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SUMMARY

It is desirable that the method used for outdoor path
loss estimation at microwave frequencies be one for which
a worldwide consensus can be obtained through an ITU-R
international standard. In this paper, a path loss prediction
model for over-rooftop propagation environments is pro-
posed for suburban areas. This model is based on the
propagation mechanism explained by using the geometrical
optics and consists of the direct wave region, the reflected
wave region, and the diffracted wave region. The boundary
points of these regions can be determined uniquely from the
antenna height and building environment and all regions are
continuously connected. Hence, high-precision estimation
of the path loss can be estimated from the short-distance
line-of-sight region to the far-field non-line-of-sight region.
The proposed model is useful for channel design of micro-
wave-band wireless access systems. Further, the method
contributes to the ITU-R international standardization de-
scribed above. Finally, it is shown that the measured path
loss and the value estimated by the present model agree well
at 2.2, 5.2, and 19.4 GHz. © 2006 Wiley Periodicals, Inc.
Electron Comm Jpn Pt 1, 90(1): 13-24, 2007; Published
online in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/ecja.20333
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1. Introduction

The microwave frequencies centered around 5 GHz
are a frequency range attracting worldwide attention for
next-generation wireless communications. Mobile commu-
nications service is being shifted from the second genera-
tion, using 800-MHz and 1.5-GHz bands, to the third
generation using 2-GHz and enabling broadband service.
The holding of discussions on a fourth-generation mobile
communications service with even faster speed has been
considered. Wireless LAN systems such as IEEE802.11
have already achieved practical implementation.
IEEES802.11b/g wireless systems using 2-GHz ISM (Indus-
try Science Medical) band and indoor wireless LAN sys-
tems (IEEE802.11a) using the frequency range from 5.15
to 5.25 GHz have proliferated. Further, with regard to the
5-GHz band, the frequency range from 5.25 to 5.35 GHz
(indoor communications and outdoor fixed communica-
tions) and the range from 5.47 to 5.725 GHz (outdoor use)
were distributed by the WRC (World Radio Conference) to
new wireless access systems in 2003. Domestic regulariza-
tion is progressing. Under such conditions, radio propaga-
tion characteristics at microwave frequencies such as 5 GHz
have been discussed. In particular, with regard to the path
loss characteristics used as the basis for wireless zone
design studies, an estimation model supported by an inter-
national consensus is desirable. Based on the above back-
ground, the ITU-R (International Telecommunications
Union-Radiocommunications Sector) is drafting recom-
mendations for various propagation characteristics and es-
timation methods in the microwave wireless access
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environment and is planning to expand the applicable
propagation environment and the applicable frequencies in
the existing recommendations.

The recommendation with regard to a short-distance
path loss estimation method is ITU-R Recommendation
P.1411-2 [1]. In this recommendation, estimation methods
of path loss for over-rooftop propagation environments are
given in Section 4.2.1. This section is a recommendation
based on the EURO-COST231 Walfisch-Ikegami model
(W-I model) [2]. The applicable frequency range of the W-I
model is limited to the interval between 800 MHz and 2
GHz, so that the estimation error at microwave frequencies
is too large to be useful. With regard to ITU-R Recommen-
dation P.1411, extension of the applicable upper frequency
limit (from the 2-GHz band to the 5-GHz band) has been
attempted by the method of aligning the coefficients of the
estimation equation using measured data [3]. However, in
the future, when extension to frequencies above 5 GHz is
considered, the present method based on an estimation
equation for the UHF band has limitations.

Studies on extending the applicable frequencies by
various means have been carried out in addition to ITU-R
Recommendation P.1411. They include studies of the path
loss difference at microwave frequencies and UHF frequen-
cies by measurement [4, 5], extension of the frequency term
in the existing estimation equation by measured data regres-
sion [6], and the derivation of a microwave path loss em-
pirical equation by the method of multiple regression [7].
There is no method that has worldwide acceptance. Further,
if a method is used widely throughout the world, it is
desirable that it provide high estimation accuracy with a
site-general estimation method that does not require de-
tailed geographical data.

