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ABSTRACT

It is usefuland innovativeo monitorthe displacemenbf structures caused by seismic shakargl landlidesirrespective of
observation points by using a single piece of equipment to collectadatame construction companiessearch institutesnd
so on Global NavigationSatellite System (GNSS) receivers and anteanathe roof of asteel tower to monitor the
displacement of atructure(caused bwind, other natural elementstc.) havelready been reported Japanbutour studyis
the first study onlow-cost GNSS systesnthat can battached to the wallof a building © monitor movement. g&cifically,
this research focuses time realtime monitoring of structure movememsingwall-mounted handheld RealTime Kinematic
GNSS (RTKGNSS)recavers Generally,it is not easy to set the antenna on the roof of buildings, safhi®achattempting
to attach the antenna to the walhs an advantage ofehaspect of the readily installinRTK postioning is normally
performedusing expensiveduakrequency geodetielevel receivers and antennagcause its commonlyusedin surveying
world. However aside from its high cost, thigpe of equipment isnot easy to procureThis study addresses this problem
using alow-cost,singlefrequency consumetevel receiver, which produces comparable centimkteel results The methods
presented ushorizontl spread and atistical values to determirgositioning results. Our wkron the proposedhonitoring
systemwith its robust RTK improvement methodill serve as a referender monitoring the fluctuations and movemsraf
structures in the fids of achitecture constructiorand so on

I. INTRODUCTION

The need for accurately identifying locations is increasing becaube afivent of a variety of smartphone applications that
use location informadin. Multi- Global Navigation Satellite Syster®RSS positioning is now possible owirtg progress in
the deployment of positioning satellites and the high quality of firmware supplied by GNSS receiver manufacturers around th
world. Therefore, reaime kinenatic (RTK) positioning in opesky environmentgwithout structuralbarriersthat affect
positioning is no longer a problem. However, it is also well known that the presence of urbaimdsjildlees and other
obstacles decreases the performance of RTK positionargedly in that areavhich isa prddlemthat needs to be addressed

In opensky environments, RTK positioning is often used for surveying on construction sites owing to its high performance.
The Ministry of Land, Infrastrcture, Transport and Tourism iha p an | aunched -Gon sptrroy cetcito n®
encouragesising and dapting ICT in its entirety ononstruction sites. Howevedpatrequencyreceivershat can be used in
such situations are expensiviberefore, in the future, systems widmege that use singkérequency lowcost handheld
receivers that are easy to produce and operate.

In this research, we affixed alesosth andhel d GNSS r e c withe wall 6fa buyilding io & sulaoptimal n n a
environment(i.e., partially shieldedby trees or other structudesRTK postioning was pdormed with theantenna which
receivedthe radio waves from the satelld@d was perpendicular to the surface of the wall. ifimevative systemwhich we
are the first to propose, mo n dlevebimfeematen flom pokitibniny gpdchin dapaa,k i n g



which is a highly seismic country, the above systetrichcan detect the shaking of a buildjig extremely useful. This study
presents aystem that can detefitictuatiors in existing structurg, as well as ibuildings that are undeconstruction and
important structural measurements can be obtained from theldatantrast, the conventional method requires expensive
measuring instruents and many employetssmeasure the movememkbuldings. Our propost method requiresnly three
elementspower supply (lithiurion mobile battery, PCetc.),a handheld receiver, arah antenna (showbelowin Fig. 1).

The equipment is installed on the wall of a building wlheneasurements need to be takeime logged okervatioml data is
analyzed using software, which has considerable advaritatgsns of personnel and coBt.the case of realme application,

we just put 3G SIM card and small computer which is Raspberry Pi. We have already developed them an@N&Srdata

of GNSS receiveinstalled on the surface of the wall is automatically transmitted to our PC server including RTK software.

Seveerl challenges exist in developing the above system. Firitjsaa singlefrequency receiver, the number sxtdlites
for RTK positioning is sometimes sevireestricted Therefore, it is very importarto know if the number of satellites
requiredwill be available (due to limited sky viewjractors that significantly influence performance include the time zone
with optimal satellite arrangement (BeiDou satellites in China tentbncentratédrom the northeast to the southwéstthe
sky above Tokyo), dilution of precision caused by the geometrical arrangement of satellites, and the direction of the plac
where tle experiment is conduaten relation to the above factofdoreover, compared to that of difeéquencyreceivers the
RTK position informatiorobtained bysinglefrequency receivers is low in termsrefiability and availability,sotechnologies
for improving these metricare also important.

