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ABSTRACT

Thisarticlehighlightstheestimation of theresults for thealgorithmsimplemented
in order toestimatethedelaysand distancesfor theindoor positioning system. The
datasetsfor thetransmitted and received signalsar ecaptur ed at atypical outdoor and
indoor area. Theestimation super resolution algorithmsar eapplied. Different state of
art and super resolution techniquesbased algorithmsar eapplied to avail theoptimal
estimatesof thedelaysand distancesbetween thetransmitted and r eceived signalsand
anovel method for matrix pencil algorithmisdevised. Thealgorithmsperform variably
at different scenarios of transmitted and received positions. Two scenarios are
experienced, for the single antenna scenario the super resolution techniqueslike
ESPRIT (Estimation of Signal Parameter svia Rotational I nvariance Technique) and
theMatrix Pencil algorithmsgiveoptimal per formance compar ed totheconventional
techniques. In two antenna scenario RootMUSIC and Matrix Pencil algorithm
performed better than other algorithmsfor the distance estimation, however, the
accur acy of all thealgorithmsiswor st than thesingleantenna scenario. In all cases

Resolution Algorithims.

1 INTRODUCTION

1.1  Timeof Arrival for Mutlipath Indoor
Position Systems

stimation of the TOA (Time Of Arrival) and DOA
(Direction Of Arrival) aretypical issuesin multi-

ath wireless communication systems, specially

in indoor positioning systems [1-2]. In order to locate a
particular object in indoor positioning systems, accurate
estimation of TOA and DOA arerequired. Multi-path highly
faded channel s disperse the actual CIR (Channel Impulse
Response) by noise effect causing an inaccurate estimate
of TOA. IFFT (Inverse Fast Fourier Transform) and

our devised Matrix Pencil algorithm achieved thebest estimation results.

KeyWords: Matrix Pencil, Indoor Positioning, OFDM, Timeof Arrival, Super

correlation based conventional techniquesnormally result
in an inaccurate estimation [1,3]. Super Resolution
Techniquesbased dgorithmslikeESPRIT , ROOT MUSIC
and Matrix Pencil usethe eigen valuesof the decomposed
noise and signal subspaces [4]. This opts to eliminate
the effects of noisein the received corrupted signal and
to generate an accurate estimate of the TOA and DOA
for indoor portioning systems [5]. This paper presents
the short introduction to the algorithms used, along with
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the analysis of the actual estimates obtained using these
algorithms and derives anovel method for implementing
Matrix Pencil algorithm after initial analysis. Twenty Five
(25) different data sets are processed. For each data set
the estimates of the delay for the presented algorithmsare
evaluated and compared amongst. Performance of all
conventional and super resolution techniques based
algorithmsare evaluated. Our presented algorithm achieve
performnce significance in distance estimation amongst
all the compared algorithms.

The rest of this paper is organized as following, Section 2
introduces the system setup and signal parameters used to
capturethereal datafor theindoor positing system. Section
3 describesthe conventional and super resolution algorithms
and presents the novel method for matrix pencil algorithm
used for the estimation of time of arrival and the distances.
Section 4 presents the data sets description prepared for the
analysis and Section 5 highlights the measurement and
estimation results and validates the method implemention.
Finally Section 6 concludesthearticle.

2. SYSTEM DESCRIPTION

Fig. 1 showstheblock diagram of the system setup used
to obtain the data valuesfor the transmitted and received
signals. The reference branch is directly connected to
the digitizer system (Channel 1). The other branch is
connected over an antenna connection. Theleft transmit

antenna stands outside the building on a fixed point.
Thereceive antennaisinside the building and is moved
from point to point. The transmit antenna is connected
to a signal generator which produces a continuous
multicarrier signal. Thereceiver antennais connected to
the second channel of the digitizer system. Thereference
channel isused to reproduce the time of transmit between
channel 2 and channel 1 and to estimate the delay of
channel 2 and that of the channel 1. The delay difference
of these two channelsis used to obtain the TOA delay of
the transmit and receive antenna. The reference channel
is directly connected to the channel 1 of the digitizer
card for theinitial data sets. Therefore, in thisbranch no
additional delay isconsidered. For the later measurements
reference channel isremoved and delay is calculated by
transmitting two different signals separately and then
by comparing their difference of TOA. The other antenna
branch have additional delay through the cable, amplifier,
and so on, for all measurements. The extra delay is
subtracted from the estimated delays to get the actual
estimates.