In this paper, a path-loss model for over-rooftop
propagation environments at microwave band considering
the above concerns is proposed for suburban-zone micro-
wave wireless Internet access service for individual users,
public wireless LAN service, and next-generation mobile
communications systems. The proposed path-loss model
consists of three regions: the direct wave region, the re-
flected wave region, and the diffracted wave region. The
method allows estimation of the path loss continuously
from the short-distance line-of-sight region to the far-dis-
tance non-line-of-sight region.

The term “over-rooftop propagation” is used in this
paper to mean radio propagation when the base station (BS)
antenna is higher than the average building height in the
target area and the mobile station (MS) antenna is lower
than the average building height.

2. Boundary Point Model

In general, the path loss PL (dB) is known to increase
in proportion to the logarithm of the distance d (m) between
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the BS and MS antennas. Whether indoors or outdoors, the
following model is a simple path-loss model that has been
widely studied in connection with international stand-
ardization such as ITU-R and IEEE802.11n [8]:

PL(d) = Lr(do) + N - 10log(d/do) + X,
(d > do)
Lr(do) = 20log(4mdo/N) (1)

Here d is the distance between the MS and BS antennas and
N is the gradient of the path loss versus the logarithm of the
distance between the MS and BS antennas. For free-space
propagation, N = 2 is used. Also, X5 (dB) is a random
variable having a normal distribution with a mean of 0 and
is a term expressing the variations of the median value of
the short section. Further, dy (m) is the boundary point
where the path-loss distance characteristic changes with
respect to d. In Eq. (1), the gradient of the path loss versus
d changes from 2 to N in Eq. (1) with d,, as the boundary
point. In this paper, a model such as the present one in which
the path-loss characteristics change at a certain distance
constituting the boundary point is called a “boundary point
model.” For d,, approximate values are shown in Table 1
[8].

In this model, path-loss estimation equations for vari-
ous propagation environments can be derived by letting the
first term in Eq. (1) be constant and deriving the parameters
N and X from the measured data.

With regard to the parameters N and X, studies have
been performed for the suburban over-rooftop propagation
environment [9, 10]. However, the model absorbs all of the
variations of the path-loss characteristics due to the BS/MS
antenna heights and other propagation environment factors
into the parameters N and X;. Therefore, if modeling is
performed for N and X, the number of coefficient parame-
ters with poor physical interpretations increases. The model
becomes complex [9], cannot reflect the antenna height
information [10], and provides poor estimation accuracy
(when the value of X; becomes large) [8].

Figure 1 presents measured examples of path loss in
a typical over-rooftop propagation environment. From the
measured values, N is obtained by the least-squares method
and Eq. (1) is derived. The results are shown in Fig. 1. From
Table 1, d is chosen as 100 m. From Fig. 1, it is found that

Table 1. Values of do for Eq. (1)

Propagation environment do

Urban microcell 1 km
Microcell 100 m
Indoor 1m
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Fig. 1. Example of measured path loss in over-rooftop
propagation environments in 5.2 GHz and calculated
result by Eq. (1).

the numerical values given by Eq. (1) provide excessive
values in the short-distance range and insufficiently large
values at far distances.

In the subsequent sections of this paper, the propaga-
tion mechanism for the over-rooftop propagation environ-
ment is studied on the basis of the geometrical optics
method. From the physical perspective, the boundary point
where the path loss characteristics change is found. A

path-loss model for the over-rooftop propagation environ-
ment reflecting these considerations is constructed.

