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INCREASING THE ACCURACY OF DETERMINING THE COORDINATES OF
ELEMENTS OF WIRELESS SENSOR NETWORKS

Leonid O. Uryvsky, Evgeniy A. Yakornov, Oleg F. Tsukanov
“Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine

Background. Modern methods for determining the coordinates of elements of wireless sensor networks allow
solving problems with a single determination and errors in determining the mutual distances between elements of a
wireless network. In the case of increasing requirements for the accuracy of determining the coordinates of network
elements, existing methods do not allow solving the problem.

Objective. Improving the accuracy of estimating the coordinates of elements of wireless sensor networks based on
multiple measurements of distances between network elements.

Methods. The determination of the coordinates of the elements of wireless sensor networks is implemented in two
stages. At the first, by repeatedly measuring the mutual distances between the elements, an estimate of the coordinates
and a correlation matrix of errors in estimating the coordinates of the elements of the wireless s ensor network are
determined. In the second, in order to improve the accuracy and ensure the stability of the estimation process, an
adaptively regularized Kalman filtering algorithm is proposed to refine the coordinate estimates and the correlation
matrix of errors

Results. The proposed method, based on the adaptive-regularized estimation algorithm, according to the results of
simulation, allows increasing the accuracy of estimating the location parameters of wireless sensor networks by an

average of 12-16% and at the same time provides stability and convergence of the estimation process.

Conclusions. The considered method for determining the coordinates of elements of wireless sensor networks can
be implemented in modern terrestrial sensor networks for various purposes.

Keywords: wireless sensor network; coordinate elements of wireless sensor networks; adaptive-regularization

filtering algorithm.

Introduction

The wireless sensor network (WSN) is a complex
technical system: self-organizing, distributed, fail-safe
operation of individual sensors (elements) of ultra-
small stand-alone technical devices. All or some
elements provide the transfer of information reception
among themselves on a large plane. Modern sensory
systems use network management and monitoring
facilities, the quality of the WSN operation is
determined by the modern technologies in which they
are applied. WSN can be used in airborne detection
systems [1], navigation systems for high-precision
determination of their coordinates and control of
unmanned aerial vehicles [2]. For operation, such
systems require the determination of the coordinates of
the elements and their errors with high accuracy.

The purpose of developing a new method is to
improve the accuracy and stability of the estimation of
the coordinates of individual sensors (elements) in
wireless sensor networks with multiple measurements
of distances between elements. The accuracy of the
estimation of the coordinates of the elements
significantly affects the characteristics of the WSN, for
example, when using the WSN elements as pseudo-
satellites (translators) to ensure the landing of aircraft
at airports.

Currently, the basic exchange protocol for WSM
is IEEE 802.15.4 (ZigBee), which provides the ability

to measure the distance between network elements by
the power level of the received signal [3]. The accuracy
of estimating the coordinates of the elements depends
on many factors, the main of which are determined by
the propagation conditions and the power level of the
received radio signals, that is, depends on errors in
measuring the distances between the elements. Existing
methods for estimating the coordinates of elements do
not allow obtaining the required accuracy and stability
of estimates, for example, for navigation systems.

The aim of the work is to describe a new method for
increasing the accuracy of estimating the coordinates of
the WSN elements by repeatedly measuring distances
between network elements.

Formulation of the problem

The mathematical statement of the problem of
estimating the coordinates of the WSM elements looks
as follows. In the space region, random elements of the
WSN are distributed uniformly. Each i-th WSM
element (i = 1,M) is connected with neighboring
elements and can determine distances dj; up to them.
Errors in measuring the distance p;; are also known.