2.1  Description of theTransmitted Signal

Table 1 describes the multi-carrier signal properties,
generated and transmitted through both reference and
data channels.
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FIG. 1. BLOCK DIAGRAM OF THE SYSTEM
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2.2  Signal Generation

Multicarrier signal is processed by the Matlab script with
afixed random phase distribution between the subcarriers.
Thelength of thedatafilesare 16 sampleswith asampling
rate of 100M S/s. The signal datavector hasthe samelength
of 1e6 samples. Thissignal datavector istransferred to a
memory buffer of alQ-Signal Generator from Rohde &
Schwarz (AFQ100A, SMJ100A). Thesignal isconstantly
transmitted. The random phase vector is not changed
during the transmission, rather it is fixed after the signal
generation by the Matlab script.

2.3  Signal Reception

There are two channels in the digitizer system. The first
channel isused for the reference data. The second channel
isused for theNLOS (Non Line Of Sight) data. Theinitial
target isto estimate the direct path delay in the reference
datafile (Channel 1), then the estimate of the direct path
delay intheNLOS datafiles(Channel 2) iscalculated. The
system delays (Cable, Amplifier, and so on) are subtracted
from the NLOS data files, and then the NLOS delay is
subtracted from the reference delay. The result, is
conventional TOA delay of the 1D-Range between
transmit and the receive antenna. The data samplesin the
referencefilesare not corrupted, becausethesignal lineis
directly connected via cable from signal generator to the
digitizer. The NLOS data files are corrupted with multi-
path, NLOS conditions, attenuation and dispersion. The
super resolution algorithms described in Section 4 are
applied to combat these corruptions.

24 DataFile Parameters

Table 2 describes the numbers and properties of the data
measurement files used for capturing both the reference

and NLOS (received) signals.
TABLE 1. DATAFILE MEASUREMENT PARAMETERS

Parameter Vaue

Carrier Frequency of the First Transmitter 420MHz

Frequency Offset of the First Subcarrier 2MHz

The First Subcarrier Lays at 422Mhz

Number of Subcarriers 200

Frequency Spacing 200kHz

Nprmal Random Phase _ 2% pi

Distribution Between the Carriers

Signal Range 422-462MHz

3. ALGORITHMS

In this section super resolution based algorithms are
presented. Generally we can say that the IFFT and X corr
use the peak detection method, because their accuracy is
directly limited by the sampling rate. These methods give
strict estimation for the distances by rounding the
estimated distances and an error of 1.5 meter isnormally
expected. On the other hand super resolution algorithms
are also affected by the sampling rate (signal bandwidth
in general), but the estimation accuracy is better than the
IFFT and X corr based algorithms[1]. Thissection briefly
describesthese algorithms, the detail sfor these algorithms
canbefoundin[3,6-10].

3.1 Channd ImpulseResponse

We can model the CIR based technique in multicarrier
signal by expressing k asthe carrier frequency index, the
transmitted signal as X (k), corresponding additive noise
as W(k) and the channel transfer function as H(k), al in
frequency domain, then the received signal can bewritten
as[2]:

R(k) =H(k) X (K) + W(k) @
whereH(k) isthe CTF (Channel Transfer Function) of the

timeinvariant multi-path dispersive channel.

In order to estimate thetime del ayswe need first to estimate
the CTF, since both transmitted and received signals are
known, we can estimate H(k) by simply distinguishing the
received signal from the transmitted one as:

H(k)= % @

TABLE 2. SSGNAL PROPERTIES
Property Value

Number of Reference Files per one 21
Indoor-Point

Reference0.txt,

Names of the Reference Data Files Referencel. txt, .

