International Journal of Computer Applications (0975 — 8887)
Volume 107 — No. 21, December 2014

Frequency Domain Extended-MUSIC Algorithm for TOA
Estimation in Indoor UWB Radio Impulse Channels

H. Meknessi

ABSTRACT

Several indoor localization systems have grown considerably,
in order to obtain a high performance in dense multipath
propagation channels. Many studies have been done in this
area. Different methods have been proposed based on the use
of Impulse Radio Ultra Wide band (IR-UWB) signals. These
systems are usually based on time of arrival estimation using
different algorithms. In this paper, a new time of arrival
estimation algorithm is proposed for impulse radio UWB
systems, which is based on the EXTENDED-MUSIC
algorithm. Furthermore, Simulation results show these
performances in multipath channels. The proposed method
is compared with other high resolution algorithms such as
Multiple SIGNAL Classification (MUSIC), estimation of
signal parameters via rotational invariance technique
(ESPRIT) and the MATRIX PENCIL method. Simulation will
justify the high accuracy and resolution localization
capabilities of the proposed algorithm.
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1. INTRODUCTION

One of most promising application areas of wireless location
systems for indoor positioning is the Ultra wideband (UWB)
radio signals. The first research on this field appeared in 1960
by Ross and Robbins [1] these researches titled impulse
system. In 1986 the American defence department used the
term of Ultra Wide band (UWB) for these systems.

UWB has become the focus of developments more recently
for both wireless data communication and real time location
tracking. It was the subject of recent standardisation efforts
both in the USA in 2002 and the European Union in 2007 [2].

The IR-UWB has become the more interesting technology for
wireless communication applications such as the indoor
localization. Therefore, those performances in multipath
channels have been discussed in many studies [3-4].

UWB signals employ the transmission of very short impulses
of radio energy whose characteristic spectrum signature
extends across a wide range of radio frequencies [5]. Since it
has many advantages to penetrate obstacles and reduce
interference in dense multipath environments with high
accuracy, also, the ability of pulsed UWB to resolve
individual multi-path components [6-7].

The IR-UWB systems send DS-UWB using binary phase
pulse amplitude modulation in dense multipath propagation
channels (PAM). With very large bandwidths, IR-UWB has
extremely accurate location estimates and provides high
frequency-domain resolution.

Moreover, the time of arrival is the most popular parameter in
the wireless geo-localization systems on determining the time
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propagation signal from the transmitter to the receiver; it is
characterized by the high accuracy in the indoor environment
with simple positioning algorithms.

On account of the high time resolution nature, UWB
positioning based on TOA estimation methods becomes a
superior alternative [8].

In the literature performances of many super-resolution
techniques for TOA estimation are evaluated [9-10], [11-12]
and [13-14]. In this paper, we proposed a frequency-domain
time-of-arrival (TOA) estimation method based on the
Extended MUSIC algorithm [15] for indoor localization
applications. The method will be compared with the best
known methods such as MUSIC, ESPRIT and MATRIX
PENCIL algorithms in terms of accuracy and resolution.

The rest of the paper is organized as follows: Section 2
presents the indoor UWB channel model. Section 3 elaborate
the proposed FREQUENCY EXTENDED MUSIC method
and develop the MUSIC, Esprit and MATRIX PENCIL
algorithms in frequency domain. Simulation results are
provided in Section 4 and section 5 concludes the paper.

These superscripts: ()T, ()*, ()H and (.)-1 presents the
matrix transpose, conjugate, hermitian, and inverse operators,
respectively

2. MULTIPATH INDOOR UWB RADIO

CHANNEL
The model of UWB signal for binary phase pulse amplitude
modulation (PAM) is given by
+oo  N¢
S(t) = Z Z ijn p(t - JTs - nTc) 1

j=—o0 n=0

Where 1:j € {-1,+1} is the biphase data symbols and C, €

{1,+1} is the user-specific code sequence of period N_. p(t)

is the waveform of the transmitted pulse, which is the second
order derivative of Gaussian function given by

p(t) =(A—4nt? I exp(-242172)) @
TC is the chip duration and TS is defined as the symbol
duration. Therefore, the most channels propagation model
used in UWB systems is the Saleh-Valenzuela model [16]. In
this model, the impulse response is presented as a period
composed of K clusters and L paths in each cluster.

The UWB multipath channel impulse model in the k™ cluster
defined as

L
hOM) =2 e st -7) @
i=1
k
Where ai( )is the fading coefficient and 7, is the

propagation delay of 1" path relative to the k™ cluster.
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For UWB systems, the received wideband signal can be

represented as the convolution of S(t) and h™ (t) as:

x®© () =s)*h® ) +b™®(t) (@)

Then the received wideband signal can be formulated as
follow:

L
x® () => st —7,) +b™ (1) 5)
i=1

Where b™® is the additive Gaussian white noise in the k™
cluster.

