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Abstract—Location estimation and tracking for the mobile
devices have attracted a significant amount of attention in recent
years. The location estimators associated with the Kalman filter-
ing techniques are exploited to both acquire location estimation
and trajectory tracking for the mobile devices. However, most of
the existing schemes become inapplicable for location tracking
due to the deficiency of signal sources. In this paper, the enhanced
predictive location tracking (EPLT) are proposed to alleviate this
problem. The EPLT scheme utilizes the predictive information
obtained from the Kalman filter in order to provide the additional
signal inputs for the location estimator. Furthermore, the EPLT
scheme incorporates the geometric dilution of precision (GDOP)
information into the algorithm design. Persistent accuracy for
location tracking can be achieved by adopting the proposed EPLT
scheme, especially with inadequate signal sources. Numerical
results demonstrate that the EPLT algorithm can achieve better
precision in comparison with other location tracking schemes.

I. INTRODUCTION

Wireless location technologies, which are designated to
estimate the position of a mobile station (MS), have drawn a
lot of attention over the past few decades. With the assistance
of the information derived from the positioning system, the
required performance and objectives for the targeting MS
can be achieved with augmented robustness. In recent years,
there are increasing demands for commercial applications to
adopt the location information within their system design, such
as the navigation systems, the health care systems and the
wireless sensor networks. With the emergent interests in the
location-based services, the location estimation and tracking
algorithms with enhanced precision become necessitate for the
applications under different circumstances.

The network-based location estimation schemes have been
widely proposed and employed in the wireless communication
system. These schemes locate the position of a MS based
on the measured radio signals from its neighborhood base
stations (BSs). In addition to the estimation of a MS’s position,
trajectory tracking of a moving MS has been studied [1], [2]
to enhance the accuracy of location estimation. The Kalman
tracking (KT) scheme [1] distinguishes the linear part from
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the originally nonlinear equations for location estimation.
The linear aspect is exploited within the Kalman filtering
formulation; while the nonlinear term is served as an external
measurement input to the Kalman filter. The cascade location
tracking (CLT) scheme as proposed in [2] utilizes the two-
step least square (LS) method for initial location estimation
of the MS and the cascaded Kalman filtering technique to
trace the position of the MS based on its previously esti-
mated data. However, the wireless location tracking problem
with insufficient signal sources has not been addressed in
previous studies. In the cellular-based networks, three BSs
are required in order to provide three signal sources for the
time-of-arrival (TOA) based location estimation. Nevertheless,
the scenario with sufficient signal sources does not always
happen in real circumstances, e.g. under rural environments
or city valley with blocking buildings. In real-time tracking
case, the situation of temporary blackouts of signal would be
encountered with a high probability due to MS’s mobility. It
will be beneficial to provide consistent accuracy for location
tracking under various environments.

It is noted that the design of the predictive location tracking
(PLT) scheme was presented in our previous work in [3].
The PLT algorithm is proposed to improve the problem by
utilizing the predictive information obtained from the Kalman
filter with insufficient measurement inputs, i.e., with only
two BSs or a single BS available to be exploited. In this
paper, an enhanced predictive location tracking (EPLT) scheme
is proposed by adopting the geometric dilution of precision
(GDOP) concept into its formulation in order to further
enhance the performance of the original PLT algorithm. The
position of the virtual signal source is relocated for the purpose
of achieving the minimum GDOP value with respect to the
MS’s position. In general, location estimation under higher
standard deviations may yield degraded performance. It will
be evaluated in the simulation that EPLT can still provide
consistent precision with different noise model for location
tracking comparing to the PLT scheme.

The remainder of this paper is organized as follows. Section
IT briefly describes the modeling of the signal sources and
the GDOP metric. The architecture overview and formulation
of the proposed EPLT scheme are explained in Section III.
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Section IV illustrates the performance evaluation of the pro-
posed EPLT scheme in comparison with the existing location
tracking techniques. Section V draws the conclusions.