Number of Measured Points per NLOS File 200
Number of NLOS Files per one Indoor-Point 21

. LOS-MPO.txt,
Names of the NLOS Data Files LOS-MPO.txt..
Sample Rate 100 Ms/s
Number of Data Samples 100000 Samples
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The (CIR) can be calculated by taking IFFT of the CTF
H(k) as:

CIR(r) = Ez:(l) H(k)e 7 ®

where t's represents the delays. By taking the first
appearanceof CIR(t), wecan get thefirsttimeof arrival 1.
Thismethod isvery effective by noisesincein many cases,
the LOS signal isvery weak and can not be distinguished
well from the noise and from the other parts. The CTF and
the corresponding CIR for 200 carries are shown in
Figs. 2-3for our application.

3.2  Cross-Correation

The time delays can be calculated by taking the cross-

correl ation between the received and the transmitted time
domain signals, which can be written as:
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FIG. 2. THE CHANNEL TRANSFER FUNCTION
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FIG 3. THE CHANNEL IMPULSE RESPONSE

wherenistimeindependent andy, x arethe received and
transmitted time domain signal s respectively and can be
achieved by simply applying the IFFT operationson X
andY , thefrequency domain counterparts of the earlier,
respectively. The cross correlation R_for the current
applicationisshowninFig. 4. Themaximum valueof R
appears at the time delay of the received signal. The
problem with thismethod isthat, thefirst estimated delay
isin fact the total delay of the received signal and may
not correspond to thefirst path, which causes an error if
the reflected parts are strong. An alternate expression
forR is R, which canwrittenas ny=E[XnYnh] whereE[.]
is the expectation operator and h is the Hermitian
transpose.

3.3  Estimation of Signal Parameters via
Rotational I nvariance Technique

ESPRIT is a subspace based algorithm for estimating
parameters in a sinusoidal model [7] which is shown in
Fig.5.

Unitary ESPRIT algorithm isasubspace based algorithm
for estimating the frequencies in a sinusoidal model.
Unitary ESPRIT algorithmisextended form of the ESPRIT
algorithm.
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FIG 5. THE ESPRIT ALGORITHM
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TheESPRIT agorithm can be summarized inthefollowing

steps[7]:

(@) Obtain an estimate of the signal subspaces for
the two sub-arrays

&)

¥) Solve the overdetermined system of equations

Eyv=~E,

€) Compute the signal poles by the Eigenvalue
decomposition

whereE,, E, aresignal subspaces, z aresignal poles, A.(y)
denote the i Eigenvalues of . y is the unique non-
singular matrix relating E, and E,,, and [.] operator denote
the estimation

OnceEigenvalues ., are computed using above procedure,
thetimedelayst>t,,...,>1_, areestimated by finding the
largest L peaksof f(t) using Equation (7) givenin Section
34.

34 Root-MUSIC

Root-MUSIC (Multiple Signal Classification) spectral
estimation a gorithm performs Eigenspace analysis of the
channel correlation matrix in order to efficiently estimate
the channel delay contents by making use of the estimated
channel samples|8]. Taking the correlation of the estimated
CTFwehave:

R = E[HH =A()R A(z) + 3, | ®)

whereR isthecovariance matrix of the channel amplitudes
d, A(t) isthe (NxL) time delay matrix with columnsA (),
where Equation (6) presentsA(t):

1 0 0 0
j 27
N Xo
0 e 0 0
( ) j2nt; X1
Ao o e N 0 .
: : : : ©
(N-1)j2z7 |\ x N-1
0 o o o0oe N

7

Solving thefollowing Eigen system:
R E=EA

where A=diag(r,A,,...,A,) contains the Eigenvalues of
R, and E is a matrix contains the corresponding
EigenvectorsE,.

The number of paths is estimated from the fact that
A>hy,..>A >h P where ) ? isthe noise variance. The
time delays t>1,,...,>7, , are estimated by finding the
largest L peaksof f(t) wheref(t) can becalculated as:

()= !

