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Abstract—Wireless positioning using digital television (DTV)
signals is a promising complementary to global positioning system
due to high transmission power and wide coverage of DTV trans-
mitters. Without changing the current infrastructure of Chinese
DTV broadcasting network, this paper proposes a positioning
scheme using time-domain synchronous (TDS) orthogonal fre-
quency division multiplexing (OFDM) signals in single-frequency
networks. The transmission parameter signaling (TPS) embedded
in the TDS-OFDM signals is time-division multiplexed as or-
thogonal frequency-domain pilots, and then the time-domain
pseudorandom noise sequence and the frequency-domain TPS are
jointly utilized for accurate time of arrival (TOA) estimation for
each transmitter. The theoretical bound of the TOA estimation
accuracy is also derived. The proposed wireless positioning scheme
has no impact on the normal TV program reception. Simulation
results show that the positioning accuracy of less than 1 m can
be achieved in SFN scenarios. The idea of time-frequency joint
positioning can also be applied to other OFDM-based wireless
systems.

Index Terms—Digital television, positioning, single-frequency
networks, time-domain synchronous orthogonal frequency divi-
sion multiplexing, transmission parameter signaling.

I. INTRODUCTION

OMPARED with satellite-based navigation systems such

as global positioning system (GPS), digital television
(DTV) broadcasting signals have some potential advantages
for low cost and yet accurate positioning. DTV signals do
not suffer from the ionosphere disturbance and high Doppler
effects caused by high-speed satellites, both of which degrade
the performance of GPS. Operating at low frequencies, DTV
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signals are well-suited for urban propagation. They have a
power advantage of more than 40 dB over GPS signals, be-
cause the received GPS signal strength is relatively weak after
transmission over a great distance of more than 22,000 km [1].
A DTV broadcasting network enjoys a substantially superior
geometry to what a satellite system could provide, thereby per-
mitting position location even in the presence of blockage and
in indoor environments. Due to multi-path effect on the time
of arrival (TOA) estimation, it has been shown that multi-path
is one of the dominant sources of the error budget for the
GPS [2], while the orthogonal frequency division multiplexing
(OFDM) signals used by serval digital television terrestrial
broadcasting (DTTB) standards have intrinsic robustness to
multi-path channels.

Rabinowitz and Spilker [3] proposed a positioning scheme
using the synchronization signals specified by the American
DTTB standard set forth by the advanced television systems
committee (ATSC), which achieves the positioning accuracy
of several meters. The positioning method based on correla-
tion of frequency-domain pilots was presented for the European
DTTB standard known as digital video broadcasting-terrestrial
(DVB-T), and the achievable accuracy was in the order of me-
ters [4]. The fundamental issues for wireless positioning using
the DTV signals are the accurate TOA estimation with respect to
each transmitter and transmitter identification. The transmitter
identification (TxID) watermark using orthogonal Kasami se-
quence was proposed for the ATSC [5], [6], but such kind of
watermark has not been defined by the current Chinese DTTB
standard. The correlation between the received frequency-do-
main pilots with local pilots was proposed for the TOA estima-
tion in DVB-T systems [7], but estimation accuracy is not sat-
isfactory. To the best of the authors’ knowledge, there exists no
literature addressing the positioning issue using Chinese DTTB
network whose key technology is the time-domain synchronous
OFDM (TDS-OFDM) [8]. This paper intends to fill up this gap.

Regarding the positioning issue using OFDM signals, the
state-of-the-art methods can be generally divided into two cate-
gories. The first one uses the traditional or improved correlation-
based timing synchronization algorithms to locate the bound-
aries of OFDM blocks [9]-[12]. The positioning schemes used
for DTV systems, including the ATSC and the DVB-T [3]-[7],
all belong to this category. These schemes have low complexity
but their accuracies are directly limited by the receiver sampling
rate, and generally an error of several meters is expected. The
methods of the other category are based on super-resolution al-
gorithms, such as the multiple signal classification (MUSIC)
[13], and the matrix pencil (MP) [14], derived from modern
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spectral estimation techniques. These methods use super resolu-
tion algorithms to extract a more accurate estimation of the first
arrived path. They have better positioning accuracy but their
complexity is high, which might be unacceptable for commer-
cial receivers.

In this paper, the complete wireless positioning solution using
the TDS-OFDM broadcasting signals in single-frequency net-
works (SFNs) is proposed for Chinese DTTB standard. The con-
tributions of this paper are listed below:

1) The concept of regarding the transmission parameter sig-
naling (TPS) as frequency-domain pilots is proposed, pro-
viding a new look at the TDS-OFDM signal structure;

2) Time-division multiplexing (TDM) of TPS as orthogonal
frequency-domain pilots is proposed for transmitter iden-
tification and transmitter-specific TOA estimation;

3) The time-domain pseudorandom noise (PN) sequence and
the frequency-domain TPS embedded in the TDS-OFDM
signals are jointly utilized for positioning, which achieves
better accuracy than the existing state-of-the-art posi-
tioning methods using the OFDM signals;

4) The proposed low-complexity positioning method requires
no modification of the current infrastructure of the Chinese
DTTB system. Thus the maximum backward system com-
patibility is achieved.

The remainder of this paper is organized as follows. Section I1
illustrates the system model for wireless positioning in the TDS-
OFDM-based SFNs, while Section III presents the joint time-
frequency positioning algorithm using the time-domain PN se-
quence and the frequency-domain TPS embedded in the TDS-
OFDM signals. In Section IV, the performances of the proposed
scheme is analysed, including the ranging accuracy, positioning
time, computational complexity and system compatibility. Sim-
ulation results are presented in Section V to verify the perfor-
mance of the positioning scheme. We conclude this paper in
Section VL.