3. Over-Rooftop Propagation Mechanism

Figure 2 shows a model of over-rooftop propagation
based on geometrical optics (GO). A building environment
is assumed to be homogeneous. In the figure, hgg, 7y, and
<h;> are the BS antenna height, the MS antenna height, and
the average building height in the area under consideration.
Also, <w>, wy, and w, are the average building spacing in
the area studied, the distance between the MS and the
building on the BS side, and the distance between the MS
and the building on the other side of the BS. In the upper
scale in Fig. 2, ¢ is the angle between the straight line
connecting the BS and MS antennas and the building edge
(building angle). As multiple waves, the normal reflected
wave and the once-diffracted wave from the building roof,
for which the arrival level at the MS is considered high, are
indicated.

From Fig. 2, it is found that the configuration of the
multiple waves arriving at the MS depends on the distance
between the BS and MS antennas. The region in which the
direct wave can arrive at the MS is limited to a small region
with a short line-of-sight distance between the BS and MS
antennas. The reflected wave in this region may be ne-
glected because it is smaller in relative terms than the direct
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Fig. 2. Propagation model for over

rooftops based on geometrical optics.
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wave. The path loss is close to that in free space. In regions
farther away, the wave diffracted from rooftops and the
wave reflected from the walls of buildings become domi-
nant. In such regions, the path loss is governed by which-
ever of the reflected wave and the diffracted wave arriving
at the MS has a larger arrival level.

When the distance between the BS and MS antennas
is small and the elevation angle (0 in Fig. 2) looking at the
BS antenna from the building edge on the BS side of the
specific MS is rather large, reflected waves with a relatively
low number of reflections (1 to 3 times) arrive at the MS.
On the other hand, if the distance between the BS and MS
antennas is large and 0 is small, only reflected waves with
small arrival levels after many reflections arrive. With re-
gard to the effects of variations of the multiple wave con-
figuration arriving at the MS on the path loss, measurement
of the received levels and simulation of ray tracing are
performed. For the ray tracing simulation, the direct wave,
normal reflected waves with 1 to 8 reflections, and once-
diffracted waves from two building roofs before and after
the MS, are taken into account. For simplicity, only two
buildings before and after the MS are considered, and they
are approximated as rectangular bodies. For calculations of
the diffracted waves, the UTD (Uniform Theory of Diffrac-
tion) [11] for metal edges is used. For calculations of the
reflection coefficients on the wall surfaces of the buildings,
a complex permittivity of 6.95—j0.74 (that of concrete at 5
GHz) [12] is used. The measurement environment is a
residential area in Tokyo (Suginami Ward). Apartment
buildings of 3 to 5 floors are interspersed among houses
with 2 floors. The ground is flat and the average height of
the buildings in the measurement area <h;> is about 8.5 m.

The characteristics of multipath waves in an over-
rooftop propagation environment can easily be understood
if the height characteristics of the MS antenna for the
arriving wave (height pattern characteristics) are consid-
ered. Both the calculated and measured results are normal-
ized by letting the average level of the received power in
the LOS (Line-Of-Sight) region on the building roofs above
about 2 m be 0 dB. Figure 3(a) shows the results for when
the BS-MS distance is rather short and 6 = 4.06°, and Fig.
3(b) shows those for rather long BS—MS distances and 6 =
0.94°. The measured values are averages of the power over
a 1-m section in the height direction.

In Figs. 3(a) and 3(b), the numerical results and the
measured results agree well. The simulation results also
indicate the contents of the arriving multipath waves. In the
figure, (0) denotes the direct wave, (1) to (3) the 1- to 3-time
reflected waves, and (D) the once-diffracted wave. Al-
though the once-diffracted waves arrive at any height, there
are restrictions on the height for the direct wave and the
reflected waves. The lengths of the straight lines for (0) to
(3) indicate the height ranges in which the respective wave
can be received. It is found that the distance variation is
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Fig. 3. Example of characteristics of multipath waves in
over-rooftop propagation environment.

small for the direct wave level in the range and that the
reflected wave levels are almost constant because the an-
gle-of-incidence variations in the range are small.

