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Abstract— Timing approaches, such as time of arrival
(TOA) and time difference of arrival (TDOA), employed
with DVB-T are sensitive to the presence of multipath
errors. This paper studies the delay estimation in adverse
multipath scenarios using the DVB-T signals. A data-
directed delay tracking mechanism is presented for signal
tracking to estimate the time delay. Three different
delay locked loops (DLLs) are considered to mitigate the
multipath errors, i.e. the early minus late (EML), the
narrow EML (nEML) and the High Resolution Correla-
tor (HRC). Simulation results are compared for tracking
the DVB-T signals in the suggested Rice and Rayleigh
channels. Simulation results show that the correlation
outputs of the DVB-T signals are relatively smooth, which
cause the DLLs difficulty to detect the closely spaced
multipaths. For tracking the first peak of the correlation,
HRC and nEML are better than EML.

I. INTRODUCTION

Global Navigation Satellite Systems (GNSS) have been
put into use in mass-market applications in recent
years. However, as it is well known, the signal avail-
ability and the positioning accuracy dramatically dete-
riorate when these systems are operated in challenging
environments, such as indoors and urban canyons [1],
[2], [3]. Recently, digital broadcasting systems, such
as Digital Video Broadcasting (DVB), Digital Audio
Broadcasting (DAB), and the ATSC, have been widely
used as an alternative information transmission tech-
nique [4]. It has been recognized that novel wire-
less location methods can be designed by utilizing
the digital broadcasting signals [5]. Compared with
the GNSS, wireless localization based on the digital
broadcasting has a range of potential advantages: the
signal transmission power is stronger and the frequency
band is within 300 — 900 MHz, which contribute to
better diffraction performance than the currently used
GPS L1 or Galileo E1 of 1.5 GHz. Therefore, a
better receiving quality indoors is expected [6]. The
nominal signal bandwidth of the terrestrial digital TV
broadcasting is designed between 6 — 8 MHz, which
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is much larger than the chipping rate of GPS L1 or
Galileo E1 signals. This will improve the precision of
timing. The digital TV (DTV) signals are transmitted
continuously and the location of the DTV transmitters
are fixed. In contrast to the GNSS, the range between
the DTV transmitters and the receivers changes very
slowly. Therefore, the DTV signal does not experience
significantly the Doppler effects and the impairment
caused by the delay of ionosphere propagation, which
will lead to easier signal acquisition and the possibility
of integration over a longer period of time [5]. As a
signal of opportunity (SoO) for positioning, the DTV
facilities have already been in use and no more in-
frastructure investment is required, except the position
devices.

Research interest in positioning using DTV systems
has grown rapidly. Basically, these methods can be
divided into two categories: methods for single-carrier
ATSC system [5], [7], [8] and methods for multicarrier
Orthogonal Frequency Division Multiplex (OFDM)
system [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19]. The ATSC, as a single-carrier modulation
system, is vulnerable to multipath fading, while digi-
tal broadcasting based on OFDM systems have been
tested to mitigate the effect of multipath fading more
effectively [20]. As the standards based on OFDM
modulation, e.g. DVB-T/H, T-DMB, etc, have been
widely adopted in most countries, we may predict that
the wireless position systems based on the multi-carrier
OFDM have massive potential usage in the future.

For the purpose of high accuracy positioning and
navigation with the OFDM signals, there are sev-
eral methods to determine the time of arrival (TOA)
proposed in the literature. One of them is based on
a sliding correlator for the coarse timing acquisition
by using the property of OFDM cyclic prefix [21].
Another method is to use Delay-locked loop (DLL)
or early-minus-late (EML) loop for a finer timing



tracking [22]. Scatter pilots have been used as the
local template in the DLL [9], [10], [11]. In authors’
previous work [15], full OFDM symbols demodulated
from the receiver were further used to produce the
copies of the transmitted OFDM signals and applied
into the DLL.

However, in dense urban scenarios and indoors, it
is common that signals are propagated in multipath
environment. Multipath imposes positive biases on
the delay of the line of sight (LOS) path and is
therefore the main source for range-based positioning
techniques, such as TOA or time difference of arrival
(TDOA). The classical EML fails to cope with the
multipath propagation, especially in closely spaced
path scenarios [1]. In GNSS, several enhanced EML-
based techniques have been introduced [2], [3], [23].

In this work, we extend our work in [15] and investi-
gate delay estimation for DVB-T signals in multipath
scenarios. Two enhanced delay tracking loops are
considered, i.e., the narrow correlator EML (nEML)
and the HRC. In GNSS, the nEML improves the noise
sensitivity and multipath robustness, while HRC [24]
has good noise and multipath resistance, especially for
those with several correlation peaks. The performances
of these DLLs are compared in the channels for fixed
users and for portable mobile devices suggested by
ETSI [20].