II. SYSTEM MODEL OF POSITIONING IN THE SFN

Most DTTB systems, including TDS-OFDM, are deployed as
the SFN, where several transmitters simultaneously send iden-
tical signals in a synchronized way [15]. The SFN efficiently
utilizes the spectrum with the frequency reuse factor of one.
It may also decrease the outage probability and increase the
coverage area, due to the inherent diversity [16]. Most OFDM-
based wideband digital broadcasting systems are well-suited to
the SFN operation, because of the robustness of the OFDM
signal to multi-path propagation.

Without loss of generality, Fig. 1 shows the positioning
topology with three transmitters in the SFN with the
TDS-OFDM signals. Time difference of arrival (TDOA)
of the downlink TDS-OFDM signals from multiple transmitters
is used for positioning. The TDOA is the difference of two
TOAs corresponding to two transmitters. As illustrated in
Fig. 1, the receiver location can be uniquely calculated using
two hyperbolic curves corresponding to two TDOAs.

The SFN provides some natural merits for wireless posi-
tioning, which include

1) Multiple transmitters: Multiple transmitters in the SFN can

provide several TDOAs for positioning. For example, 6

Fig. 1. Wireless positioning using TDOA in the SFN.

SFN transmitters are deployed in the TDS-OFDM broad-
casting system in Hong Kong, China [17];

2) Synchronicity: The prerequisite of synchronicity among
different transmitters in the SFN [15] ensures the same
time basis for every transmitter, which is required by
TDOA technique. Note that perfect synchronicity among
different transmitters in the SFN is assumed in this paper;

3) Transmitter location: After network planning, the fixed lo-
cations of multiple transmitters in the SFN are known, and
these information can be pre-stored at the receiver.

However, there are some challenges for positioning in the
SFN. Two fundamental issues for positioning in the SFN have
to be considered, which are

1) Accurate TOA estimation: For the TDOA-based posi-
tioning, whereby the TDOA is obtained by two estimated
TOA, the fundamental issue is the accurate TOA estima-
tion. The positioning accuracy primarily depends on the
TOA estimation accuracy;

2) Transmitter identification: For positioning, it is necessary
to identify different transmitters, and associate each TOA
with the corresponding transmitter.

Fig. 2 compares the signal frame structure of the cyclic prefix
OFDM (CP-OFDM) used in the DVB-T with that of the TDS-
OFDM adopted by the Chinese DTTB standard. Instead of using
CP as the guard interval of the inverse discrete Fourier transform
(IDFT) block, as in the standard CP-OFDM, the TDS-OFDM
utilizes PN sequence as guard interval as well as training se-
quence for fast synchronization and accurate channel estima-
tion. Therefore, frequency-domain pilots used in the CP-OFDM
can be removed, leading to the increased spectral efficiency by
about 10%—15% [17]. The cyclicity of the IDFT block however
is destroyed due to the PN insertion, and this problem can be
effectively solved by iterative interference cancellation [18] or
cyclicity reconstruction method [19].

Both DVB-T and Chinese DTTB standards adopt the TPS
embedded in the IDFT block to convey system information,
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CP-OFDM Signal Frame

CP Data & TPS + Pilots CP Data & TPS + Pilots

TDS-OFDM Signal Frame

PN Data & TPS PN Data & TPS

Fig. 2. Signal frame structure comparison between CP-OFDM for DVB-T and
TDS-OFDM for Chinese DTTB standard.

such as constellation mapping scheme, coding rate, and inter-
leaving mode. In this way, the TPS is used to provide neces-
sary demodulation and decoding information at the receiver. In
the TDS-OFDM, the frequency-domain IDFT block with length
of 3780 consists of the normal TV program data with length
of 3744 and the TPS with length of 36, i.e. the TPS occupies
less than 1% of the used subcarriers. The 36 TPS symbols are
equally divided into two groups located at the two sides of the
IDFT block after frequency-domain interleaving. As specified
by the Chinese DTTB standard [8], the TPS takes BPSK mod-
ulation (more specifically, 4QAM modulation scheme with the
identical in-phase and quadrature components) for reliable re-
ception.

The continuous-time channel impulse response (CIR) from
the mth transmitter in the SFN to the receiver can be modeled
as a finite impulse response (FIR) filter

L, -1

h(t) = > hm a6t = Tm 2), (1)
=0

where 6.(-) denotes the continuous-time impulse function, L,
is the number of paths, £, ; and 7,,, ; are the attenuation coeffi-
cient and generic time delay of the /th path, respectively. With
the sampling period 7 at the receiver, the discrete-time CIR can
be modeled as [20]

Ly, —1

hm(”) = Z hm,,l(sd(n - ”m,l)? (2)
=0

where d4(-) is the discrete-time impulse function and 7, ; is the
tapped delay corresponding to 7, ;.

After being passed through the multi-path wireless channel,
the received time-domain signal y(¢) coming from M visible
transmitters in the SFN is given by

M-1
y(t) = Z Ly () * P (8) % 8:( — T a) + 0(2)
m=0
M—-1L,—1
- Z Z hm,lfvm(t — Tm,l — Tm,d) + ’U(t)7 (3)
m=0 [=0

where %, (¢) is the time-domain TDS-OFDM signal sent by the
rnth transmitter, 7,,, 4 is the signal propagation delay of the 1nth
transmitter, = denotes the linear convolution operator, and v(t)
is the additive white Gaussian noise (AWGN) with zero mean
and the variance of o2,
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Calender Day Frame
(24 Hours)

Minute Frame
(1 Minute)

479

Super Frame
(125 ms)

Signal Frame
(555.56 us)

PN IDFT Block (Data & TPS)

Fig. 3. Hierarchical frame structure of the TDS-OFDM system.

