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Abstract

With the development of the Global Navigation Satellite System (GNSS), the GNSS can provide a wide-area positioning, navigation,
and timing (PNT) service. However, the GNSS can not work well in some environments, such as GNSS jamming environments
and GNSS denied environments. Thus, it is necessary to develop a non-GNSS-based PNT solution. Chinese digital multimedia
broadcast (DTMB) signal presents a potential opportunity for wireless localization. In this paper, we proposed a software-defined
radio (SDR) receiver based on the DTMB signal for positioning. The key innovations of the proposed SDR receiver are as follows:
1) proposing a fusion filter to fuse the information from the frequency-locked loop (FLL), and phase-locked loop (PLL) to improve
the performance of the PLL under high dynamical environments; 2) utilizing the carrier-to-noise radio (C/NO) to remove the range
observation influenced by heavy non-line of sight (NLOS) environment and utilizing the usable range observations for positioning.
To evaluate the performance of the designed DTMB receiver, a series of field experiments are conducted. The pedestrian experiment
results show that the 1 — o ranging error from the carrier phase is about 0.94m. The on-vehicle experiment results show that the
1 — o positioning error in the eastward is about 9.07m, and the 1 — o positioning error in the northward is about 7.74m. This
means the designed DTMB receiver can provide sub-meter ranging results under pedestrian environments, and the proposed DTMB
receiver is able to provide meter-level positioning results under complex urban environments. Related research shows that the signal
point position method (SPP) of GNSS also provides meter-level positioning results under complex urban environments. Thus, the

proposed DTMB receiver can be utilized as a non-GNSS-based PNT solution.

1. Introduction

The Global Navigation Satellite System (GNSS) can provide
a wide-area positioning, navigation, and timing (PNT) service,
and it has had a widely application on mobile robots, vehicles,
and other automatic navigation systems. However, the GNSS
can not work well in some environments, such as GNSS jam-
ming environments and GNSS denied environments. Thus, it
is necessary to develop a non-GNSS-based PNT solution, and
terrestrial television signals have been designed for both in-
door and outdoor reception. Recently, wireless positioning us-
ing Chinese digital multimedia broadcast (DTMB) signals has
garnered increasing interest, particularly after the widespread
deployment of DTMB systems for a large user base (Wu et
al., 2006, Zhang et al., 2015). It has been recognized that the
DTMB signals can be used for positioning (Chen et al., 2015).
Compared with the GNSS, there are advantages for the posi-
tioning based on the DTMB signal (Chen et al., 2015, Chen et
al., 2016):

e DTMB signals are transmitted with a higher power, and
their frequency band ranges from 400-700 MHz, provid-
ing better building penetration and urban propagation than
GNSS signals, which operate at approximately 1-3 GHz.

e The nominal signal bandwidth of the digital multimedia
broadcast signals is designed between 6-8 MHz, which is
wider than that of GNSS signals. This will improve the
signal synchronization accuracy, leading to more precise
pseudo-range measurements.
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e DTMB stations are fixed, and the receivers typically ex-
hibit very slow movement, resulting in minimal Doppler
effects compared to GNSS signals.

o The relatively stable distance between DTMB stations and
receivers minimizes the impact of ionospheric and tropo-
spheric delays, which significantly affect GNSS signals.
This will lead to easier signal acquisition and the possibil-
ity of integration over a longer period.

e Itisunable to provide the available positioning results based
on the GNSS signal in the GNSS jamming environments,
such as some battle areas. However, if the DTMB signal
is not jammed, the DTMB signal can be utilized for posi-
tioning.