On the basis of these data, it is necessary to
determine the estimates of the coordinates X, and the
correlation error matrix for estimating the coordinates
of the elements K,, and further refine their value after
the next stage of measuring the distances between
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neighboring elements. The need for constant
refinement of the coordinates of the WSN is
conditioned by the requirements for obtaining highly
accurate estimates of the coordinates of the elements
(in modern navigation systems up to several
centimeters). Errors in measuring the distances
between elements are determined by many factors and
depend on the seasonal, temporal instability of the
Earth's gravitational field, on the propagation
conditions of radio waves. And taking into account the
limited computing resources of the WSN elements, the
small capacity of the autonomous power supplies of the
elements, the coordinate estimates should be
determined wusing a recurrent, stable estimation
algorithm, which is proposed as a regularized adaptive
Kalman filter.

Determining the coordinates of the WSN elements

Consider an WSN consisting of M elements and
deployed on a flat surface of the Earth. The local
rectangular coordinate system is arranged as follows
(Fig. 1): the first element is located at the origin of the
coordinate system, the second is on the X axis, the Y
axis lies on the Earth's surface, the Z axis complements
the system to the right triple of coordinates. Since the
z; coordinates do not vary much, so we restrict
ourselves to the two-dimensional case in which the
coordinates of each WSN element X; "=
(xi,yi,),based on the distance dj;  between
neighboring elements 7, j. by analyzing the received
signal strength from neighboring WSN elements by the
RSSI (Received-Signal-Strength-Indicator) method.

element

Fig.1. M - elemental WSN.

A hypothesis is accepted about the normal error
distribution law for measuring distances between
network elements N(O, p;;), with zero mathematical
expectation and variance pj;. The dispersion of errors
in measuring distances between elements is determined
by the distance measurement method (difference-
ranging, difference-hyperbolic method).

Based on the known methods of measuring distances
[3,4], an estimation method is proposed that makes it
possible to carry out the following transformations:

{dij = Xin}, {pij = Kin}, /€T M.
Thus, the cumulative estimate of the coordinates of the
elements consists of the following information:
- state vector X, = (x;, ¥1);

- the correlation matrix of errors in the estimation of
coordinates K, = cov(X;”,X;), which characterizes the
accuracy of the estimation of the state vector X;,,.

Based on the rangefinder method, the coordinates
of the element (x5, y3) based on the measured distances
dq3,d,3 and the known coordinates of the elements
(x4, y1) and (x,, y,) are determined:

diz=~/(x1 —x3)% + (71 — ¥3)?.

dz=/(xz — x3)% + (V2 — ¥3)?, (€9
and the coordinate estimates (x3, y3) are determined
using a nonlinear method least squares (MLS),

Xe = Xeo1 + (A TAXK 1)) x

AXe-)" (D — 0 (X-1)) @
where x - step iteration,

D= |dy3, dasl”, X.=lx3 ysl”,
(p(XK—l) = T
| VG —x3)2 + (1 — ¥3)2, /(2 — x3)2 + 2 — ¥3)?|

ddq3 ddq3

_[| 9xs dy3
AX) = ddzz  9diz |~
dx3 dy3
calculations ends when:
[IX, — X1l <&, & -required error

of calculations.

Correlation matrix of errors in estimating the
coordinates of the WSN elements K, is determined by
the variances of the measurement of distances p;;
between neighboring elements

Ko = (AXe-1)"AX1)) 7 0g 3)
the matrix o, has the form:

P13 0

9a=] 0 P23

The disadvantage of the algorithm wunder
consideration is the necessity of iterations. The
coordinates of the element located at the beginning of
the local coordinate system must be determined with
high accuracy, for example, using the GPS system. If
practical implementation of such measurements is
possible, then the algorithm considered allows one to
obtain the most accurate estimation accuracy. The
initial coordinates of the elements determined by GPS
are considered reference, so they can be used to
calibrate the determination of the distance between the
elements of the WSN.

Description of the regularized-adaptive filering
algorithm

For equal distances between adjacent elements of
the WSN, the MLS can be used to refine the estimate
of the coordinates of each element, and in the case of
unequal distances, a recurrent algorithm of dynamic
estimation (dynamic filtering based on the Kalman
filter [5]) should be applied, to the advantages of which
is a relatively small amount of computing resources.



