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Abstract. Localization in wireless sensors networks (WSNs) has been
increasingly significant recently due to the demand of the location-
aware services. The low cost and high accuracy requirements make many
positioning systems adopt high-accuracy quasi-synchronization method.
However it remains synchronization errors which lower positioning and
tracking precision within such systems. Hence, we propose a track-
ing system with low-accuracy quasi-synchronization method based on
dual-tone radio interferometric signals. A mobile target emits dual-tone
signals whose phases contain range information. Several anchors with
known positions receive the dual-tone signals and extract their phase
information. We cancel the synchronization error by differentiating two
phases estimated from two consecutive time instants to increase accuracy.
The tracking accuracy is evaluated by simulations. The tracking system
enjoys low complexity, low cost and obtains a reasonable accuracy.
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Tracking · Localization · Positioning

1 Introduction

A wireless sensor network (WSN) is a distributed and self-organizing network
with lots of sensor nodes deployed [1]. They are applied in many fields including
military detection, intelligent traffic, hospital supervision and care [2]. All the
applications are based on the awareness of sensor locations. Therefore, accu-
rate and efficient positioning technology is very important and urgent [3]. For
example, firemen rescue people’s life with high risk when fiermen’s locations are
unknown in fire disasters. It is safer for them when their positions are located
accurately within the fireplaces.

Localization has been researched for years. The Global Positioning System
(GPS) offers great convenience to people’s life. However, the accuracy of tradi-
tional GPS is a few meters. Newly developed differential GPS is more accurate
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but expensive [4]. Additionally, GPS does not work well indoors, in dense forest
or cluttered urban environments. So it is not suitable for localization in WSNs.
Radio interferometric localization satisfies three of the requirements of wireless
localization applications: high precision, low cost and low power. It can achieve
centimeter scale accuracy. Hence, We intend to use interferometric technology
for tracking. The radio interferometric positioning system (RIPS) [5] has been
proposed and developed in WSNs. The RIPS could achieve high accuracy and
low cost. Then it is extended in [6,7] for a tracking system, in which Doppler
shifts are adopted to estimate the positions and velocities of the motion. Besides,
the RIPS is developed in [8] to combat the flat-fading channels. Furthermore,
a dual-tone radio interferometric positioning system using undersampling tech-
niques (uDRIPS) avoids amplifying the noise and simplifying the receiver struc-
ture simultaneously [9]. However, most of these approaches are in demand of
high-accuracy synchronization either among anchors or between the target and
anchors.

Time synchronization is still a big obstacle in WSNs, in which the resource
and energy are limited. However high-accuracy synchronization system where
the synchronization error is less than 10µs consumes additional energy, band-
width and computational resources [10]. Besides, it is difficult to implemented in
practice [11]. Furthermore, it exists synchronization errors which influence the
positioning and tracking accuracy. Common synchronization mechanisms have
synchronization errors which are around 50µs. The average one hop error of
the TPSN synchronization method is 21.43µs [12] and DMTS’s synchronization
error is 30µs [13].

Considering these reasons, we envision an approach based on RIPS to track
a mobile target and remove all the synchronization errors in order to increase
tracking precision. We adopt the common synchronization method to reduce high
resource cost of the high-accuracy synchronization system and lower the system
cost. It has the advantage of undersampling which avoids noise amplification. We
extract the TOAs accompanied by synchronization error items from the phases
of the dual-tone signals in our system. For different anchors, the synchronization
errors are different. Each error is fixed once the system starts to work [11]. Here
we consider the motion process as a series of uniform linear motions, and each
motion is a moving step. We get TDOA to eliminate the offset in two successive
moving steps. Then we get the difference of random two TDOAs (DTDOA) and
establish relations between DTDOAs and the velocities. And use non-linear least
squares method to work out the velocity. With the known initial position of the
mobile target, we acquire the position of the target at randomly time. Then we
got the motion curve.

The rest of the paper is structured as follows. Section 2 introduces system
model. Section 3 describes the algorithm used to estimate the velocity and posi-
tion of the mobile target. We provide simulation results of this approach in
Sect. 4 and evaluate our algorithm. Section 5 contains the conclusions.
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2 System Model

Let us assume M anchors with known locations. The moving target moves ran-
domly within the zone, transmitting a dual-tone signal

s(t) = γejϕej2π(fc+fb)t(1 + ej2πgbt), (1)

where γ is the real-valued amplitude of each components, ϕ is the unknown
initial phase offset, fc is the carrier frequency, and fb is the frequency difference
between the two tones and greater than zero. The frequency gb is the frequency
difference between the two tones and greater than zero as well.