In Fig. 3(a), the 1- to 2-time reflected waves arrive in
the low antenna height region (where the MS is located) and
are dominant over the entire level (power derived from the
vector sum of the direct, reflected, and diffracted waves).
Hence, the entire level decays from the high antenna height
region to the low antenna height region in the order of the
MS levels for which the direct wave, once-reflected wave,
and twice-reflected wave can arrive. On the other hand, in
Fig. 3(b), the once-diffracted wave becomes dominant as
the reflected waves with several reflections cannot arrive at
the low antenna height region where the MS is located.
Hence, the entire level varies according to the once-dif-
fracted wave level.

As shown in the lower part of Fig. 2, the over-rooftop
path loss can be divided into the following three regions
depending on the arriving wave dominant to the entire level:



@ the direct wave region where the direct wave arrives at
the MS, @ the reflected wave region in which reflected
waves with a few reflections arrive, and ® the diffracted
wave region in which the diffracted waves are dominant. A
path-loss estimation equation can be obtained by modeling
the path-loss characteristics in these three regions and the
two boundary points separating these three regions.

4. Over-Rooftop Path-Loss Model

In this paper, with a view to constructing a path-loss
estimation method that is general with respect to sites, we
attempt to estimate the average of the median value of the
path loss in short sections. Hence, the central values in each
parameter range are chosen with regard to the street angle
0, the distance w; between the MS and the building on the
BS side, and the distance w, between the MS and the
building on the other side of the BS. Here ¢ =45° and w, =
wy = 1/2 <w>. In the following mathematical derivations,
0, wy, and w, are used in order to preserve the physical
meaning of the equations.

Also, the present model assumes a rather homogene-
ous propagation environment such as a residential area
where the building height and the building spacing are
uniform.

4.1. Path loss model in three regions

4.1.1. Direct wave region

The path loss Lg(d) in the direct wave region can be
approximated by the free space loss, since the direct wave
is dominant over the other contributions. If the BS-MS
antenna distance is d, then

4
Lr(d) ~20-log (——7—;2) (d €direct wave region)  (2)

4.1.2. Reflected wave region

In the region where the reflected waves are dominant,
the path loss is close to the loss value of the k-fold-reflected
wave at the arrival distance limit of the k-fold-reflected
wave as shown in Fig. 3(a). If the BS-MS antenna distance
is d, when the k-fold-reflected wave reaches the arrival
limit, and if the propagation path length of the k-fold-re-
flected wave is dy,, the path loss L, at the arrival limit of
the k-fold-reflected wave is given by

47Tdkp
- RF

La, ~20-log { } (di, € reflected wave region)  (3)

Here R is the reflection coefficient of the wall surface of the
building at microwave frequencies and is specified as —8 dB
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with reference to Ref. 13. Also, in terms of the variables in
Fig. 2, dy,, and d are geometrically given by

1

drp = sin ), VAR + (hps —hus)? @)
di = sirlnp /B2 + (hps — hus)? (“40)
Here,
%is):izll\iz (k- (w) +w1) (k: Even)
A =
hs — h
Gz]is)——h?\jz (k- (w) +wz)  (k: Odd)
(k) 307172’...)
hps —h
(Bos RS (o) )~k
(k: Even)
B, = hps — hus
T g (B 02+ w2)
—2'11)2—(’43_1)'<w>
(k: Odd)
(k=0,1,2>"')
o = tan"" (% -tango)

Also, the path loss between the limiting point of the
k-fold-reflected wave and that of the k + 1-fold-reflected
wave is found to be subject to linear interpolation by Fig.
3(a). Hence, the path loss in the reflected wave region can
be given by the following, obtained from linear interpola-
tion with Eq. (3):

—L

La, ..
Li(d) = La, + 22— % (4 d})
di+1 — dg
(k:0>172>)

(d €reflected wave region) ®))
4.1.3. Diffracted wave region

In the diffracted wave region, the arriving wave that
is dominant in the path loss is the once-diffracted wave from
the building edge as shown in Fig. 3(b). As the once-dif-
fracted wave, let us consider the diffracted wave from the
diffraction points o and [ in Fig. 2. Hence, the path loss
Lp(d) in the diffracted wave region is as follows:

2
Lp(d) =~ —10- log{ <ﬁ>
a,o b,o

2
(D
47l'da,ﬁ dbﬂg (6)



where D, and Dg are the UTD diffraction coefficients.
Although the UTD diffraction coefficient has polarization
dependence, the diffraction coefficients used here are the
averages of the results for vertical and horizontal polariza-
tions. Here d, and d,p are the distances from the BS
antenna to diffraction points o and 3, while d), , and d), g are
the distances from diffraction points o and B to the MS.
These are given by

2
2 _ _ 2 _ w1
do,o = {\/d (hps — hus) singo}
+ (hps — (h))?

) + ((h1) — has)®

w2

2
2 _ 2 w2
dop = {\/d (hBs —hms)” + S or }

+ (hps — (h1))?
.

In Eq. (6), when only the BS-MS antenna distance d
varies, dj,  and d), g do not change: only d,, , and d,, g change
linearly with d. In the diffracted wave region in which the
BS-MS antenna distance is rather large, the distance char-
acteristics of the path loss depend only only on those of the
path loss between the diffraction points on the roof and the
BS antenna. Hence, the distance characteristics of the path
loss are in agreement with the slope of the free space
characteristics.

However, we know that, in general in the NLOS
(Non-Line-Of-Sight) environment, the slope of the path
loss is N > 2. This is believed be affected by path blockage
between the BS antenna and the diffraction point and by
Fresnel zone shielding [14]. In the present paper, the value
of N is derived by measured results in the diffracted wave
region with a rather large BS—-MS antenna distance d.

Let us modify Eq. (6) into the following form and
apply the least-squares method to the measured values in
order to derive N:

) + ((h1) — hus)®

sin @

(d e diffracted wave region)

Lp(d) =N -10log(d) + C (d € diffracted wave region)
(7N
where C is a constant.

The present authors have already found N experimen-
tally in the diffracted wave region. Measurements were
performed in two different suburban environments. The
path-loss measurements were carried outat 2.2 and 5.2 GHz
[4]. The results are shown in Table 2. There is no significant
difference in N between 2.2 and 5.2 GHz. Although the
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Table 2. Slope of path loss N for propagation distance

hBS th N N
Area D
. . (2.2GHz) (5.2GHz)
Yokosuka 13 28 3.2 3.1 @
2.8 2.7 3.0 )]
18
3.8 3.6 3.7 @
Suginami 21 3.8 3.4 3.4 @
2.8 3.1 2.9 ®
32
3.8 35 3.4 ®

results have some fluctuations depending on the antenna
height conditions, there is no clear dependence of N on the
base station antenna height. The value of Nis 2.7 (2.2 GHz)
in the smallest case and 3.7 (5.2 GHz) in the largest case.
The average value of N for 12 measurements is 3.25, which
is used in the model. And this value is also close to the
measured result (N = 3.12) at 3.7 GHz in the suburban area
as found by another organization [10].

Hence, the path loss Lp(d) in the diffracted wave
region is

Lp(d) =3.25-10log(d) + C (8a)

Let drp be the BS—MS antenna distance at the boundary
point between the reflected wave region and the diffracted
wave region, and let L; be the corresponding path loss.
Since the path loss is continuous at the boundary point, C
is given by

C = La,,, — 32.51log (drp) (8b)
Therefore, from Egs. (8a) and (8b), Lp(d) is given by
d
Lp(d) = 32.51log (—) + Lagp
drpD
(d € diffracted wave region) (8c)

4.2. Boundary points between regions

The boundary points between the direct wave region
and the reflected wave region and between the reflected
wave region and the diffracted wave region can be obtained
as the arrival limit distances of the direct wave and the
distance at which the reflected wave loss arriving at the MS
is equal to the diffracted wave loss arriving at the MS. In
this section, the boundary points and the path loss at the
boundary points are discussed.