II. PRELIMINARIES
A. Mathematical Modeling

In order to facilitate the design of the proposed EPLT algo-
rithm, the signal model for the TOA measurements is utilized.
The set r;, contains all the available measured relative distance
at the k' time step, i.e., i = {T1 gk, ooy Titks + oy TNuk )
where N denotes the number of available BSs at the time
step k. The measured relative distance between the MS and
the i*" BS obtained at the k*" time step can be represented as

Tik=C tipr=CikTNir+er 1=1,2,...,Ng (N

where ¢; ;, denotes the TOA measurement obtained from the
ith BS at the k" time step, and c is the speed of light. 7;
is contaminated with the TOA measurement noise n;j and
the NLOS error e; ;. It is noted that the measurement noise
N 1S in general considered as zero mean with Gaussian
distribution. On the other hand, the NLOS error e; j, is modeled
as exponentially-distributed for representing the positive bias
due to the NLOS effect [4]. The noiseless relative distance
Cik (in (1)) between the MS’s true position and the it" BS
can be obtained as

G = [(an — zip)? + (e — yik)?]2 )

where xj, = [z}, ;] represents the MS’s true position and x; j
= [@; x yixl is the location of the i'" BS for i = 1 to Nj.
Therefore, the set of all the available BSs at the k" time step
can be obtained as Ppsx = {X1 ks ---s Xiks -+ s XNy kJ-

B. Geometric Dilution of Precision (GDOP)

The GDOP [5] associated with the position error is utilized
as an index for observing the location precision of the MS
under different geometric location within the networks, e.g.
the cellular or the satellite networks. In general, a larger
GDOP value corresponds to a comparably worse geometric
layout (established by the MS and its associated BSs), which
consequently results in augmented errors for location estima-
tion. Considering the MS’s location under the two-dimensional
coordinate, the GDOP value (G) obtained at the position xj
can be represented as

Nl=

Gr, = {trace [(H, Hy, )]} ®)
where
Tkp—T1 k Y —Y1,k
Cik C1,k
Tp—T; k Yk —Yik
ka = kCi,k 2 kCi,k-, : (4)
CNy K CNy,k

It is noted that the elements within the matrix H,, can be
acquired from (2).
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Fig. 1. The architecture diagrams of the proposed EPLT scheme

III. PROPOSED EPLT ALGORITHM
A. Architecture Overview

The objective of the proposed EPLT algorithm is to utilize
the predictive information acquired from the Kalman filter
to serve as the assisted measurement inputs while the envi-
ronments are deficient with signal sources. Fig. 1 illustrates
the system architectures of the proposed EPLT scheme. The
TOA signals (r as in (1)) associated with the corresponding
location set of the BSs (Ppg,) are obtained as the signal
inputs to each of the system, which result in the estimated state
vector of the MS, i.e., §x = [*x V) ai]” where %5, = [Zx 9]
represents the MS’s estimated position, ¥, = [0 1 Dy,x] is the
estimated velocity, and @y, = [G, 1 Gy.x] denotes the estimated
acceleration.

It is noticed that the EPLT algorithm adopts the architecture
of the CLT scheme, i.e., the two-step LS method cascaded with
the Kalman filter. The EPLT algorithm will be the same as
the CLT scheme while the number of available BSs is greater
than or equal to three, i.e., Ny > 3. It is also noted that
the EPLT scheme will perform the same as the CLT method
under the case with no signal input, i.e., N = 0. However, the
effectiveness of the EPLT scheme is revealed as 1 < N, < 3,
i.e., with deficient measurement inputs. The predictive state
information obtained from the Kalman filter is utilized for
acquiring the assisted information, which will be fed back into
the location estimator. The extended sets for the locations of
the BSs (i.e., Pgg ) = {PBs.k; Pgs, k) and the measured
relative distances (i.e., r§ = {ry, r, 1 }) will be utilized as the
inputs to the location estimator. The sets of the virtual BS’s
locations Ppg, i and the virtual measurements r,, ;. are defined
as follows.