The initial conditions of the dynamic filtering
algorithm are the vector of the values of the
coordinates X,_; and the correlation error matrix
K;,_,after the n-1 measurement step.

As a measurement vector, the value of the
coordinate vector X;, and its correlation error matrix
Q;n are taken at the nth step of the measurements.

In this case, the extrapolated wvalues of the
coordinate vector and the correlation matrix take the
form

Xin = Xin-1
Kien = Kin—l; (5)
and the matrix gain
Hin = K& (K + Qi) 7" 6)

Then the estimates X,, , K,, are represented by the
relations

)?—1:1 =Xin JrI-Iin(Xin _Xien >

Kin = Kg — K, Hin, (@)
where H;, is the matrix gain of the dynamic filter.

X, = (%, 9,) 7, evaluation of the state vector,

2

_ OX?% Sy . .
K., = , the correlation matrix of errors
Sxy gy

ox?, oy?- variance of the estimate, s,,- mutual

correlation moment with respect to the coordinates x, y.
Using the Kalman filter, the estimation vector X
and the correlation matrix of the estimation error K,,, of
the coordinates for each element are refined. Each time
the WSN elements measure distances and the error in
determining the distance to neighboring elements, their
coordinates and correlation error matrix are refined.

It is known [6] that Kalman's dynamic filtering
algorithm provides: firstly, knowledge of the dynamic
model of the system, and secondly, it is necessary to
fulfill the condition of '"normality" of the law of
distribution of measurement errors with zero
mathematical expectation and a known correlation
matrix. In practice, such conditions are difficult to
implement, and in most cases impossible. Therefore, to
ensure stability and improve the accuracy of the
estimation, the dynamic filtering algorithm should be
modified.

Note that the matrix gain H;, is calculated without
taking into account the values of the measurement
vector X;, using the correlation matrices of estimation
errors K,_;, and measurement errors Qy,,.

The following variants are possible with an
increase in the number of steps n:

1) as n increases, the elements of the matrix gain H;,
tend to zero:

lim Hin =

n—oo

lim K,_1,(K,_1n + Qin)_l =0, )

n—oo
Hin -0, un Hin(Xin - Xien ) — 0, then X;‘L :Xin—ll I?l;l
= K;n_1, and there is no filtration;
2) because some elements of the matrix
___ -1
(Kz—m + Ql-n) — 0, as n — oo, both the elements of

the matrix K,,,_; and the matrix Q;,,_4.
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And this means that when the traffic flow
increases between the elements of the WSN, the
accuracy of estimating the coordinates of the network
elements increases, on the one hand, and, on the other
hand, this process simultaneously leads to a violation
of the stability of the algorithm.

Therefore, the task of ensuring the stability of the
dynamic filter should be solved by simultaneously
limiting the bottom and top values of the elements of
the matrix gain K,_;,. Elements of the matrix
Qin—q1 are determined by the distance measurement
method. If the matrix Q;,_; tends to zero with
increasing n, then it is necessary to artificially restrict
the values of the elements K,_;,, from below.

The paper proposes to combine the regular and
adaptive Kalman filtering algorithms. Regularized
filtering algorithms are used in the case of divergence
of the estimation process, which arises in connection
with the lack or insufficient volume of a priori
information about the measurement vector. A
consequence of this can be the general absence of the
possibility of calculating the gain H;, due to the fact
that (K,_1, + Qin_1)"' does not have an inverse
matrix. Also, the regularized filtering algorithm allows
for a steady increase in Q;,_,) - measurement noise to
ensure stable operation [7]. Under such conditions, the
matrix gain can be calculated as

Hip =K1 (Kin—1 + 0Qin-1)"". (9
here o € [0,1]- the regularization parameter is defined

X — X5l < p- (10)

It should be noted that the regularization
parameter o can be determined for any topological
space, starting from the law of distribution of
measurement errors. For example, for a space with a
quadratic norm, the gain H;, can be determined under
the condition:

Z(Xin_Xien)z =p an
where X' - operation of elementwise addition.