( )kr t

Fig. 1. The receiver structure of the tracking system

Figure 1 shows the receiver structure of the tracking system. The signal s(t)
goes through channels, down converted by fc, and received by the kth anchor.
We model the received signal as follows.

rk(t) = βks (t − τk − tk) e−2πfc+jηk + wk (t) , (2)

Combining (1) and (2), we have

rk(t) = αkβkej2πfbtejθk(1 + ej2πgbtejφk) + wk(t), (3)

where βk is a complex channel coefficient attributing to the flat-fading channel
effects, and can be modeled as a zero-mean complex Gaussian random variable
with variance σk representing the average power of the flat-fading channel. The
θk = −2π(fc + fb)(tk + τk), φk = −2πgb(tk + τk), and αk = γej(ϕ+ηk) are
composite variables. The wk represents the noise item. The αk absorbs the effects
of the random initial phases between the mobile target and the kth anchor. The
unknown time tk is the remaining time offset of kth anchor plus the transmission
instant of the transmitter. The unknown initial phase ηk is due to the randomness
of the receiver oscillator. Here φk includes the range of interest via τk which we
are interested in. The assumptions as follows are adopted in the entire paper.

Assumption 1: The synchronization problem usually contains two elements
which are time offset and skew [14]. Here we use quasi-synchronization [16] which
only consider time offset. The synchronization error is tk due to the low-accuracy
synchronization between the mobile target and the kh anchor. Moreover, the
synchronization errors are different to anchors according to the reality.

Assumption 2: We assume that the two tones of the dual-tone signal expe-
rience the same fading channel because the frequency difference gb is set to be
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much smaller than the channel coherence bandwidth [16]. Hence in two cen-
trosymmetric motions we will get the same measured data set and work out the
same velocity. For example, when the target moves towards the x-axis positive or
negative direction, the estimated velocity directions probably are all the x-axis
negative directions or positive directions with the same velocity absolute value.

The received signal rk(t) is undersampled by a sampling frequency fs (fs <
2(fb + gb)) to lower the requirement of the equipments, at the same time to
avoid amplifying the noise. After processing the sample data, we get a parameter
φk = −2πgb(tk + τk). It relates to transmission time and remaining time offset
what we are interested. Next we will explain how φk can be calculated and the
integer ambiguity problem. Collecting the kth anchor’s samples into a vector rk,
we have

rk = Axk,

where
xk = [αkβkejθk , ej(θk+φk)]T

A = [L(fb/fs), L((fb + gb)/f ]T

L(f) = [1, ej2πf , . . . , ej2π(L−1)f ]T

Finally, use the least-squares (LS) estimator to calculate xk.

x̂k = (A)†rk,

So the complex parameter φk can be estimated as

φ̂k = arg{[x̂k]∗
1
[x̂k]2} + 2πl,

where [x]n is the nth entry of the vector x. The integer ambiguity means the
unknown integer l due to phase wrapping. We assume that the mobile posi-
tioning method is applied indoors. The target is moving in a limited space
and let’s assume as large as 1000 m × 1000 m. We could get the biggest φk =
2πgb

(
1000

√
2

3×108 + tk

)
where gb = 10 kHz in our system. According to the introduc-

tion, tk < 50µs. Hence, the φk < 2π. We rewrite the formula above as

φ̂k = arg{[x̂k]∗
1
[x̂k]2} = −2πgb(tk + τk),

This parameter is the key point to our tracking localization algorithm. The tk
here is brought about by the synchronization error between the mobile target
and the kth anchor. The propagation time τk is the transmission time from
mobile target and the k-th anchor and dk = τkν. The ν is the transmit speed of
the dual-tone signal.

3 The Tracking Method

In this section, we will specifically present the steps to calculate the velocity and
location of the mobile target.
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3.1 The Movement Model of the Target

As we said, the mobile target moves in the interested zone in which M anchors
are distributed to receive signals. Hypothesise the initial location of the mobile
target is known as [x0, y0]. In order to describe conveniently later, we call the
location [xn, yn] as the nth step and denote as Tn = [xn, yn]. The φn

k means the
φ estimated by the kth anchor when the mobile target in nth step.

φn
k = −2πgb(tk + τn

k ), (4)

The tk is the remaining time offset, it varies only from different anchors. It does
not change once the system begins to work. Then let us denote Δφn

k as the phase
difference of the received signal at the kth anchor in the (n + 1)th step and nth
step.

