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1.   Introduction

The growth of the Internet of Things (IoT) has been 
progressing rapidly, and expectations have been 
raised for IoT services to be provided in areas outside 
the bounds of network coverage. These include envi-
ronments underground, under water, and in the sky. 
Monitoring of aging underground infrastructures 
such as water pipes is one potential use case. Most 
water pipes in Japan laid in the era of high economic 
growth are aging rapidly, and the proportion of dete-
riorated water pipes is expected to exceed 40% in 
2020 [1]. 

Investigations of water leakage from water pipes as 
well as maintenance of these pipes currently require 
skilled engineers, who conduct inspections manually. 
However, such inspections relying on skilled person-
nel will become harder to carry out in the future 
because of a manpower shortage due to the declining 
birthrate and the aging population. Therefore, the 
inspection of underground infrastructure making use 
of IoT combined with various kinds of sensors and 

wireless communications technologies have been 
strongly expected for efficient operations.

2.   Wireless relay systems for monitoring 
underground infrastructures

An underground environment such as a water pipe 
is an enclosed space where the radio propagation path 
is extremely limited. Thus, radio waves do not travel 
very far even when compared with indoor environ-
ments such as inside buildings. Penetration loss from 
outdoors to indoors is known to be about 10–30 dB at 
frequency bands around 1 GHz, which are frequently 
used in IoT systems [2]. 

In contrast, the penetration loss from the ground to 
the valve box of water pipes installed underground is 
about 50 dB [3]. Hence, it is difficult to accommodate 
all sensors installed underground by using 4G 
(fourth-generation wireless systems) and LTE (Long-
Term Evolution), which is assumed to be used in 
outdoor and indoor environments. 

Therefore, we have been developing novel radio 
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relay systems that efficiently collect data from sensors 
under ground-level structures by using relay stations 
installed on cars and on utility poles [4]. A schematic 
drawing of our proposed system is shown in Fig. 1. In 
radio relay systems, efficient installation and opera-
tion of repeaters is important. Hence, we have devel-
oped two techniques to achieve this. One technique 
extends the coverage area of the relay system, which 
enables the repeaters to accommodate a large number 
of sensors over a wide area. Consequently, we can 
reduce the number of relay units installed. The other 
technique saves power. It enables relay terminals to 
operate on batteries, which makes it possible to install 
them anywhere, even in locations without a power 
supply.

3.   Technique for extending coverage area

In wireless communications, the strength of radio 
waves gradually weakens as the communication dis-
tance increases. There are two simple methods to 
extend coverage areas. One is to improve receiver 
sensitivity by sacrificing transmission speed. In 
recently introduced wide area communication sys-
tems such as LoRa [5] and Sigfox [6], an ultrahigh 
sensitivity of –130 dBm or more has been achieved 

by limiting the speed by up to several hundred bits per 
second. However, since the required air time, or the 
running time of a transceiver, becomes longer as the 
transmission speed becomes slower, the power con-
sumption increases. 

The other method is to increase the transmission 
power. However, this also leads to an increase in 
power consumption at the transmitter. Therefore, 
other technologies for extending coverage areas are 
necessary for battery-powered long-life communica-
tion systems such as monitoring systems for under-
ground infrastructures. 

We are working to extend the coverage area by 
focusing on a phenomenon referred to as multi-path 
fading, which has a peculiar effect on radio commu-
nications. Radio waves in general propagate through 
multiple paths due to diffraction and reflection. 
Hence, the received signal is the sum of multiple 
waves, each of which traveled along a different path. 
With multi-path fading, the reception power level 
varies drastically depending on the receiving position 
due to differences in the phase relationship between 
each path (Fig. 2(a)). For example, at receiving posi-
tions where two waves with the same phase are com-
bined, the strength of the received signal is 3 dB 
higher than the signal of a single path. On the other 

Fig. 1.   Concept of wireless relay system for monitoring underground infrastructure.
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hand, the strength of the received signal significantly 
weakens at positions where two waves with reverse 
phase, or a 180-degree difference from one another, 
are combined. To cope with such fluctuations in 
strength, wireless communications systems are gen-
erally designed with a level margin according to the 
required quality. 

Multi-path fading can cause a level fluctuation at a 
cycle of one wavelength or less. For instance, in a 
1-GHz frequency band, it occurs at a cycle of 15 cm 
or less. In mobile communication systems where 
users typically use cell phones holding them in their 
hand, the terminal moves around naturally by about 
several centimeters. Moreover, it is possible for a 
person to autonomously move the terminal when it is 
not connected with a base station. Therefore, the link 
level margin that takes into account the effect of 
multi-path fading can be reduced more than in other 
communication systems. 

In contrast, when the terminal is installed in a fixed 
position and does not autonomously move, as in a 
sensing system for underground infrastructures, a 
large level margin is required since the phase rela-
tionship of arrival waves is unchanged. This margin is 
a factor that limits the communication distance for 
IoT wireless systems. 