N-1
Ah(f)[KEL EkEEJA(r) )

35 Matrix Pencil

MP (Matrix Pencil) isan efficient kind of super resolution
technique. It uses a generalized pencil function used to
obtain the exponents of asum of complex exponentials. It
isavariation of Eigen-structure approach and uses input

MP; instead of the correlation matrix [3,5]. The signal
44
I ¢ '5 n

ents can be distinguished exactly by mapping the
noise components to the null space. It is an accurate
algorithm for calculating time domain parameters of the
network analyzer. It is used to obtain the poles of the
system in one step process.

MP of a function can be defined as followings, if two
functionsg(t) and h(t) are combined on acommon interval
with scalar parameter W suchthat f (t,%)=g(t)+W¥h(t) then,
f(t, W) iscalled the pencil of g(t) and h(t) parameterized by
Y. When g(t) and f(t) and ¥ are appropriately selected,
the pencil of functions contains very important features
that are helpful in extracting information about the poles
present inthe particular function [10]. MPisused for multi-
path parameters used for channel modeling. The MP
algorithm can be summarized as:

The parametric model for the discrete complex frequency
domain channel response can be written as

L-1 _
Hp =H(fy)= EO hy exp- j27fr,n=01..N-1
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where L isthe number of multi-path components, N isthe
number of measurement points, f_isthe frequency. Time
domain sampled values can be written as:

L-1

go hlzl
where

— j2nf 7
h =h|e 0

—j2nA T
7 _e frl

A, isthe frequency spacing between the adjacent channel
samples and f is the starting measurement frequency .

To apply MP for the measured frequency response the
following vector is constructed [9]:

SHH e Hoel]” ®

where N isthe number of measurement pointsand Pisthe
pencil parameter chosen between N/3 to 2N/3to get good
performance. Thevalue of P should be greater than that of
L, which is the number of paths. We present the novel
method for implementing this algorithm in which we
construct \71,\72 and from following equations

i+17"

©)

then the following MPis considered
(10

where A is same as defined under Equation (7) in section
3.4. To find the number of multi-path components L, a
singular decomposition of matrix  iscarried out as.

11)
where

7|0y 0,0,

andV and U areunitary matricesand A isadiagonal matrix
containing Eingenvaluesof . Theparameter L ischosen
such that the singular value beyond L are set to zero.

Thetime delays are estimated from the A, as:

(12)

Theamplitudesof h, of the multi-path components can be
calculated by solving the system Hx = h using linear
least squares as:

- (xPIx]) xw ®
where
X = I.X(To) X(Tl)""’X(TL_l)J (14)

and

g

The method explained above improves the performance
of the matrix pencil method. The validation of this

;“rg?;l is cc})nfrlmed by the analysis of the estimated
A Barted in the following section.

(16)

NALYSIS

This section describes the two different scenarios for the
recorded data sets. For each scenario different data packs
are processed. Each data pack consists of the transmitted
(reference) and thereceived (data) signals. For each signal
21 different recording are captured, each in a separate
data file. Every data pack is recorded from different
locations and distances according to the setup shown in
Fig. 1.

4.1  Test Datafor SingleAntenna Scenario

We formed different data packs for the captured data
through the system setup described in section 2. As
specified earlier that, the data transmitted through channel
2 of Fig. 1 from the antennastands outside the building on
afixed point isreceived by the antennainside the building
and is moved from point to point. For different points
different sets of data packages are captured. The same
signal is transmitted through channel 1 and is used as a
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reference channel. The circuit delay for the first two data
packages is 335ns and the original distances are 21.35m
and 24.45m respectively. Using conventional CIR and
correlation techniques large errors in the estimated
distances are found, however the super resolution
techniques algorithms described in the earlier section
efficiently reduced the amount of error in the delay and
distance estimations. It isnoticed that 1000 samplesof the
measured signal are enough to estimate the distance in
this case. Another scenario for the actual datapackagesis
with the two antennas case. In this scenario the reference
channel is removed and two different antennas are used
to transmit the signal, while both transmitted signals are
received by single receiver antenna. We further explain
this scenario in the subsequent subsection.