Such systems will be easier to handle if the existenddeo$tructures that shield da& wave propagation pathbgnhce
deteriorate the surrounding environment) are known in advance. One way to cope with sucimemtabobstacles is to
optimally apply the elevation mask and make it easy teiveanore than 10 direct signal/ith thistechnique, the influence
of diffracted wave signals and reflected wave signals (multipath waves) frodneenf-sight satellitescan be reducednd
epochs obtained ahe centiméer levels will increase. Irexig i ng r e s e afSd hu,d bypKDZO( KEBRKY
ENGINEERING Inc., Japan), which is a radi@ve propagation simulatipnses both the yatracing and 3D map methods to
provide precise positions of buildings, bitt has not been widely usepracticaly yet. Accumulation of these kils of
environmental data ovéime provides an advanced arbitrary measurement using Al.

The easyto-obtain around low-cost ($100) handheld receer can achieve an accuracy of a few centimeters at many
measurement points, and it is possible to introduce several receivers at many places. In this paper, we preposeRillw
system, whicthas not been designed earli@s amonitoring system fordilding shaking, intended fgractical applications.

Moreover, previous studies such as the monitooings t e e | tower és displacements caus
positioning [1]2][3] and the monitoring of Endslide caused by rain on the land néarriver[4][5] do not employ these
systems in an extreme environment. The aim of this research is to implementimedRiforing system in this typef
environment to test its efficiency and accuracy.

Fig. 1.Low-CostRover Euipment

IIl. RTKLIB AN D ROBUST RTK METHOD

Before we discuss about algorithm of RTK, it is quite important to discuss about satellite selection to remove theypad qualit
carrierphase. First of all, we check LLI flag of the output frorblax receiver to eliminate bad qualitarcierphase causing
cycleslip and so on. Generally, when the antenna is installed on the surface of thtbensitly viewis obstructed in half by
the structure, so the influence of the diffracted wave from NLOS satellites should be taken into dansideparticularOn
the other hand, the reflected wave can be ignored as there is almost no influence of the code/carrier phase multipath beca



the delay of the multipath is almost zero. We still need to check the effect of carrier phase multgfatly baxcause there is

a few cm distance between the wall and antenna. Although the effect of DOP value may increase significantly but we just nee
to set the threshold of DOP according to our expected accuracy. Previous studies have shown thatasmietkdiiffrals from

NLOS satellites can be almost completely eliminated using the picture of fisheyd6]leBased on this satellite selection
method, as a result, RTK performance dramatically improves using the standard mettimthed in the above.d:i2shows

the picture of the fisheyes lens and the transition of SNR (PRN24 of GPS). It can be confirmed that we need to adoy
appropriate SNR mask to make RTK successful. Based on a lot of test data-bkingMB series, we found the suitable
thresholdof SNR which is 35 dBHz.

In the concept of normal installation of the antenna, the most common way is to set antenna upward. However, for this
research, we did an initial test to check the performance according to the degree pattern of 0°, 45°, imde3peut to the
ground (Fig. 3. From these results, we adopted the 0° orientation since the RTK performance was the best.
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A. Using RTKLIB

To process the raw data logged by the receiver, we used RTKLIB (ver. 2.4.3 b29), which is an internationally famous, free
software, developed by Mr. Tomoji Takasu who is a visiting researcher at our university. The results of tiiseekpe
seemed to be best when adj ust i n gprodesdipg funotionsiro RTKLBr theRmMproWR® S T
results from our CUI pogtrocessing software using Microsoft Visual Studio incorporating the proposed method.

Once we had therawadt a, we had to search for the best #AO0Optionso
will not be needed unless we employ the use of skyward angular range of view using fisheyes lens. Normally this proces
would be a difficult and laborious tasHowever, we do not have to change some parameters when using our proposed method



Therefore, the proposed method has an advantage in this parheldve settings (Fig. 4 Fig
antenna, which will be discussed in Sections tidl B/.
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using these setting¥he results of RTKLIB are presentadSection IV.

B. Using Robust RTK method

This section briefly introduces the proposed RTK method under severe environments. Tpartiesimilar to the normal
algorithm of RTK which means that we use LAMBDA method to resolve correct integer ambiguities and ratio test to enhance
the reliability ofRTK fixed solutions.