As a signal of opportunity (SoO) for positioning, the DTMB
facilities have already been developed, and there is no need to
build extra infrastructure investments, except for the position-
ing devices. Based on these facts, using the DTMB system
for positioning has attracted more and more researchers. The
methods using DTMB system for positioning include ranging-
based positioning methods and fingerprinting-based methods.
The ranging-based methods include DTMB-aided GNSS posi-
tioning methods (Jiao et al., 2023), DTMB-aided IMU (Inertial
Measurement Unit) methods (Liu et al., 2022a) and DTMB-
aided other OFDM, such as LTE (Long Term Evolution), po-
sitioning methods (Hong et al., 2021). For the research of the
DTMB-aided GNSS positioning methods, the reference (Jiao et
al., 2023) is representative. In the reference (Jiao et al., 2023),
Jiao, Z et al. proposed a method that utilizes the carrier phase
ranging with DTMB signals and GNSS for pedestrian position-
ing. The experiments show that the ranging accuracy of the
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carrier phase is 0.04m in the static scenario, and the ranging ac-
curacy of the carrier phase is 2.2m in the dynamical scenario.
For the research of the DTMB-aided IMU methods, the refer-
ence (Liu et al., 2022a) is representative. In the reference (Liu
et al., 2022a), X. Liu et al. proposed an enhanced pedestrian
dead reckoning (PDR) aided with DTMB signals. The field ex-
periments show that the 95% positioning error of the proposed
algorithm is less than 3.94 m, while the PDR only is less than
9.19 m. About the research of the DTMB-aided other OFDM
methods, the reference (Hong et al., 2021) is well. In the ref-
erence (Hong et al., 2021), T. Hong et al. proposed the hybrid
positioning with DTMB and LTE signals method. The exper-
iments show that the proposed method in (Hong et al., 2021)
can provide an RMSE of 20.45m over a trajectory of 600m.
About the fingerprinting-based methods, Wu, H et al. (Wu et
al., 2016) proposed a positioning method based on the FM radio
and DTMB signals fingerprinting, and the experiment shows
that DTMB fingerprinting has a wider coverage area, a lower
maintenance cost, and more stable signal strength. These re-
searches have shown that the DTMB signal has a good posi-
tioning performance, but they did not analyze the positioning
performance of the DTMB-only methods. Thus, we proposed a
DTMB receiver for positioning in this paper. The contribution
of this paper is as follows.

e A fusion filter is proposed to fusion the information from
the frequency-locked loop, and phase-locked loop to im-
prove the performance of the phase-locked loop (PLL) un-
der high dynamical environments.

e The carrier-to-noise radio (C/NO) is used to remove the
range observation influenced by the heavy non-line of sight
(NLOS) environment and utilize the cleared range obser-
vation for positioning.

The paper is organized as follows: Section II describes the
DTMB signal standard and the signal model. Section III de-
scribes the receiver design, including acquisition and tracking.
Section IV describes the DTMB localization framework. The
experiment setup and receiver configuration has been discussed
in Section V. A pedestrian experiment has been conducted in
Section VI. Section VII discusses the results of the on-vehicle
experiment. Finally, conclusions are summarized in Section
VI

2. DTMB Standard and the Signal Structure

The DTMB signals use the OFDM (orthogonal frequency di-
vision multiplexing) modulation to achieve robust transmission
in multipath scenarios. In DTMB signals, OFDM signals con-
tain the frame head and frame body. The frame head contains
the PN (Psudo-Range Noise) sequence, and it is in the OFDM
guard interval. The frame body includes the transmitted data,
such as video, message, audio, etc (Jiao et al., 2023). In the
DTMB system, signals are continuously transmitted, and every
OFDM symbol is transmitted within a fixed duration. Every
OFDM symbol contains a PN frame. From the wireless posi-
tion, the good autocorrelation property of the PN and the con-
tinuous transmission are helpful for accurately tracking signals
for TOA estimation.

The PN in DTMB signals mainly includes three structures, which
are shown in Tab 1. For model 1 and model 3, the PN sequences
can be mapped to each subcarrier of the OFDM signal. For
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Figure 1. DTMB Signal Structure

model 2, due to the fact that there is no shift property for the PN
sequence, it cannot be mapped to all subcarriers of the OFDM
signal. Due to there being better multipath resistance for the
multicarrier modulation, the signals in model 1 and model 3 are
frequently used. (Jiao et al., 2023).

Table 1. PN Structures of DTMB signal

PN Model Description
Model 1 Header Frame Symbols (420), Duration (55.61.s)
Model 2 Header Frame Symbols (595), Duration (78.7us)
Model 3 Header Frame Symbols (945), Duration (1255)

