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Abstract—In order to overcome the increasing traffic 

problems of mobile terminals used in high-rise floors of 
buildings, the three-dimensional cell configuration which 
places small cells on various floors is considered. In order to 
evaluate the wireless transmission technology for the three-
dimensional cell configuration, it is necessary to clarify the 
time-spatial characteristics which encompass the 
characteristics of the path loss, the delay profile and the spatial 
arrival angular profile for waves travelling from one indoor 
space in a high-rise office to another such indoor space. In this 
paper, we measure the path loss characteristics of radio waves 
passing from one indoor space to another and identify the key 
parameters for the path loss characteristic based on measured 
results. Further, we compare measured and simulation (ray 
tracing) results. Finally, we use the simulation results to 
analyze the relation between the parameters and path loss 
characteristics. 

Keywords—Data communication traffic, 3D cell structure, 
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I. INTRODUCTION 

Recently, data traffic is explosively growing in cellular 
mobile communication systems due to the prevalence of 
smart phones and other terminals. In order to overcome the 
increasing traffic problems of mobile terminals used in high-
rise buildings, the three-dimensional cell configuration which 
sets small cells on various floors is considered [1]-[5]. Fig.1 
shows typical three-dimensional cell configurations [6]. In 
order to evaluate the wireless transmission technology used 
to implement the three-dimensional cell configuration, it is 
necessary to clarify the time-spatial characteristics for waves 
travelling from outdoor macro cells to indoor small cells as 
shown in (i) and (ii) of Fig.1, from indoor small cells to 
mobile phones on the road as shown in (iii) and (iv) of Fig.1 
and from indoor small cells to other indoor small cells as 
shown in (v) and (vi) of Fig.1 [7]-[10]. Here, the time-spatial 
characteristics are composed of the characteristics of the path 
loss, the delay profile and the spatial arrival angular profile. 
In particular, the time-spatial characteristics of (v) and (vi) 
are strongly required given the increasing prevalence of 
high-rise small cells. We focus on the path loss 
characteristics of (v) and (vi), and note that while some 
research based on measured data has been reported [11]-[14], 
few studies have considered the detail mechanisms 
underlying the path loss characteristics of (v) and (vi). 

In order to analyze the propagation mechanism of path 
loss characteristics in detail, it is necessary to extract key 

parameters based on measured results. In this paper, we 
measure the path loss characteristics for small cells in 
different buildings. We develop a ray trace system applicable 
to  indoor-outdoor layouts in order to analyze each path 
characteristic. Finally, we analyze the relation between the 
parameters and path loss characteristics by using the ray 
tracing approach. 

II. RADIO PROPAGATION MEASUREMENTS IN ACTUAL 

ENVIRONMENT 

Figure 2 illustrates the measurement environment. We 
measured the path loss characteristics between two indoor 
spaces in different buildings in an urban area in Tokyo. The 
indoor spaces face each other. Both buildings are 100 m high, 
and their facing walls are separated by 45 m. Within each 
building, an approximately 30 m passage links a small room 
to the elevator hall. The indoor spaces on the same floors are 
in line of sight (LOS) to each other. We set the transmitting 
antenna in one building and the receiving antenna in the 
other building. We measure the path loss characteristics and  
analyze the dependency of vertical angle (θ). 

A. Measurement condition 
Table I summarizes measurement parameters. The carrier 

frequency is 3.35 GHz. We used sleeve antennas that are 
horizontal omni-directional at both sides. The transmitting 
antenna and the receiving antenna were both 1.5 m above 
their floors. The distance from window to transmitting 
antenna, d1, was 4m. Window to receiving antenna distance, 
d2, was 1 ~ 15 m. We measured received power while 
moving the receiving antenna. The measured values were 
converted into median values of penetration loss at 1 m 
increments. 

The penetration loss is given by 

_ _

_ _ .

tx tx ant rx ant cable

tx window rx window rx freespace

Penetration loss P G G L
L L P L

= + + −

− − − −
 (1) 

Note that Ptx, Gtx_ant, Grx_ant, Lcable, Ltx_window, Lrx_window, Prx, 
Lfreespace represent transmitting power, transmitting antenna 
gain, receiving antenna gain, cable loss, window 
transmission loss at transmitting side, window transmission 
loss at receiving side, received power, and propagation loss 
between the transmitting antenna and receiving antenna, 
respectively. For example, we calculate the measured 
penetration loss value at d2 = 1 m. From Fig. 3, it is found 
that the value is approximately 14.56 dB for θ = 29 degrees. 
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Where the other values of Eq. (1) are 33.85 dB, 2.15 dB, 
2.15 dB, 6.25 dB, 1.26 dB, 1.26 dB, −62.14 dB, 76.96 dB, 
respectively. 

B. Measurement results 
Figure 3 plots the measured penetration loss values for θ 

= 0 degrees and θ = 29 degrees. For θ = 0 degrees, it is found 
that the penetration loss characteristic remains unaffected by 
distance from the window. On the other hand, for θ = 29 
degrees, the penetration loss increases with distance from the 
window. Therefore, both vertical angle and distance from the 
window influence the penetration loss characteristics. 