Definition 1 (Virtual Base Stations). The virtual Base Sta-
tions are considered as the designed locations for assisting
the location tracking of the MS under the environments with
deficient signal sources. The set of virtual BSs Ppg, ) is
defined under two different numbers of Ni as

{xvl,k} for Nk =2

Pos,x = { {Xv1 ks Xug, 6} for Np =1 &)
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Fig. 2. The schematic diagram of the two-BSs case for the proposed EPLT
scheme

Definition 2 (Virtual Measurements). The virtual measure-
ments are utilized to provide assisted measurement inputs
while the signal sources are insufficient. Associating with the
designed set of virtual BSs Ppg, 1, the corresponding set of
virtual measurements r j, is defined as

Ty or N, =2
ee{ o BET
It is noticed that the major tasks of EPLT scheme are
to design and to acquire the values of Ppg, 1 and r,; for
the two cases (i.e., N = 1 and 2) with inadequate signal
sources. In traditional location tracking schemes such as the
KT and the CLT schemes, the estimated state vector §; can
only be updated by the internal prediction mechanism of
the Kalman filter while there are insufficient numbers of
BSs. The location estimator (i.e., the two-step LS method)
is consequently disabled owing to the inadequate number of
the signal sources. The tracking capabilities of both schemes
significantly depend on the correctness of the Kalman filter’s
prediction mechanism. Therefore, the performance for loca-
tion tracking can be severely degraded due to the changing
behavior of the MS, i.e., with the variations from the MS’s
acceleration. The proposed EPLT algorithm can still provide
satisfactory tracking performance with deficient measurement
inputs. Comparing to the PLT scheme which is presented in
our previous work, the EPLT algorithm has the same set of
virtual measurement r,, ;, and enhances the precision and the
robustness of the location estimation from the PLT scheme
by considering the GDOP effect with different virtual BSs set
Pgs, k-

B. Formulation of EPLT Algorithm

The proposed EPLT scheme will be explained in this sec-
tion. As shown in Fig. 1, the measurement and state equations
for the Kalman filter can be represented as
Ms;, + my,
Fsi_1 +py

(7
(®)
where §; = [X; Vi aj|T. The variables m; and p, denote
the measurement and the process noises associated with the

covariance matrices R and Q within the Kalman filterin
formulation. The measurement vector zp = [Lisk Uis,kl

ik =
S, =

represents the measurement input which is obtained from the
output of the two-step LS estimator at the k** time step (as
in Fig. 1.(c)). The matrix M and the state transition matrix F
can be obtained as

1 00000
M= 1010000 ©)
[1 0 At 0 A 0
01 0 At 0 AP
_ oo 1 0 At 0
F =100 0 1 o At 1o
00 0 0 1 0
LO O 0 0 0 1

where At denotes the sample time interval. Two cases (i.e.,
the two-BSs case and the single-BS case) are considered as
follows:

1) Two-BSs Case: As shown in Fig. 2, it is assumed that
only two BSs (i.e., BS; and BSs) associated with two TOA
measurements are available at the time step k& in consideration.
The main target is to introduce an additional virtual BS
along with its virtual measurement (i.e., Pgg, r = {X,, 1} and
ryk = {ry, .k }) by acquiring the predictive output information
from the Kalman filter. Knowing that there are predicting
and correcting phases within the Kalman filtering formulation,
the predictive state can therefore be utilized to compute the
supplementary virtual measurement r,, ; as

Y

where Xy, denotes the predicted MS’s position at time step
k; while Xp_1|—, is the corrected MS’s position obtained at
the (k — 1)** time step. It is noticed that both values are
available at the (k — 1)*" time step. The virtual measurement
Ty, k 18 defined as the distance between the previous location
estimate (Xj,_1)x—1) and the predicted MS’s position (X _1)
as the possible position of the MS.

Tork = | X1 — Xp—1jp—1l

The objective of the EPLT scheme is to acquire the angle
0y, of x,, . such that the predicted MS (fck‘ k1) Will possess a
minimal GDOP value within its network topology for location
estimation. As illustrated in Fig. 2, the following equality can
be obtained based on the geometric relationship:

Xplkh—1 — Xk = (— Ty k- COSO, =Ty, 1 -8in0;)  (12)

It is noticed that the angle 6j is rotated from the positive
x-axis based on the predicted MS (¥y;—1). As mentioned
above, the position of the virtual BS (x,, ) is designed such
that the predicted MS (¥ ;1) will be located at a minimal
GDOP position based on the extended geometric set P g
= {x1 k, X2, Xy, 1 }- By incorporating (12) into (3) and (4),
the GDOP value (i.e., G,;Mk_l) computed at the predicted
MS’s position ¥jj;—1 = (Zk|g—1, Ykk—1) can be obtained.