The DTMB signal structures of model 1 and model 3 are shown
in Fig 1. The Fig 1 described the DTMB signals in model 1 and
model 3. The frame head of the DTMB signal in model 1 is
defined as PN 420, and the frame head of the DTMB signal in
model 3 is defined as PN 945, which is according to the sample
number of the frame head. The frame head includes a pre-
amble sequence, a post-amble sequence, and an m sequence.
The pre-amble sequence and the post-amble sequence are the
same. Thus, we can utilize the specificity to realize the rough
acquisition. For the DTMB signal in model 1, the sample num-
ber of the pre-amble sequence and the post-amble sequence is
82, and the sample number of the m sequence is 256. About the
DTMB signal in model 3, the sample number of the pre-amble
sequence and the post-amble sequence is 217, and the number
of the m sequence is 511. For the DTMB signal in model 1, the
preamble sequence is the copy of the first 82 samples for the m
sequence, and the post-amble sequence is the copy of the last 82
samples for the m sequence. About the DTMB signal in model
3, the preamble sequence is the copy of the first 217 samples for
the m sequence, and the post-amble sequence is the copy of the
last 217 samples for the m sequence. The generator polynomial
for the m sequence in model 1 is G420 = 1+ 2+ z° + 2% + 27,
and the generator polynomial for the m sequence in model 3 is
Goss =1+ 2% + 27 + 2% +2°.

The transmitted time-domain signal is affected by the multi-
path, the frequency offset that is caused by the difference between
the transmitter and the receiver oscillators, and the Doppler ef-
fect caused by the relative motion between the transmitter and
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the receiver. The received signal can be modeled as

rln] = A@6)3r[t — 7(1)]e’BTP OOl p 4 on(t)]i-rr,

ey
where r[n] denotes the received signal, and 7 (t) denotes the
transmitted data. 7(¢) represents the timing delay, fp(t) rep-
resents the frequency offset caused by the sampling frequency
offset and the Doppler effect due to the relative motion. ¢(t) is
a timing-varying carrier phase shift, and n(¢) is a term modeling
random noise. 7’s denotes the sampling period.

3. Receiver Design

The receiver proposed in the paper mainly consists of the ac-
quisition and tracking. When the receiver is started, the DTMB
baseband signal is processed in the acquisition part to roughly
estimate the timing delay and frequency offset. After the ac-
quisition is finished, the DTMB baseband signal will be pro-
cessed in the tracking part. The role of the tracking part is to
precisely estimate the timing delay, frequency offset, and carrier
phase. The tracking part continuously receives the signal until
the signal lock is lost. When the signal lock is lost, the DTMB
baseband signal will be processed in the acquisition part until
the acquisition is finished. Then, the DTMB baseband signal
will be processed again in the tracking part. The overview of
the proposed receiver is shown in Fig 2.

3.1 Acqusition Stage

In this section, we discussed the acquisition of the proposed
receiver. The main work during the acquisition stage is to es-
timate the rough timing delay and the rough frequency offset.
Without the high relative motion between the transmitter and
the receiver and the high difference between the transmitter and
the receiver oscillators, the frequency offset is normally relat-
ively little. It means that the frequency offset does not have an
obvious influence on the timing estimation, so we can estim-
ate timing estimation before estimating frequency offset (Liu et
al., 2022b). The principle of estimating the rough timing delay
is to cross-correlate the local template and the received signal
and find the location of the maximum correlation value. The
location of the maximum correlation value is the estimated tim-
ing delay, and the process of estimating the timing delay can be
modeled as

Npy-—1
Oy = k) - s,
0 argml?x\ ZO r(n+k) - Sipecar(m)],

]f:O71,2,-u,Nframe_1 (2)

where ® denotes the estimated rough timing delay, which rep-
resents the location of the max peak in the correlation sequence.
r(n + k) denotes the received signal, and s}, .,;(n) denotes the
local PN sequence. Npy represents the length of the PN se-
quence, and Nf,qm. represents the length of a frame. The prin-
ciple for the calculation of the frequency offset is to obtain the
difference of the carrier phases between the neighbor frames,
and it can be calculated as

Afp =

atan2(Ipk-1Qpr — Qprr—11pk,

Ipk—1lpk+ Qprr-1Qprr) ()

1
27Ty,

where A fi denotes the estimated frequency offset. R, x =
Ip; + jQp,i represents the correlation values between the PN

sequence of the kth received signal frame and the corresponding
local PN sequence, and the R, ;. can be modeled as

Npn—1

Ryr= Y ren(n)-s"(n) “)

n=0

3.2 Tracking Stage

After the acquisition stage, the tracking stage commences. Con-
tinuous signal tracking is realized by using a closed-loop archi-
tecture. Keeping tracking signals continuously is mainly for
two reasons: 1) to produce pseudorange measurements; 2) to
reconstruct the carrier continuously. The main components of
the tracking loop include a frequency-locked loop (FLL)- as-
sisted phase-locked loop (PLL), a carrier-aided delay-locked
loop (DLL), a loop filter, and a numerically-controlled oscil-
lator (NCO).