The transmission delay 7, 4 can be normalized by the sam-
pling period T as

Tm.d

9'"1. =

= 9m,I + H'm:Fa (4)
where #,,, ; is the normalized integer delay, and &, p €
(=0.5,40.5] is the normalized fractional delay. The TDOA
between the mth transmitter and the nth transmitter is
(Tm.d — Tna). Thus the corresponding distance difference
for positioning is

Dm,m = (Tm,d_Tn,d)C = (6171,I+977L,F_QWL.I_HVL,F)TSC? (5)

where ¢ = 3 x 10% m/s is the speed of light in the free space.

III. PROPOSED POSITIONING USING TDS-OFDM SIGNALS

In this section, the TOA estimation in the TDS-OFDM system
is firstly investigated. Then, the TDM of the TPS as orthogonal
frequency-domain pilots for the TDS-OFDM signal is proposed,
based on which the time-frequency joint positioning scheme is
detailed.

A. Overview of TOA Estimation in the TDS-OF DM System

One of the key features of the TDS-OFDM system is the hier-
archical frame structure, as shown in Fig. 3. From the top to the
bottom, there are Calendar Day Frame (starting from 00:00:00
every day, and ending at 24:00:00, Pacific Standard Time or
Beijing Time), Minute Frame lasting exactly one minute, Super
Frame with the fixed duration of 125 ms, and Signal Frame oc-
cupying 555.56 us. One promising application of the hierar-
chical frame structure is the power saving of the TDS-OFDM
receiver at the physical layer [21].

When considering positioning with the TDS-OFDM signals,
the hierarchical frame structure is especially useful for accurate
TOA estimation due to the exact alignment of the signal frame
with the absolute time (Pacific Standard Time or Beijing Time).
The idea is that, for the synchronous SFN, the receiver can easily
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The (i-1)th transmitted frame The ith transmitted frame

Data & TPS Data & TPS
PN (without Pilots) PN (without Pilots)
i ls L The ith received frame
1 [ >
1
| Data & TPS Data & TPS
: il (without Pilots) e (without Pilots)
1 T T
1 |
1! < >

I r ! 1
' Tm,d i i 1 Tm,d !

I

Fig. 4. Transmitted signal and received signal with the propagation delay of

Tm.d-

know the current frame number. Thus, the exact transmitting
time of this signal frame is known.

As illustrated in Fig. 4, starting from any time stamp ¢, at
the receiver, the absolute time of the beginning point of the :th
TDS-OFDM signal frame can be calculated by the frame syn-
chronization algorithm after #,, samples. The frame number is
known after frame synchronization. Consequently, the absolute
transmitting time stamp t, is obtained. Finally, the TOA can be
calculated as

7—m,,d = tr + é\m.Ti - ts- (6)
In a real-world SFN, the TDS-OFDM receiver is unlikely to be
perfectly synchronized with the transmitters, i.e. the time stamp
t, is not ideally aligned with the absolute time. This will lead to
a constant error for the TOA estimation. However, this problem
can be resolved by using TDOA for positioning, since the con-
stant error embedded in two TOA estimates is removed by sub-
traction.

B. TDM of TPS as Orthogonal Frequency-Domain Pilots

The TDS-OFDM signal is a skillful combination of time-fre-
quency processing, i.e. the time-domain processing of the PN
sequence and the frequency-domain processing of the IDFT
block are carefully considered together. Conventionally, the
TPS embedded in the IDFT block of the TDS-OFDM signal is
only used to provide demodulation and decoding information at
the receiver. The TDS-OFDM is regarded as a scheme without
frequency-domain pilots, and the PN sequence provides the
only training information. However, as shown in Fig. 5, the
TPS may be considered as frequency-domain pilots based on
the following observations:

1) Robust transmission: Since the TPS is BSPK modulated,
its demodulation threshold is much lower than high-order
modulation schemes, such as 4QAM/16QAM/64QAM.
Therefore, when the DTV program data with high-order
constellation mapping scheme can be correctly received,
the TPS can be demodulated almost perfectly;

2) Invariance: As the system information, the TPS does
not change frequently. Typically, the TDS-OFDM broad-
casting system uses the same TPS for several hours, or
even dozens of days. Once the TPS has been correctly
detected in the previous signal frame, it can be regarded as
known symbols in the following signal frames, whereby

TDS-OFDM Signal Frame

TPS & Dat: TPS & Dat:
PN : aa PN 4 ama
(without Pilots) (without Pilots)
|l_°-) ------------ ~ e e E LT L e T T Er TN )
18 |
|F | 000000000000 - N
| |®®--0000..0000--0@ 0 Data
| : 1@ TPS 1|
! 00::-0000..-0000---00 i
! 00::0000...0000::-00 !
| S o Q@+ X Frequency !
| (S ST o o )
! cnen  onen |

_________________________________________

Fig. 5. New look at the TDS-OFDM signal: regarding TPS as frequency-do-
main pilots.

the TPS detection is unnecessary any more. This is the
main reason why the TPS can be treated as frequency-do-
main pilots;

3) Unchanged location: Unlike the scattered pilots whose lo-
cation varies frame-by-frame in DVB-T [23], the TPS in
TDS-OFDM occupies the unchanged location in the fre-
quency domain.

