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1. INTRODUCTION 

Broadband wireless access (BWA) systems have been drawing a great deal of attention concerning broadband 
wireless access services such as wireless Internet access that provide tens of megabits per second or higher transmission 
speeds to users [e.g., 1]. There is a wide spectrum for BWA systems at millimeter-wave frequencies, but the technology is 
not sufficiently mature to make these systems cost-effective for mass users, and a reliable non-line-of-sight (NLOS) 
operation is desired to extend the applicable area of fixed wireless access (FWA) systems. Therefore, research on the 
microwave band BWA system and its propagation channel characteristics is a topic of great interest (e.g., [2]-[4]). 

 The propagation models for FWA or nomadic wireless access (NWA) systems must be more accurate in regard to 
the dependency on local conditions around subscriber stations (SSs) than models for mobile communication systems. The 
reason for this is that the propagation conditions between a base station (BS) and a SS are strongly influenced by the local 
conditions of the SS because the SS is stationary (or at least has very limited mobility) in the FWA or NWA scenarios. 
There is of course the ray-tracing propagation model, which represents the best site-specific modeling method [e.g., 5], 
but this model generally requires a very long calculation time and huge digital terrain and building databases. Therefore, a 
model is required that is simpler and that can take into consideration the local conditions of the SS. 

Modeling of the variation in height of the SS antenna with respect to the path loss (simply referred to as “height 
variation of the path loss at a SS” hereafter) is an important issue in the design of wireless access systems. The model must 
take into consideration the local conditions around the SS. Here, the local conditions around a SS mean the building 
height, road width around the SS, and the distance between the BS and SS. There have been studies such as [6], [7] on this 
height variation of the path loss at a SS for radio communication system design. However, most of these studies deal with 
the UHF band up to 2 GHz and focus on mobile communication systems (not FWA or NWA systems). So, the SS antenna 
height is limited to approximately 3 m (in [6]), and the range of the BS-SS separation is limited to more than 1 km (in [7]) 
in these models. The height variation of the path loss at a SS for locations higher than 3 m is important for FWA scenarios 
in which the SS antenna is established on a rooftop or on a wall of a building. In addition, predicting the path loss and 
height variation of the path loss at a SS in the near region (BS-SS separation of less than 1 km) is important. The path loss 
prediction in not only the far region in order to estimate the limit of the radio zone, but also that in the near region in order 
to estimate the achievable transmission speed within the radio zone are necessary because the transmission speed varies 
depending on the received signal strength according to an adaptive modulating function in modern wireless 
communication systems such as IEEE802.11 wireless LAN (Local Area Network) systems [8] or IEEE802.16 wireless 
MAN (Metropolitan Area Network) systems [9] used in wireless access systems. 

Although some publications reported some measurement examples for the height variation of the path loss at a SS for 
microwave band BWA systems [10], [11], these did not propose a model for estimating the height variation of the path 
loss at a SS. 

This paper proposes a height variation model of the path loss for evaluating height gain at a SS in the microwave 
band. The model takes into consideration the local conditions around a SS and the horizontal distance between the BS and 
SS. The target area of the model is a fairly homogeneous propagation environment such as a residential area, which is an 
important service area for wireless access services.  

Section 2 describes the characteristics of the height variation of the path loss and height gain at a SS based on 
measurement results in real environments. Section 3 presents the analysis of the mechanism for the dependency of height 
variation of the path loss at a SS on the location based on geometrical optics (GO) and the uniform geometrical theory of 
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diffraction (UTD) [12]. In Section 4, the modeling of the height variation of the path loss at a SS taking into consideration 
the local conditions around the SS will be presented, and validation of the model in terms of height gain with measured 
height variation of the path loss at the SS in the microwave band carried out in a residential area in Tokyo and in Ibaraki 
prefecture in Japan will be presented. Finally, we present our conclusions in Section 5. 