After Fourier transformation to the received signal in (5), can
be formulated as follow:

L

X O (£) =S (1)> e 2™ + BX(f)  ©
i=1

where X ¥ (), S¥(f)and B*(f)are the Fourier

transformation of X (t), s(t)and b™ (t) respectively.

Then sampling (6) N frequencies uniformly over a given
UWB frequency bandwidth B. The spaced frequency
sampling interval is Af=B/N. In order to avoid inter symbol
interference in the time domain, Af is determined to satisfy the
condition of 1/Af>2tmax, where tmax is the maximum delay
of the measured UWB channel.

The measurement data in the k™ cluster is written as:

L
XO(F)=8(f)D e ™™ + B (f) @

i=1

Wheren=0, 1, 2... N
The received signals in the frequency domain can then be
given in matrix from as:

X=AS+B (8)
Where

X =[X @), X (2),..X (K)]

S =[S(1),S(2),...S(K)]
A=[a(z,),a(r,),a(z, )] o

B =[B(1), B(2),...B(K)]
Where:

X (k) =[X,(k), X, (k),.. Xy 4 (T
B(k) =[B*(0),B*(D),...B*(N -1]"
a(r, ) _ [1’ e—jZﬂnAfri s e—j27r(N—1)Afr|_ ]T (10)

S(k)=[S(Ma,", SN, ..., S(N)er “T"
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Finally the covariance matrix is expressed as:

.
R=E[XX ] (11)
Let the number of samples N be larger than the number of

paths L. Then, from the formulation of received signals and
additive noise is obtained as:

R=AS_A +lo? (12)

Where the L*L vector S = E[SS'] s the source

covariance matrix, and the N*N vector | is the identity matrix,
and ¢? is the noise variance.

3. TOAESTIMATION ALGORITHMS

In order to obtain high localization accuracy in indoor
environment, many algorithms have been developed for time
delay estimation [17-18] and [19-20].

3.1 MUSIC method
MUSIC is the abbreviation of Multiple Signal Classification;
the MUSIC algorithm was developed by Schmidt in 1979. It
is the one of the high resolution subspace TOA algorithms. It
based on the property of orthogonality of the signal subspace
and the noise subspace, this method is based on the
Eigenvalues decomposition of the correlation matrix.
The following steps summarize the MUSIC algorithm:

1. Perform Eigenvector and Eigenvalue on R. Where

e

i is the eigenvector associated with Eigenvalue

A which will organized as :

A=Ay A = A = Agen = Ay =2 13)

2. Let U&= [e;...e ] and U= [er41...en] be the signal
subspace and noise subspace, respectively.

3. Construction of the  MUSIC pseudospectrum
function as :

F(r)=1/a(z)"U U a(z)

Where a(7) is the steering vector.

(14)

4. Find the values of 7 that minimizes F(7), these
values are the estimated TOA.

3.2 ESPRIT method

ESPRIT stands for estimation of Signal Parameters via
rotational Invariance Technique. It developed by ROY and
KEILATH[21]. This subspace based method explores the
rotational invariance property in the subspace signal created
by two sub-arrays derived from original array with a
translation invariance structure.

The ESPRIT algorithm is summarized as follows:
1. Perform Eigen values decomposition on R.

2. Extraction of the subspace signal.

3. Decompose the subspace into 2 subarray E 1
and E,.
4. Estimate the matrix P using the method of least
squares
¥ =(E,"E)EE, (15)

5. Calculate the Eigen values of W/
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6. The TOA is obtained from Eigenvectors of ¥

3.3 MATRIX PENCIL method

The Matrix PENCIL technique is based on the use of the
received signal expression. It was developed in order to
estimate the poles of a system [22].

The Pencil Matrix algorithm is summarized as follows:

1. Choose the Pencil parameter P as L <P< 2*L
3 3

2. Construction of the received signals matrix.

3. Decompose the received signals matrix into 2

subarrays Xgpand X; as :

x(0) x(1) x(P-1)
x(@D) x(2) x(P)
X, = . .
X(L—P-1) x(L—P) .. x(L-2)
and
XD X(2) e X(P)
x(2) X(3) o X(P+D)
X, = . .
X(L—P) x(L—P+1) .. x(L-1)
" Estimate the matrix ¥y, using the method of least

H -1y H
square e = (X, X)X X, 16)
5. The TOA is obtained from Eigenvectors of ‘¥,

3.4 FREQUENCY EXTENDED-MUSIC

Method

FREQUENCY EXTENDED-MUSIC method is used to
estimate TOA of IR-UWB in a multipath communication
channel which is based on Extended MUSIC algorithm [15].
The following steps outline the procedure of estimation of the
TOA using the proposed method:

1. Perform Eigenvalues decomposition on R
A, ,n=1,..,N

n

tr(R)

2. Calculate a positive scalar value as M = T

3. Construct the new Frequency EXTENDED MUSIC
function as:

T __ H
G" =R+m a(r)a(r) 17)

4. Extract the Eigenvalues of the new extended

correlation matrix G* in decreasing order
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>4 I=1..L
u, =i =oc- n=L+1..,N
(18)
5. Calculate the function
1
D(r)=—————
Z(/‘I _A )
I=L+1 (19)

4. SIMULATION RESULTS

In this section, we investigate and compare the performances
of our proposed approach with high resolution algorithms
such as MUSIC, ESPRIT and PENCIL MATRIX method.
Two main evaluations are considered: the resolution and the
precision. Uniform linear array has been used in all
simulations and the simulation parameters are given in
Tablel.

