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ABSTRACT This paper proposes a propagation prediction model including the statistics of location
variability for over-rooftop path in millimeter-wave suburban environments. The predictive model derived
from the measurement was developed to analyze the propagation characteristic of the signal according to the
distance within the area of a millimeter-wave band or future fifth-generation service band. The measurement
was carried out using a radio wave characteristic measurement system called the channel sounder, and the
signal transmitted to the air was captured to make the received signal level data. The measurement system
was constructed to predict spatial propagation characteristics by transmitting and receiving a signal with a
500 MHz bandwidth, and this system was capable of predicting characteristics of a signal that varied with
space and time by capturing wideband multipath signals. Measurements were performed in a small town
covered with low-rise commercial restaurants or houses. The transmission signal propagated through the
rooftops of low-rise houses on average 10 meters high. Their multipath signal arrived at a receiving station
located under the roof of the house through reflection, diffraction, and scattering mechanisms. The change
in the signals due to the variation in location was measured up to a distance of about 500 meters from the
transmitter. The basic transmission loss prediction model with a probability density distribution was analyzed
and interpreted based on these measurements. In practice, it was necessary to statistically model for path loss
according to the characteristics of the location due to the various environment changes, such as buildings and
roads. The proposed prediction model derived from the measurement data reflects the propagation impact
on over-rooftop paths in a small town and includes the statistics of location variability in line-of-sight and

non-line-of-sight regions.

INDEX TERMS Measurement, basic transmission loss, probability, location variability, rooftop.

I. INTRODUCTION

Feasibility studies on basic transmission loss characteristics
based on separation distance of a transceiver from 20 GHz
to 70 GHz frequency bands are routinely conducted [1]-[5].
In the case of millimeter-waves, the attenuation character-
istics along the path are large, so a horn antenna with a
higher directional gain than an omni-directional antenna
was used for real environment measurements. Measure-
ments were made after defining the environment for build-
ings and roads in the actual urban environment to charac-
terize the signal transmitted through the over-rooftop path
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below the seventh floor of the city center or through the
below-rooftop path of a low-rise building. In consideration
of the mobile communication service in high-speed mobile
vehicles, measurements using high-speed trains in subur-
ban areas were also carried out. In the mobile communi-
cation environment, operators want to provide high-speed,
high-capacity services over the air using a spectrum of at
least 400 MHz to 1 GHz for the radio spectrum in the
millimeter-wave band [6]. References [7]-[9] provide a basic
transmission loss prediction model based on the distance to
the over-rooftop path in a short-range outdoor environment,
but not for the site-general basic transmission loss model
for non-line-of-sight (NLoS) in suburban or urban low-rise
environments.
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In particular, as with the below-rooftop path, the loca-
tion variation property [7] for line-of-sight (LoS) and NLoS
is required but not currently provided for the over-rooftop
path. For the above-rooftop path, the site-specific path loss
model [7] assumes that the construction of the building with
the same building height is infinitely long without a gap
between buildings, unlike the actual environment. It is hard
to find such a simple building configuration in a real envi-
ronment. In a real environment, the rooftop of the actual
building may be flat, but often it is sloped or the structure of
the building is complex. In [10], a clutter-based site-specific
propagation prediction model is provided to predict the per-
formance of a low-altitude vehicle-to-ground communication
system. As an application example, the propagation loss char-
acteristics due to obstacles caused by building-based clutter
are considered when low-altitude vehicles move and commu-
nicate with receivers on the ground. Radio waves propagated
by low-altitude vehicles in the air reach the receivers on
the ground through the over-rooftop path of the building
clutter, and only the effects of diffraction characteristics are
considered; the effects on multipath characteristics, such as
overall building-based reflections, were not considered. Ref-
erence [11] explains the effect of propagation characteris-
tics on free space loss due to the movement of surrounding
objects or the position of the receiver in the open area of
the millimeter-wave band (28 GHz, 38 GHz) for 5G service.
n [12]-[15], the characteristics of path loss according to the
distance of the multipath in the indoor commercial area or the
urban outdoor environment are explained. Although the trans-
mitter antenna position is relatively high above 10 meters,
the antenna positions of the transmitter and receiver are still
considered lower than the surrounding buildings. However,
existing data and forecasting methods for the median path
loss do not reflect realistic environments with partially open
spaces between houses or other variations in suburban small
towns.