The method of limiting the gain H;, can also be
referred to the regularization methods. Limitations of
H;,, are practically possible with the dimension of the
matrix 2 x 2, 3 x 3, otherwise the method is
inappropriate.

Estimates of the parameters in the case of the
regularization application will be stable provided that
the error in the results of the processing is consistent
with the measurement error.

This is eliminated in the adaptive filtering algorithm,
the gain H;,in which is determined taking into account
the discrepancy X;, — X{,, and therefore a priori
information on the statistical characteristics of
measurement errors is not required.

Then the adaptive algorithm for determining the matrix
gain has the form

Hip = I(T—‘l:l(l(xin - Xien)z)_ly

if A>A, (12)
P -1
Hiy, = L—ln(KL—ln + Qin) 5

else A < A. (13)

IXin — XED2 = A,
Kz—ln + Qin = VAVT, (14)
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where A, A - diagonal matrices of eigenvalues of size
m x m, and the matrices V, V7 in the general case are
two unitary matrices consisting of right and left
singular vectors, respectively, with V V7 = 1.

In the adaptive filter, the upper value of H;, is
limited to the square of the residual, and the lower
value in (13) tends to O (H;,;, — 0), as n increases,
which leads to instability of the filtration process. To
ensure stability at A< A, H;, is determined using a
regularized filtering algorithm (9).

Note that (12) and (14), taking into account (9),
are expressions for calculating the gain of the
regularized-adaptive Kalman filter [5].

For comparison of the considered filtering
algorithms, the results of the simulation (Fig. 2)
simulation of the dependence of the position of the i-th
element on the coordinate x (in meters) on the number
of measurements n are presented. The input data for the
simulation model are the number of WSN elements M
and the distances between them d;; in Next, an
imitation of the "noise" of these quantities by a random
process with a normal distribution law N(O, p; ji" ) is
performed with zero mathematical expectation and a
given variance pU—"n. Estimations of the coordinates
Xin—1 and K;,_; of the correlation matrix of estimation
errors are determined by the ranging method (2), (3).

These data are the initial conditions for filtering
algorithms. Further in the WSN, after the next
measurement of the distance between adjacent
elements, the estimations of the coordinates X;,, and the
correlation error matrix Q;, are determined. These
values are simultaneously a measurement vector and a
measurement error matrix for regularized, adaptive,
and regularized-adaptive filtering algorithms.

The results of the simulation allow us to state that
the proposed regularized adaptive Kalman filter with
multiple measurements of the distances between
elements of the WSN allows obtaining stable estimates
which, in addition, improve the accuracy of
determining the coordinates of the WSN elements,
including in the absence of reliable a priori information
on errors in measuring distances.
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Fig. 2. Regularization of the filter - dashed line,
adaptive filter - a dot-and-dash line,
regular-adaptive-filter - solid line.

Conclusion

Thus, the problem of estimation and errors in
determining the coordinates of the WSN elements with
multiple measurement of the distances between
network elements can be reduced to two stages:

1) on the basis of the information on the measurement
of distances and the error in their determination
between neighboring elements in the local coordinate
system by the distance-measuring method, the
coordinates and errors in determining the coordinates
of the WSN elements are determined;

2) to ensure stability and improve the accuracy of the
assessment, the coordinates of the elements are refined
for multiple measurements of the distances between
neighboring network elements by applying a regular-
adaptive filtering algorithm.

Mathematical modeling confirms the stability and
convergence of the filtration process, while the
accuracy of estimating the coordinates of the WSN
network elements after four measurement cycles
increases by an average of 12-16% compared to
known estimation methods.
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Ypuecovkuii JI1.0., Axopnos €.A., Ilykanoe O.D.
IlinBuIeHHSI TOYHOCTi BU3HAYEHHS KOOPANHAT €JIEMEHTIB 0€3POTOBUX CEHCOPHUX MepPeK