(1) FLL-Assisted PLL: Under high dynamical stress, there is
better performance for FLL than PLL. However, PLL has higher
measurement accuracy than FLL. An FLL-assisted-PLL has both
high robustness under high dynamical stress and high measure-
ment accuracy (Yang et al., 2022). The main components of the
FLL-assisted-PLL are an FLL discriminator, a PLL discrimin-
ator, and an FLL-assisted-PLL loop filter. In this paper, the
FLL-assisted-PLL loop filter is the first layer of the loop filter,
which is shown in Fig. 2. In this part, the FLL discriminator
and the PLL discriminator will be discussed.

The range of the aran2 discriminator estimation is 4, which
can be used to decrease the risk of introducing phase ambigu-
ities. In this paper, we use atan2 discriminator for FLL dis-
criminator and PLL discriminator. The FLL discriminator can
be expressed as

_ atan2(Qp,k, Ip,kx) — atan2(Qp,k—1, Ip,k—1)
eFLL = 9T, )
iy

where Ry, , = Ip x+jQp,k is the prompt correlation at time step
k, and T, is the period between the neighbor frames. T, is nor-
mally equals with NV fmmef—lr, Nyrame represents one frame
length and f, represents the sample rate. The PLL discrimin-
ator is expressed as

eprr = atan2(Qp,k, Ip,k) (6)

2) DLL: We used the Early-Minus-Late Power Delay Discrim-
inator (EML) to obtain the DLL estimation. The EML can be
expressed as

1 2 2
epLL = @(|R(—§)| —|R(©I) D

where epr 1, represents the code phase error estimated by nEML.
The normalized factor k(&) isused tokeep eprr ~ €. |R(—€)|?
denotes the early power and | R(¢)|? denotes the late power. The
early power | R(—¢)|? and late power | R(£)|? are expressed as

N -1
PN . 2mne

IR(FI1P = Y hilp)xe™ Nen ®)
n=0

where Npy denotes the length of PN sequence. h (p) repres-
ents the channel frequency response (CFR). The CFR is ex-

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-X-G-2025-1069-2025 | © Author(s) 2025. CC BY 4.0 License. 1071



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume X-G-2025
ISPRS Geospatial Week 2025 “Photogrammetry & Remote Sensing for a Better Tomorrow...”, 6—11 April 2025, Dubai, UAE

Acqusition
@ [F———
Coarse Acqusition
DTMB
Baseband Signal Tracking

Ry (i)

IDLL Discriminator}—" DLL Loop Filter }

()

D

R (i)

(B)
o——| Correlator

Rp (1)

Ry ()

Rp(i—1)

[PLL Discriminator

[FLL Discriminator

FLL — PLL ¢ @)

Loop Filter
O
—

@G—1)

NCO

L= |

Figure 2. Overview of the proposed receiver

pressed as

hi(p):£i$:>i:07172737“-7NCP_1 (9)

where Z; is the received pilot symbol that has removed delay,
frequency offset, and carrier phase estimate from the previous
iteration of the tracking loops, which is shown in Fig. 2. z; is
the pilot symbols replica at the receiver. The normalized factor
k(&) is expressed as (Liu et al., 2022c)

242
7-‘-263

(10)

k() = (1 — cos2m€ — w€ sin 27E)

where A is the received signal power.

3) Loop Filter: The loop filter includes the FLL-assisted PLL
loop filter and the DLL loop filter. The FLL-assisted PLL loop
filter is used to fuse the results from the FLL discriminator and
the PLL discriminator. The FLL-assisted PLL loop filter struc-
ture is shown in Fig. 3. The FLL-assisted PLL loop filter is

€rLL 1
AoWn, FLL

€pLL [b—|

D
N

Dpuy

Figure 3. Loop Filter Structure For the FLL-Assisted PLL

expressed as

W?z PLL Wi PLL
Frrr,prr(s) = bswn,prr + alas——— T)
WTQL FLL
+ (1 - a)(2nT,)(a2wn, FrL + T) (11

where w,,, prr is the undamped natural frequency of the PLL
loop, and wy, Frr is the undamped natural frequency of the
FLL loop. The undamped natural frequency of the FLL loop,

wn,FL L, is related to the FLL noise-equivalent bandwidth B, rr.r,

1+a3

and the relevant relationship is Bn rrr = —_2Wn,FLL =
0.53wn, FrL. wn,prr is related to the PLL noise-equivalent
bandwidth B,, prr, and the relevant relationship is By, prr =
a3b§+a§—b3