4.2.1. Boundary point between the direct wave
region and the reflected wave region

The BS—-MS antenna distance d,, at the boundary
point (point A in Fig. 2) can be derived geometrically as
follows, by using the variables shown in Fig. 2:

__hps —hus 1

do = .
0 (h1) — hms sing
/w12 + ((h1) — hars)? (92)
Then the path loss L(d)) is expressed as
L¢(do) = 20 - log(4mdo/N\) (9b)

where A is the wavelength.

4.2.2. Boundary point between the reflected
wave region and the diffracted wave
region

The BS—MS antenna distance dpp at the boundary
point (point B in Fig. 2) is the value of d at which Lz(d)
represented by Eq. (5) is equal to Lp(d) represented by Eq.
(6). However, since Eq. (6) contains the UTD diffraction
coefficient, it is difficult to derive the solution analytically
and easily. Therefore, the solution is sought by computer
numerical calculations. However, to allow the construction
of a simple estimation method, a method for deriving dgp
approximately is described.

Figure 4 presents numerical examples for Ly(d) and
Lp(d) at 2, 5, 8, 15, and 30 GHz. The average building
height <> and the average building width <w>used in the
calculations are those typical in suburban areas [3]. The
numerical results are normalized to the direct wave level at
which d equals d,, taken as 0 dB. The building reflection
coefficient R is considered approximately constant at mi-
crowave frequencies on the basis of experimental investi-
gations [13]. When normalization is used with the direct
wave level at d, as 0 dB, Lg(d) does not have frequency
dependence. On the other hand, since the diffraction coef-
ficient is frequency dependent, Lpy(d) provides different
values at different frequencies. Hence, dp obtained as the
reading of the horizontal axis at the intersection of Lz(d)
and Lp(d) in Fig. 4 is different at each frequency.

Let us consider replacing the true dgp at each fre-
quency by d;, which can easily be derived geometrically. In
Fig. 4, d, with the closest value to dgp is alternatively chosen
as dgp, while dgp = d; in the case

di—1 + di < dnp < di + di+1

; ; (10)

Hence, from Fig. 4,
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ds (f <8GHz)

drp ~
PN 4 (F > 8GH)

(11a)

at microwave frequencies. Thus, the path loss L,  can be
expressed from Egs. (5), (11a), and (3) as follows:

)
L4, =20 - log { iﬂi%’; }
(f < 8GHz)
Lagp = S drdy
La, :20-log{)\ RZ}
L (f > 8GHz)
(11b)

Here dgp, d;, and d, have a dependence on the average
building spacing <w>, the average building height </ >, the
BS antenna height hgg, and the MS antenna height /5. In
particular, for hgg and kg, the difference from the average
building height <h> affects drp, d3, and d;.

4.3. Recommended parameter range of the
present estimation method

In this section, the estimated value errors are de-
scribed by letting dgp = d3 at f < 8 GHz and dgp, = d, at f >
8 GHz. The recommended ranges of the parameters used in
the present path-loss estimation method are also described.

The path-loss estimation error lel in the diffracted
wave region resulting from the replacement of dpp, by d; at
frequencies higher than 2 GHz but lower than 8 GHz is
given by the following, based on Eq. (8c):

€ =325 log(dg/dRD)

(dB) 12)

Ahg, and Ahy,, are defined as follows:



Ahp1 = hps — (h1)
Ahiy = (h1) — hms

(13a)
(13b)

Figure 5 shows the lel characteristics versus Ahg,. The
frequency f is targeted at 2 GHz, the lower limit of the
frequencies considered, and 8 GHz, the upper limit with dgzp
= d3. In the calculations, Ah,, is used as a parameter. Here,
<w> =15 mis used.