Ipo6aemaTuka. Cy4acHi METOM BU3HAYCHHS KOOP/MHAT E€IEMEHTIB 0€3/POTOBUX CEHCOPHUX MEPEXK TO3BONISIOThH
BUPIIIYBAaTH 3aBJaHHs MPU OJHOPA30BOMY BHU3HAUCHHI 1 MOMIJIOK BH3HAYCHHS B3a€EMHHX BiJCTAaHEH MIX CIICMEHTAMH
6e31poToBoi Mepexxi. Y pa3i MiABUIIEHHS BUMOI 10 TOYHOCTI BU3HAUEHHS KOOPAMHAT EJIEMEHTIB Mepexi, iCHyroui
METOJH He JO3BOJISIOTH BUPILIMTHU [TOCTABICHY 3a1ady.

Mera pocaimkennsi. [TiBUIIEHHS TOYHOCTI OIIHIOBAHHS KOOPJIMHAT €JIEMEHTIB 0E3/[pPOTOBUX CEHCOPHUX MEPEK
Ha OCHOBI 0aratopasoBOTr0O BUMIPIOBaHHS BiJICTaHEH MIXK €JIeMEHTaMU MEPEXKi.

Metoanka peanizaunii. BusHaueHHs KOOpAWHAT €JIEMEHTIB OE3IPOTOBHX CEHCOPHUX MEPEK PealizyeThCs B JBa
eTarm.

Ha nepmomy, nuissxom 0araTopa3oBUX BHMIPIOBaHb B3a€MHHX BiJICTaHEH MIK €JIEMEHTAMH BU3HAYAETHCS OLIHKA
KOOPAMHAT 1 KOpeJsLiifHa MaTPHUIs TOMUJIOK OLIHIOBAHHSI €JI€MEHTIB 0€3pOTOBOI CEHCOPHOI MEPEKI.

Ha npyromy, 3 MeToro MiJBHIIEHHS TOYHOCTI 1 3a0e3meueHHs CTIMKOCTI MpOIeCy OIIHIOBAHHS, MPOIOHYETHCS
a/IalI TUBHO-PETYJIISIPI30BaHUI allTOPUTM KAIMAaHOBCHKOT (QUIBTpAIil /Uil YTOYHEHHSI OLIHOK KOOPJMHAT 1 KOPEeJsIiiHOT
MaTpHULIi MTOMUIIOK.

Pe3yabraTH JociaifzkeHHs. 3anpoONOHOBAaHMK METOJ Ha OCHOBI aJrOPUTMY aIallTHBHO-PETYJISPU30BAHOTO
AITOPUTMY OIIIHIOBAHHS, 332 Pe3yJbTaTaMH IMITAI[IITHOTO MOJICIIOBAHHS, JIO3BOJISIE IMiIBUIIUTH TOYHICTH OI[IHIOBAHHS
rapaMeTpiB pO3TAIIyBaHHS €JIEMEHTIB OE3pOTOBHX CEHCOPHHMX Mepex B cepenHboMy Ha 12-16% 1 mpm mpomy
3a0e3Medy€eThCsl CTIHKICTD 1 301KHICTD MPOIIECy OIIHIOBAHHSI.

BucHoBku. Po3riissHYTHIT METOJ BH3HAUCHHS KOOPJMHAT €JIEMEHTIB OE3I[POTOBHX CEHCOPHUX MEpEeK MOXe OyTH
peasti3oBaHMil B CyYaCHHX HA3eMHHUX CEHCOPHHMX MEpeKaxX pi3HOMAaHITHOTO MPU3HAYCHHSI.

KnrouoBi ciaoBa: 0e3qpoToBa CEHCOpHA Mepeka, KOOPIHMHAT €JIEMEHTIB Oe3ApPOTOBHX CEHCOPHUX MEpEiK,
aJlalITUBHO-PEryIApi30BaHiil anroputM Qinasrparii.