1agbs 1) Wn,PLL = 0.7845wn, pr.r. (Han et al., 2022). « rep-
resents the weight factor. The range of « is normally from O to
1, and the « is traditionally set as 0.5. The DLL loop filter is a
normal 2-order loop filter, which is expressed as

2
Wy, DLL

Fprr(s) = aswn,prr + (12)
where wy, prr is the undamped natural frequency of the DLL
loop, and the wy,,prr is related to the DLL noise-equivalent
natural frequency of the DLL loop, the relevant relationship is
Byn,prr = 0.53wn,DLL-

4. DTMB Positioning Framework

In this section, we utilized the extended Kalman filter (EKF)
model to estimate the position. The mathematic model of the
EKEF is expressed as

13)

Xk = f(Xk-1) + Wi

Zp = h(xk) —+ v (14)

where x;, € R" is the state vector; z; € R" is the measurement

vector provided by DTMB receiver proposed in this paper. The
state vector x5 can be modeled as

T

x = (p, v, cdt) (15)

where p = (pe,pn)” is the position in the 2 dimension planar,

and v = (ve,vn)” is the velocity in the 2 dimension planar. &t

denotes the clock bias of the receiver, and ¢ denotes the speed
of the light. The measurement vector is expressed as

z = (p17p27"'7pn)T (16)

where p; is the distance between the receiver and the ith DTMB
station. n is the number of the DTMB stations. The calculation
process of the EKF is as follows:

1) State Prediction: Calculate the one-step prediction of the
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system state along with the associated covariance matrix of the
prediction state estimation error, the process can be modeled as

Rijh—1 = f(Re—1) = Pr1Xp—1 )

Shik—1 = ¢k712k71|k71©£—1 + Wy (18)

where @1 = 0f /0x|s=x,_, is the Jacobian matrix; Xy ;1 =
E(xx — Kpjro—1) (xx — >‘<k|k,1)T is the state prediction error co-
variance matrix. Wy, represents the state error matrix.

2) State Correction: Calculate the Kalman filter gain and update
the state estimation, and the estimation error covariance matrix
can be modeled as

Ky = Spp1 Hy (HySep-1 Hi +Re)™H (19)
i = Kpjo—1 + Kelze — h(Xijp—1)] (20)
Y= — KpHp)Xgp—1 (21)

where Hy, = 0h/0z|2=x,,_,- Rk is defined by the carrier-to-
noise ratio (C/NO), and Ry, can be expressed as

Ry =
107C/N01
1070/1\702

10~C/Non

(22)

where C/NO; is the C/NO (carrier-to-noise radio) of the ith
DTMB station. The estimation of the C/NO can be modeled
as

1 up — 1 )

n

(23)
where T;, denotes the integration time, and it equals with 75, =
%Lfmme. fr is the resample rate, and f is set as 7.56 MHz.
L frame is the length of the frame, and it is set according to the
signal model. For the model 1, Lfyqme is set as 4200, and for
the model 3, L ¢rqame is set as 4725. M represents the number
of incoherent integrals, and it is set as 20 in this paper. pp is the
mean of ratios for the narrow band power to width band power,
and it can be modeled as

K
_ i Pnb(k)
he =T ; Pup (k)

where K denotes the number of coherent integrals, and it is set
as 5 in this paper. P,(k) represents the narrow band power,
and P, (k) represents the width band power. The narrow band
power P, (k) and width band power P, (k) can be calculated
as

{ P’ﬂb(k) = (2%%}\134/14_1 IP;")2 + (Zif]:—]\x.l QP,TL)2
wa(k) = Zn:KM+1[1127,n + Qz%,n}

24)

(25)
where Ry n = I n + jQp,n is the prompt correlation.

5. Experiment Setup and Receiver Configuration

In this section, we discuss the field experiment platform and the
receiver configuration.