Table 1: Simulation Parameters

Parameters Value
Measurements 50
DS-UWSB signals duration 2ns
UWB pulse duration 1ns
Frequency sampling interval 1.3 GHz
Sampling fre((qltjlt)ancies number 200

In the first simulation, two rays of UWB arriving signals with
a signal to noise ratio (SNR) of 0 dB and delays of 0.6ns and
0.62 ns, respectively, are considered. The illustrated results,
with a snapshot number of 50, are shown in Fig. 1 and Table
2. The obtained spectrums of MUSIC and Frequency
Extended MUSIC are plotted as a function of the TOA in
Fig.1. However, table 2 illustrates those of ESPRIT and Pencil
Matrix methods.

Table 2: TOA estimation by ESPRIT and PENCIL
MATRIX

Delays | TrueDelay | PENCIL MATRIX ESPRIT

Delay 1 0.60 ns -0.1564 ns -0.1691 ns

Delay 2 0.62 ns 0.2222 ns -0.1497 ns
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Fig. 1: Frequency Extended-Music And Music
spectrograms of tow sources located at 0.6 ns and 0.62 ns

From the illustrated results, it is clear that our proposed
approach and the MUSIC algorithm are able to perform an
accurate detection and separation for two neighboring paths
scenario. Indeed, both MUSIC and proposed algorithm can
prominently distinguish the TOA, contrary to ESPRIT and
Pencil Matrix methods which are completely failed to solve
TOA estimation of the considered signals in this complicate
scenario. This result proves that good performances in terms
of resolution can be achieved with the proposed
FREQUENCY EXTENDED-MUSIC method.

To study the performance limits of the proposed method on
term of precision, it use as a performance parameter the mean

square error (MSE) defined as follows:
nbr
_ A 2
MSE = i .2—1: (t—17)
(20)

Where 7 is the estimated time of arrival for the i

measurement.

With respect of the same simulation settings already used in
Fig. 1, the MSE of TOA estimation by FREQUENCY
EXTENDED-MUSIC and MUSIC algorithms is evaluated for
different SNR levels and the obtained results are plotted in
Fig. 2. It used for this simulation two rays of UWB arriving
signals with delays of 0.04 nsand 0.35 ns, respectively.

The results obtained on fig. 2 provide the high performances
of FREQUENCY EXTENDED-MUSIC method. It can see
that, the estimation accuracy of the proposed method
increases greatly as soon as the SNR levels increases. For a
SNR= -10dB, we reach an estimation error = 0°. However at
high SNRs (higher than -7 dB), these two methods have the
same performance.

With the same simulation condition The MSE versus the
number of snapshots is shown in Fig. 3.

It seems clear that at high number of snapshots the
performance of FREQUENCY EXTENDED-MUSIC and
MUSIC algorithms is the same, whereas for lower value our
proposed method is more accurate. This result is very
important because to have good accuracy with a limited
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number of observations give opportunities to apply the
proposed method for real-time applications.
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Fig. 3: MSE for tow paths located 0.04 ns and 0.35 versus
snapshots

5. CONCLUSION

Based on the EXTENDED MUSIC algorithm, a new
approach is proposed in this paper for time of arrival
estimation in indoor UWB radio impulse channels. In fact, we
combine and adapt for the estimator to IR-UWB Model.
Furthermore our proposed method can process the signals in
order to estimating their location.

The effectiveness of the proposed algorithm was verified,
also, the conducted simulations prove the high performances
of our method in a dense multipath environment. Moreover,
Indeed the FREQUENCY EXTENDED MUSIC is able not
only to estimate time delay multipath at low SNR but also
with few snapshot number. Therefore, our proposed approach
can ensure fast and robust TOA estimation as compared to the
classic MUSIC algorithm. Moreover, In conclusion, the
proposed method seems perfect to be applied in ultra-
wideband localization systems for applications in indoor
environment, known as Real Time Location Systems (RTLS),
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where the robustness and the estimation speed are very
required.

In future work, we plan to evaluate the performance our
proposed approach in a realistic indoor environment, which is
the major problem of indoor localization is the presence of
Non-line-of-sight (NLOS) channels. We will also to obtain an
algorithm with better performances and lower complexity.
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