In this paper, to provide a realistic assessment of
millimeter-wave propagation in a suburban environment, we
developed a prediction model for the over-rooftop path based
on the statistical analysis scheme for location variation of
below-rooftop prediction provided by the Recommendation
ITU-R P.1411 [7]. To express the statistics of location vari-
ability in our empirical model, the best-fit distributions are
extracted from the cumulative distribution function (CDF)
based on the measurement data. Finally, we present the loca-
tion percentage site-general modeling and the measurement
data on 32 GHz bands together with the site-specific pre-
diction model for propagation above rooftop provided by the
Recommendation ITU-R P.1411 [7].

Il. MEASUREMENT DESCRIPTION

A. MEASUREMENT SYSTEM

We developed a broadband 32 GHz measurement sounder
capable of detecting multipath signals with time- and
space-varying characteristics. For the configuration of the

77264

Tx Antenna

Transmitter (Tx) Fl
Timing RF
Module Module
Base-

band l 32GHz
Module -
Transceiver
=h) )

mm=)  Module
(IF Up-conversion)

Iiﬂl;

Control&
Monitoring

Rx Antenna

o

Receiver (Rx) pr

RF Timing
Module Module

Base-

32GHz | band
Transceiver Module g
Module —)

(IF Down-
Control&
Monitoring

FIGURE 1. Block diagram of measurement system: Transmitter and
Receiver.

TABLE 1. The main parameters of measurement system [17].

Operating center frequency 32.4 GHz
Channel band-width 500 MHz
Transmission conducting power 27 dBm/500 MHz
Transmission signal 4096 PN sequence
Tx antenna (beam-width, directional gain) horn type

(15°, 21 dBi)
Rx antenna (beam-width, directional gain) horn type

(15°, 21 dBi)
Tx antenna height on the ground level 44 m
Rx antenna height on the ground level 1.5m
Number of Tx antenna 1
Number of Rx antenna 1

broadband measurement sounder, the 32 GHz millimeter
wave radio frequency part (RF part) was combined with the
existing intermediate-frequency part (IF part) and the base-
band processing part (BB processing part) [12], [16]. The
RF part with a bandwidth of 500 MHz operates at the center
frequency of 32.4 GHz. The sounder, as the transmission to
the reception system, was composed of independent trans-
mitter and receiver modules that included a 32 GHz-RF patrt,
5.2 GHz-IF part, BB processing part, electric and mechanical
control part, and so on. Figure 1 shows the block diagram of
measurement system.

The broadband 32 GHz measurement sounder is described
in Table 1. A transmitter (Tx) was mounted on the roof
of the tall building. A receiver (Rx) was placed above the
moving cart. Pseudo-random noise (PN) sequences at a length
of 4096 were continually generated at the Tx. At the receiver,
the channel impulse responses (CIRs) were obtained by slide-
correlating the received signals with a synchronized copy
of the sequence. Samples that were stored and measured
from the Rx of the sounder have the baseband in-phase
and quadrature-phase (I/Q) signal data format as one datum
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FIGURE 2. A small town (suburban) environment in Korea [17].

per second. The Tx and Rx were capable of recording the
measurement position via a built-in global positioning system
(GPS). Directional horn antennas equipped with the Tx or Rx
had the same half-power-beam-width (HPBW) of the typical
15 degrees and a directional gain of 21 dBi. The directional
horn antenna of the Tx and Rx had an antenna height of 2
meters on the roof of the tall building and 1.5 meters on the
ground level, respectively.

B. ENVIRONMENT AND MEASUREMENT

Millimeter wave mobile communication is limited in long
distance communication due to its short wavelength. Despite
this shortcoming in communication coverage, there is an
advantage in that a large amount of data can be transmitted
with a wide bandwidth. In millimeter-wave communication,
it is very important to establish a communication environment
and maintain communication links because transmission loss
is high and communication efficiency is less than that of
relatively low frequency bands.

Considering these characteristics, we carefully selected a
measurement site for suburban environments consisting of
three- or four-story houses up to about five hundred meters
apart and including adjacent roads, parks, and trees. Each
house had a glass window arranged in a reinforced concrete
building as shown in Figure 2. As shown in Figure 3, in order
to predict the characteristics of transmission loss, the Tx
was installed at the top of the roof of the tallest commercial
building in the area to be studied, and the small town was
selected to exemplify suburban environments in Korea. In this
small town in Korea, houses were spaced apart, and the height
of most houses was nine to twelve meters above ground level,;
rooftops were either flat or inclined. Roads had two lanes with
sidewalks and streetlamps on both sides. There was a park
in the town, surrounded by conifer trees. Overall, the houses
were built on well-maintained roads. There were also empty
lots with no houses. Vehicles parked on roads or parking
spaces in front of houses. The propagation characteristics
of radio waves on the slant-path above the roofs of houses
affected the multipath propagation of radio waves depending
on the height of the house, the distance between houses, and
the placement of the surrounding roads.
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FIGURE 3. Environment for the over-rooftop transmission.