Transmitter
"

Receiver

Figure 4. Experimental Platform for the Pedestrian Experiment
5.1 Experimental Setup

In this paper, we have conducted two experiments, including the
pedestrian experiment and the on-vehicle experiment. For the
pedestrian experiment, we utilized a bag equiped with a Uni-
versal Software Radio Peripheral (USRP) X310, a sino K803
GNSS receiver, and a global localization System Disciplined
Oscillators (GPSDO), the platform for the pedestrian experi-
ment is shown in Figure 4. About the on-vehicle experiment,
we used a vehicle, and the vehicle also includes a USRP X310,
a sino K803 GNSS receiver, and a GPSDO, and the vehicle is
shown in Figure 5.

For these platform, the Sino K803 GNSS receiver is used to ob-
tain GNSS observation. In this paper, we utilized the real-time
kinematic (RTK) algorithm to process the obtained GNSS ob-
servation for the reference localization results. It shows that the
horizontal accuracy of the reference localization results is less
than 8mm, and the vertical accuracy is less than 15mm (Shen
etal., 2022). The USRP X310 is used to collect the DTMB sig-
nal, and the GPSDO is utilized to provide a high-quality stable
oscillator for the USRP devices. The output frequency of the
GPSDO is 10MHz. The hold-over stability of the GPSDO is
more than 25 us.

Figure 5. Experimental Platform for the on-Vehicle Experiment.
5.2 Receiver Configuration

The DTMB receiver is configured to process the received DTMB
radio frequency (RF) signal for range detection. The bandwidth
of the baseband stream is set to 8 MHz. The sampling rate of
the baseband stream is set to 5 MHz, and the received signal
would be resampled to 10 MHz. During the experiment, we
collected the DTMB RF signal from 498 Mhz and 554 Mhz
radio bands. The configuration of the DTMB receiver is sum-
marized in Table 2. For the model 1 DTMB signal, the loop
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integration time is set to T,, ~ 555.6us for DLL, FLL, and
PLL. For the model 3 DTMB signal, the loop integration time
is set to T,, = 625us. We utilized the 2-order DLL, 2-order
FLL, and 3-order PLL. The filter bandwidth is set to 10 Hz for
both DLL and FLL, and the filter bandwidth is set to 30 Hz for
PLL. The coefficient as of the DLL and FLL is set to az = /2.
The coefficients a3 and b3 are set to 1.1 and 2.4, separately.
The tracking threshold is set to 5 dB-Hz. If the current carrier-
to-noise ratio is less than 5 dB-Hz, we will change the tracking
status to unlock.

Table 2. DTMB Receiver Configuration

10 —— Carrier Phase Ranging Results
— Reference Ranging Results

Range/m
(4]

Base Configuration

Carrier frequency f. [MHz] 498, 554 0 2 0 Time(;/s % 10
Signal bandwidth B [MHz] 8
Sampling rate f; [MHz] S Figure 7. Detected Range Results from Carrier Phase under
Resampling rate /. [Mhz] 10 Pedestrian Environments
Tracking Configuration
DLL/FLL/PLL integration time 75, [ps] for model T 555.6

Table 3. Absolute Error Statistical Table of the Ranging Results

PLL/ L/ PLT pcgration fime T, Lius] for model 3 263,53 based on the DTMB Carrier Phase
DLL/FLL/PLL bandwidth B,, [Hz] 10,10,30 .
DLL/ FLL filter coefficient as V2 RrSE— | ox of the Ranging Results
PLL filter coefficients as/bs 1.1,24 50% CDF 0.65m
DLL nEML correlator half-spacing £ 0.1 68% CDF 0.94m

Unlocked Carrier-to-Noise Radio threshold

5dB-Hz

6. Pedestrian Experiment

To evaluate the ranging performance of the designed DTMB re-
ceiver in this paper, we execute the pedestrian experiment near
the DTMB station. The experiment scenario is shown in Fig-
ure 6.

Transmitter ®

Figure 6. Pedestrian Experiment Scenario

The ranging results are shown in Figure 7. Figure 7 shows that
the ranging results based on the DTMB carrier phase are very
similar to the reference ranging results, and the accuracy static
table is shown in Table 3. From Table 3, we observed that, un-
der pedestrian environments, the RMSE (Root Mean Squared
Error) of the ranging results from the carrier phase is 0.94m,
and the 1 — o error is 0.94m. It shows that under pedestrian en-
vironments and the DTMB signal is well, the designed DTMB
receiver can steadily provide sub-meter ranging results.

7. On-Vehicle Experiment

We have performed an on-vehicle experiment to evaluate the
DTMB receiver’s ranging and positioning performance in com-
plex urban environments.