2. HEIGHT VARIATION CHARACTERISTICS OF PATH LOSS AT SS IN REAL ENVIRONMENT 

The measurements for the height variation of the path loss at a SS were carried out in the Suginami area in Tokyo. 
The SS antenna height (hSS) was changed from 4.5 m to 10.5 m continuously during measurement at each measurement 
point using a flexible pole set on top of the van as shown in Fig. 1 and Picture 1. The area is flat. The average height of the 
buildings in the area is approximately 7.5 m, but some apartment buildings are higher than 10 m.  

Typical examples of the acquired height variation characteristics of the received level are shown in Figs. 2(a) and 
2(b). Figures 2(a) and 2(b) correspond to the measured results when the BS-SS separation distance is relatively short (330 
m) and relatively long (1360 m), respectively. The plots in both figures represent 1-m high section mean values of the 
acquired data at 5.2 GHz / CW. The BS antenna height is 32 m. The propagation path between the BS and SS is 
line-of-sight (LOS) and Non-LOS (NLOS) when the SS antenna height is 10 m and 5 m in both figures. The difference in 
the height variation characteristics of the received level between Figs. 2(a) and 2(b) is clear. The slope of the level 
attenuation due to a decrease in the SS antenna height is small in Fig. 2(a) compared to that in Fig. 2(b). The difference in 
the received level between the SS antenna height of 10 m (LOS) and 5 m (NLOS) is 11 dB and 19 dB in Figs. 2(a) and 2(b), 
respectively. It seems that the slope of the level attenuation due to a decrease in the SS antenna height becomes relatively 
small in the near region (BS-SS separation is relatively short) compared to that in the far region (BS-SS separation is 
relatively long). 

The term, ‘height gain’ is introduced. Height gain, Gh_b, a, is defined as the relative received level when the SS 
antenna height is b (m) based on a (m). Here, b > a, the received level represents a 1-m high section mean value of the 
acquired data shown as plots in Fig. 2. Figure 3 shows the dependency on the BS-SS horizontal distance of the height gain 
at hSS = 10 m based on hSS = 5 m at hBS = 32 m in the Suginami area, which includes the measured results shown in Figs. 
2(a) and 2(b). The SS antenna height of 5 m corresponds to just above the rooftop of a one-story building, and 10 m 
corresponds to just above the rooftop of a second-story building. Figure 3 indicates that the height gain, Gh_10m, 5m, 
depends on the BS-SS horizontal distance, and the height gain tends to be large in the relatively far region rather than 
those in the relatively near region. 

 

3. PROPAGATION MECHANISMS CAUSING HEIGHT VARIATION DEPENDENCY ON LOCAL 
SS CONDISIONS 

3.1 Calculation of Height Variation of Path Loss at SS 

The variation in the path loss according to the SS antenna height and multipath wave components arriving at the SS 
antenna were calculated based on GO and UTD to reveal the propagation mechanisms that cause the height variation 
dependency on the local SS conditions. 

The assumed propagation model is shown in Fig. 4. Here, w is the building spacing, and h1 and h2 are the building 
heights. The calculated arrival waves at the SS antenna are the direct wave (only in the LOS region), one-time to 
eight-time regular reflected waves from the building walls, one-time diffracted waves due to the corners of the rooftops of 
buildings, and one-time diffracted and reflected waves from the corners of the rooftops and walls of the buildings. For 
simplicity, only two neighboring buildings are considered and each building is approximated as rectangular bodies. For 
calculations of the diffracted waves, the UTD for metal edges is used. For calculations of the reflection coefficients on the 
walls of buildings, a complex permittivity of 6.95 – j0.74 (that of concrete at 5 GHz) [13] is used. 