() Float Solution and Ambiguity Resolution
The RTK-GNSS uses a doubdtiifference (DD) code anghase observation. The DD measurements efficiently cancel the

receiver and satellitdependent biases. In addition, the atmospheric reflection errors that occur when two receivers are close
are so similar that they can be elimedt The DD observation models can be written as follG{vs [

Q) DDP = ( PVher T Psvzref) T (PSVlrov T PSV2r0v33) code T4 co&oé
(2) DD s—'Ilref Q 'ﬁlsvzref) T ( ﬂlrov ) ﬁsvzrov) phasel o Nohasé" LOJ
wherePandiar e the code and phase observations, respectively

DD integer ambi gmeadurgmentaaisd inclidirg she muitipath Bridr.

First, the DD observations are used to determine the 3D position solution (i.e., float solution) and real number ambiguity
solutions at the same time. The details of the estimation of the float solutiohe ceferred to part (c) in the following. Then,
the anbiguity resolution (AR)method is used to optimize the integer ambiguity solution. The AR method searches for the
integer ambiguity that minimizes the cost function, which is given by

©) C (N) = (N7 NYTWy(N T N7



where N is the minimized integer ambiguity in the cost function, N” is the float solution ambiguities yasdhé/inverse of
its covariance matrix.

The LAMBDA method is a welknown and efficient integer AR method based on the Jegsare method 8] and was
used to determine the optimal integer ambiguities.

(b) Ambiguity Validation Test

A test was performed to validate the integer ambiguities determined by the LAMBDA method. Several tests are available fo
ambiguity validation 9]. A ratio test based on integer leasfuares is a clean and effective method to vilification tests. In this
study, the ratio test with a fixed value is used for short base line RTK. According to the ratio test, the ratio ofr¢ineatkiffe
from float ambiguity solutin residuals (computed by the cost function) is compared.

The ratio value of the ratio test is defined as
(4) Ratio = C(N) / C(N1) > Threshold

where C(N) is the cost function value of the best integer vector and)@¢Nhe cost function value of the seddrest integer
vector. If this ratio is large enough, these ambiguities are acceptable. The threshold value is determined from the empiric
results. The ratio test threshold is usuallg 2lepending on the environment. In this study, the ratio test tideslas set to 3.

(c) Robust RTK under severe condition

We need to modify the algorithm to find correct ambiguities to enhance the RTK performance under severe conditions. Ii
addition to that, selecting higduality satellits is important. Generally, Kalmadfilter-based RTK has been used for this
purpose because it can reduce the noise of float solutions, and it uses signal-sasedtbatellite selection. We userailar
satellite selection method according to the suitable threshold of the expectedssigngih. However, we do not use the
Kalman filter to reduce the error and noise of float solutions. In some applications such as determination of the structure
deformation of the building, the movement of the structure is very slow and small. Evercasthof a bridge, the amount of
displacement could be less than 10 cm per day. In such situations, we can tighten antenna movement constraint according
the dynamics of the target position. Furthermore, the initial position of the target is veryambpartd we can know the
precise target position beforehand. Even without previous target position information, once we resolve the reliable precis
position, we will use this information as an initial position. The difficulty in RTK under severe cosdisidhat large code
multipath errors deteriorates the float solutions, as a rd®UK, fix rate as well as reliability of RTK decreases. If we know
the approximate precise position within 10 <c¢cm, erwmasedon:¢
ambiguities. By doing so, the performance of RGKISS under very severe conditions, such as almost half masking of the sky,
is improved dramatically, even when compared to the RTK engine of getelaticiGNSS receiver that cost over $10,000.

In parallel with the above robust RTK, resolved ambiguities of each satellite are saved and held. Based on the cycle sli
information of the carrier phase, the RTK positions are produced using the saved ambiguities separately. Two RTK position
are checked weher they match within about 10 cm to enhance the reliability. Furthermore, we rely on the RTK positions
deduced from the saved ambiguities in the case of large deformation due to big earthquake that the speed of the deformat
exceedsoverafewcm/slasong as we have enough satellites witho#6t cy
it is impossible to estimate the position. The rea®on wl
the movement over apprioxately 20 cm in total because of the limitation of the ambiguity search space. In reality, the
fluctuation of the building in big earthquake exceeds over 50 cm on higher flomrbriéf flowchart of our proposed method
is shown in Fig. 8.
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. EXPERIMENTS

Over several days during Novemb&d17, we conducted the positioning experiments mentioned in Section I, on various
walls of a building at Tokyo University of Mar Science andlechnology forabout24 h and 23 hThe equipment used in the
experiment, installation locationnd installation status are givéelow (Table 1 Fig. 97 Fig. 13).