Ypvieckuii J1.A., Axopnos E.A., Ilykanoe O.D.
IloBbIeHne TOYHOCTH ONpeaeTeHUs] KOOPIHHAT 3JIeMEHTOB 0eCITPOBOIHBIX CEHCOPHBIX ceTeil

IpodaemaTnka. CoBpeMEHHbIE METOIBI ONPEACICHHUS KOOPIWHAT AIIEMEHTOB OECIPOBOJHBIX CEHCOPHBIX CeTeil
MO3BOJISIOT PeIIaTh 3a4a4d NPH OJHOKPATHOM OIPEAEICHHHM M OLIMOOK ONpEAeNeHHs B3aMMHBIX PACCTOSHHH MEXIy
aJIeMEeHTaMHu OeCTpOBOIHOM ceTH. B ciryyae moBbIeHHsI TPeOOBaHUI K TOYHOCTH ONPEIEICHUS] KOOP/MHAT 3JIEMEHTOB
CETH, CYIIECTBYIOLINE METO/IbI HE TIO3BOJISIIOT PEIINTh TOCTABICHHYIO 33/1a4y.

Heap uccaenoBanus. [loBbleHNe TOYHOCTH OIEHMBAHUS KOOPIWHAT 3JEMEHTOB OECHPOBOIHBIX CEHCOPHBIX
ceTell Ha OCHOBE MHOT'OKPATHOT'O U3MEPEHHs paCCTOSHUIN MEXly 2JIEMEHTaMH CETH.

Metoaunka peaausanuu. OnpezaencHne KOOPAMHAT AIIEMEHTOB OECIPOBOIHBIX CEHCOPHBIX CETEH peaju3yeTcs B
JIBA JTara.

Ha nepBoM, myTeM MHOTOKpaTHBIX U3MEPEHMH B3aWMHBIX PACCTOSHUI MEXy 3JEMEHTAMHU OIpEJeIsieTcs OllEHKa
KOOPJMHAT U KOPPEIALMOHHAS MaTPHULIA OIIHOOK OLIEHUBAHUS KOOPAMUHAT 3JIEMEHTOB OECIPOBOIHOI CEHCOPHOM CETH.

Ha BTOpoM, ¢ 11€1bi0 NOBBIMICHHS TOYHOCTH W O0ECHEYECHUs] YCTOWYMBOCTH MPOLIECCa OLCHUBAHUS, [TPEAIaraeTcs
aIalITUBHO-PETYIIAPU30BAHBI  aITOPUTM KaJMAaHOBCKOW (UIbTpAalMu Ui YTOYHEHHUS OLEHOK KOOPAMHAT |
KOPPEJSIIHOHHON MaTpPHUIIbl OIIHOOK.

PesyabTaThl MccienoBanus. IIpenioKeHHBI METOJ Ha OCHOBE QJITOPUTMa  aJalTUBHO-PETYJIIPU30BAHHOTO
QIrOpUTMa OLEHUBAHMSA, MO pe3yjabTaTaM HMHTAIMOHHOTO MOJEIUPOBAHNS, MO3BOJISET MOBBICUTH TOYHOCTH
OIIGHUBAHHMS ITaPAMETPOB MECTOIIOJIOKEHHSI 3JIEMEHTOB OECITPOBOIHBIX CEHCOPHBIX ceTel B cpeaneM Ha 12-16% u npu
9TOM 00€CIIeunBaeTCs yCTOMYMBOCTD U CXOIUMOCTD IMTPOIIECcCa OICHUBAHMSL.

BoiBoabl. PaccMoTpeHHBIH METOX ONpefeseHus] KOOPAUHAT IEMEHTOB OECHPOBOIHBIX CEHCOPHBIX CeTell MOXKET
OBITH pea30BaH B COBPEMEHHbIX Ha3eMHBIX CEHCOPHBIX CETSIX Pa3IMuHOIO Ha3HAYCHUS.

KiroueBble ciioBa: OecripoBo/Hasi CEHCOpHAsi CETh, KOOPJHMHAT 3JEMEHTOB OECIPOBOJHBIX CEHCOPHBIX CETEH,
aIalITUBHO-PETYIIAPH30BaHNH anropuT™ (QUIBTPALIUH.