For the purpose of transmitter identification and the trans-
mitter-specific TOA estimation, the TDM of TPS is proposed
in the SFN using the TDS-OFDM signals, which can be defined
as

i +1,
Pr(n,)k = {07 !
P denotes the

where mod denotes the modulo operator, P’
TPS over the kth subcarrier for the rnth transmitter in the ¢th
signal frame, and

(i—m)mod (M —1)=0, ke V¥,
others

)

T={0,1,....,Q}U{A,A+1,....A+Q} (8

is the index set of the TPS, while (¢ = 17 and A = 3762 ac-
cording to [8]. In the TDS-OFDM systems, after the initializa-
tion step, the receiver knows the exact frame number i of the
received signal frame due to the hierarchical frame structure, as
shown in Fig. 3. Thus, the frame number ¢ can be easily associ-
ated with the mth transmitter due to the TDM of TPS as define
by (7).

The time-division multiplexed TPS is illustrated in Fig. 6,
using the case of four transmitters (M = 4) as an example.
In each signal frame, only one transmitter sends the TPS, while
other transmitters convey zeros at the subcarriers originally oc-
cupied by the TPS. As depicted in Fig. 6 and mathematically
defined in (7), the TDM of TPS provides orthogonal frequency-
domain pilots in the TDS-OFDM signals, offering the orthog-
onality for transmitter identification and the TOA estimation
using the TPS.

C. Time-Frequency TOA Estimation Algorithm

We now propose the time-frequency TOA estimation
algorithm using the time-domain PN sequence and the fre-
quency-domain TPS (pilots) for the TDS-OFDM-based SFNs.



240

d N
i O Data |
i e TPS !
Tx 0 1 ® Null Tx 1

Q LT N .

g : : : £ : : :

| 000000 - OO0 00 = R+ ®®OVO +:- OORR-O®
R+ ®RO0 ++. OORR+-Q® 00:--0000 .- 0C00:-- 00
R @®0V0 «+- OORR® - ®® R ®®0V0 .+ OOR® R
R ®®00 ++- OORR:®® ®®::®R®00 -+ OO®R*-®®

Frequenc'y Frequency
© Tx 2 ° Tx3

g : : : g : : :

[_‘ . . . "[_"‘ . . .
Q- ®V®0V0 «.. OORR-O® QB ®Y®00 - OOR® - ®Q
R QRO ++« OORR+ R R® @00 .+ OCORR ®®
00:--0000 ... OCOO---00 R®®®00 .- OORR* QR
QR+ QRV0 ++« OORR QR 00::-0000 - 0O00O---00

Frequency Frequency

Fig. 6. Time-division multiplexing (TDM) of TPS for transmitter identification
and TOA estimation in the SFN.

The transmitted continuous-time time-domain IDFT block can
be expressed as

L, (1) Xk e 2Tt 9)
¢—§ (
where N is the IDFT block length, X, ;. is the frequency-do-
main symbol over the kth subcarrier for the mth transmitter,
fr = kfo is the frequency of the kth subcarrier, while fo =
1/NT, is the subcarrier frequency spacing. Note that N7 is
the IDFT block duration. The corresponding received signal in

(3) can be rewritten as

M-1L,,-1N—
§ § § hm le Kk
m=0 I=0 k=0

XGJZWWU—TM,,/ — T ,d) + 7)(15)'

(10)

Sampling the received signal with the time interval T, generates
the discrete-time samples

M-1L,,-1N-1
E E E hm le k()] \ k(n T l)
m=0 [=0 k=0

xed J\—vkem.le—j%kgm,ﬁ + v(n),

(11)

where v(n) is the noise term. The corresponding frequency-do-
main signal over the kth subcarrier is obtained after the discrete
Fourier transform (DFT)
M-1 ‘
&= Z (Hm £ Xm k€ I RO, *) eI TR LY (12)

m=0

where Vj, is the DFT of v(n), and H,, ; is the channel frequency
response (CFR) defined as

Ly, -1

Hypp = Z oy g3 R

It is clear that the impacts of the transmission delay &,,, on the
received signal are twofold: The time shift by 8, ; samples in
the time domain and the linear phase shift by — (2 /N )kb,,
in the frequency domain.

(13)
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Fig. 7. Correlation peaks for integer TOA estimation.

Integer TOA Estimation Using Time-Domain PN Sequence:
After the interference between the PN sequence and the IDFT
data block has been removed by the standard TDS-OFDM re-
ceiver [18], the received PN sequence is denoted by r(n). Then
the integer delays corresponding to different transmitters can be
roughly estimated by the time-domain sliding correlation be-
tween the r(n) and the local PN sequence p(n)

Np—1

S (- dyp(n),

n=0

(d) = (14)

where N, is the length of the PN sequence, r*(n) denotes
the conjugate of r(n), and ¢(d) is the correlation result corre-
sponding to the slide of d. Due to the near-ideal autocorrelation
property of the PN sequence, the correlation peak is confirmed
when the local PN sequence is aligned with the received PN
sequence. Thus, as illustrated in Fig. 7, correlation peaks appear
at the slide values

0<m<M—-1, 0<LI<L,—1. (15)
According to [22], the correlation-based method (14) yields the
timing accuracy within the range (—Tiample/2, +Tsample/2],
where T, ample 1S the actual sampling period used. In the TDS-
OFDM receivers, the received signal is usually over-sampled by
a factor of four, i.e. Tsample = Ts/4, which results in the timing
accuracy in the range of (—T5/8, +T/8]. Without loss of gen-
erality, dy = 8 ; is assumed to be the location of the first sig-
nificant correlation peak. After compensating for the first large
integer delay 6 ;, the received DFT signal block becomes

dm,,l = em,,I _"nm,J:

M1
Y, = Z (Hm,ka,ke*j%kg’”'F) e 1 ¥R + Vi, (16)

m=0

where 0 < k < N — 1, and gm.,l = 0,1 — Bo, 1 is the differen-
tial integer delay of the mth transmitter with respect to the first
integer delay fy ;.