Δφn
k = φn+1

k − φn
k = −2πgb(τn+1

k − τn
k ), (5)

Fig. 2. The movement model of the target

Figure 2 shows the movement of the mobile target and the coordinate system
we use. Let the black dots denote anchors and the black triangle indicates the
mobile target. The Mk represents the kth anchor. The target moves from the
nth step to the (n + 1)th step (i.e. from Tn to Tn+1 in Fig. 2). First we have an
approximation that

Δdn
k ≈ Δlnk , (6)

Δdn
k = ν(τn+1

k − τn
k ), (7)

where Δdn
k is the distance difference of dk in two adjacent steps (the nth step and

the (n+1)th step), and Δlnk is a component of the distance
∥∥Tn+1 − Tn

∥∥ at the
radical direction (i.e. Mk → Tn(xn, yn)). Next we will illustrate this approximate
relationship. The tracking frequency can be set according to the reality. In this



514 P. Xiao et al.

simulation let us hypothesis the target to be localized about 10 times per second
in the tracking system. Usually the movement in such application setting is not
very fast. In our movement model, we assume the mobile target moves at 5m/s,
the

∥∥Tn+1 − Tn
∥∥ of two adjacent steps could be 0.5 m which is far less than the

distance dk between the mobile target and anchor. We have the experiment in a
1000m × 1000m squares, so the dk is larger than 10 m. Hence, the θ � 5/100 rad,
then we have the last approximation. As a result, the radical component of mobile
target’s speed v, denoted as vn

k , has relationship as follows:

|vn
k | =

Δlnk
tn+1 − tn

,∠vn
k = ∠(Tn − Mk), (8)

where ∠v is the vector v’s direction, defined as the angle with respect to x-axis.
The tn+1−tn means the time difference from nth step to (n+1)th step. According
to the reality, decrease the positioning frequency will impair the reality of the
tracking route. In this paper, we assume tn+1 − tn = 0.1 s and we know that to
decrease the parameter could increase the positioning accuracy. Combining (6),
(7) and (8), we get

|vn
k | =

ν(τn+1
k − τn

k )
tn+1 − tn

. (9)

We know that vn
k is the radical velocity of v relative to the kth anchor. The ν is

the transmit speed of the dual-tone signal. Therefore we get

|vn
k | = |vn| cos(∠vn − ∠vn

k ). (10)

In order to calculate the |vn| and ∠vn which are the moving speed and moving
angle, we select any two anchors from M anchors. We might as well select the
kth and jth anchors. Then we get

|vn
k | −

∣
∣vn

j

∣
∣ = −2 |vn| sin

(∠vn
k − ∠vn

j

2

)

sin

(∠vn
k + ∠vn

j

2
− ∠vn

)

. (11)

Δφn
kj = Δφn

k − Δφn
j = −2πgb((τ

n+1
k − τn

k ) − (τn+1
j − τn

j )),

Combining (9) and (11), we arrive at

ν((τn+1
k −τn

k )−(τn+1
k −τn

k ))

tn+1−tn = −2 |vn| sin
(∠vn

k −∠vn
j

2

)
sin

(∠vn
k+∠vn

j

2 − ∠vn
)

,

Finally, combining the last two equations above, we obtain

Δφn
k,j = a |vn| sin bk,j sin(ck,j − ∠vn), (12)

where a = 4πgb

tn+1−tn which is composite control variable. The parameter bk,j =
∠vn

k −∠vn
j

2 , ck,j = ∠vn
k+∠vjn

2 which need to be calculated by (8). Equation (12)
has two parameters, the target’s speed magnitude |vn| and direction ∠vn, which
need to be solved.

we rewrite (12) as
Δφn

k,j = fk,j (|vn| ,∠vn) . (13)
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The two parameters could be estimated only if we have two equations. As we said
above, k, j is chosen arbitrarily. Generally, the system installs (M ≥ 3) anchors,
and offers N = C2

M > M equations. Therefore, we get more information from
less anchors which decrease the complexity of the system. Then we denote a
matrix equation as

ΔΦ = a1N |vn| sin b sin(c − ∠vn). (14)

For convenience we denote Eq. 14 as ΔΦ = F (|vn| ,∠vn), where F is the
matrix form of functions {f1,2, . . . , fM−1,M}. The parameter ΔΦ = [Δφ1,2,
Δφ1,3, · · · ,ΔφM−1,M ]T which is a measurement vector, b = [b1,2, b1,3, · · · ,
bM−1,M ]T . Similarly, c = [c1,2, c1,3, · · · , cM−1,M ]T . Due to noise influence and
machine error, there is no exact {|vn| ,∠vn} to satisfy (14). Instead, we estimate
such {|v̂n| ,∠v̂n} so that ‖F (|vn| ,∠vn) − ΔΦ‖ is minimized.