The rest of the paper is organized as follows: Section
II introduces in brief the ETSI DVB-T system. Section
IIT presents the signal model, including OFDM signals
plus channel effect. Section IV presents the data-
directed time delay estimation methods for multipath
mitigation. Simulation results are shown in Section V.
Finally, some conclusions are drawn in Section VI.

II. OFDM SIGNALS IN ETSI DVB-T SYSTEM

The DVB-T is an European standard for digital TV
broadcasting to fixed and portable receivers [20].
OFDM modulation is used in DVB-T. In principle,
OFDM is a method of encoding digital data on multiple
(sub)carrier frequencies. The width of these subcarriers
is chosen narrow enough so that the channel frequency
response can be considered as flat over the subcarrier
bandwidth. Meanwhile, these subcarriers are kept in
orthogonality and overlapped without interfering with
each other, which achieves an excellent spectral effi-
ciency and no Inter-Carrier Interference (ICI) when the
receiver is synchronized. In addition, to avoid Inter-
Symbol Interference (ISI), a guard interval is inserted
before the useful OFDM symbols. In DVB-T, this
guard interval is a replica of the last several tens of
samples of the OFDM symbol, which is also referred
to as Cyclic Prefix (CP).

In DVB-T, signals are transmitted in stream with a
fixed rate, which is suitable for continuous tracking.
The transmitted signal is organized in frames. One

OFDM frame consists of 68 OFDM symbols. In each
OFDM symbol, there are different types of subcarriers,
i.e., null subcarriers, which have zero values and are
situated on the edges of the signal spectrum and
serve as guard bands to avoid out-of-band emissions
of the OFDM signal, data subcarriers, which are the
payload information to be transmitted, Transmission
Parameter Signaling (TPS) subcarriers, which carry
information about the transmission parameters and
pilot subcarriers, which are given by a known Pseudo-
Random Binary Sequence (PRBS) and used mainly for
synchronization, channel estimation and equalization.

The parameter settings of these subcarriers are based
on different modes suggested by ETSI [20]. It is also
noted that, in DVB-T, different emitters are required
to be coordinated to the GPS time and to transmit the
DTV signals at the same time in a single frequency
network [20]. This network synchronization makes the
pseudorange measurements available in practice for
mobile tracking.

III. THE RECEIVED BASEBAND SIGNAL WITH
CHANNEL IMPAIRMENT

Here, we consider the ideal transmitted baseband
OFDM signal, which can be expressed as

N,—1
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where {S(n)} are the modulated data symbols for
the N, used DVB-T subcarriers, Nggr is the FFT
length and Ng;j is the number of samples for the guard
interval.

As a typical wireless transmission system, DVB-T
signals usually travel along multiple paths, arising from
reflection, scattering and diffraction, which are due to
numerous obstacles in the propagation environment.
Suppose that the signal s(k) is transmitted over a fre-
quency selective fading channel of length L with path
gains h(l),where 0 <[ < L — 1, the signal becomes

L—1
a(k) =Y h(l)s(k—1)+n(k), k=0,1,---, (2)
=0

where n(k) is the additive white Gaussian noise
(AWGN) with zero mean and variance o2. At the
receiver, the received signals experience symbol-timing
offset (STO), carrier-frequency offset (CFO), and sam-
pling clock offset (SCO) [25]. When taking these into
account, the received samples can be written as

ok
r(k) = exp (j ;;):z:(k —9) 3)

where 6 is the STO in terms of OFDM samples, ¢
assumed CFO normalized by the subcarrier spacing.
The timing point of the start of the FFT window is
determined by the timing synchronization to be at the
sample r(0).




IV. DATA DIRECTED DELAY ESTIMATION FOR
MULTIPATH MITIGATION

The data directed delay estimation is divided into two
parts: the communication part, which is to demodulate
the transmitted OFDM symbols, and the navigation
part, which is to track the signals to obtain the TOA. To
mitigate the multipath errors, different delay tracking
methods are adapted in the navigation part.

A. Data demodulation

The data demodulation can be further divided into
coarse symbol synchronization, channel estimation and
equalization.

1) Coarse symbol synchronization: In DVB-T re-
ceivers, the correlation method based on guard interval
is employed to acquire the coarse symbol synchro-
nization. The STO 6 and CFO ¢ can be jointly es-
timated by the maximum likelihood (ML) algorithm
derived in [21]. The estimated éML is used as the
FFT window controller initial value for further data
demodulation processing. However, this coarse symbol
timing estimation is biased and has a large standard
deviation [26].