From Fig. 5, it is found that lel is less than about 3 dB
in the following ranges:

2GHz < f <8GHz (drp =d3) (14a)
Ahpi < 100m (14b)
4m < Ahiy < 10m (14c)

Further, the <w> dependence of € is derived for a large lel
® (Ahy,,=4m, f=2GHz) and @ (Ah,,,= 10 m, f= 8 GHz).
The following range of <w> is considered typical in subur-
ban areas [3]:
10m < (w) <25m (14d)
Figure 6 shows the results. In Fig. 6, ® and @
correspond to @ and @ in Fig. 5. In the case of @ l¢l is about
4 dB if <w>=25 m. If <w> <20 m, lel is almost always less
than 3 dB except for Ahg; < 20 m. Even for the case of
Ahg| < 20 m, the maximum lel is about 5 dB. In the case of
@ the value of lel is less than 3 dB except for <w>= 10 m.
Even for the case of <w> = 10 m, it is found that the value
of lel is kept below 4 dB in the region of Ahg; < 100 m.
The above discussion is similarly repeated at differ-
ent frequencies, such as 8 GHz, the lower limit of dgp, = d,,

g My M iom 6m
": (= <h1>—th) —— Y] == - 4m
'g 6 L] | LI DL l | L] ITI 1 LI
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Fig. 5. Dependency of € on Ahyy,.
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and 30 GHz, the upper limit of microwave frequencies, and
similar results are obtained.

Hence, the parameter ranges where lel is less than
about 3 dB [(14a) to (14d)] are the recommended ones.

4.4. Model expression

The discussion is now summarized by model repre-
sentations.

[Direct wave region] (d < d)

L(d) = 20 - log (ﬂ)\d) (15)
[Reflected wave region] (dy < d <d,,)
mel 3 (f<8GHz)
4 (f>8GHz)
For dk <d< dk+l7
_ Ldk+1 - Ldk
L(d) = Lq, + Dot —dr (d —dy) (15b)

(k=0,---,m—1)
[Diffracted wave region] (d,, < d)
_J 3 (f<8GHz)
] 4 (f>8GHz)

L(d) = 32.5log(d/dm) + La,, (15¢)

where

1

- ) 2 _ 2
dk sing V/Bi2 + (hps — hus)

(16a)




4rd
La, = 20-log { /\f Igz } (16b)
1
b = e VAT s s 0
(hBs ZhMS b ) 4 wi) (k: Even)
(h1) — hus
A= hps—h
ZBS T OMS (k- (w) +wa) (k: Odd)
\ <h1> - hMS (l6d)
( hps — hus
<hl>_—hMS'(k'(W>+w1)—k'(’w>
(k: Even)
By =< hs—hus B
Tha) = hoats (k- (w) + w2) — 2wo
—(k—1)-(w)
\ (k: Odd)
(16e)
@ = tan™" (% . tan<p) (16f)
R=10"8/20 (16g)

4.5. Computational method

4.5.1. Parameters needed for calculations

The parameters needed for the calculations are listed
in Table 3, including the recommended ranges.

In this paper, from the point of view of constructing
a site-general path-loss estimation equation, the building
angle ¢, the spacing w; between the MS and the building
on the BS side, and the spacing w, between the MS and the
building on the opposite side of the BS, are such that ¢ =
45°, wi=wy =172 <w>.

Specifically, if a value other than 45° is used for ¢,
the error lel defined in Section 4.3 becomes greater than 3
to 4 dB if ¢ is less than 10°. Hence, if the estimation
equation is used with ¢ as a parameter, it is desirable to use
the following range:

10° < ¢ < 90° (17)

4.5.2. Computational procedure

With the calculation of the path loss versus BS-MS
antenna distance d as an example, the computational
method is presented below.