However, obtaining correlation peaks is not sufficient for in-
teger delay estimation. The reason lies in two aspects. Firstly, as
indicated by (15), the number of correlation peaks in (14) is usu-
ally larger than the number of visible transmitters in multi-path
scenarios. Thus, there is no information about which peak is as-
sociated with a specific transmitter. Secondly, there is no way
to distinguish the coincided correlation peaks corresponding to
different transmitters. For example, if the receiver is situated
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at the middle point between two transmitters, the two identical
TOAs may be observed as a single correlation peak. These prob-
lems can be solved by using the proposed time-division multi-
plexed TPS as follows. 4

Owing to the proposed TDM of TPS, the received TPS Yk(l)
in the 7th signal frame can be rewritten as

M-1
D M A
m=0
H( )kP( i) e —ji k(ﬁm 1+0m )
= +Lk7 i=uM+m, ke,
Vi, others,
(17)
where H' () denotes the CFR in the ith frame, and . is an arbi-

m,k

trary posmve integer. The result of (17) indicates that the TPS of
the rnth transmitter is received at the (uM + i )th signal frame.
Since the TPS can be regarded as the known frequency-do-
main pilots, P, pU )k in (17) isknown for & € W. According to [24],
channel state information can be assumed to be known when
the impact of transmission delay on the received signal is inves-
tigated. Thus the received TPS associated with the mth trans-
mitter can be simplified below by removing the frame index ¢

(18)

where Wy, = Vi./(H,, 1 Pu. ) is the complex-valued Gaussian
white noise term with

ke,

o2 1

B{W;W 2ol
{ k k} E {( m k‘Pm,,k)*(Hm,kPm.k')} ? ’Yl’
av

with F{-} being the expectation operator, and ~ being the
erage signal-to-noise ratio (SNR).

To distinguish the correlation peaks obtained using (14), the
TPS can be used to roughly estimate the differential integer
delay gm-, 1 of the mth transmitter according to

N N Q-2 A+Q—2
O = o A8 { ;0 RiRpi1 + ;A RZRkH} . (20

where 0 < m < M — 1, and arg{z} denotes the angle of the
complex-valued signal z.

The M differential integer delays can be obtained after the
processing in (20) over M adjacent TDS-OFDM signal frames,
whereby the TPS from only one transmitter is received in each
frame. These M values can be used to distinguish the corre-
sponding M correlation peaks obtained in (14) by associating
the results in (14) with the nearest counterparts in (20). Thus
the final integer TOA estimation is given by

gm,l - glil’l |dml d[) 9771 I|7 1 S T S M —1. (21)
—

The above mechanism can solve the problem caused by the
number of correlation peaks being larger than M. Moreover,
it also works under the situation where different transmitters
share the same correlation peak, since these transmitters can
be identified by the results from (20). Notice that the integer

delay estimation accuracy within the range (—T/8, +75/8] is

guaranteed by the near-ideal autocorrelation of the time-domain
PN sequence, not by the results of (20).

Up to now, the integer delay estimation has been obtained by
combining the results from (14) and (20). For the actual com-
munication purpose, it is sufficient to locate the beginning of
each transmission block within one sampling period for correct
demodulation, since the fractional delay is inherently compen-
sated for by the one-tap frequency-domain equalization [25]. In
other words, the fractional delay #,,, ¢ is usually ignored for data
recovery. However, for the positioning purpose, the fractional
delay must be estimated accurately in order to achieve high po-
sitioning accuracy. This is because the estimation accuracy pro-
vided by the integer delay estimation alone is strictly limited by
the sampling period. For the TDS-OFDM system with the sam-
pling rate of 7.56 MHz, the ranging error turns out to be (T /2)c,
which is about 20 m. Even for the over-sampling by the factor
of four, namely with the sampling rate of 30.24 MHz, the esti-
mation error is about 5 m, which is not sufficient for accurate
positioning.

Fractional TOA Estimation Using Frequency-Domain TPS:
After compensating for the integer delay ,,, r, the received TPS
associated with the mth transmitter can be expressed as

Rk = (ii‘i%kam’lp + I/Vka k S \I} (22)

The fractional delay HW F can be estimated according to

R N—-1-A
H'm,F arg{ Z Ry, Rk—‘,—A}

k=0

(23)

The estimation range ofam,F in(23)is (—(N/2A), +(N/2A)],
which is larger than the range of the actual fractional delay
O, r € (—1/8,+1/8]. The estimation accuracy will be derived
in the next section.

After the integer and fractional delays have been acquired in
(21) and (23), respectively, the TOA estimate 7,, 4 for the mth
transmitter can be obtained according to

7/:'m,d = (é\'m,] + a\'m,F’)T'sy 0 S m S M —-1. (24)

Due to the TDM of TPS, the receiver knows that the TPS in
the current received signal frame is transmitted by which trans-
mitter. Thus the TOA estimation obtained in (24) can easily be
associated with the correct mnth transmitter. Then, the fixed lo-
cation of the rnth transmitter pre-stored at the receiver and the
corresponding TOA 7, 4 can be used for positioning.