The associated matrix Hg, ., becomes

Tplk—1—T1,k  Yklk—1—Y1,k

o Tk Tk
- — Tilk—1—T2,k Ye|lk—1"Y2,k
ka\k—l T2k Ton (13)
— cos 0, —sin 6,

It is noted that the noiseless relative distances (; j in (3)
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2[r3 , (Brje—1 — T1.k) Gri—1 — Y1.k) + 718 (Erjp—1 — T2.6) (Grjp—1 — Y2.5)]

T3 (Erpk—1 — T1k)? = 13 (Grjk—1 — Y1.6)% + 77 4 (Trpp—1 — T2,6)? — 17 ) (Grjk—1 — Y2,6)?

(14)
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Fig. 3. The schematic diagram of the single-BS case for the proposed EPLT
scheme

are approximately replaced by r;j; in (13) since (;j are
considered unattainable. It can be observed from (13) that
the matrix Hg, , , associated with the resulting Gg,,, , value
are regarded as functions of the angle 6y, i.e., Hgk‘kfl(ﬁk)
and Gg, |, _, (6x). Based on the objective of the EPLT scheme,
the angle 07 which results in the minimal GDOP value can
therefore be acquired as

0n = arg {min ng‘kfl(Ok)} (15)
oy,

It is intuitive to observed that (15) can be achieved if the

following conditions on the first and second derivatives of

Gi,, i, (Ok) are satisfied:

0Gs,,, ,(0k)

[k—1 _

o0, | 0 (16)
0 =67

%Gy, (Ok)

olk—1

20, >0 (17)

0,=07"

By substituting (13) and (3) into (16), the angle ;" can be
computed as

T (18)

m L (1E£VI4T2
0, = tan (7)
where I is as in (14) at the top of the page. It is noted that the
selection for either the positive or the negative value of 0" is
determined by (17). At each time instant k, the relative angle
0} between Xy ;1 and x,, ; can therefore be obtained such
that xy,_; is located at the position with a minimal GDOP
value based on its current network layout.

2) Single-BS Case: In this case, only one BS (i.e., BS;)
with one TOA measurement input is available at the k" time
step (as shown in Fig. 3). Two additional virtual BSs and
measurements are required for the computation of the two-
step LS estimator, ie., Ppg, x = {Xy, k, Xu, .kt and ryp =
{Tv1.k> Tvsk }- Similar to the previous case, the first virtual
measurement 7, ; iS acquired as in (11) by considering the

distance between previous estimated MS position X_ 1|1
and the predicted MS’s position Xj|;—;. On the other hand,
the second virtual measurement 7, 5 is defined as the average
prediction error obtained from the Kalman filtering formula-
tion by accumulating the previous time steps as

1 k—1 A A

Tvo,k = kj ; Hxili fx”i,1|| (19)
It is noted that 7, j, is obtained as the mean prediction error
until the (k—1)*" time step. In the case while the Kalman filter
is capable of providing sufficient accuracy in its prediction
phase, the virtual measurement r,, ; may approach zero value.
Associating with the single measurement 7 ; from BS;, the
two additional virtual measurements r,, ; and 7, j resultin a
constrained region (as in Fig. 3) for location estimation of the
MS under the environments with insufficient signal sources.

In order to locate two virtual BSs by utilizing the equations
as in (15) and (18), the first virtual BS is designed to be
located at x,, ) = Xj_1jx—1 associated with the first virtual
measurement 7,  as defined in (11). The position of the
second virtual BS (x,, ) is designed at a location with
distance r,, ;, relative to the predicted MS’s position Xj|;_1.
Therefore, the following equations can be obtained based on
the geometric relationships from Fig. 3:

Xplh—1 — Xugk = (—Tug k- COSOY", =Ty, 1 -sin ") (20)

The relative angle 6;" between x,, . and X;_1 is determined
by minimizing the GDOP value based on the predicted MS’s
position Xj,;—1. Both of the information from BS; and BS,,
alone with the predicted MS’s position X, are utilized for
the computation of the angle 6] (as in (15) and (18)). It is
noticed that instead of altering the position of BS,,,, the BS,,’s
location is adjusted in order to acquire a better GDOP value
for the predicted MS xj,;_1. The design concept is primarily
owing to the fact that the average prediction error is in general
smaller than the length of each prediction within the Kalman
filtering formulation, i.e., 7y, » > Ty, k. The expected MS’s
position Xj,,_; is considered more sensitive to 7,  due to
its smaller value comparing with 7y 3 and 7, . It will be
beneficial to adjust the location of BS,, (by rotating the angle
6;") such that a smaller GDOP value can be achieved at the
predicted location of the MS (xy,_1). With the computation
of the angle ¢;* from the EPLT scheme, the collinear situation
between BS; and BS,, can be avoided.