4.2 Test Datafor TwoAntenna Scenario

The second scenario for recording the data sets is such
that we have two transmitters and one receiver. Both
transmitters send their multi-carrier signals (assuming at
the sametime). Each transmitter hasa GPStiming receiver
with a GPS isochronous 10MHz signal output. These
10MHz reference signal is used for the 10MHz reference
input from the Agilent signal generator. The GPS timing
receiver has a 1PPS signal, for triggering the baseband
output signal onetime, for the beginning and starting the
first sample. The disadvantage is, that in this case of 2
transmitters, theinaccuracy of the PPS and 10MHz output
between each GPSreceiver can be +/-10ns. These +/-10ns

are slowly shifted in time and are not predictable. These
10nsarealso causethe additional range estimation failure.
The spectrum bandwidth for both singal is 40MHz, one
spectrum is shifted 20KHz from the other, so that each
carrier isshifted 20KHz. If wereceivetheright carriersfor
both signalsthen thelogic scenario regarding cal cul ating
the distances is described in sequel. We will have two
channels (using the transmitted signals as references),
that give two delays. The distances between each
transmitter and the receiver can be calculated from these
two delays. Sincethe channel isstatic (nothing ismoving),
we expect thetwo CIRs do not change betweenfiletofile,
of a recorded data set. These CIRs would be used to
estimate the distance between the transmitters.

Table 3 summarizesall the data sets processed, with their
respective distancesand delaysfor the singleand multiple
antennas.

S. DESCRIPTION OF ESTIMATION
CONSIDERATIONS AND RESULT
ANALYSIS

5.1  Description and Considerations

We have applied the algorithms described in section 3 for
estimating the distance, directly from the CIR. The number
of effective pathsisestimated from the Eigenvalues of the
correlation matrix according to a predefined threshold,
whichisrelatedin fact to the noise variance. For distance

TABLE 3. LIST OF PROCESSED DATA SETS WITH ORIGINAL DISTANCES AND DELAY

Single Antenna Multiple Antenna
No. DP Name Dist[inti;uion 8{;};}; No. DP Name Dist[irg;uion ge;l:c);
1. DP1 21.35 335 1. |TDOA DP5 MSG11 6.08 0
2. DP2 24.45 335 2. |TDOA DP5 MSG27 2.11 0
3. DP3-18 480.7 3. |TDOA DP5 MSG47 5.79 0
4. DP3-19 480.7 4. |TDOA DP5 MSG58 5.35 0
5. DP3-20 480.7 5. | GPS PL4xPL1 P1 26.661 0
6. DP4 27.2 377 6. | GPS PL4xPL1 P9 26.661 0
7. Coax1x2 30.242 335 7. |GPS PL4xPL1 P11 26.661 0
8. Coax1x4 26.661 335 8. |GPS PL4xPL1 P22 26.661 0
9. Coax2x1 30.242 335 9. |GPS PL4xPL1 P27 26.661 0
10. Coax3x1 36.226 335 10. [GPS PL4xPL1 P47 26.661 0
11. Coax3x2 17.942 335 11. [GPS PL4xPL1 P58 26.661 0
12. Coax4x1 26.661 335 12. PL1xPL2 P47 5.80 0
13. PL2xPL3 P11 6.08 0
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estimation, we are interested in the first tap only. For the
IFFT and cross-correlation, the distance estimation
accuracy was limited by the sampling rate, since one
sample causes distance shift of 3m (1/100E6 *c). That
entailseven for very clean signal, an error of 3/2=1.5mis
normal. Thecircuit delay for different distances, as shown
in Fig. 1, was subtracted from the estimated distance in
order to get the proper distance. Fig. 6 shows the first
arrival of path with the CIR and Fig. 7 shows the
corresponding CTF and the estimated number of paths
for valid estimation from the CTF. It isevident that we do
not require the whole CTF and the algorithms play the
vital role. In order to get the accurate estimation we have
taken median and the mean of the measured distances
from 21 files of each data set.