As mentioned in Section III-A, the TDOA is used to remove
the common TOA estimation error in {7, 4}/ _! caused by the
non-ideal synchronization between the receiver and transmit-
ters. Let Dm and Dn be the TOA-based ranging results for the
mth and nth transmitters, respectively. Then, the distance dif-
ference Dy, ,, associated with the rnth and nth transmitters is
given by

-~ o~

D?n.n, - Dm - ﬁn, = (?m,d 0 < i, n < M -1
(25)
After at least three TOA measurements and the corresponding
two distance differences in (25) have been obtained, the location
of the receiver can be uniquely determined using the available

localization algorithms summarized in [26]. For example, the

— ?n,d)cy
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closed-form solutions proposed in [27], [28] or the iterative lo-
calization method using Taylor-series given in [29] can be used
to finally determine the receiver location.

IV. PERFORMANCE ANALYSIS

We now analyse the performance of the proposed time-fre-
quency positioning algorithm, including the ranging accuracy,
positioning time, computational complexity, and system com-
patibility.

A. TOA-Based Ranging Accuracy

Since the integer TOA can be estimated with extremely
high accuracy due to the good autocorrelation property of the
PN sequence [22], the positioning accuracy of the proposed
time-frequency positioning method mainly depends on the
accuracy of the fractional TOA estimation (23). By denoting
0 = (20 /N )0y, F, (23) can be rewritten as

0 = % arg {E(A)} , (26)

where
N-1-A

> RiRiga.
k=0

According to [30], the estimator (26) is completely character-
ized by its state space parameter obtained for processing the
noise-free signal, and this state space parameter is given by

27

1 1.
Q= X 418 {D(A)} = Z(\S‘ {In{D(A)}}. (28)
where ${x} denotes imaginary part of -, and
Nd-a . . .
D(A) — Z (e]kfl)*ej(k+A)Sl — (]V _ A)C]AQ. (29)
k=0

Since 3{-} is a linear operation and the derivative of In{z}

is 1/z, we have
L [oD(A)
— ¢
60 = \s{ &) } ,

(30)

and the unexpected error due to the noise in (27) is presented by

N-1-A
SD(A)= Z (CiijWk+A+€j(k+A)QW;+W:WYk+A).
k=0

(31

Substituting (31) into (30) yields

1 N-1-A
Q=

60 = > (32)

k=0

where

ve =G {(ff(k%)ﬂvvk+A + R 4 T IACTEW o
(33)
Since Wj and Wy, are uncorrelated, and E{W,} =
E{Wj1a} = 0, the expectation of 4£2 should be
N-1-A

Z E{vg} = 0.

E{sQ} = (34)
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Therefore, the error variance can be derived as (35) on the
bottom of this page.

\ 1 N-1-A
var{éQ} =F { (m Z yk.)

E=0
N-1-A

(fz )}

N-1-A N-1-A

= Z Z E{Vk V]}

As proved by (43) in Appendix, E{vyi;} in (35)is E{vpiy} =
026k 1 cos((k — 1)) + (0%/2)ék 4, where 6y = 1 for k = 1
and 6, = 0 for k # [. By substituting E{v1;} into (35), we
can finally derive the error variance as (36) on the bottom of this
page.

(35)

N-1-AN-1-A

MN-oap 2 X

4
X (025k71 cos ((k — D) + ?5“)

var{6§1} =

= m <02(N —A)+ %4(N - A))

“mm (5t

Using the result of (25), the TOA-based ranging accuracy
of the proposed scheme, in terms of root mean square error
(RMSE), is therefore given by

~ NTc 1 1 1
RMSE(Dm) = oA \/AN _ A_ (; + ﬁ)

It should be pointed out that the positioning accuracy will de-
pend on the above ranging accuracy as well as the localization
algorithm employed.

(36)

(37

B. Positioning Time

As is evident from the preceding discussion and analysis,
the TDM of TPS is implemented per every TDS-OFDM signal
frame, and the time-frequency TOA estimation requires M
TDS-OFDM signal frames to acquire the M TOAs in (24)
for the final positioning. That is, the location estimation can
be updated every M TDS-OFDM signal frames. Therefore,
if the receiver has been synchronized with the transmitter, the
positioning time Tp of the proposed method is given by

Tp = IMTF./ (3 8)

where T denotes the duration of one TDS-OFDM signal frame.
On the other hand, if the receiver has not been synchronized with
the transmitter, the average time for the first positioning is given
by

Ty

:/Tp\ +TF—t)T—dt+(AWTF—TpA)
0

= (a4 5) 7r,

(39)
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TABLE I
COMPUTATIONAL COMPLEXITY COMPARISON
Method Complexity
Correlation-Based Synchronization [9]-[12] O (Np)
Super-resolution Algorithm [13], [14] O (NpS)
Proposed Scheme O (Np + Q)

where Tp v is the PN sequence duration. Averagely, Tr /2 more
time is required for the additional PN tracking process when the
synchronization is unavailable for the first positioning.

For the TDS-OFDM systems, TF is 589.3 us in the PN420
mode, and 692.6 s in the PN945 mode [8]. Therefore, the first
positioning time of the proposed positioning algorithm is much
shorter than 10 to 15 minutes achievable in GPS [1]. Thus fast
positioning using the TDS-OFDM signals can be realized.

