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It is widely admitted that the estimation of ultra wide band (UWB) time-of-
arrival (TOA) for multiple targets in indoor multipath channels is a very
challenging task. The existing algorithms deal with a limited number of
targets and require a complex exchange of several messages. In this paper, a
novel TOA estimation algorithm for multiple targets is developed. The
proposed algorithm estimates the first path (FP) TOA of a number of targets
without exchanging messages or using collision avoidance techniques. As a
first step, the singular value decomposition (SVD) is employed to extract the
first path (FP) of each target and then a matched filter, followed by an
iterative threshold crossing algorithm, is used to determine the number of
targets and the corresponding FP TOAs. The simulation results with four
targets, using the CM1 IEEE 802.15.4a channel model, showed that the
proposed novel algorithm can effectively detect the FP of each target and
estimate its corresponding TOA.
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1. INTRODUCTION

Accurate information about indoor positioning is highly required for many applications such as
navigation, surveillance, medical services, military applications and rescue operations. Many technologies,
such as ultrasonic, infrared (IR), ultra wide band (UWB), Zigbee and wireless fidelity (Wi-Fi), have been
developed and used for indoor positioning, depending on the application requirements in terms of accuracy
and range [1]-[6]. Among all these technologies, UWB turned out to be the most promising because its large
bandwidth allows for higher positioning accuracy, greater multipath resolution, better penetration capability
and lower energy consumption [7]-[9].

In indoor range-based positioning systems a network of anchor nodes, with known coordinates (at
least four anchors in three-dimensional localization), are deployed over an area that includes one or more
targets. The target or the anchor nodes (in two-way ranging) emit a signal called ranging signal. This ranging
signal involves various parameters, such as the time-of-arrival (TOA), strength, received signal strength
(RSS), angle-of-arrival (AOA), which can be extracted and used to estimate the distance between the target
and the anchor nodes [10]. In addition, the target position may be calculated by a simple application of
geometric and trigonometric techniques. Owing to the large bandwidth of UWB signals, time-based
parameters, such as the TOA, can be viewed as best suited for UWB-based indoor positioning since they can
take full advantage of UWB characteristics [11].
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The UWB TOA-based ranging method relies strongly on the detection of the true first path (FP).
Nevertheless, the presence of the dense multipath and non-line-of-sight (NLOS) condition in indoor
environments makes the FP detection quite challenging. No one denies that numerous achievements
regarding these problems have previously been reported in the literature [12]-[16]; however, most of them do
not scale because the detection of the FPs of multiple targets is quite complex and difficult to achieve. It is
worth mentioning that the existing solutions consider the issue from another angle with the aim of avoiding
interference and reducing the matter to a single target problem either by using a scheduled message exchange
[17], [18] that is complex, energy consuming and requires a tight synchronization, or implementing different
collision avoidance techniques [19]-[21] which significantly limit the number of supported targets.

Contributions, the present paper aims to contribute to the development of a new method that
estimates the TOA of a number of targets without exchanging messages or using collision avoidance
techniques. From mixed signals, the proposed approach uses: i) the singular value decomposition (SVD) to
detect the FP of each target, and ii) a matched filter along with an iterative threshold crossing algorithm to
determine the number of targets and estimate their TOAs. The suggested method is then validated using the
CM1 channel model.

The remainder of this paper is structured as; Section 2 describes the UWB ranging system model.
Next, section 3 provides the SVD theory along with the detailed steps of the proposed algorithm. Then, the
corresponding simulation results are discussed in section 4; and finally, the last section 5 concludes the paper.

2. UWB RANGING SYSTEM MODEL
2.1. Ranging signal

In UWB ranging systems, short time pulse is commonly used because it provides a high time delay
precision with low energy consumption. Due to the Federal Communications Commission's (FCC)
regulations for UWB transmissions, the Gaussian pulse and its derivatives are commonly used in UWB
ranging systems. Therefore, in this paper, the second derivative of the Gaussian pulse is employed as the
UWSB ranging signal, which can be expressed as:

—zntz)

s(t) = dzgﬂ = (1 —4n ;—22) e(T

1)
where y(t) is the Gaussian pulse and is the a waveform shape factor.