Figure 3 shows the environments of propagation for over-
rooftop paths above the houses built on well-maintained
roads. The Tx was installed on the tallest building. The Rx
was located between houses. The antenna height of the Rx
was relatively lower than the height of the average house.

Figure 4 shows the radio propagation characteristics for
the over-rooftop pathway; refer also to Table 1 for the mea-
surement system and environment information. The antenna
height (hry) of the Tx installed on the roof of the build-
ing was 44 meters above the ground level, and the antenna
height (hRx) of the mobile Rx located below the houses
was 1.5 meters above the ground level. The Tx antenna was
the directional horn antenna with an HPBW of the typical
15 degrees. The beam-width of the transmitting antenna cov-
ered all the area to be studied. The Rx antenna had a direc-
tional beam pattern. When measuring the real environment,
the Tx antenna was tilted down to face the edge of the roof
and pointed toward the house in front of the Rx. The down-
tilted angles from 4 to 37 degrees were adjusted according
to the distance of the transceiver and the height of the roof
of the front house. The closer the Tx was, the larger the tilt
elevation. The modulated radio signal emitted from the Tx
hit the rooftop edge of the house in front of the Rx; it was
diffracted and propagated through the walls of the back house
and the walls of the front house to the height of the Rx by
reflection off the wall. However, there could be a path that
reached the height of the Rx while reflecting back to the wall
of the front house by reflection off the wall of the back house.
If there was no house behind the Rx, it could be inferred
that the signal was directly transmitted to the Rx through
diffraction off the roof’s edge of the front house.

The above characterized a transmission characteristic
for the NLoS region. For the LoS region, various paths
were considered, such as a signal reflected through direct
waves, a signal received through the outer wall edge of the
house, and a signal received against the wall of the back
house. In this study, the basic transmission loss was derived
from the statistical results of the signals received at the
Rx measurement locations in the site-general environment
without distinguishing these various propagation path char-
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FIGURE 5. Deployment of the house, road, and movement of the Rx for
measuring the signals.

acteristics. Only measurements with signal levels received
10 dB higher than the signal-to-noise ratio of the Rx were
considered. The basic transmission loss was inferred using
only the measurement data.

Figure 5 shows the Rx moving around the road and around
the building to measure the receiving signal level in the small
town. If the Rx was no longer visible to the Tx above the
building while the Rx was moving, this point is depicted
as an NLoS point (brown antenna symbol). If the Rx was
visible, this point is depicted as a LoS point (green antenna
symbol). In this paper, basic transmission loss is derived by
dividing LoS and NLoS regions for the small town. In the next
section, to find the basic transmission loss, data for LoS and
NLoS at each measurement point will be classified and used
to derive the overall basic transmission loss model according
to location variation.

In Figure 2, measurements were made for the subur-
ban environment in Korea. Figures 6 and 7 show overhead
satellite images, where the yellow dotted line indicates the
measurement area, divided into visible (LoS region) and
invisible (NLoS region) areas, respectively. The LoS region
was set to a measuring area of about 400 meters beginning
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60 meters away from the Tx point, and the unit area of the
visible area was from 150 to 350 meters.

The invisible area was set to the measurement area of
about 500 meters beginning 250 meters away from the Tx
point, and the unit area of the invisible area was from 200 to
250 meters. The measurement ranges for the visible and
invisible areas were divided according to the layout of the
houses and roads. When looking at the measurement areas
from the transmission point located on the high building for
the over-rooftop path, there could be visible areas where
the road was constructed parallel to the antenna direction.
On the other hand, if the road was perpendicular to the
antenna direction, there were many points behind the build-
ing where the receivers were not visible. As shown in Fig-
ures 6 and 7, the road was vertical in the area close to
250 meters from the transmitting point. After that, it can
be seen that the road was constructed in the horizontal
direction.

