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Abstract—Single frequency network (SFN) enables efficient use
of spectrum by allocating the same frequency among multiple
transmitters. In order to efficiently design and manage the SFN,
the Advanced Television Systems Committee (ATSC) 3.0 physi-
cal layer standard has adopted transmitter identification (TxID)
technology which allows to measure the individual and/or whole
network channel response, such as power and time delay of the
broadcast signal from transmitters. Since TxID is embedded into
the host ATSC 3.0 frame as radio frequency (RF) watermark,
it is transparent to legacy ATSC 3.0 receivers and only a spe-
cially designed TxID analyzer is able to detect it. This paper
presents new TxID detection methods that improve the detection
performance of ATSC 3.0 TxID signal by resolving the prob-
lems and limitation of the conventional TxID detection method.
The superiorities of the proposed detection methods are verified
through computer simulation, laboratory test, and field trial.

Index Terms—ATSC 3.0, transmitter identification, SFN.

I. INTRODUCTION

HE NEXT generation terrestrial broadcasting stan-
dard, called the Advanced Television Systems
Committee (ATSC) 3.0 [1], has been finalized in 2018.
This new standard has been developed to meet the rapidly
growing demands for broadcasters’ intended services such
as mobile/indoor reception, advanced emergency alerting
services, ultra-high-definition (UHD) television (TV) services,
and Internet protocol (IP) based interactive services.
The physical layer standard of ATSC 3.0 has been
developed to provide enhanced robustness and extended
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flexibility as well as better spectrum efficiency [2]-[4]. The
ATSC 3.0 physical layer signal consists of two parts: bootstrap
and orthogonal frequency division multiplexing (OFDM)
based data part. The bootstrap, known as universal entry
point, is the first portion of the ATSC 3.0 RF frame
structure and contains the necessary information to demod-
ulate the remaining data part [5]. The bit interleaved
coding and modulation (BICM) scheme has been adopted
for OFDM based data part. This BICM offers not only
enhanced robustness, but also extended flexibility enabling
a wider range of operating modes compared to existing
terrestrial standards [6], [7]. For multiple media services
with different quality of service (QoS), three kinds of
multiplexing schemes have been adopted: time division
multiplexing (TDM), frequency division multiplexing (FDM),
and layered division multiplexing (LDM). LDM is a novel
multiplexing technique that combines different services
with different power levels, and provide significant
performance improvement compared to other multiplexing
schemes [8]-[11].

Another approach to dramatically improving spectrum uti-
lization is to use a single frequency network (SFN) where
all transmitters in the same SFN are operated on the
same frequency. To design and manage SFN efficiently,
ATSC 3.0 physical layer standard has adopted transmitter
identification (TxID) technology which allows to measure
channel response, such as power and time delay, of all
transmitters and/or individual transmitter in SFN. Note that
the TxID is transparent to the legacy ATSC 3.0 receivers
because it is embedded into the host ATSC 3.0 frame as
radio frequency (RF) watermark. By detecting TxID, SFN
information such as power and time delay of individual trans-
mitters can be easily acquired without turning on and off each
transmitter. However, in terms of TxID signal detection capa-
bility, the conventional auto- and cross-correlation based TxID
detection algorithm, which is being used in ATSC 1.0 TxID
detection, provides limited performance for ATSC 3.0 because
frame structures and TxID insertion of ATSC 3.0 are not the
same as ATSC 1.0. This paper presents a basic procedure of
TxID insertion into the host ATSC 3.0 frame and analyzes the-
oretical TxID detection performance. Furthermore, in order to
overcome problem and limitation of the existing TxID detec-
tion algorithm, three novel detection methods are proposed
and verified through computer simulation, laboratory test, and
field trial.
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Fig. 1.

Gold sequence generator for TxID signal.