2.2. Channel model

The IEEE 802.15.4a channel model [22] is the first international standard that defines a physical
layer for accurate ranging and positioning applications. The IEEE 802.15.4a channel model provides
different models for different frequency ranges: i) an UWB model from 2 to 10 GHz; ii) a body area network
model from 2 to 6 GHz, and iii) an UWB model from 100 to 900 MHz; iv) a narrowband model for a 1 MHz
carrier frequency. Moreover, as shown in Table 1, the IEEE 802.15.4a standard can be divided into eight
channel models for different types of environments and line-of-sight (LOS)/NLOS conditions.

Table 1. Description of IEEE 802.15.4a channel models

Channel Model Number Description
CM1 LOS of indoor residential (7-20 m)
CM2 NLOS of indoor residential (7-20 m)
CM3 LOS of indoor office (3-28 m)
CM4 NLOS of indoor office (3-28 m)
CM5 LOS of outdoor (5-17 m)
CM6 NLOS of outdoor (5-17 m)
CM7 LOS of industrial (2-8 m)
CM8 NLOS of industrial (2-8 m)

Considering our research interest, the IEEE 802.15.4a CM1 channel model is used to validate the
proposed method. It should be noted that the IEEE 802.15.4a channel impulse response is based on a
modified Saleh-Valenzuela model that follows a clustering structure. Moreover, the multipath components
arrive in groups, called clusters. The cluster arrival times follow the poisson process, and within each cluster
ray arrival times are modelled using a mixture of poisson processes. The mathematical form of the IEEE
802.15.4a channel impulse response is expressed as:
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h(t) = Xico Xk=o0 Xk €j¢k"5(t -1 - Tk,z) )

where L denotes the number of clusters and K the number of rays within each cluster; a;,, is the multipath
gain and ¢, the multipath phase distributed uniformly within the range [0 2x]; T; is the delay of the Ith
cluster and 7, is the delay of the kth ray in the Ith cluster.

The received signal is expressed as:

r(t) = s(t) * h(t) + n(t) ©)

where s(t) is the UWB ranging signal, h(t) is the channel impulse response and n(t) is the additive white
Gaussian noise; * denotes the convolution. Based on (1) and (2), the received signal can be written in:

r(t) = Xico Lh=o Ay ejd)k"s(t -1 — Tk,z) + n(t) 4)

The signal received from multiple targets is given by:

R(O) = T, 7(®) 5)
where 7;(t) is the signal received form the jth target, and J is the total number of targets.
2.3. System performance

The root-mean-squared-error (RMSE) and the Cramer-Rao lower bound (CRLB) are calculated to
evaluate the performance of our ranging system. It is worth noting that the RMSE, as given by (6), serves to

assess the accuracy of the estimated TOA, and the CRLB, represented by (7) according to [23], is used to
determine the accuracy limit of the distance estimation using the TOA method.

RMSE = \/211521((1'1( — Troa) * €)?/Ns (6)

where 7, is the estimated TOA of each realization; 75, iS the true TOA; c is the velocity of the
electromagnetic wave and N's represents the number of simulations.

vid} > |—o— )
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Furthermore, it should be noted that d is the estimated distance using TOA method, and £ is the
effective bandwidth of the UWB ranging signal. One may clearly observe that, considering in (7), the
distance estimation accuracy increases with the bandwidth, which justifies the use of UWB signals in ranging
systems.