Ill. LOCATION VARIABILITY BASED ON MEASUREMENT
A. APPROACH ON ANALYTICAL METHODOLOGY

For location variability analysis based on measurement data,
measurement was conducted from 63 to 514 meters. Fig-
ures 6 and 7 show the unit area of the LoS and NLoS
regions.

Location percentage was statistically representative of
change over a given unit area in signal strength of the radio
propagation channel due to changes in terrestrial environment
and is defined as probability with which a given statisti-
cally varying signal strength exceeds a specific percentage
value, taking into account the location variability (i.e. the
statistical fluctuation relates to the variability of the signal
strength over a given unit area) of all signals involved [18].
The change in signal strength was obtained for a given unit
area, which was defined as “150m x 350m” in the LoS
and “200m x 250m” in the NLoS region. A method of
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FIGURE 7. NLoS measurement in unit area (200m x 250m).

parameter derivation, considering the percentage of the
location, was mentioned in the Recommendation ITU-R
P.1411 [7]. This source provides an analytical methodology
for below-rooftop paths rather than over-rooftop paths in
outdoor environments. However, it is useful for deriving the
basic transmission loss model for over-rooftop paths in sub-
urban environments. The procedure for statistically modeling
changes in locational characteristics is as follows: First, the
data obtained from the measured fields were divided into
the LoS and NLoS areas to derive their respective basic
transmission loss values. Then, based on the suitability of the
measured signal values, the difference between measurement
data and median curve-fitting line according to Rx to Tx
distance in Figure 8 was calculated. To express the statistics
of location variability in our empirical basic transmission
loss model, the best-fit distribution was extracted from the
CDF of the residuals. Location correction factor reflecting
location variability as the function of location percentage
was derived from the inverse-CDF of the best-fit distribution.
Finally, our empirical basic transmission loss model over
a given unit area in LoS and NLoS regions established a
statistical model from adding the location correction factor
based on the location percentage by the median curve-fitting
line.

B. BASIC TRANSMISSION LOSS

The given distance from a transmission point indicates the
maximum radius, not the distance traveled. The actual num-
ber of measurement points in each region were 45 points
in the LoS region and 124 points in the NLoS region. The
expected radius of future millimeter wave communications is
about 500 meters in outdoor environments. Figure 8 shows
the basic transmission loss according to the given distance
(Rx to Tx distance is plotted on a log scale) along the
receiving point from the transmission point. The basic
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FIGURE 8. Measured basic transmission loss values plotted against Rx to
Tx distance on a log scale: (a) LoS and (b) NLoS.

transmission loss was derived based on the measured data.
As the given distance increased, the value of the basic trans-
mission loss was greatly dispersed due to the change in
position. The distribution of the long-range LoS signals can
be seen in Figure 8(a) and the short-range NLoS signals
in Figure 8(b). In general, the distance-dependent basic trans-
mission loss value appeared to follow the normal basic trans-
mission loss model, considering the standard deviation of the
received signal strength over the given distance. The basic
transmission loss had a path loss characteristic according
to the transmission and reception distances for a specific
operating frequency and a long-term (shadow) fading charac-
teristic, according to a reception degree of a multipath signal
at each given distance. Therefore, it was necessary to consider
what factors affected the main parameters that represent basic
transmission loss and to derive the effect in real environments.
Here, the main parameters can be considered frequency, dis-
tance, and environmental factors, such as dense urban or
urban high-rises or suburban.

In this paper, basic transmission loss was derived based
on the operating frequency of 32.4 GHz, given distance from
63 meters up to 514 meters, in a suburban environment with
three- or four-story buildings. The basic transmission loss
(““BTL”) is expressed by equation (1), and each parameter
is defined as follows.

BTL(d) = 10 - & - logo(d) + B + N(0, %) 1)
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where
d: Rx to Tx distance (m)
o the coefficient associated with the increase of
basic transmission loss with the distance
B: the coefficient associated with the offset value
of basic transmission loss with frequency
N (0, 62):  zero mean Gaussian random variable with a

standard deviation, o (dB)

However, the exponent of the coefficient for each parame-
ter should be derived from the actual environmental measure-
ments. Different LoS and NLoS environments have different
coefficients associated with a median basic transmission loss.
The median basic transmission loss factor over distance for
over-rooftop paths is larger than the median free space loss
(“TLFs”) in equation (2) for LoS (“TLz,s”") as well as for
NLoS (“TLnros”). The following equations (3—4) as the
median basic transmission loss models based on measure-
ment data show the curve-fitting results according to the envi-
ronment shown in Figure 8 for over-rooftop paths in suburban
environments. In equation (2), A depicts the wavelength.