Table 1. Equipment &kd
Observation period 1 Hz

Rover: NEO-M8T SCR-u2C (u-blox)

CHER receiver Base station: NEO-M8T SCR-u2C (u-blox)
RTKLIB:
. GPS/QZSS/BeiDou/Galileo
satellitesystem Proposed method:
GPS/QZSS/BeiDou/Galileo or GPS/QZSS/BeiDou
Antenia Rover: Patch-antenna TW4721 (Tallysman Wireless)

Base station: Zephyr2 Geodetic (Trimble)

Others Lithium ion mobile battery, Bookend, and so on
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Fig. 12 IntIIation $atus (rorthwest)
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This experiment makes use of Trimble In@n expensive antennéor reference, but it is msible to rplace the antenna
with a patch antenna to minimize tbest of the project without performandeteriorationTo investigatebuilding movement
it is desirableto analyze data spannimgonths or yearsHowever, fo this experiment, we process2d h and 23h of data.
Postprocessingf RTK positioningwas performed usingbservation datat the roverstation obtained by positioning, the



observation data fronhe reference station, and the navigatiessage. We will investigateng-term data over one monih
the near future.

IV. RESULTS AND EVALUATION

() Results of the Proposed Method

The experimental results are presentedhe following tables and graphsfable 27 Table § Fig. 147 Fig. 17). The
standard deviation andverage represent the twlamersional horizontalgap from the true value, and the epoch number
represents the number of times RTK positignwas possible duringd h (southwest) or 23 h (excludirgputhwest) Thetotal
number of epochs was 880 in the southwesand82,800in all other casesHowever, adt is important to juge whether the
solution determinedst he ffBftiated i s a rnetletelialility €0 is alsv mc¢luded o these taldes.

The reliability of RTK is defined as follows:
Reliability (%) = (Numberof Rdiable solutions / Number of Figolutiong x 100
RTK Fix rateis defined as follows:
RTK Fix rate(%) = (Number of Fixsolutions / Number of all epochs 100

Table 2.Southwest Results Table 3.Southeast Results
Rr Rrin
RTK Fix rate (%) 91.8% 98.2% RTK Fix rate (%) 97.5% 96.4%
Number of epoch 79314 (GBQE) 84822 (GBQE) Number of epoch 80697 (GBQE) 79805 (GBQE)
Horizontal reliability (%) 99.15% 99.77% Horizontal reliability (%) 99.66% 99.85%
Number of epach 78638 (GBQE) 84622 (GBQE) Number of epoch 80426 (GBQE) 79682 (GBQE)
Average of gap[m] 0.0214 0.0117 Average of gap[m] 0.0115 0.0081
Standard deviation of gap [m] 0.173 0.0117 Standard deviation of gap [m] 0.0132 0.0222
Table 4.Northwest Results Table 5. Northeast Results
ks Rran
RTK Fix rate (%) 93.9% 97.4% RTK Fix rate (%) 29.1% 12.5%
Number of epoch 77739 (GBQE) 80681 (GBQ) Number of epoch 24133 (GBQE) 10331 (GBQE)
Horizontal reliability (%) 99.06% 99.99% Horizontal reliability (%) 35.92% 99.40%
AR o 77006 (GBQE) 80676 (GBQ) Number of epoch 8669 (GBQE) 10269 (GBQE)
Average of gap[m] 0.0165 0.0119 Average of gap[m] 20.2 0.0461

Standard deviation of gap [m] 0.0186 0.0085 Standard deviation of gap [m] 254 0.0173
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In any direction of tese teststhe results from theproposed method weteetter tharthoseof RTKLIB. The number of
epochs that have the RTK flag set also increased. As for the reliability of the southwest and southeasthiesutiad a
relatively good satellite constellation becawdeseveral BeiDou satellites, the honial results (within £10 cm athe trie
value) can be obtained withigh reliability at a rate of more than 99%. As can be seen from the horizontal results, as the
satellite constellation andirection in wlich radiowaves can be receivedere biased, RTKixed solutions were elongated in
the direction perpendicular to the surface of the wdlwever in the northeasiRTK fix rate was lower than the othiéree
cases simply because of the shortage of thember of usable satellitesWith more visible satellie soon becoming
availabl® like QZSS and Galiled and the appearance of lowost dualfrequencyreceivers performance willimprove