The remaining of this paper is organized as follows: In
Section II, the generation and insertion procedure of ATSC
3.0 TxID are described. In Section III, the theoretical and
mathematical performance analysis in terms of upper bound
and detection performance are performed. Section IV describes
the frame structure of ATSC 3.0 system and presents its neg-
ative impact on TxID detection performance. In Section V,
three novel detection methods are proposed to improve the
TxID detection performance taking into account implementa-
tion complexity. In Section VI, the superiorities of the three
proposed methods are verified through extensive computer
simulation, laboratory test, and field trial. The final conclusion
of this paper is presented in Section VIIL.

II. TRANSMITTER IDENTIFICATION

In SFN environments, when SFN signals from multiple
transmitters are received, it is difficult to distinguish individ-
ual transmitters among the received signals. This is because
each transmitter in the same SFN transmits perfectly the same
signal so that the signals from multiple transmitters do not
interfere with each other. In ATSC 3.0 system, for identifi-
cation of individual transmitters, different RF watermarking
patterns are inserted to each transmitter, which allows to man-
age and monitor the status of each transmitter in an SFN,
without the hassle of turning on and off each transmitter.

The ATSC 3.0 TxID technology is a kind of direct sequence
buried spread spectrum RF watermark technologies [12]-[14],
similar to the ATSC 1.0 TxID insertion method. In ATSC 3.0
system, Gold code sequence [15] is used to generate the RF
watermark signal. Each transmitter has a unique Gold code
sequence so that the Gold code sequence will identify individ-
ual transmitters in SFN. The RF watermark signals are injected
into the host ATSC 3.0 signal during the first preamble symbol
period only. ATSC 3.0 provides several options for the injec-
tion level of the TxID signal, allowing the injection level to
be chosen appropriately by broadcasters for each broadcasting
environment.

A. Generation of TxID Signal

To generate TxID signal, Gold sequence, a special form of
pseudo random noise (PN) sequences, is used in ATSC 3.0.
The Gold sequences exist if and only if the length of the
sequence is 2" — 1 for n # 0 mod 4 [15]. In ATSC 3.0,
the Gold sequence has a length of 8191 (n = 13) so that the
Gold sequence based TxID signal can be inserted into the first
preamble symbol period regardless of preamble configuration.

The sequence is generated by a pair of primitive polynomi-
als and shift registers that have the lengths, feedback paths,
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Fig. 2. TxID signal injection for various FFT sizes.

and summing functions defined in Figure 1. The two shift
registers are defined by the following generator polynomials,
respectively:

- Generator polynomial for Tier 1: x!3 +x* + x> +x+ 1

- Generator polynomial for Tier 2: x'3 4+ x!2 4+ x10 4+ x% +

K00 Fx+1

For generating the Gold sequence, each of the two shift
registers in Figure 1 are preloaded for each frame so that
TxID signal is the same for every frame. The shift registers in
Tier 1 are preloaded with a value of 1 in the x stage and O in
all the other stages. For the shift registers in Tier 2, a 13-bit
TxID address value is preloaded into the x!3 through x stages
where the most significant bit is mapped into x!3 stage and the
least significant bit into the x stage. A TxID address value is
uniquely assigned to each transmitter on a given RF channel
so that this value can be used for controlling each individ-
ual transmitter by the scheduler. Thus, the number of possible
TxID address values being assigned to individual transmitters
is 213 = 8192.

The combined output of the two shift registers is modulated
by binary phase shift keying (BPSK) modulator before inject-
ing into the host ATSC 3.0 preamble symbol. If the combined
output bit is ‘zero’, then it is modulated as ‘—1°. If the com-
bined output bit is ‘one’, then it is modulated as ‘“+1’. As
a result, the generated TxID signal is the BPSK modulated
signal with a length of 8191 samples.