TLrs(d) = 20.0 - log;o(4md /1)
TLros(d) = 22.1 - log;((d) + 60.0
TLazos(d) = 33.1 - logo(d) + 51.0

in free space (2)
in LoS 3)
in NLoS @

As the results shown in Figure 8 and derived from equa-
tions (3—4) indicate, the power attenuation was 2.21 accord-
ing to the distance in the LoS region at the 32.4 GHz band
for the over-rooftop in the small town. The power attenuation
was 3.31 according to the distance in the NLoS invisible
region. In the site-general characteristics for a small town
(suburban) environment, the standard deviation (o) values of
the LoS and NLoS environments were 3.47 dB and 5.70 dB,
respectively.

C. STATISTICAL PROBABILITY DISTRIBUTION OF
LOCATION VARIATION

As shown in Figure 8, the basic transmission losses over
a given unit area will vary depending on the surrounding
environment even at the same Rx to Tx distance. To express
the statistics of this location variability over a given unit
area, the best-fit distributions for LoS and NLoS regions
were extracted from the cumulative probability of the resid-
ual values as shown in Figure 9. The residual values mean
the difference values between the measurement data given
in Figure 8 and values of median curve-fitting line accord-
ing to Rx to Tx distance given by equations (3—4) in LoS
and NLoS regions, respectively. Figure 9 shows the CDF
of the residuals based on measurement data and shows the
CDFs of approximate prediction distributions. The variation
of path attenuation values in the LoS and NLoS regions
for over-rooftop path propagation could be slightly different
with the general Gaussian random distribution (‘“Normal’’).
To derive the optimal prediction model for location variabil-
ity according to the urban or suburban environment, it was
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FIGURE 9. Cumulative distribution functions of location variability:
(a) LoS and (b) NLoS.

necessary to find out the best-fit distribution for the LoS and
NLoS regions. It was possible to apply statistical analysis
to obtain CDFs, as shown in Figure 9, by investigating the
deviation between the measurement data (‘“Measurement’’)
and median fits (“Normal,” “Extreme value,” “Logistic’’).
As shown in Figure 9, Logistic and Extreme value distri-
butions were best represented, respectively, by the LoS and
NLoS regions. This is similar to the tendency of the signal
distribution variations in the measurement environment. Val-
ues shown in Figure 9 provide an idea of the change in signal
strength received during the measurement process in LoS
and NLoS environments. Location correction factor as the
statistical function of location percentage was clearly defined
as the inverse-CDF of the statistical distribution in Recom-
mendation ITU-R P.1411 [7] and P.1546 [18]. In our paper,
the location correction factors reflecting location fluctuation
based on measurement data were quantified from the inverse-
CDF of the best-fit distributions of residuals in LoS and NLoS
regions, respectively. As a result of the reviewed CDFs, it was
reasonable to consider LoS and NLoS models of location
variability in Logistic and Extreme value distributions. LoS
regions showed slight deviations in a small number of data
items compared to the NLoS regions. Sometimes, the proxim-
ity of the transmitter could significantly improve values due
to beam width and antenna pattern issues.

More specifically, the following equations (5-6) show that
the location correction added to the median value of the basic
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transmission losses in LoS and NLoS regions was a function
of location percentage (‘“‘p’’) given by

ALpogistic(p) = Logistic™'(p/100) in LoS (5)
ALExtreme(p) = Extremeil(p/ 100) in NLoS 6)

where, Extreme'(-) and Logistic™'(-) represent the
inverse-extreme-value CDF and the inverse-logistic CDF,
respectively [19].

The location correction curves for each location percentage
by equations (5-6) are shown in Figure 10 and are represented
by the best-fit distributions of location variability in Figure 9.
The slope of the CDF curve of the location correction of the
residuals represents the effect of location percentage. If the
curve were perfectly vertical, the location corrections would
all be the same. In this case, the location correction was null.
The longer the slope, the greater the impact due to the location
change.

