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Abstract: Aiming at the problem of poor observability of
measurement information in the loosely-coupled integration of
the inertial navigation system (INS) and the wireless sensor
network ( WSN ), this paper presents a tightly-coupled
integration based on the Kalman filter (KF). When the WSN is
available, the difference between the distances from the blind
node( BN) to the reference nodes (RNs) measured by the INS
and those measured by the WSN are used as measurement
information for the KF due to its better observability and
independence, which can effectively improve the accuracy of
the KF. Simulations show that the proposed approach reduces
the mean error of the position by about 50% compared with
loosely-coupled integration, while the mean error of the velocity
is a little higher than that of loosely-coupled integration.
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H ow to provide a continuous navigation capability has
been an important research issue in the past years' '
In order to achieve continuous navigation capability, many
approaches employ integrated navigation. The GPS/INS in-
tegration is one of the most common methods. However,
although the global positioning systems ( GPS) solution
which has been in service for many years has a consistent
and long-term stable accuracy, it cannot work when a total
system outage occurs”'. And in the GPS denied areas such
as tunnels, urban canyons and indoors, the INS cannot pro-
vide long-term stable accuracy due to the accuracy deteriora-
tion with time.

With the development of the WSN in recent decades, it
shows a great potential to develop indoor position systems in
the GPS-denied area'*™. Most of the current localization
means for wireless networks employ measurements of one or
several physical parameters of the radio signal transmitted
between the reference nodes ( RNs) and the blind node
(BN)™ . For example, Patwari et al. """ employed the time
of arrival (TOA) and received signal strength (RSS) meas-
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urements to estimate the relative location in the wireless sen-
sor networks (WSN). Minami et al."'" proposed a fully
distributed localization system based on ultrasound, and the
accuracy of localization is about 20 cm. However, as the
WSN requires high-density RNs to maintain localization ac-
curacy, it has to employ a large number of RNs to maintain
localization accuracy if the localization area is large.

As for data fusion, there are three integration modes:
loosely, tightly and ultra-tightly coupled integration. Loose-
ly coupled integration is a low-level integration and it is
easy to realize, while the system accuracy is significantly af-
fected by the environment. The advantages of the ultra-
tightly coupled integrated system have already been presen-
ted in some literature, but it is not used in practice at pres-
ent due to the limitations of receiver development'' .

In order to overcome the poor observability of measure-
ment information in loosely-coupled integration and the lim-
itation of device development in ultra-tightly coupled inte-
gration, this paper presents a tightly-coupled INS/WSN in-
tegrated navigation system for continuous navigation capa-
bility in the area of long-term GPS outage. Simulation re-
sults of the proposed method are used to evaluate the per-
formance and are compared with those of the INS-only and
loosely-coupled methods.

1 Principle of Tightly-Coupled INS/WSN Integra-
tion
1.1 Structure of integration
The structure of the tightly-coupled INS/WSN integration
is shown in Fig. 1. The measurement information includes
the BN velocity and the distances from the BN to the RNs.
These measurements are used to generate estimates of the

errors in the INS, and thus, the errors of measurement in-
formation are independent and not relevant.
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Fig.1 The structure of integration when WSN is available
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From Fig. 1 it can be seen that the INS calculates the BN
velocity and the distances from the BN to the RNs ( denoted
as p,), and then compares them with those measured by the
WSN. The integrated filter uses the comparison results to
estimate the INS state errors, which are used to correct the
navigation system.

1.2 State equation

As mentioned above, the measurement information of the
INS includes p, and the BN velocity, therefore, the KF uses
the errors of position and velocity of the BN as the state vec-
tor. The state equation of the INS error can be expressed as

X/(k+1) =FX/ (k) +W/(k) (1)
where
opP, 11
o =Ll m=lo 2)
Pk
[At 0 W.(k = [Z,)Vk]

where 6P and 8V are the position and velocity errors, re-
spectively; and At is the sampling period. The correspond-
ing state equation of synchronization delay is

8(k +1) = 6,(k) +w,(k) (3)

Combining the INS error state equation with the synchro-
nization delay equation, the state equation in the mode of
integration is achieved.

5(k+1) 8(k) wy(k)

[
X(k+l) X(L) W(k) (4)

[X(k+1)] [ | ][X(k)] [Wl(k)

where W(k) is the Gaussian white noise with zero mean,
and its covariance matrix is Q(k).