7.1 Experiment Scenario

The on-vehicle experiment scenario is shown in Figure 8. Dur-
ing the experimental stage, we collected the DTMB baseband
signal from the CaiDian Station, the GuiShan Station, and the
JiangXia Station. The distance between the CaiDian Station
and the receiver is about 24 km, the distance between the GuiShan
Station and the receiver is about 15 km, and the distance between
the JiangXia Station and the receiver is about 12.7 km. In the
experimental scenario, there are buildings, trees, and the high
trestle bridge, and the experimental scenario is the typical urban
environment.

1M4°E 114°10'E

Longitude

114°20'E

Figure 8. On-Vehicle Experimental Scenario.

7.2 Ranging Results

Although there is a higher accuracy for the carrier phase com-
pared with the time-of-arrival (TOA), there is a lower robust-
ness for the carrier phase, especially under complex environ-
ments or highly dynamic environments. For the GNSS posi-
tion system, the ways to solve the problem include rebuilding
the carrier phase and estimating integer ambiguity (Shen et al.,
2022). However, these ways need the static reference station,
and enough useful observations are normally more than 6. The
on-vehicle experiment scenario does not have these conditions.
Thus, we here utilized the range from the TOA for the position.
In the complex urban environments, there are some stages that
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the DTMB signal is very weak due to the NLOS environments.
The fact will result in the receiver is unlocked. In principle,
the C/NO will be very low if the receiver is unlocked. The ran-
ging results and the C/NO from the CaiDian Station are shown
in Figure 9.
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Figure 9. Detected Ranges and C/NOs Results from the CaiDian
Station.
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From Figure 9, we observed that the ranging results from the
TOA are similar to the reference ranging results. We also found
that the C/NO during the unlocked stage is obviously less than
in the locked stage, so we can remove the unusable measure-
ments well based on the C/NO. The useful epochs’ number
of the CaiDian station signals accounts for 85.7% of the over-
all epochs, the useful epochs’ number of the GuiShan station
signals accounts for 95%, and the useful epochs’ number of
the JiangXia station signals accounts for 72.54% of the overall
epochs. If the number of useful stations is more than 2, we can
utilize the range observations for localization. Thus, the num-
ber of localizable epochs accounts for 92.24% of the overall
epochs for this field experiment.

7.3 Localization results

The localization results are shown in Figure 10. As shown in
Figure 10, we can arrive at a conclusion that the proposed re-
ceiver in the urban environments can provide relatively reliable
localization results only based on the DTMB signal.

Table 4. Absolute Positioning Error Statistical Table

Eastward Northward
5.52m 4.07m
9.07m 7.74m

50% CDF
68% CDF

The localization errors are shown in Table 4. From Table 4,
we observed that the 50% CDF(cumulative distribution func-
tion) of the positioning error in the eastward is 5.52m, the 50%
CDF of the positioning error in the northward is 4.07m, the 68%
CDF of the positioning error in the eastward is 9.07m, and the
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Figure 10. Localization Results

68% CDF of the positioning error in the northward is 7.74m.
It means that the designed DTMB receiver can provide meter-
level positioning results under complex urban environments and
the relatively high dynamical environments. Reference (Wu et
al., n.d.) shows that if the GNSS utilizes the TOA measure-
ments, the 1 — o positioning error is about 16m. It means
that the designed DTMB receiver can provide relatively reli-
able positioning results without using GNSS, and the position-
ing accuracy of the proposed DTMB receiver is approximate to
the positioning accuracy based on the signal point positioning
(SPP) method of the GNSS. Thus, the proposed DTMB receiver
can be used as a non-GNSS-based PNT solution.

8. Conclusion

This paper has studied the wireless positioning in Chinese DTMB
networks and proposed a DTMB receiver for positioning. A
test scenario in the city of Wuhan has been considered to eval-
uate the performance of the proposed DTMB receiver. The
pedestrian experiment results show that the designed receiver
can provide sub-meter ranging results under pedestrian environ-
ments. The results of the on-vehicle experiment show that the
designed receiver can provide meter-level positioning results in
complex urban environments and relatively high dynamical en-
vironments.

In the future, work will focus on estimating the integer ambi-
guity of the DTMB carrier phase, fusing positioning methods
based on the DTMB’s TOA measurements and DTMB’s carrier
phase measurements, utilizing ML (machine learning) techno-
logy to obtain time-of-arrival estimation, as well as, integration
with multi-sensor PNT systems to enhance robustness.
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