IV. PROPOSED MODEL BASED ON

LOCATION VARIABILITY

A. PROPOSED EMPIRICAL MODEL

The proposed empirical basic transmission loss (“LTL;,s”’,
“LTLnr0s’") in dB at distance d in meters adds the location
correction (“ALpogistic”s ““ALExtreme””) in equations (5-6) by
the median (“TL;,s”, “TLnros”’) of LoS or NLoS losses in
equations (3—4), given by equations (7-8)

LTLyss(d, p) = TLLos(d) + ALpogistic(P)
LTLNros(d, p) = TLNLos(d) + ALExtreme(P)

The location corrections for p = 1, 10, 50, 90, and
99% are given in Table 2. This model has not been tested
for p < 1%. The statistics were obtained from the study
area.

Figure 11 shows the empirical basic transmission losses
obtained by applying the location percentage based on
the measurement data. Due to the approximate logistic or
extreme value variation of the signal, it is possible to calculate
the values of the signal strength which is exceeded at a spe-
cific percentage, p, of the locations for terrestrial paths within
a given unit area. The black circles represent the measured

in LoS 7
in NLoS (8)
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TABLE 2. LoS and NLoS location variability corrections.

p (%) ALpgisiic (dB) ALgxireme (dB)
1 9.0 17.8
10 44 74
50 02 1.0
90 -4.0 6.3
99 8.6 94
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FIGURE 11. Curve of the basic transmission loss not exceeded for 10 %,
50 %, and 90 % of locations plotted against Rx to Tx distance on a log
scale in (a) LoS and (b) NLoS.

data (“Measurement data”), and the blue dashed line, black
solid line, and red dotted line represent the results obtained by
applying location percentages of 10 % (*‘Prediction (Location
10%)’), 50 % (““Prediction (Location 50%)”’), and 90 %
(““Prediction (Location 90%)”’), respectively. We also calcu-
lated the site-specific basic transmission loss (ITU-R) of the
over-rooftop path for suburban areas provided by the Recom-
mendation ITU-R P.1411 [7], showing the results through the
green dash-dotted line in Figure 11 (Calculation conditions:
station 1 antenna height, 41 = 44 m, station 2 antenna
height, i, = 1.5 m, average height of buildings, 2, = 10
m, street width, w = 15 m, street orientation with respect
to the direct path, ¢ = 90°). The difference between the
median curve for measurement basis and the ITU-R pre-
diction curve was due to the propagation environment of
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the electromagnetic wave [17], [20], [21]. The ITU-R curve
appears to show the approximate results of the site-specific
prediction model where the buildings were the same height
and there were no gaps between buildings, while the median
curve based on the measurement data shows the analyzed
results in a real environment, as shown in Figure 2, where
the characteristics of the roofs of buildings varied in from
flat to sloped and there were gaps between buildings. Thus,
various multipath characteristics received between buildings
were additionally reflected to cause the difference. The rea-
son why LoS was larger than the free space loss was because
it was additionally affected by multipath reflection. In the
case of NLoS, compared to the ITU-R model, multipath
signals, such as reflected signals flowing between build-
ings and diffraction in the real environment, were merged,
which caused the relative path loss characteristics to be
reduced.

If the location percentage, p, is given as an indepen-
dent variable of the inverse-CDF, the basic transmission loss
is determined as the dependent variable accordingly. This
dependent variable refers to the location correction. There-
fore, we can understand that the corrected basic transmission
loss value is the worst value among randomly generated
values by the definition of the inverse cumulative distribution
function. In more detail, if a certain location percentage is
determined, the basic transmission loss value is corrected by
the previous procedure to draw a new regression curve, and it
can be interpreted that the corrected regression curve means
the worst line that can generate the basic transmission loss
value.

It is expected that this statistical model can be used as
an indicator for communication designers to choose between
cost and performance. The proposed empirical basic trans-
mission loss can show differences due to spatial changes,
such as distance and house density in suburban as well as
the planned urban environment. Therefore, it is necessary
to statistically model changes in the radio wave propagation
characteristics due to changes in the surrounding environ-
ments.

V. CONCLUSIONS

This paper measured the change in propagation characteris-
tics according to the location variability of suburban envi-
ronments at 32 GHz bands. A statistical distribution was
provided to characterize the received signal position behavior,
and a set of threshold parameter values for this distribu-
tion was calculated from the measurement data. In location
percentage analysis, logistic and extreme value distributions
were first found to be suitable for LoS and NLoS location
points. Location variations depended on the density of the
houses and roads based on the location at which the operation
of the received signal was measured for the over-rooftop
path in a suburban environment, which could lead to a high
standard deviation. Future work concerns differences due to
spatial changes such as house density for the over-rooftop
paths in the planned urban environment.
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