1.3 Measurement equation

In the integration of INS/WSN, the position of the BN
measured by the INS is assumed as (x,, y;). py is the dis-
tance from the BN to the RNs measured by the WSN. Sub-
sequently, the real-time p, of the INS can be solved using
the RN position (x;, y,) and (x,, y,) as follows:

pi = ((x, _xi)z +(y _yi)z)l/z (5)

Then, Eq. (5) is used for the first-order Taylor expansion at
the position (x,, y,) which is measured by the INS. So we
obtain
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Meanwhile, the distances between the BN and the RNs
measured by the WSN are

pwi =T, +0,+v, (7

where §, is the synchronization delay; r is the real distance
from the BN to the RNs; and v, is the noise. Here, we de-

fine Ap as
Py Py
Ap; = py —pwi = axlsx + T;(S}’ —6,-v, (8)
where
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Therefore, the measurement matrix can be expressed as

Z(k) = H(k)X(k) +n(k) (10)
where
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where 5( k) is the Gaussian white noise with zero mean,
and its covariance matrix is R(k). Here, we can readily see
that the system composed of Egs. (4) and (10) is a linear
system. The KF is one of the most common filtering meth-
ods for linear systems, and the KF algorithm can be given
in the following recursive relations:

X(k) =X(k-1) +K(k)(Z(k) —H(k)X(k -1))
(1D

P(k) = FP(k - 1)F'" + Q(k) (12)

K(k) =P(k —1)H(k)'(H(k)P(k —=1)H(k)' +R(k)) ™
(13)

P(k) = (I - K(k)H(k))P(k) (14)

2 Simulation and Performance Evaluation

2.1 Assumptions

In order to assess the performance of the proposed meth-
od, simulations are implemented. A 700 m x400 m area is
defined as the simulation scenario. We assume that the dis-
tance between RNs is 5 m, and the communication range is
15 m. As the WSN is low-speed wireless communication
technology, we set the sampling period in Eq. (2) as 20
ms. In addition, the WSN employs ultrasound to measure
the distances between the RNs and the BN, and the accuracy
of ultrasound-based localization is assumed to be about 0. 2
m. Both the synchronization delay and the delay of commu-
nication between nodes are set to 1 ns. For the INS, the po-
sition, velocity and corresponding error estimations are real-
time data. In this paper, we employ the position and veloci-
ty errors as performance evaluation standards.

2.2 Performance analysis

To further clearly demonstrate how the proposed algo-
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rithm improves the accuracy of the solution, the position er-
rors in x direction and y direction are shown in Fig. 2 (a)
and Fig.2 (b), respectively. From these figures we can see
that both the loosely-coupled and tightly-coupled integration
solutions can reduce the drift of the position errors, and the
errors of the tightly-coupled solution are smaller than those
of the loosely-coupled solution. Simulation results show that
the proposed method is effective since it decreases the posi-
tion errors in x direction and y direction by about 50% .
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Fig.2 Position errors for INS-only, loosely-coupled mode and
tightly-coupled mode. (a) x direction; (b) y direction

Fig. 3 displays the velocity errors of the proposed meth-
od. It is evident that the proposed method has smaller veloc-
ity errors than the INS-only, although the velocity errors of
the proposed method are a little higher than those of the
loosely-coupled mode. Simulation results show that the pro-
posed method is effective since it decreases the velocity by
about 50% compared with the INS-only mode.

The mean errors of the position and the velocity are
shown in Tab. I.

—— INS-only
—— Loosely-coupled mode
i —— Tightly-coupled mode

-2+ il —— Loosely-coupled mode
F V ——Tightly-coupled mode
— 3 1 1 1 1 1 Il 1 |
0 S5 10 15 20 25 30 35 40
t/s
(b)

Fig.3 Velocity errors for INS-only, loosely-coupled mode and
tightly-coupled mode. (a) x direction; (b) y direction

Tab.1 Performance of INS-only, loosely-coupled and tightly-coupled mode

Mean errors of the position/m

s7h)

Mean errors of the velocity/(m -

Mode . . - -
x direction y direction x direction y direction
INS-only 1.7792 1.1919 0.8298 0.8435
Loosely-coupled integration 0.768 4 0.5522 0.3750 0.369 1
Tightly-coupled integration 0.4192 0.2997 0.362 1 0.3774

3 Conclusion

This paper presents a tightly-coupled integrated navigation
system with the Kalman filter based information fusion tech-
nology. In order to achieve better observability, the differ-
ence between the distances from the BN to the RNs meas-
ured by the INS and that measured by the WSN is used as
measurement information of the KF for its better observabili-
ty and independence, and the BN velocity is also used as
measurement information in this mode. Simulation results
show that the proposed approach effectively reduces the
mean error of the position by about 50% compared with
loosely-coupled integration, while the mean error of the ve-

locity is a little higher than that of loosely-coupled integra-
tion. For the WSN, as the tightly-coupled integrated system
employs the distances between RNs and BN instead of the
position of the BN, the computation capacity requirements
of the coordinator node in the proposed mode is reduced
compared with that of the loosely-coupled mode.
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