3. SVD-BASED TOA ESTIMATION FOR MULTIPLE TARGETS
3.1. SVD theory

Singular value decomposition is one of the most widely used techniques in numerical linear algebra
to decompose a matrix into several component matrices. This procedure is frequently employed in data
processing, dimensionality reduction, and as a foundation of machine learning [24], [25]. The SVD of a
matrix A € C**™ is a decomposition of the form UXV *that always exists for any real or complex matrix. It is
useful to note that U € C**™ and V € C™*™ are unitary matrices and 2 € R™*™ is a diagonal matrix; the
columns of Uare the left singular vectors, the columns of Vare the right singular vectors, and the diagonal
elements of X are the singular values g;such that (o, = -+ = g, = 0).
3.2. Proposed method

In this paper, the following scenario is considered Figure 1. The ranging signals are emitted by the
targets (one-way ranging) with a perfect synchronization between the transmitters and the receiver. A line-of-
sight (LOS) is guaranteed and the channel is taken as time-invariant during the observation time. The number
of targets is four and the minimum delay between the ranging signals is set to 2 ns.
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Figure 1. The proposed scenario

The key to TOA-based ranging is to detect the FP and to estimate its TOA. The proposed method
uses the SVD to find the FP of each target, and subsequently a matched filter, combined with an iterative
threshold crossing algorithm, is deployed to determine the number of targets and estimate their FP TOAs.
The flow chart of the proposed method is presented in Figure 2.

Hacutiom] SVD Matched Iterative Threshold TOAs
— — —_—

Signals Computation Filtering Crossing Algorithm Estimation

Figure 2. Flow chart of the proposed method

The received signals can be expressed as a RX*N matrix:

R =

R R, - R:Nl ®)

where each column of the R¥*Nmatrix represents a frame, and each frame contains a mixture of signals
arriving from different targets. First, the SVD of the matrix R¥*" is computed as (9).

R=UzV* 9)

As mentioned above, the channel is time-invariant during the observation time. The FPs are therefore fixed
among all frames. Moreover, the left singular vectors are hierarchically arranged in terms of how much
correlation they capture in the columns of R, thus, the first left singular vector is the most dominant
correlation vector. This implies that the correlated paths among the columns of R appear with a higher
amplitude in the first left singular vector. Since the FPs are fixed, then the correlated paths are the FPs of the
corresponding targets. An illustration of the process is given in Figure 3, where the received signals are
represented in Figure 3(a) and the first left singular vector is represented in Figure 3(b).

Afterwards, the first left singular vector is put into a matched filter and then squared to maximize its
SNR, the output denoted as V,, is passed to the iterative threshold crossing algorithm to determine the number
of targets and estimate the corresponding FP TOA. To do this, a threshold is first required. Note that the
proposed method does not require a detailed study to find the threshold value. Therefore, for the simplicity of
implementation, the threshold is set to n = Aag, where A is a constant and ¢ is the standard deviation of the
first left singular vector. In addition, for the purpose of determining the proper value of the constant A, the
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averaged RMSE, as given by (10), is calculated for different values of A. Moreover, CML1 is used as a channel
model, Ns is set to 100 simulations, and the SNR is increased from -10 to 20 dB in steps of 5 dB.

RMSE,,, =% L RMSE;,l=1,2,..L (10)

where L is the total number of targets and RMSE; is the TOA estimation RMSE of the [th target.

The results presented in Figure 4 prove that the proposed method does not require a detailed study to
find the threshold value. As seen in Figure 4, in all cases the averaged RMSE decreases until it reaches its
lowest point at A = 0.5, from which it starts to increase at different rates depending on the signal-to-noise
ratio (SNR) value. The averaged RMSE reaches its lowest at A = 0.5, hence, A can be set to 0.5.

The generic pseudo-code for the iterative threshold crossing algorithm is given in Algorithm 1. First,
the V,, samples are compared to the threshold n and the TOA of the first target is obtained as a function of the
first threshold crossing sample index T'C;. In the first iteration, given that the minimum delay between targets
ranging signals is 2 ns, the samples starting from TC; + S are compared to the threshold n and the TOA of
the second target is calculated as a function of the first threshold crossing sample TC,, with S = T,,;, /Ts;
note that 7,,;, and T, are the minimum delay and the sampling interval, respectively. Similarly, in the second
iteration, the samples starting from TC, + S are compared to the threshold n and so on. The algorithm stops
when there are no samples exceeding the threshold.
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Figure 3. lllustartion of the extracted FPs (CM1 channel, SNR=10 dB) (a) received signals and (b) first left
singular vector
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Algorithm 1. The generic iterative threshold crossing algorithm for multiple targets
Input:

Vik = Vi, Vo, oy Vi)

Threshold n

Initialise:

The number of TC samples L=0

Counter j=1

The first TC sample index TC; = First{k|V, >n}

§= Tmin/Ts

Iterate: while (T(; # NULL)

Increment the counter j=j+1

Calculate the next TC sample indexT(; = First {k|V(ch_1+s):K > r]}
Output:

The number of TC samples L=j-—1

The recorded indexes of the TC samples TC,, = (TC,TC,,..,TC,)

Finally, the targets TOASs can be calculated using the expression:
toa, = TCTs — Tguara 1 = 12, ..., L (11)

where 7,4 IS the guard interval.
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Figure 4. Averaged RMSE as a function of 4

4.  SIMULATION RESULTS AND DISCUSSION

The proposed method is tested by means of the IEEE 802.15.4a CM1 channel model. The results
presented in Figure 5 are obtained under the following parameters: the UWB ranging signal used is the
Gaussian doublet with a pulse duration of 1 ns, A is set to 0.5 and the number of frames N = 300 frames with
a frame duration of 200 ns. The SNR ranged from -10 to 20 dB, with a step of 5 dB; the number of targets is
4 and Ns of the RMSE is set to 100 simulations.

Figure 5 shows that the proposed method achieves a ranging error of a few centimeters without
using collision avoidance techniques or exchanging messages. However, there is still a significant difference
with the best theoretically attainable accuracy (CLRB) (the black line in Figure 5), particularly at high SNR
(> 0dB). In addition, the ranging error of the first target in Figure 5(a) is less than the ranging errors of the
other three targets in Figures 5(b) to 5(d). This is due to the fact that the first target's FP does not interfere
with the multipath components of the signals arriving from the other three targets, indicating that the FP of
the first target among all frames of the received signals is highly correlated in comparison to the FPs of the
other three targets and can thus be extracted precisely by the SVD.
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Furthermore, to prove the effectiveness of our proposed method, its performance is compared to that
of the energy detection (ED)-based methods such as maximum energy selection method (MES) and threshold
crossing (TC) method [13], [26]. These methods are based on an energy detection receiver, which squares the
received signal and feeds it into a finite time integrator to calculate its energy. The MES method selects the
maximum energy block as the FP, whereas the TC method selects the first threshold crossing energy block as
the FP; for the TC method, the normalized threshold given in (12) is used to compute the threshold value.
The normalized threshold is stated for a given maximum and minimum energy value as (12).

_ _ n-min(En) (12)

M norm = 70 {Ep}—min{En}

Because the ED-based techniques are intended for single target FP TOA estimation, the
performance of the FP TOA estimation of each of the four targets is compared with that achieved by the ED-
based methods for a single target during the comparison process. According to the simulations done in [26],
the normalized threshold is set to 0.6, the energy block width is set to 4 ns and the remaining parameters are
the same as indicated previously. It can be seen from Figure 6 that the RMSE of the FP TOA estimation of
each target is better than that obtained by the ED-based approaches. The FP TOA estimation accuracy of the
ED-based technique is limited; at high SNR (> 5 dB) it hits an error floor induced by the integration interval

of the ED-receiver.
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Figure 5. TOA estimation performance of the proposed method: (a) Target 1, (b) Target 2, (c) Target 3, and
(d) Target 4
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Figure 6. Performance comparison of the proposed method

CONCLUSION
The novel SVD-based TOA estimation algorithm for multiple targets presented in this paper

represents a departure from the existing approaches; it leads to better performance and allows reducing the
complexity of calculations by avoiding the use of complex collision avoidance techniques. The SVD is used
to find the FP of the targets, and the TOA is determined by performing a matched filtering in combination
with an iterative threshold crossing algorithm. The simulation results obtained using the CM1 IEEE
802.15.4a channel model helped to verify the effectiveness and robustness of the proposed approach. This
work will certainly stimulate future research on the use of SVD in other signal processing-related problems.
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