3.2 Calculation Results and Discussion 

The calculated results using the model employing GO and UTD mentioned above for different local conditions 
(especially, incidence angle θ) of a SS are shown in Figs. 5(a) and 5(b) with the measured results shown in Figs. 2(a) and 
2(b). Both the calculated and measured results shown in Figs. 5 are normalized by letting the average level of the received 
power in the LOS region on the building roofs above approximately 2 m be 0 dB. Figure 5(a) shows the results in which 
the BS-SS horizontal distance is 330 m and θ = 4.06°, and Fig. 5(b) shows those for 1360 m of BS-SS horizontal distance 
and θ = 0.94°. The measured values are the averages of the power over a 1-m section in height.  
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The calculated results in Figs. 5(a) and 5(b) also indicate the contents of the arriving multipath waves. In these 
figures, (0) denotes the direct wave, (1)–(3) the 1 to 3-time reflected waves and (D) the once-diffracted wave. Although 
the once-diffracted waves arrive at any height of the SS antenna, there are restrictions on the height for the direct wave and 
the reflected waves. The lengths of the straight lines for (0)–(3) indicate the height ranges in which the respective wave 
can be received at the SS antenna. The calculated total level (power derived from the vector sum of the direct, reflected, 
and diffracted waves) agrees with the measured results in both Figs. 5(a) and 5(b). 

Figure 5(a) shows that the one-time, two-time, and three-time reflected wave components represented by indexes (1) 
– (3) are dominant compared to the one-time diffracted wave component represented by index (D). In Fig. 5(a), the 
measured level agrees with the calculated level of the direct, one- and two-time reflected wave components at the 
minimum height where the direct, one- and two-time reflected waves arrive at the SS antenna, respectively. On the other 
hand, Fig. 5(b) shows that the arrival region of the regular reflected waves represented by indexes (1) – (3) is very short 
and the one-time diffracted wave component represented by index (D) is dominant compared to these regular reflected 
waves. In addition, the height variation of the total level is nearly equal to that of the one-time diffracted wave. 

These results show that a change in the height variation characteristics is caused by the difference in composition of 
the arriving waves at the SS antenna. In other words, whether or not the regular reflected waves have a level higher than 
the one-time diffracted wave when arriving at the SS strongly influences the height variation characteristics of the path 
loss. 

Figure 6 shows the mechanism of the propagation over the rooftops based on a geometrical propagation model. We 
can divide the height variation of the path loss due to the BS-SS horizontal distance into the following three regions 
depending on the arriving wave dominant to the entire level.  
 
(a) The direct wave dominant region where the BS-SS horizontal distance is very short. 

In this region, the direct wave can arrive at any height of the SS antenna. The path loss and the height variation of 
the path loss at the SS are dominated by the propagation loss of the direct wave. 

 
(b) The reflected wave dominant region where the BS-SS distance is relatively short. 

In this region, a strong reflected wave as a one- or two-time reflected wave and diffracted wave can arrive at any 
height of the SS antenna in the NLOS region. The propagation loss of the minimum-time-reflected wave arriving at 
any height of the SS antenna is smaller than that of the diffracted waves in the NLOS region. The path loss and height 
variation of the path loss at the SS in this region are dominated by the reflected waves. The path loss in the relatively 
near region corresponds to the direct, one-, and two-time reflected wave components at the minimum height where 
the direct, one- and two-time reflected waves arrive at the SS, respectively. 

 
(c) The diffracted wave dominant region where the BS-SS distance is relatively long. 

In this region, a strong reflected wave as a one- or two-time reflected wave can only just arrive at the SS antenna 
in NLOS region where the SS antenna height is lower than that of the surrounding buildings, and only weak 
many-time-reflected waves and diffracted waves can arrive at the SS antenna. The propagation loss of the 
minimum-time-reflected wave arriving at the SS becomes larger than that of the diffracted wave. The path loss and 
height variation of the path loss at the SS in the far region are dominated by the diffracted waves from the edge of the 
building roof. The path loss and height variation of the path loss at the SS nearly correspond to that of the diffracted 
wave. 
 In the next section, we describe a new simple model for the height variation of the path loss reflecting the local 
conditions around the SS in terms of the arrival conditions of regular reflected and one-time diffracted wave 
components. 
 