Since the measurements taken for most of the files of a
package, almost has a constant offset except one or two,
that have very different values, the right averaging for
an accurate estimate is the median instead of the mean.
Regarding the accuracy of the super resolution, we have
applied aknown virtual channel with some paths to the
transmitted signal by simple delay shifting and
summation. The algorithms give very accurate distance
estimation.

52 Result Analysis

Fig. 8 shows the comparison of performance of distance
estimation for all thealgorithmsfor every filein adataset

14 HtwCttikerighRey

g 0.8
:_o-) 05
0.4
02

0 L AN e P e A

1] 05 1 15 2 25 3 35 4 45 5

Hgswgpe( 'Dipu 2:32°
FIG 6. FIRST ARRIVAL OF PATH

for single antenna case. Itisclear from thefigure that the
Matrix Pencil algorithm gives optimal results. Correlation
and |IFFT havethedeviationsfromto 4-8mfromtheorigina
distance, ESPRIT has up to 3m while RootMUSIC and
Matrix Pencil have deviation within 2m and 1m range
respectively.

Figs. 9-10 show the estimates of distancesfile by file for
two further data pack using normal and coaxil cabel is
applied for synchronization respectively. The optimal
estimation results are achieved by ESPRIT and Matrix
Pencil algorithmsin both casesagain. Thesimilar estimates

are shown in Fig. 11 for the two antennas case.
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FIG. 8. ESTIMATES OF DISTANCES FILE BY FILE FOR A
DATA PACK
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Theaveragesfor the recorded data estimations are shown
inFigs. 12-14 respectively. It consistsof themean, median
and standard deviation values of the distances estimation
for the conventional and super resolution techniques
based algorithm. It can be noticed that in case of coaxil
cable synchronization the ESPRIT and Matrix pencil
algorithms perform better than the others. We can see that
the performance of ESPRIT is bit worse than the other
super resolution techniques. It achieves 3m to 4m
deviations from the original distance, the other two
techniques achieve 1-2m deviations. Thus Matrix Pencil
again achieved the optimal results as expected. For the
two antenna case we have the similar. results. It can be

Comparision of estimated distances for DP3

Distance Measured (m)

=@ Original Distance

=7 | T TAP _ Fpn _R —=— IFFT -
*+  Correlation
32 \ L \ L . —%¥— ESPRIT i
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Matrix Pencil

FIG 9. ESTIMATES OF DISTANCES FILE BY FILE FOR
ANOTHER DATA PACK
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FIG 10. ESTIMATES OF DISTANCES FILE BY FILE (COAXAL
CABLE)

clearly evident from the figures that the performance of
the ESPRIT agorithm isworst in the case of two antennas.
It achievesadeviation of up to 5m while both RootMUSIC
and Matrix Pencil have deviations up to 1.5m from the
original range. Both RootMUSIC and Matrix Pencil again
supersede the traditionnal techniques along with the
ESPRIT agorithm.

6. CONCLUSION

We have simulated super resol ution techniques along with
conventional techniquesin order to estimate the distance/
and timeof arrival for theindoor positioning applications.
Two different scenarios were tested. For each scenario

Comparision of estimated distances for RDP1
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FIG. 11. ESTIMATES OF DISTANCES FILE BY FILE FOR TWQ
ANTENNAS
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FIG 12. MEAN, MEDIAN AND STANDARD DEVIATION FOR
DATA PACKS
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multiple sets of data are recorded, each with 21 different
recordings. For single antenna scenario the super
resolution techniqueslike ESPRIT and the Matrix Pencil
algorithms implemented using our novel method give
optimal performance compared to the conventional
techniques. In most of the cases Matrix Pencil archived
the estimation distance equal to the original distance,
however, ESPRIT got 1-3m deviation which wasincreased
further by 1m to 2m with the RootMUSIC agorithm. In
two antenna scenario RootMUSIC and Matrix Pencil
algorithm performed better than other algorithms for the
distance estimation, however the accuracy of all the
algorithmswasworst than the single antenna scenario. In
all cases Matrix Pencil using our the presented method is
concluded as the best estimation technique.
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FIG 13. AVERAGES OF THE ESTIMATED DISTANCES
(COAXAL CABLE)
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