C. Computational Complexity

The complexity of the conventional positioning methods
based on the detection of correlation peak [9]-[12] have a low
complexity of O(N,), where N,, is the total number of used
data symbols for positioning. However, these methods can only
achieve an accuracy of several meters, which is not sufficient
for positioning.

The positioning methods based on the super-resolution algo-
rithms [13], [14] achieve an attractive estimation accuracy of
several decimeters at the cost of high complexity. Specifically,
the MUSIC-based algorithm [13] needs N} + N multiplica-
tions for each iteration step, while the MP-based method [14]
requires 9N;j multiplications. Thus, the complexity of this class
of methods is O(N}).

The absolute integer TOA estimation based on the sliding cor-
relation (14) needs N, multiplications, and the differential in-
teger TOA estimation in (20) requires 2¢) multiplications, while
the fractional TOA estimation in (23) demands () + 1 multipli-
cations. Therefore, the complexity of the proposed method is
O(N, + @), which is much lower than that of the super-resolu-
tion-based methods and is similar to that of the conventional po-
sitioning methods. We will demonstrate latter that the proposed
scheme is capable of achieving a high positioning accuracy.

Table I summarizes the computational complexity of these
three positioning schemes.

D. System Compatibility

At the transmitter part, the TDM of TPS requires that only
one transmitter sends the TPS in a specific signal frame, while
the TPS is transmitted by every transmitter in each signal frame
in the conventional SFNs. This trivial modification can be easily
implemented by an on-off switch, without changing the current
infrastructure of the TDS-OFDM systems. At the receiver part,
the TDM of TPS has no impact on the TPS detection and normal
TV program reception at the receiver, since the TDM of TPS
still guarantees the TPS reception in every signal frame. There-
fore, maximum backward system compatibility is achieved.

V. SIMULATION RESULTS AND DISCUSSIONS

Computer simulations were carried out to evaluate the
performance of the proposed positioning scheme. The main
system parameters were configured to be consistent with the

— ¥ — Correlation Method [10]
— B — MUSIC Algorithm [13]
S —©6— Proposed Scheme

~ = = = Theoretical Bound

RMSE (m

1072

0 5 10 15 20 25 30
SNR (dB)

Fig. 8. Ranging accuracy comparison of three schemes over AWGN channel.

TDS-OFDM system specified in [8]. The received signal was
over-sampled by the factor of four. Four transmitters were
assumed to be visible in the simulated SFN, i.e. M = 4. After
obtaining three TDOAs, the closed-form localization algorithm
proposed in [28] was used to determine the receiver location.
The AWGN channel, the Indoor A multi-path channel defined
by ITU [31] and the 8th State Administration of Radio Film
and Television channel (SARFT 8) for Chinese DTTB test
[18] were used in the simulation. The maximum delay spread
of the Indoor A channel is only 0.31 us, while the SARFT
8 channel has an 0 dB echo with the delay of 31.8 s which
represents a severely frequency-selective fading channel. The
SNR was defined as the ratio of the transmitted signal power to
the channel AWGN power.

Fig. 8 presents the TOA-based ranging accuracy comparison
for three schemes, in terms of RMSE over the AWGN channel,
where the theoretical bound (37) is also included as the bench-
mark for comparison. When the SNR was 20 dB, the ranging
error was about 2.4 m for Mensing’s correlation-based method
[10], 0.62 m for the MUSIC-based super-resolution algorithm
[13], and 0.15 m for the proposed scheme. It can be seen that the
proposed scheme achieved the best performance. Moreover, its
ranging error approached the theoretical bound when the SNR
was above 8 dB, while only deviated slightly from the theo-
retical bound for lower SNR values. The reason for the im-
proved performance is due to the fact that the proposed time-fre-
quency TOA estimation algorithm utilizes TPS embedded in
TDS-OFDM signals as frequency-domain pilots and, therefore,
is able to use both the time- and frequency-domain resources.
By contrast, the conventional schemes can only rely on either
the time- or frequency-domain resources.

Fig. 9 shows the TDOA-based positioning accuracy achieved
by the proposed scheme with the localization algorithm [28]
over the two multi-path channels. For reference, both the
simulated positioning accuracy and the theoretical bound over
the AWGN channel are included in Fig. 9, where the ranging
error of 0.15 m generated the positioning error of 0.082 m over



244

103 . . . . , . .
—%— SARFT 8 Channel
—&A— Indoor A Channel
5 —6— AWGN Channel
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Fig. 9. Positioning accuracy of the proposed scheme over multi-path as well
as AWGN channels.

the AWGN channel with the SNR value of 20 dB. Under the
same SNR value, the positioning accuracy was 0.092 m over
the SARFT 8 channel, and 0.067 m over the Indoor A channel.
It is interesting to see that, compared with the AWGN channel,
a better positioning performance was obtained for the Indoor A
multi-path channel. The reason may be explained as follows.
The TPS are located at the two sides of the used subcarriers (see
Fig. 5), and the CFR over these subcarriers corresponds to the
low-frequency response of the channel. The Indoor A channel
[31] fortunately has a good low-frequency response, namely
|Hpm.i| > 1 for & € W. This results in the higher equivalent
SNR over the subcarrier set & € ¥ than the averaged channel
SNR, thus yielding a better positioning performance.