To address this problem, we have developed a tech-

nology that suppresses the fluctuation of the recep-
tion level by transmitting radio waves from multiple 
antennas simultaneously with slightly different fre-
quencies [7]. This makes it possible to forcibly 
change the phase relationship of arrival waves at the 
fixed reception point. This is analogous to generating 
a slight movement of the terminal. As a result, the 
arrival waves are not combined in reverse phases. 
Hence, the required level margin can be reduced, and 
the coverage area can be extended, as shown in 
Fig. 2(b). Although the reception level fluctuates 
greatly within a packet by applying this technique, 
such distortion can be recovered by a receiver 
equipped with compensation functions for movement 
if an appropriate frequency offset is set. 

This technology can be applied to various wireless 
systems. As an example, we experimentally evaluated 
the effectiveness of this technology when applied to a 
LoRa system. The relationship between Eb/No (sig-
nal energy versus noise power density ratio per bit) 
and packet error rate (PER) under the multi-path fad-
ing environment is shown in Fig. 3. The graph shows 
that the proposed method reduces the required Eb/No 
at the 1% point of PER by about 5 dB compared to the 
conventional method. This means that the level mar-
gin can be reduced by about 5 dB when designing  
a coverage area with a 1% dead zone (the ratio of 

Fig. 2.   Technology to extend coverage.
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terminals that cannot communicate) allowed. In  
non-line-of-sight communications, the signal strength 
is mostly inversely proportional to the third power of 
the distance. Hence, the proposed method can extend 
the reachable distance by about 1.5 times longer than 
the conventional method by reducing the level margin 
of 5 dB.

4.   Technology for reducing power consumption

IoT radio devices have achieved a battery life of 
several years by saving power consumption using the 
sleep state. However, power saving using sleep 
modes cannot easily be applied with relay stations 
since they are always waiting for data to arrive from 
sensor terminals and must remain in a receive mode. 
Therefore, another means of reducing power con-
sumption is necessary to extend the battery life of 
relay terminals.

A method referred to as preamble sampling has 
been proposed to achieve a way for receivers to wait 
for data reception with low power consumption [8]. 
In preamble sampling, the receiver performs pream-
ble detection at regular intervals as it waits for the 
arrival of data. Meanwhile, before the transmitter 
sends data, it transmits preambles with longer lengths 
than the period of receiver detection intervals. This 
makes it possible for the receiver to receive signals 
without fail, as shown in Fig. 4(a). With preamble 
detection, reliable signal detection can be achieved in 

a short time even in environments where large envi-
ronmental noise exists, or when the noise power is 
greater than the signal power. CSL (coordinated 
sampled listening), which is a kind of preamble sam-
pling, is adopted as the power saving technology in 
IEEE* 802.15.4e.

However, in an unlicensed band shared by various 
wireless systems, it is impossible to send a long pre-
amble with a length that is longer than a certain 
length because the air time of a radio signal at one 
time is limited by the radio laws of each country. For 
example, in Japan’s 920-MHz band, the continuous 
transmission time at one instance is limited to 400 ms 
(4 s). For this reason, an intermittent standby with 
intervals longer than a certain length cannot be 
achieved. Hence, reducing the power consumption of 
repeaters is difficult. 

To address this issue, we have developed a tech-
nique to activate a relay terminal using multiple trans-
mission of divided preambles. This involves appro-
priately controlling the transmission length and the 
transmission interval of divided preambles, making it 
possible to reliably activate the relay terminals with 
the shortest time and minimum power while waiting 
for the arrival of data at an arbitrary reception inter-
val, as shown in Fig. 4(b). The method enables relay 
terminals to set a long intermittent reception interval 
that does not depend on the continuous transmission 

Fig. 3.   Performance of packet error rate.
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time that is restricted by radio laws. Hence, the 
repeater can be driven by the battery for several years.

As an example, we conducted an experiment to 
evaluate the effectiveness of our proposed method for 
wireless systems using Japan’s 920-MHz band. The 
relationship between an intermittent reception inter-
val and battery life is shown in Fig. 5. In the experi-
ment, the battery capacity was 3000 mAh, the current 
consumption for data transmission and measurement 
was 0.5 mAh per day, and the current consumption at 
reception was 20 mA. The period of intermittent 
reception time was 10 ms. This technique enables 
repeaters to set a long intermittent reception interval 

regardless of the transmission time limit. Moreover, a 
battery life of five years or more can be achieved by 
setting the intermittent reception interval to 5 s or 
more. 

5.   Future work

We will continue to carry out research and develop-
ment while working in cooperation with water  
enterprises and leakage research organizations to fur-
ther advance the technology described here. In addi-
tion, because the extension technology and power 
saving technology introduced in this article are  

Fig. 4.   Power saving standby operations.
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general-purpose technologies independent of the 
radio system, we plan to promote horizontal deploy-
ment to various uses other than underground infra-
structure monitoring.
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