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Abstract—This paper describes the radio propagation charac-
teristics in urban environment for a fixed-wing unmanned aircraft
(UA) system. In the Great East-Japan Earthquake in 2011, the
even the latest mobile phones became almost unavailable due
to the breakdown of base stations, electricity outage, and traffic
congestion. In addition, many areas in mountains or islands were
isolated due to the damage of roads, harbors, and communication
infrastructures. In such a situation, a UA system has a potential
to provide temporal communication links to the isolated areas
while monitoring the situation in the disaster area. Therefore, we
have conducted a measurement campaign in order to characterize
ground-to-air radio channels for small UA at several locations, in-
cluding urban and non-urban environments. Some measurement
results of ground-to-air link in urban environment are reported
in this paper. It is demonstrated that there is a suitable flight
altitude for long-range ground-to-air channel in terms of radio
propagation.

I. INTRODUCTION

In the past disasters such as Great Hanshin Earthquake,
and more recently, Great East Japan Earthquake, some disaster
areas in Japan were isolated. In such isolated areas, the trans-
portation and communication systems have been interrupted.
Even though many people left behind in the isolated areas have
mobile phones and mobile terminals, they were disconnected
as the backbone network as well as the base stations had
broken down. As a consequence, there has been an increasing
demand for robust wireless communication networks in Japan,
and the usage of a small unmanned aircraft (UA) system is
considered as a promising means. In the case of the large-
scale disaster, UAs serve as bridges among the isolated ground
stations (GS) or ground access points if UA has an on-board
repeater in urban or non-urban areas. [1-4].

In an urban environment, the linkage between UAs and
GS are subject to multi-path interference due to reflection,
diffraction, and scattering between the transmitter and the
receiver. Severe multi-path can result in a nearly complete
crash of control and command signals, which may limit the UA
operational area or even cause a loss of the UA. In [5], a Wi-Fi
equipment is installed to measure radio channel characteristics
in terms of both received signal strength and packet error
rate in the ground-to-air links. In [6], a ray-tracing model is
employed to analyze a power-delay profile for the ground-to-
air channel in an urban environment. The paper [7] summarizes
that the ground-to-air link is modeled as a two-ray model.
Moreover, the paper [8] analyzes the air-to-ground channel
under over-water and hilly terrain conditions. However, the
measurement results in an urban environment has not been
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investigated well enough to design the radio propagation model
and the flight plan of UA in Japan.

We have conducted a measurement campaign in order
to characterize the ground-to-air radio channels in an urban
environment. In this paper, we report the measurement results
at Sendai city in Japan. Sendai city is the largest city in the
Tohoku region in Japan, and the second largest city located
in the north of Tokyo. In this measurement, the ground-to-air
radio channels are characterized by a received signal strength
in the center frequency of 2.3 GHz. From the measurement
results, it will be shown that there is a suitable flight altitude
in terms of radio propagation.

II. MEASUREMENT SETUP

Table I shows the specification of the small UA system em-
ployed in our measurement. Table II shows the specifications
of the on-board transceivers and that of GS.

The urban area flights were conducted on July 29th, 2013
near Sendai-city. Figure 1 shows our measurement deployment.
A snapshot of our experimental measurement setup is shown
in Fig. 2. We use a UA and two GSs (denoted by GS1
and GS2). Sendai city is located between the two GSs. The
GS2 was located at about 500 m from the flight area and
the GS1 is separated by 11 km from GS2. For long-range
line-of-sight (LOS) links, terrain clearance is the primary

TABLE 1. SPECIFICATION OF UNMANND-AIRCRAFT SYSTEM

Wingspan, Weight 2.8 m, 5.9 kg
Payload | 0.5 kg (Maximum)
Nominal endurance about 2-3 hours
Control range 9 km
Wind speed limitation 25 kts (Maximum)
Flight altitude limitation 5 km (Maximum)
Flight speed | 83 km/h
Driving power | Direct drive electric
Launch/Landing Hand launch, Deep stall landing
Control Manual/autonomous control

TABLE II. SPECIFICATIONS OF ON-BOARD TRANSCEIVER AND

GROUND STATION

Frequency 2 GHz (Experimental station)
Bandwidth 6 MHz

TX power 2W

Moduation | MSK

Antenna of on-board transceiver

A/4 whip antenna (gain:0 dBi)

Antenna of GS transceiver

Patch antenna (gain:9 dBi)

Weight of GS about 6 kg (w/o power generator)
Weight of on-board transceiver | 0.47 kg (w battery)
Battery life about 2 hours
Range 20 km (Maximum)

Copyright (C) 2015 IEICE
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Fig. 2. Snapshot of our measurement setup.

consideration in order to establish a reliable communication
link. The clearance was secured between UA and GSs in this
measurement deployment.

Each GS has a patch antenna with a gain G, = 9 dBi. The
height of GS antennas is 0.15 m above the ground level. The
GS2 antenna was set on 30 degree from geographic north in
azimuth with 45 degree elevation angle. The GS1 antenna was
set on 270 degree from geographic north in azimuth with 45
degree elevation angle. On the other hand, the UA is equipped
with a A\/4 whip antenna with a gain G, = 0 dBi.