The above simulation experiments demonstrate that the pro-
posed positioning scheme outperforms some existing methods.
The experimental conditions in the above simulations, however,
imply that all the transmitters have the same SNR value, which
is generally not the case in real-world SFNs. We then simulated
a more realistic TDS-OFDM system based on the actually SFN
deployed in Hong Kong [32], which consists of six transmitters.
The simulation was set up according to [32], whereby two prin-
cipal stations with the maximum power of 1000 W and other
four principal stations with the maximum transmitting power
of 320 W were launched. The farthest station away from the
user was 40 km, the pathloss effect was considered using the
pathloss exponent of 3.8 in urban areas, and the hearability issue
was simulated by assuming that two out of the six stations were
invisible to the user due to severe blockage and consequently
very weak signals coming from these two particular stations. For
simplicity, free-space propagation was considered in the simu-
lation. Fig. 10 shows the positioning accuracy of the proposed
scheme with Chan’s localization algorithm [28] for this realistic
SFN scenario. Similar to the pioneering works conducted in [3]
and [6], the scatterplot of the location estimates is used to eval-
uate the positioning accuracy in Fig. 10, whereby each circle
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Fig. 10. Positioning accuracy of the proposed scheme in the simulation of the
SFN deployed in Hong Kong [32].

denotes one realization of the positioning process, and the po-
sitioning accuracy is evaluated by the distance from the esti-
mated location to the user’s actual location which is the origin
of the coordinates. We observe that the positioning accuracy of
less than one meter can be achieved by the proposed scheme.
As expected, the excellent ranging accuracy, as demonstrated in
Figs. 8 and 9, degraded in this realistic SFN environment and the
final positioning accuracy was mainly dependent on the ranging
accuracy corresponding to the farthest station with the weakest
signal.

VI. CONCLUSIONS

This paper has proposed a complete positioning solution
using the TDS-OFDM signals for the Chinese DTTB standard
in the SFN. The TPS embedded in the TDS-OFDM signal
is firstly time-division multiplexed to provide orthogonal
frequency-domain pilots. The proposed time-frequency posi-
tioning scheme jointly utilizes the time-domain PN sequence
and the frequency-domain TPS (pilots) for accurate TOA
estimation of each transmitter. The theoretical bound of the
TOA-based ranging accuracy has been derived. Compared with
the-state-of-art methods, the simulation results have shown that
the proposed positioning scheme achieves a higher positioning
accuracy, while imposing a low computational complexity.
Furthermore, backward system compatibility can be main-
tained. The concept of regarding the TPS as frequency-domain
pilots provides a new look at the TDS-OFDM signal structure.
In this way, the TPS can be also used to facilitate both the syn-
chronization and channel estimation implemented in the time
domain for the TDS-OFDM. Our ongoing work is investigating
the challenging problem in which the receiver is located near
one particular transmitter and the signals received from all the
other transmitters are extremely weak, as well as studying the
well-known non-line-of-sight (NLOS) issue in the DTV based
positioning systems.
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APPENDIX A
PROOF OF FE{vi1i} IN (35)

By defining W; = R{W,} +j3{Wi} = 21+ jy., where R{-}
denotes the real part and j = v/—1, v, in (33) can be expressed
by (40) on the top of the this page.

v =S {(cos ((k+ A)Q) — jsin ((k + A)Q))
X (Zpga + JYta) + (cos(kQ) + 7 sin(kQ))
X {xp — jyr) + (cos(AQ) — 7sin(AQ))
X (zr = jyr) (Trta + jye+a)}
=yrta cos{(k+ A)Q) — zpasin ((k + A)Q)

+ z sin(kQ) — y cos(kQ2)

+ (TpYpra — Trrayr) cos(AQ)

— (TeThya + UrYrta) sin(ALQ). (40)

From the definition of the Gaussian white noise W}, we have
the expectations as shown in (41), where 65, ; = 1 if £ =/, and
oy = 0ifk # I

q q
ESay [Tw ¢ =Eue[[onp =0,
i=1 =1

0'2 .
F{zpe} = E{yem} = 7%:1?

0.4
Ezraryiye} =~ 0rabig,
0'4 .
E{rveimirq®ivgt = E{ustiYrq¥irg} = Z(5k,l)2~

(41)

Therefore, E{v1} can be expressed as in (42). Note that
Ok+A i+a = Or has been applied in deriving (42). Obviously,
in (42), 6k,k+A = 6I,I+A = 6k,l+A = 6k+A,I = 0, since
N/2< A< Nand0 <k,] <N —1- A. Thus, we have the
final result of F{v2;} as shown in (43).

0.2

E{vpm} = 5 (6.1 cos ((k+ A)Q) cos ((1+ A)Q)
=By cos ((k+ A)) cos({Q)
6 g sin ((k + A)YQ) sin ((I + A)Q)
—Bpgasin ((k + A)Q) sin({Q)
=8 14 sin(kQ) sin (1 + A)QD)
+6p,1 5in(k€2) sin(192)

_5k,I+A COS(kIQ) cos ((] + A)Q)
+6.1 cos(kQ2) cos(IQ2)) + %
X <(6k,l)2 (LOb(AQ))Q — 25k,l+A6k+A,l
X (cos(AN))? + (.1)” (cos(AQ))?
+(81.)? (5in(AQ)) + 261 jy a6114a
X (sin(AQ))? + (8,.1)2 (sin(AQ))Q) .
(42)
2
E{van} = "7%, (cos ((k + A)Q) cos (I + A))
+sin ((k + A)Q)sin (1 + A)Q2)

+ 8in(kQ2) sin(I2) 4 cos(kQ) cos(I2))

+ i2(6k,,)2 ((cos(mz))2 + (sin(AQ))z)
2025]‘?,1 COS ((A, — Z)Q) + (;_4(()kl (43)
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