III. RAY TRACE 

In order to analyze the mechanism underlying the 
propagation loss characteristics, it is necessary to clarify the 
impact of key parameters of each path arriving at the 
receiving antenna. In order to analyze each path 
characteristic, we developed a ray trace system applicable to 
indoor-outdoor layouts. We evaluate the accuracy of the 
system by using a simple indoor-outdoor layout simulating 
the measurement environment, see Figure 4. The layout sets 
two cuboids facing each other. Each is 2.5 m x 2.5 m x 30 m. 
The distance between the cuboids is 45 m, the same as the 
measurement environment. The vertical angle θ  = 0 and 29 
degrees.  

A. Calculation condition 
Table II summarizes parameters used in the calculation. 

The carrier frequency is 3.35 GHz. Both sides used 
horizontal omni-directional sleeve antennas. Both antenna 
heights were 1.5 m. The distance from window to 
transmitting antenna, d1, was 4 m. We calculated the 
penetration loss at d2 values from  1 to 15 m. The reflection 
and the diffraction numbers are 4 and 2 times, respectively. 

B. Comparison  of ray trace calculation and radio 
propagation measurement results 
Figure 3 also plots the simulated penetration loss values 

for θ = 0 degrees and θ = 29 degrees. For θ = 0 degrees, it is 
found that the characteristic of penetration loss remains 
unaffected by distance from the window. On the other hand, 
for θ = 29 degrees, it is found that the penetration loss 
increases with the increasing distance from the window. This 
result basically matches the measured result, which confirms 
that the developed system could reproduce the characteristics 
of the measurement results.  

IV. ANALYSIS OF RELATION BETWEEN THE PARAMETERS AND 

PROPAGATION LOSS CHARACTERISTICS 

We clarify the relation between the penetration loss 
characteristics and the key parameters. 

Figure 5 shows path characteristics within 20 dB of 
maximum received power for θ = 0 degrees. The 
transmitting antenna was placed 4 m from the window. In 
Fig. 5 (a), the receiving antenna is 1 m from the window. In 
Fig. 5 (b), the receiving antenna is 13 m from the window. In 
both figures, the solid line plots the path yielding maximum 
received power. Therefore, the distance from the window has 

no impact on the penetration loss characteristics. The path of 
maximum received power is the LOS wave for θ = 0 degrees. 

Figure 6 shows the same path characteristics for θ = 29 
degrees, and d1 = 4 m.  
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Figure 1. 3D cell structure  
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Figure 2. Measurement environment 

Table I. Key measurement specifications 
Frequency 3.35 GHz 

Building height (Tx) 100 m 
Building height (Rx) 100 m 

Distance both buildings 45 m 

Transmitting antenna 
Sleeve antenna 

(horizontally non-
directed) 

Penetration distance 
(Tx antenna) 

4 m 

Antenna height (Tx) 1.5 m 
Floor number (Tx) 11th, 13th 

Receiving antenna 
Sleeve antenna 

(horizontally non-
directed) 

Penetration distance 
(Rx antenna) 

1 ~ 15 m 

Antenna height (Rx) 1.5 m 
Floor number (Rx) 13th, 16th 

Ascending vertical angle 0, 29 degrees 
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Fig. 6 (a) shows the result when d2 = 1 m. The path of 
maximum received power includes one reflection on the 
transmitting side. Fig. 6 (b) shows the result when d2 = 13 m. 
The path of maximum received power includes four 
reflections (i.e. one reflection on transmitting side and three 
reflections on receiving side). The results show that the 
penetration loss depends on d2, when θ is large. Also, both 

paths have one reflection on transmitting side, so the 
influence of both transmitting and receiving sides must be 
considered in estimating the path loss characteristics rooms 
that are not LOS.  

Figure 7 shows the simulated penetration loss of 
maximum received power when d1 = 4 m and θ = 29 degrees. 
For reference, this figure also shows the characteristics with 
one reflection on transmitting side and one diffraction event 
on receiving side. The path loss increases in a staircase 
pattern with the distance of receiving antenna from the 
window. It is because the change of propagation mechanism 
of the path. For example, the maximum path has one 
reflection in the range of d2 = 0 ~ 2 m, but two reflections in 
the range of d2 = 3 ~ 7 m.  

V. CONCULUSION 

 We measured the path loss characteristics of radio waves 
from one high-rise office to another office in a different 
building and identified the key parameters for the path loss 
characteristics based on measured results. Further, we 
compared the measured results to the simulation results 
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Figure 5. Path within 20 dB of maximum received power 
(d1 = 4 m, θ = 0 degrees) 
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Figure 3. Characteristics of path loss 
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Figure 4. Indoor-outdoor layout 

Table II. Key simulation specifications 
Frequency 3.35 GHz 

Distance both cuboids 45 m 

Transmitting antenna 
Sleeve antenna 

(horizontally non-
directed) 

Penetration distance 
(Tx antenna) 

4 m 

Antenna height (Tx) 1.5 m 

Receiving antenna 
Sleeve antenna 

(horizontally non-
directed) 

Penetration distance 
(Rx antenna) 

1 ~ 15 m 

Antenna height (Rx) 1.5 m 
Ascending vertical angle 0, 29 degrees 

Window opening 2.5 m x 2.5 m 
Cuboid depth 30 m  

Number of reflection 4 times 
Number of diffraction 2 times 
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yielded by our ray tracing based system. We confirmed that 
our system could reproduce the characteristics of the 
measured results. Finally, we analyzed simulation results and 
clarified the mechanism of propagation loss characteristics 
between offices.  
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