban area, when the threshold of the
received power to determine the RPA is set to –80 dBm, the
proposed model using Method-B reduced the RPA size by
99.92%, 67.40%, and 14.89% compared to the FS model,
the fixed location gain model, and the proposed model us-
ing Method-A, respectively. In the suburban area, when the
threshold of the received power to determine the RPA is set
to –80 dBm, the proposed model with Method-B reduces the
RPA size by 99.76%, 34.78%, and 54.83% compared to the
FS model, fixed location gain model, and proposed model
using Method-A, respectively. The proposed RPA estimation
model can realize an efficient spectrum sharing system in the
VHF band. It is expected to accommodate numerous wireless
systems in a limited spectrum of the VHF band. Consequently,
we believe this will lead to the creation of novel applica-
tions using the wide-area communication characteristics of
the VHF band in the future.
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