2) Channel estimation and equalization: In order to
achieve fine synchronization, accurate estimation of
the channel impulse response (CIR) is required. The
least-square based algorithm [27] adapted in [28] is
a straightforward method for channel estimation. Fur-
thermore, the residual symbol timing error of the first
strong path ég can be estimated according to the
channel power delay profile Py, which can be used
to adjust the start position of the FFT windows, when
the fine symbol timing estimation is started [22].

To demodulate the data message, the equalization is
utilized to compensate the residual timing and fre-
quency error. Thus, in terms of reliable data demod-
ulation, by applying the above synchronization and
equalization steps, the residual timing and frequency
errors are small enough for the data demodulation.

B. Data directed delay estimation

For reliable communications, the OFDM systems have
stringent requirements on the timing and frequency
synchronization. However, in order to achieve high
accuracy positioning, it is necessary to achieve an even
finer synchronization, which results in a finer time
delay estimation of the received signals

Owing to the employment of powerful error-control
coding, it is reasonable to assume that data demodula-
tion is error free. Therefore, the demodulated data can
be used to produce the copies of the transmitted OFDM
signals The regenerated copies of transmitted OFDM
signals are then applied to the fine estimation of the
delay. The whole scheme is shown in Figure 1 [15].
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Fig. 1. Delay tracking of OFDM signal

C. Delay estimation methods in adverse multipath
scenarios

The multipath delay estimation block can be imple-
mented via a feedback loop. The most common feed-
back structures for the delay estimation are the so-
called DLLs. In this work, the following DLLs are
investigated in the presence of multipaths.

1) EML: Classical DLL, also called EML correlator
consists of 3 correlators (in-prompt, early and late) and
adjust the error according to the error between early
and late correlators. The early-late spacing has been
traditionally 1 chip for GNSS signals. In DVB-T, the
time of 1 chip is equal to the inverse of the whole
bandwidth that one channel of DVB-T signal occupies.
In [15], a basic DLL is applied in a single path channel
to show the feasibility of the method.

2) nEML: 1t has been observed in GNSS that nar-
rower spacing (narrow correlator) improves the noise
sensitivity and multipath robustness. The choice of
correlator spacing usually depends on the receiver’s
available front-end bandwidth and the associated sam-
pling frequency. In this work, a nEML-based DVB-T
signal tracking method will be evaluated.

3) HRC: The HRC loops introduce two extra correla-
tor (one very early, another one very late) in order to
better check that the prompt reference signal is aligned
with the main peak of the correlation function. In HRC,
the discriminator output is formed via:

R%L — R} —ax (Ryp — Ry L) 4

where «a is traditionally set as 0.5. The HRC is pro-
posed to cope with the side-lobes of the autocorrelation
(ACF) function for Galileo and modernized GPS sig-
nals. As shown in Section V, the ACF of the DVB-T
signals also has many side-lobes. We will compare the
HRC with the other two DLLs in this work.

V. SIMULATION RESULTS

In this section, simulation results are presented. We
use 8k mode of the DVB-T signals, which is the most
common mode put into operation in the European
countries. Table 1 gives the parameters used in this
work. Based on Table 1, other parameters are well
defined according to the ETSI DVB-T standard [20].

Multipath
channel /(1)



TABLE 1
PARAMETERS FOR SIMULATIONS

parameters value
FFT size (mode) 8k (8192)
chip rate 64/7 ~ 9.145 MHz
CP ratio 1/8
number of information carriers 6817
modulation of payload information 64 QAM

Magnitude (dB)

-4 -3 -2 - 0 1 2 3
Frequency (MHz)

Fig. 2. Spectrum of DVB-T 8k mode 8 M bandwidth

The spectrum of an ideal DVB-T signal with 8k
mode 8 MHz (effective) bandwidth is shown in Fig-
ure 2, where the null margins to avoid the out-of-
band emissions and pilot subcarriers that have more
power than the payload data are clearly presented. The
corresponding ideal ACF is shown in Figure 3. As a
comparison, the ACF of GPS C/A code and the Galileo
El code are also presented. To observe the influence
of multipath on delay estimation, the multipath error
envelop (MEE) of DVB-T and GPS C/A signals are
shown in Figure 4. In Figure 4, the maximum negative
and positive errors on delay estimation is computed by
setting the delay of one multipath of amplitude equal
to half of the amplitude of the LOS signal.