In this experiment, the center frequency of the transmitter
was chosen as 2.3 GHz and the transmit power from GSs at
antenna terminal was 33 dBm. The average power of thermal
noise at the receiver is -105 dBm, which is equivalent to 2323
meters in the free space. The synchronization between the UA
and GSs is accomplished by GPS signal. In the measurement,
the received signal strength through the radio channels between
GS and UA was recorded at the UA side.

III. EXPERIMENTAL RESULTS

This section describes the flight trajectory and the flight
attitude during the experimental measurement. Then, the mea-
surement results are presented and discussed.

676

x

2015.ZENRIN=

Google eart
X

Fig. 3. Flight trajectory of small UA during the experimental measurement

A. Flight trajectory and flight attitude

Figure 3 shows a relative part of the flight trajectory of the
UA for this experimental measurement. Moreover, the flight
attitude of the UA during this measurement is shown in Fig.4.

In this experimental measurement, the UA circles around
above the fixed area in order to keep the distance between
GSs. The radius of circling of the UA is about 50 m. Since
altitude against land (AGL) in typical operations of small UAs
is expected in less than 1500 meters [9], the AGL throughout
this measurements were set less than 1500 meters. In this
experimental measurement, the UA was controlled to lower
altitude while turning.

Figure 5 shows a part of the wind speed on the air and the
wind direction relative to Fig.3. It was observed that the wind
speed gradually increases as an increase of the flight altitude.
As the wind speed increases, the flight of the UA becomes
unstable. This results in the drastic change of the antenna
pattern at the on-board transceiver change dramatically.

B. Radio propagation characteristics

Figures 6 and 7 show the received signal levels between
GS2 and UA and between GS1 and UA. In these figures, the
horizontal axis is the flight altitude and the vertical axis is
the received signal level. The measured signal level is plotted
with blue line, and the free-space path loss propagation model
(denoted by model 1) and two-ray ground reflection model
(denoted by model 2) are plotted with red lines.

For the free-space path loss propagation model, the re-
ceived signal level of our experimental measurement is given
by

P. =P, + Ga(paapg) + Gg(pavpg) (1)
- La - Lg - Lpath(d7 hau hg)

where P; is the transmission power, GG, is the antenna gain
of UA that calculates by the radiation pattern considering the
positions of UA and GS (p, and pg), G is the antenna gain
of GS that calculates by the radiation pattern considering the
positions of UA and GS (p, and pg), L, and L, are the loss
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Fig. 5. Wind direction and wind speed during the experimental measurement

at the UA and GS, and Lpaen(d, ha, hg) is the path loss of
the free space between UA and GS considering the height of
antenna of UA and GS, h, and h,.

In the case of GS2 (for short-range measurement), the
received signal level increases as the flight altitude of the UA
decreases. Moreover, the received signal level changes within
+1 dB since the UA is flying circularly.

On the other hand, in the case of GS1 (for long-range
measurement), the received signal level is almost no changes
even in the flight altitude increase since the distance between
the UA and GS1 is long enough compared to the flight altitude.
However, it is observed a height pattern regarding to the
relationship between antenna height and electric field intensity
occurs since the height of the GS antenna is fixed and that of
the UA antenna is changed according to flight altitude. The
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Fig. 7. The received signal level of GS1 (UA-GS1 separation is about 11 km)

theoretical pitch of the height pattern is given by

Ad

Iy 2

PH =

where A is the wave length. Here, if frequency is 2.3 GHz,
the height of GS1 antenna, h, is about 12 m and the distance
between UA-GS1, d, is 11000 m, the height pattern pitch is
about 60 m. The height pattern pitch of measured signal level
is closer to about 60 m. From this figure, the desirable flight
altitude for GS1 is expected to be from 450 m to 500 m in
this measurement.
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Fig. 9. The cumulative distribution function of the received signal from GS1

Figures 8 and 9 show the cumulative distribution functions
of the received signal at GS2 and GS1. In these figures,
the measured signal level is plotted with black line, model
1 are plotted with blue lines and model 2 are plotted with red
lines. The blue and red solid lines are each model that calcu-
lates by the antenna gains, Ga(6ro11, Opitch, Oheding, Pa; Pg) and
Gg(pa, g), considering the flight attitude (Oron, Opitch s Oneding)
and positions of UA and GS (p, and pg). It is clear that the
model 2 considering the flight attitude and the flight position
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is closer to the measured signal level.

IV. CONCLUSION

This paper described the overview of our experimental
measurement for an unmanned aircraft system and reported
some measurement results of the ground-to-air radio channel
in an urban environment. The model of the measurement signal
level approaches the two-ray model. In the case of a long-
range LOS link, we observed that the height pattern regarding
to the relationship between antenna height and electric field
intensity. Throughout this experimental measurement, it was
clarified that there is the suitable flight altitude in terms of
radio propagation for long-range LOS link.
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