4. MODELING OF HEIGHT VARIATION IN PATH LOSS REFLECTING LOCAL SS 
CONDITIONS 

4.1 Height Variation Model for Path Loss Reflecting Local SS Conditions 

The height variation of the path loss due to the local SS conditions, especially the BS-SS horizontal distance, can be 
divided into three parts in terms of the dominant wave as mentioned in the previous section. The height variation of the 
path loss in each part is expressed as follows. 
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(a) When the BS-SS horizontal distance is very short (LOS region) 
The direct wave is a dominant influence on the height variation of the path loss at a SS, Lh(hSS). Figure 7(a) shows 

the geometry for the calculation of the height variation of the path loss at a SS, and Lh(hSS) is expressed as Eq. (1). 
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Here, λ is the wavelength. 
 
(b) When the BS-SS horizontal distance is relatively short  

The reflected waves are a dominant influence on the height variation of the path loss at a SS. Figure 7(b) shows the 
geometry for the calculation of the height variation of the path loss at the SS. Point A represents the boundary between the 
LOS and NLOS regions, and the path loss at Point A is defined as the reference level for the height variation of the path 
loss. Term LR(ΔhSS) is expressed as the excess loss based on the path loss at Point A. Here, ΔhSS is the depth to the NLOS 
region from Point A of the SS antenna. As mentioned in the previous section (Fig. 5(a)), LR(ΔhSS) corresponds to the 
excess loss of the direct, one-, and two-time reflected wave components at the minimum height where each wave 
component can arrive at the SS antenna. The depth to the NLOS region from Point A of the SS antenna, ΔhSS,k, and the 
excess loss of the k-time reflected wave, LR(ΔhSS,k), at the minimum height of the SS antenna where the n-time reflected 
wave can arrive at the SS antenna are expressed as Eqs. (2a) and (2b). 
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Here, ϕ is the angle between the building row and the line of visibility/LOS, R is the reflection coefficient of the wall 
surface of the building in the microwave band and is specified as -8 dB as indicated in Ref. [14], and hb is the average 
building height. In addition, in terms of the variables in Fig. 7(b), dkp, which is the path length of k-time reflected waves, 
is geometrically given by Eq. (2c). 
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The path loss between the limiting height of the k-time reflected wave and that of the k+1-time reflected wave is found to 
be subject to linear interpolation by Fig. 5(a). Hence, the path loss in the reflected wave region can be given by the 
following, obtained from linear interpolation using Eq. (2). 
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Figure 8 shows an example of the calculated results using Eq. (3) as the ratio of w1 to w2 is varied at several values of 
ϕ. Figure 8 indicates that the height pattern of the path loss variation at any ϕ  fluctuates except for when the ratio of w1 to 
w2 equals one. The center of the fluctuations corresponds fairly well to the height pattern of the path loss variation when 
the ratio of w1 to w2 equals one. In this paper, we attempt to construct the height variation model of the path loss at the SS 
as simple as possible. Hence, for simplicity, both distance w1 between the SS and the building on the BS side, and distance 
w2 between the SS and the building on the BS side, and distance w2 between the SS and the building on the other side of the 
BS are set to 1/2w.  

 
www

2
1

21 ≅=      (4) 

 
(c) When the BS-SS horizontal distance is relatively large 
 

The diffracted waves are a dominant influence on the height variation of the path loss at a SS. Figure 7(c) shows the 
geometry for the calculation of the height variation of the path loss at the SS. The once-diffracted wave from the building 
edge is dominant-arriving wave in this region. As the once-diffracted wave, let us consider the diffracted wave from the 
diffraction points α and βin Fig. 7(c). Hence, the excess loss in the NLOS region based on the path loss at Point A, 
LD(ΔhSS) is expressed as follows. 