From Figure 3, due to the wider bandwidth the DVB-
T signals occupy, the mainlobe in the ACF of DVB-
T signal is much narrower (about %) than for GPS
L1 C/A and GAL El, which suggests the increased
possibility of detecting two multipaths when their
arrival time is larger than one chip of the DVB-T
signal (about 0.11 ps). However, by observing the
peak of three ACFs, it is also obvious that the peak
of the DVB-T signal is smoother than the other two.
Therefore, it will be more difficult for DVB-T signals
to differentiate two closely spaced multipaths, if they
are separated by less than 0.11 ps. Such inference is
in accordance with the results from Figure 4, where
the MEE of DVB-T is much smaller than that of the
GPS C/A code when multipath is larger than 1 DVB-T
chip, while the MEE of DVB-T is slightly larger when
multipath is within the distance of 1 chip of the DVB-T
signal. It should be noted that the previous statement is
true when considering an infinite bandwidth for GNSS
receivers. However, although GNSS signals are emitted
on a large bandwidth, typically 20 MHz for GPS L1
C/A, in reality, the front-ends of the GNSS receiver
have a limited RF bandwidth, as low as 2 MHz for
low-cost receivers, which will smooth the peak of the
ACF. On the other hand, this is not true for DVB-
T receivers, because DVB-T signals have a strictly
limited bandwidth.

To evaluate the performance of three DLLs in the mul-
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Fig. 4. Multipath error envelope of EML for DVB-T and GPS C/A

tipath scenarios, we use two channel models suggested
by the DVB-T standard [20], i.e. a Rice channel model
(F1), which is derived from the receivers with fixed po-
sition and a Rayleigh channel model (P1), the statistics
of which is obtained from the receivers moving with
slow speed. They both have 20 multipaths, while the
Rice model has an extra LOS component. Figure 5
shows the spectrum of the DVB-T signals experienced
in different channel models. The signal noise ratio
(SNR) is 10dB. Figure 6 and Figure 8 show channel
taps and the correlation output of such DVB-T signals.
The corresponding tracking results of the three DLLs
are represented in Figure 7 and Figure 9.

From Figure 6 in F1 model, the LOS component has
much larger power than the rest of the multipaths (20
times larger suggested by the ETSI standard). But, due
to the effect of the multipaths, the first correlation peak
has slightly biased and situated on —0.04 chip, which
is equivalent to —1.31 meter. Figure 8 shows the Pl
model and the signals’ correlation output. Without the
strong LOS path, the first correlation peak is caused by
the first arrived several multipaths, which are closely
spaced. The peaks are all smooth and the value of the
first peak is on the 0.675 chip, equivalent to 22.15 m.
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From the tracking results in Figure 7 and Figure 9,
the biased peaks of the correlation output cause the
tracking errors of all the three DLLs converged to bias
errors. However, in term of the performance of tracking
the first peak, it is clear the HRC achieves the best,
while the nEML has slightly better than EML. Figure
10 gives the statistical results of the tracking errors
of the three DLLs. The errors are calculated by using
the converged tracking value minus the TOA of the
first arrived signal path and the results are averaged
in 10 tests in each SNR scenario. In Figure 10, when
the SNR is above the requirement for the nearly error-
free demodulation, which is about —5 dB, the tracking
accuracy did not improve with the SNR.

From the results in Figure 7 to 10, it is clear that, the
correlation output of the DVB-T signals are relatively
smooth, which causes the closely spaced multipaths
hard to be differentiated. The three DLLs are all
affected by the peak of the correlation output. In
terms of the performance of tracking the first peak,
by comparison, the HRC achieves the best, while the
nEML has slightly better than EML.

error (m)

time (s)

Fig. 7. Tracking results in DVB-T F1 model
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40
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Fig. 8. Channel model of P1 and the correlation output (SNR =

10dB)

VI. CONCLUSIONS

This paper studies the delay estimation in adverse
multipath scenarios using the DVB-T signals. A data-
directed delay tracking mechanism is presented for
signal tracking to estimate the time delay. The ACF
and MEE suggests much less ranging errors when
multipath delays are more than one chip of the DVB-T
time duration by comparison with GNSS signals. Three
different feedback tracking methods, i.e. EML, nEML
and HRC are considered to mitigate the multipath
errors. Simulations in the suggested F1 and P1 models
showed that, the correlation outputs of the DVB-T
signals are relatively smooth, which cause all three
DLLs difficult to detect the closely spaced multipaths.
For tracking the first peak of the correlation, HRC has
showed the best results in multipaths compared with
the other tested structures.
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