(1) The frequency ffor calculation of the path loss is
determined.
(2) o (Forf<8 GHz), d,, d;, d», and d5 are derived
from Egs. (16a) and (16b).
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Table 3. Parameters for calculations

Parameters Recommended range
<hi;> Average building < hBS
height (m)
<w>  Average building 10-25m
spacing (m)
f Frequency (GHz) 2.2-19.4 GHz
(range verified in the
next section)
d BS-MS antenna <5000 m
spacing (m) (range verified in the
next section)
hBS BS antenna height (m) <hi>to <hi>+ 100 m
hMms ~ MS antenna height (m) <hi>-10to <h1>—-4 m

e (For f> 8 GHz), d, is derived in addition to
dy, dy, d,, and d;.
(3) The initial value of d is determined.
(4) e If d <d,, the path loss is calculated from Eq.
(15a).
e Ifdy<d<d,,the path loss is calculated with
k=01in Eq. (15b).
e Ifd, <d<d,, the path loss is calculated with
k=11in Eq. (15b).
e If d, <d < ds, the path loss is calculated with
k=21in Eq. (15b).
e (For f> 8 GHz), if d; < d < d,, the path loss
is calculated with k = 3 in Eq. (15b).
e (For f < 8 GHz), if d; < d, the path loss is
calculated with m = 3 in Eq. (15¢).
e (For f> 8 GHz), if d4 < d, the path loss is
calculated with m =4 in Eq. (15¢).
(5) Update d.
(6) Iterate steps (4) and (5).

Numerical examples are given in Fig. 7.
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Fig. 7. Examples of calculation results.



Table 4. Measurement scenarios

hgs hus <w> <m> Freq.
37 3.0 15 85 22, 52
Setagaya
m m m m GHz
) 66 25 12 8.0 22, 52, 194
Musashino|
m m m m GHz

5. Comparison with Measured Data

5.1. Measurement environment

The path loss is measured at 2.2, 5.2, and 19.4 GHz.
A 90° directive antenna in the horizontal plane and an
omnidirectional antenna in the horizontal plane are used as
the BS and MS antennas, respectively. The polarization is
vertical. For verification of the estimation method, the
measurement locations were two other than those in Table
2. Table 4 shows the measurement scenarios.

Setagaya District and Musashino District, chosen for
measurement, have rather homogeneous propagation envi-
ronments with typical residential areas.

5.2. Comparison with computational values

From the measured results, the average of the median
value of the path loss in short sections is calculated and
compared with the computational results. The results are
presented in Figs. 8 and 9.

In Fig. 8, the computational and measured results
agree for both 2.2 and 5.2 GHz. In Fig. 9, the difference
between the computational results and the measured results

th/hMS=37m/3.0m <w>/<h1>= 15m/85m
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Fig. 8. Comparison with measured data (Setagaya).
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Fig. 9. Comparison with measured data (Musashino).

at 5.2 GHz, where the BS-MS antenna distance d is large,
is increased. However, the computational results and the
measured results agree well at 2.2 and 19.4 GHz. In par-
ticular, in both Figs. 8 and 9, the path-loss estimate is found
to be accurate in the short-distance reflected wave region
where the slope of the path loss changes. Hence, the effec-
tiveness of the proposed method is confirmed.

6. Conclusions

In this paper, we have developed a path-loss model
for over-rooftop propagation environments at microwave
band in suburban areas, intended for application to the
microwave path-loss estimation method, for which stand-
ardization is proceeding rapidly. The present model is based
on the geometrical optics propagation mechanism and con-
sists of three regions: the direct wave region, the reflected
wave region, and the diffracted wave region. In this scheme,
the path loss from the short-distance range, including the
LOS region, to the long-distance region, including the
NLOS region, can be estimated continuously. The method
is considered useful for radio zone design of a system with
adaptive modulation, study of interference consideration in
the short range intended for frequency sharing among dif-
ferent systems, and radio zone design for next-generation
wireless access systems using microwave frequencies. Us-
ing the measured path loss data at 2.2, 5.2, and 19.4 GHz,
the proposed model is verified and its effectiveness is
confirmed.

The proposed model is expected to be useful in radio
zone design for the microwave wireless access systems
expected to be used increasingly in the future, and for
short-range path-loss recommendation ITU-R P.1411-3,



which is considered important for interference considera-
tion in the short range. International standardization of the
present model is being promoted.
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