As the once-diffracted wave, let us consider the diffracted wave from diffraction points α and βin Fig. 7(c). Hence, 
the excess loss in the NLOS region based on the path loss at Point A, LD(ΔhSS) is expressed as follows. 
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Here, ΔhSS is the depth to the NLOS region from Point A of the SS antenna, and Dα and Dβ 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 polarizations. Terms dα,a and dβ,a are the distances from the BS 
antenna to diffraction points α and β, while dα,b  and dβ,b are the distances from diffraction points α and β to the SS. These 
are given by 
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Distance w1 between the SS and the building on the BS side, and distance w2 between the SS and the building on the other 
side of the BS are set to 1/2w as well as when the BS-SS horizontal distance is relatively short. 
Term LD(ΔhSS) is the function of the variables, w, ϕ, θ, and f. The dependency of LD(ΔhSS) on these variables is shown in 
Figs. 9(a), 9(b), 9(c), and 9(d), respectively. The figures indicate that the characteristics of LD(ΔhSS) are logarithmic versus 
the depth to the NLOS region when ΔhSS is greater than 1 m, and the dependencies of LD(ΔhSS) on w, ϕ, and θ are not so 
strong. The difference in LD(ΔhSS) within the parameter range of m30m10 ≤≤ w , °≤≤° 9020 ϕ , and °≤≤° 50 θ is less than 
approximately 6 dB as shown in Figs. 9(a)-9(c). On the other hand, the dependency of LD(ΔhSS) on the frequency is not 
negligible as shown in Fig. 9(d). Therefore, for simplicity, an approximate equation, which represents the calculation 
values of LD(ΔhSS) using Eq. (5) and contains only variable f, can be derived as Eq. (7). 
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Equation (7) is derived as follows. First, the central values in each parameter range mentioned above are chosen with 
regard to street angle ϕ, distance w between the buildings, and angle θ. In other words, w = 20 m, ϕ = 45  deg., and 
θ = 2  deg. Next, the calculation results of LD(ΔhSS) using Eq. (5) using w = 20 m, ϕ = 45  deg., and θ = 2  deg. at some 
frequencies within the range of 2 to 30 GHz are approximated as a power function of ΔhSS at 10 <Δ≤ SSh  and a 
logarithmic function of ΔhSS at SShΔ≤1  as follows. 
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Here, A, B, C, and D are coefficients for approximated formulas. These coefficients are derived from the calculated values 
by the least squares method at each frequency. The coefficients depend on the frequency, and can be approximated as a 
function of f. The calculated results of Coefficients A and B are shown in Fig. 10(a), and that for Coefficients C and D are 
shown in Fig. 10(b). Coefficients C and D are considered to be divided into two parts, i.e., when m10m1 <Δ≤ SSh  
and

SShΔ≤m10 . The solid circles and squares in Figs. 10(a) and 10(b) represent the values of the coefficients at each 
frequency derived from the calculated results. The solid and dashed lines in the figures represent a least squares regression 
line and are expressed as follows. 
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The Eq. (7) can be derived from Eqs. (8) and (9). 

Some calculation examples of Eq. (7) are shown in Fig. 11 with the calculation values obtained using the original Eq. 
(5).  

The height variation in the excess loss to the total received level at the SS, L(ΔhSS), depends on the dominant (strong) 
waves  (reflected waves or diffracted waves) as mentioned before. In addition, the excess loss due to the arriving reflected 
waves and the arriving diffracted waves in the NLOS region can be derived as LR(ΔhSS) and LD(ΔhSS), respectively. 
Therefore, L(ΔhSS) can be expressed as Eq. (10). 
 

( ) ( ) ( ){ }SSDSSRSS hLhLhL ΔΔ≈Δ ,min     (10) 
 
Examples of the calculation results are shown in Fig. 12(a), 12(b), and 12(c). The solid lines in these figures represent 
L(ΔhSS). The figures indicate that the relationship of the amount between LR(ΔhSS) and LD(ΔhSS) changes as the horizontal 
distance between the BS and SS, d, increases. In the near region, d = 50 m, LR(ΔhSS) is less than LD(ΔhSS), and LR(ΔhSS) 
becomes L(ΔhSS). In addition, the dependency of L(ΔhSS) on the frequency corresponds to that of the reflected waves. So 
the frequency dependency is negligible in this region. On the other hand, in the far region, d = 1000 m, LR(ΔhSS) is greater 
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than LD(ΔhSS), and LD(ΔhSS) becomes L(ΔhSS). The dependency of L(ΔhSS) on the frequency corresponds to that of the 
diffracted wave. 