3.2 The Tracking Algorithm

In this part we will use the theory of the non-linear least squares methods (NLS)
[17] to solve the moving velocities and calculate the positions. As we need to
minimized the ‖F (|vn| ,∠vn) − ΔΦ‖, we use least square method to estimate.
Then define a new function F : R2 → R, then

F (|vn| ,∠vn) =
M∑

k=1,j>k

(Δφk,j − f (|vn| ,∠vn))2, (15)

We start with an initial approximation of the estimated augment {|v̂n| ,∠v̂n},
linearize F and update the estimated augment continuously until the object
function converges to its local minimum.

We can get the new location as follows

T̂n = HQ,

where T̂n = [x̂n, ŷn]T , Q = [x̂n−1, ŷn−1, v̂n
x , v̂n

y ], v̂n
x = |v̂n| cos(∠v̂n), v̂n

y =∣∣v̂n
∣∣ sin(∠v̂n). H is the state transition matrix which is modeled as

H =
[

1 0 Δt 0
0 1 0 Δt

]
(16)

where Δt = tn+1 − tn = 1/f is the reciprocal of the positioning frequency f . As
long as we know the initial position T 0 = [x0, y0], then we can get the position
T̂n and velocity { ˆ|vn|, ˆ∠vn} of any moment.

4 Simulation Results

In this section, we evaluate the performance of our positioning algorithm. We
compare the positioning accuracy by changing the undersampling frequency fs



516 P. Xiao et al.

and the Signal-noise ratio. We set the parameters like this: (1) We set the fre-
quency difference gb = 10 kHz. Because the typical channel coherence band-
width is 100 kHz which needs to be larger than the frequency difference [18].
(2) The positioning interval is set as Δt = 0.1 s. Actually this constant could
influence the simulation graphs of mobile curves. Besides, it relates closely
to the energy consumption. When we decrease Δt, it means that increase
positioning number per second and add energy consumption. Otherwise, the
mobile model does not fit the approximation equation in (6). So we choose
Δt = 0.1 s which is neither long nor short. We also simulated the condition
when Δt = 0.01 s. However, the simulation result is similar to this condition
except consume more time and energy to over-frequent positioning. It indicates
that Δt = 0.01 s is suitable. (3) The amplitude of the transmitted signal is
γ = 1, and the carrier frequency fc = 2.45 GHz [19]. (4) The average channel
power of the flat-fading channel is set to be 1 as usual in simulation for all
channels,i.e.,σ2

k = 1, k = 1, . . . , M . (5) The transmission velocity of radio signal
is ν = 3 × 108 m/s. (6) For each estimation, operate 1000 Monte-Carlo runs
to evaluate performance. (7) The positioning accuracy is evaluated with eight
anchors and a mobile target. The coordinates for eight anchors are as follows like
this M1 = [0, 0]T ,M2 = [1000, 0]T ,M3 = [1000, 1000]T ,M4 = [0, 1000]T ,M5 =
[700, 700]T ,M6 = [400, 800]T ,M7 = [100, 500]T ,M8 = [600, 300]T .

Figure 3 shows the variable motion with the speed direction and value change.
It consists of three constant motion parts. The direction of arrow represents the
speed direction. The dots denote the initial position of mobile target in every
step. The inflection points represent the direction change of mobile target. In
Fig. 3 velocity range is 2m/s ≤ |v| ≤ 7m/s. The direction of speeds change
is π/6 ≤ ∠v ≤ π/2. The maximum direction change is 3/π. The signal-to-
noise ratio (SNR) is defined as 1/s2, and SNR = 30 db. The Δt = 0.1 s, and
fs = 30 kHz. Figure 4 shows the CDF of x-axis, y-aixs and average positioning
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error of variable motion. The average position error is defined as
√

Δx2+Δy2

2 . We
concluded that 90% of the average position errors are less than 3 cm, and the
errors in x-axis are less than the error in y-axis. The reason is that the anchors
distributed on x-axis direction is more evenly than on y-axis direction.

Furthermore, we simulate the relations among positioning accuracy, the
undersampling frequency and SNR. The SNR is defined as 1/σ2. Figures 5 and 6
show the relations. The location accuracy increases when the sampling frequency
increases and SNR increases. Because when the sampling frequency fs increases,
the sample information is more detailed. It helps to estimate the needed para-
meter exactly. As SNR increases, the dual-tone signal becomes stronger.
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5 Conclusion

In this paper, we propose a tracking system based on dual-tone radio inter-
ferometric signals for WSNs. Several anchors with known positions receive the
dual-tone signals which are emitted by a mobile target. The key innovation in
our tracking system is eliminating the remaining time offsets of the low-accuracy
synchronization upon the target and anchors. By differentiating the phase esti-
mation of two consecutive time instants, we can remove the remaining time off-
sets between the target and anchors. Finally, We concluded that of the average
position error are less than 3 cm in viable motion tracking. The low-complexity
tracking algorithm is simulated and is proved efficient in tracking.
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