IV. PERFORMANCE EVALUATION

The model for the measurement noise of the TOA signals
is selected as the Gaussian distribution with zero mean and 10
meters of standard deviation, i.e., n; ; ~ N(0,100) . On the
other hand, an exponential distribution p., , (v) is assumed for
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the NLOS noise model of the TOA measurements as

1 v
m exXp (7T,h) v > 0
otherwise

Pe (V) = 1)
where A\, = ¢ Tix = ¢ Tim(Cik)°p. The parameter 7;
is the RMS delay spread between the i*" BS to the MS. 7,
represents the median value of 7;j, which is selected as 0.1
us in the simulations. € is the path loss exponent which is
assumed to be 0.5. The shadow fading factor p is a log-normal
random variable with zero mean and standard deviation o,
chosen as 4 dB in the simulations. The parameters for the
noise models as listed in this subsection primarily fulfill the
environment while the MS is located within the rural area. It
is noticed that the reason for selecting the rural area as the
simulation scenario is due to its higher probability to suffer
from deficiency of signal sources. Moreover, the sampling time
At is chosen as 1 sec.

The performance comparisons between the KT scheme,
the CLT scheme, the PLT scheme and the proposed EPLT
algorithm are first conducted under the rural environment. The
various numbers of BSs (i.e., the [V} values) that are available
at different time intervals are illustrated in the middle of Fig.
4. For example, the number of available BSs is equal to three
between the time interval (70,77). It can be seen that the
number of BSs becomes insufficient (i.e., N < 3) from the
time interval of ¢ = 78 to 128 sec. The total simulation interval
is set as 150 seconds. The acceleration is designed to vary at

time ¢ = 40, 55, 100, and 120 sec from ay = (agk, ay,x)
= (0.5, 0), (-1, 1.5), (0, 0), (0.5, 0), to (1, -2) m/sec?. It is
noted that the number of BSs becomes insufficient during the
second acceleration change, i.e., at t = 78 sec. Fig. 4 illustrates
the position error and the root mean square error (RMSE). It
can be observed that the PLT and proposed EPLT algorithm
outperform the conventional KT and CLT schemes. The main
differences between these algorithms occur while the signal
sources become insufficient within the time interval between ¢
= 78 and 128 sec. The PLT and proposed EPLT schemes can
still provide consistent location estimation and tracking. The
major reason is attributed to the assisted information that is
fed back into the location estimator while the signal sources
are deficient.

In order to evaluate the sensitivity evaluation of the NLOS
errors to the estimation performance, the position error and
the RMSE as depicted in Fig. 5 are utilized to compare the
three schemes under different NLOS errors, where the median
value of the NLOS noises 7, = 0.1, 0.3, and 0.4 corresponds
to the rural, suburban, and urban environments. It is noted that
both the estimation error and the RMSE are obtained as the
average values acquired from the trajectory as designed in Fig.
4. Moreover, the performance obtained from the KT scheme
is not illustrated in Fig. 5 due to its drastically degraded
performance as the NLOS noises 7, is increased. Owing to
the consideration of the geometric layout, it can be observed
from Fig. 5 that the proposed EPLT scheme possesses better
performance comparing with the other two algorithms under
different NLOS errors. Furthermore, the performance obtained
from the PLT scheme is degraded with the increase of the
NLOS errors. As a result, the effectiveness of the EPLT
algorithm is perceived.

V. CONCLUSION

In this paper, the enhanced predictive location tracking
(EPLT) scheme is proposed. With the predictive information
obtained from the Kalman filtering formulation, additional
measurement inputs are exploited and the signal sources be-
come available for location estimation and tracking of a mobile
device. Moreover, the EPLT algorithm adjusts the locations
of its virtual Base Stations based on the geometric dilution
of precision (GDOP) criterion. Consistent location estimation
and tracking accuracy can be acquired by adopting the EPLT
scheme with different scenario.
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