4.2 Expression of Height Variation Model for Path Loss Reflecting Local SS Conditions 

The discussion is now summarized by model representations as follows. 
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1093981.4log6379.9log5.24

101
31519.0log8947.5245.19log7432.3

1031519.0log8947.5 65122.0003559.0

  (13) 

4.3 Comparison with Measured Data in Terms of Height Gain at hss = 10 m Based on hSS = 5 m, Gh_10m, 5m 

4.3.1 Measurement 

The measurements for height variation of the path loss at the SS were carried out in the Suginami area in Tokyo and 
the Tsukuba area in Ibaraki prefecture in Japan. The measurement scenarios and features are shown in Table I. The areas 
are flat. It should be noted that these areas include many two-story houses. The subscriber station antenna height (hSS) is 
changed from 4 m to 10 m continuously at each measurement point. The frequency is 2.2, 5.2, or 25.15 GHz (CW). Both 
the BS and SS antennas are omni-directional in the horizontal plane and the polarization is vertical. The measured height 
gain at hSS = 10 m based on hSS = 5 m, Gh_10m, 5m, is acquired from the 1-m section median value of the measured height 
variation of the received level.  
Here, the height gain, Gh_10m, 5m, is used as an evaluation parameter for the height variation with respect to the received 
level.  



第 509 回 URSI-F 資料 
2006 年 11 月 17 日（金） 

 - 8 -

4.3.2 Validation 

Regardless of the SS location, the average value of hBS, ϕ, w, and hb for all measurement points in each scenario are 
given as calculation parameters. The calculation results of the height gain, Gh_10m, 5m, are acquired as follows. Term ΔhSS 
can be expressed using hSS as shown in Eq. (14).  

 
( )

wd
hhw

hhh bBS
SSbSS −

−
−−=Δ

2
                      (14) 

 
Therefore, we can acquire the calculated value of L(ΔhSS) when hSS = 5 m and 10 m using Eqs. (11)-(14). If ΔhSS becomes 
negative, that is, a LOS condition arises between the BS and SS antennas, -6 dB is given as the L(ΔhSS) regardless of the 
SS antenna height because L(ΔhSS) is normalized by the path loss at the boundary between the LOS and NLOS regions. 
The difference in L(ΔhSS) between when hSS = 5 m and 10 m is defined as  the height gain, Gh_10m, 5m. The measured results 
in the scenarios in Table I and calculation results using Eqs. (11) and (14) are shown in Figs. 13(a)-13(e). 

The tendency for the BS-SS horizontal distance of the calculation results agrees with that of the measured results in 
all measurement scenarios. Figure 13(a) shows the height gain at both 2.2 and 5.2 GHz. Although the calculation results 
indicate that the height gain has a frequency dependency on the BS-SS horizontal distance, no clear difference in the 
measured results between 2.2 and 5.2 GHz is observed. It appears that the frequency dependency of the measured height 
gain between 2.2 and 5.2 GHz is negligible in comparison to the location dependency or measurement error. However, 
Fig. 13(b) shows the results at 5.2 and 25.15 GHz, and indicates a clear frequency dependency of the measured results as 
well as for the calculated results. These results in Figs. 13(a) and 13(b) indicate that there is a frequency dependency for 
the height gain on the BS-SS horizontal distance, and it becomes remarkable as the frequency difference becomes large. 
Figures 13(c), 13(d), and 13(e) show the results at 5.2, 2.2, and 25.15 GHz, respectively. Parameters such as hBS, hb, 
ϕ, and w in Figs. 13(c)-13(e) are different from those in Figs. 13(a) and 13(b). The results in all the figures show good 
agreement with the measured and calculated height gain. 

Based on the above discussion, it can be said that this height gain model can represent the characteristics of the height 
gain reflecting the local conditions of the SS. In other words, the height gain depends on the frequency, local conditions 
around the SS, and the horizontal distance between the BS and SS in the microwave band. 

5. Conclusion 

A height variation model of the path loss for evaluating the height gain at a SS taking into consideration the local SS 
conditions, the horizontal distance between the BS and SS, and operating frequency in the microwave band was presented. 
The model assumes fairly homogeneous propagation environments in terms of the building conditions such as a 
residential area as an applicable area.  

The propagation mechanism causing the dependency of the height variation characteristics of the received level at a 
SS on the SS location are clarified in terms of the GO using UTD. The difference in the composition of the arriving wave 
at the SS causes a change in the height variation characteristics of the path loss at a SS. The height variation characteristics 
strongly depend on whether or not regular reflected waves have a higher level than that of the one-time diffracted wave 
arrive at the SS.  

There is no frequency dependency of the height variation of the path loss at the SS where the regular reflected wave 
components are dominant (relatively near region). On the other hand, the frequency dependency of the height variation of 
the path loss at the SS where the one-time diffracted wave component is dominant (relatively far region) is the same as 
that of the diffracted waves.  

A representation of the model was shown, and the model was validated using measured data and the validity of the 
model was indicated. 

This model is useful for the radio zone design of microwave band BWA systems operating under NLOS conditions, 
and for height gain estimation at mobile station antennas in mobile communications. 
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Fig. 1    Measurement method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2(a)    Example of height variation characteristics. 

(In near region) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Dependency on BS-SS horizontal distance of 
height gain at hSS = 10 m (LOS) based on hSS = 5 m 
(NLOS). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 1    Measurement campaign. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2(b)    Example of height variation characteristics. 

(In far region) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4    Considered propagation model. 
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Fig. 5(a)    Typical examples of comparison between 
calculated and measured results (θ = 4.06 deg). 

(BS-SS horizontal distance = 330 m). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7(a) Propagation model based on dominant waves 
that influence height variation of path loss. 
- Geometry when the BS-SS distance is very short (LOS). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5(b)    Typical examples of comparison between 
calculated and measured results (θ = 0.94 deg). 

(BS-SS horizontal distance = 1360 m). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7(b) Propagation model based on dominant waves 
that influence height variation of path loss. 
- Geometry when the BS-SS distance is relatively short. 
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Fig. 7(c) Propagation model based on dominant waves 
that influence height variation of path loss. 
- Geometry when the BS-SS distance is relatively long. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9(a)    Calculation examples of Eq. (5). 
- Dependency on w 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9(c)    Calculation examples of Eq. (5). 
- Dependency on θ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8    Calculation examples of Eq. (3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9(b)    Calculation examples of Eq. (5). 
- Dependency on ϕ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9(d)    Calculation examples of Eq. (5). 
- Dependency on f 
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Fig. 10(a)    Calculation results of coefficients. 
- Dependency of coefficient A and B on frequency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11    Calculation example of Eq. (7). 
 

Table 1    Measurement scenarios and features 
Area Suginami Tsu-

kuba
BS antenna 
height, hBS 

(m) 
18 20 21 32 15 

Average road 
angle, ϕ  

(deg.) 
38 56 45 44 28 

Average 
building 

separation, w 
(m) 

17 13 16 19 48 

Average 
building 

height, hb 
(m) 

7.5 9.0 7.8 7.5 7.5 

Frequency 
(GHz) 

2.2 
5.2 

5.2 
25.15 5.2 2.2 25.15

Number of 
measurement 

ponts 
11 6 22 7 7 

ID, Fig. 13 (a) (b) (c) (d) (e) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10(b)    Calculation results of coefficients. 
 - Dependency of coefficient C and D on frequency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12    Calculation examples for height variation of 
path loss at SS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 13(a)    Comparison between measured and 
calculated results.  

- Suginami area (hBS = 18 m, f = 2.2 and 5.2 GHz). 
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Fig. 13(b)    Comparison between measured and 
calculated results.  

- Suginami area (hBS = 20 m, f = 5.2 and 25.15 GHz). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13(d)    Comparison between measured and 
calculated results.  

- Suginami area (hBS = 32 m, f = 2.2 GHz). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13(c)    Comparison between measured and 
calculated results.  

- Suginami area (hBS = 21 m, f = 5.2 GHz). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13(e)    Comparison between measured and 
calculated results.  

- Tsukuba area (hBS = 15 m, f = 25.15 GHz). 
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