B. TxID Signal Injection

The generated TxID signal is injected into the first preamble
symbol period in time domain and transmitted simultaneously
with the host ATSC 3.0 signal. To minimize the negative
impact on data part in ATSC 3.0 frame such as audio and
video contents due to TxID injection, the TxID signal is
injected in preamble period only which is more robust than
data part. The injection level of TxID should be carefully cho-
sen by the broadcasters to minimize the performance impact
of the host broadcasting signals while maintaining the detec-
tion performance of TxID signal in the receiving side such as
a measurement or monitoring equipment.

The beginning of the TxID signal is always exactly aligned
with the first sample of the first preamble symbol includ-
ing the symbol’s guard interval (GI), as depicted in Figure 2.
However, since the symbol period is determined by the fast
Fourier transform (FFT) size, the TxID signal can be inserted
multiple times within one preamble symbol to maximize the
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TxID detection capability. When an 8K FFT size is used
for the preamble, the TXID having the length of 8191 sam-
ples is injected once per an ATSC 3.0 frame as depicted in
Figure 2 (a). For the 16K FFT, the duplicated TxID signal is
additionally injected within the first preamble symbol period
as depicted in Figure 2 (b). The duplicated TxID signal has the
opposite polarity to the first TXID signal in order to average
out DC components of the total TxID signal. When the 32k
FFT size is used for the preamble, the TxID signal is repeated
four times as depicted in Figure 2 (c). In this case, the second
and fourth TxID signals have the opposite polarities to the first
and third TxID signals.

III. THEORETICAL PERFORMANCE
ANALYSIS OF TXID SIGNAL

The ATSC 3.0 TxID technology is a kind of spread spectrum
techniques, more specifically direct sequence spread spec-
trum (DSSS). Spread spectrum is typically designed to be
transparent to other users, except for the designated users, and
it is difficult to determine whether a spread spectrum signal is
actually present. This technique has been widely used for sev-
eral decades in military communications due to this property.
Code Division Multiple Access [16] is another example of
successful use for spread spectrum technique, where efficient
use of spectrum was also considered. This DSSS approach
has been adopted in ATSC 3.0 TxID because ATSC 3.0 ordi-
nary TV receivers do not need to detect and decode TxID
signals while only special broadcasting equipment is capable
of detecting and decoding it. In Section III-A, the processing
gain of the ATSC 3.0 TxID technique is analyzed in the view-
point of DSSS system. In order to reliably detect TxID signal,
an appropriate injection level should be selected according to
the broadcasting environment. Otherwise, a transmitter closely
located in the receiver may cause overwhelming interference
which results in the detection failure of TxID signal from other
transmitters. To account for this realistic broadcasting environ-
ment, the theoretical detection performance of TxID signal in
a situation where a plurality of ATSC 3.0 signals have dif-
ferent reception power levels is mathematically analyzed in
Section III-B.

A. Theoretical Upper Bound (Processing Gain)

In a DSSS system, a data symbol is spread over much
higher bandwidth by multiplying with a PN sequence. The
user data symbol rate (Ry) is always relatively low compared
to the rate of the PN sequence, called chip rate (R;). The pro-
cessing gain can be obtained by spreading at transmitter and
despreading again at receiver, and it is defined as the ratio of
chip rate to the user data symbol rate:

processing gain [dB] = 10log;¢(R./R;)

For ATSC 3.0 system, the Gold code sequence has been
chosen as a PN sequence because of its good auto- and cross-
correlation properties with large family size, which offers
sufficient capability to identify a huge number of transmit-
ters. The Gold code sequence used in ATSC 3.0 has a length
of 8191 so that one TxID symbol consists of 8191 chips
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where each chip is a rectangular pulse of +1 or —1 amplitude.
Therefore, the processing gain of ATSC 3.0 TxID signal can
be calculated as 10 xlog;((8191/1) = 39.1334 dB. This indi-
cates the theoretical upper bound of detection performance of
the Gold sequence used in ATSC 3.0.

B. Theoretical Detection Performance Analysis of TxID
in SFN

Let ATSC 3.0 host signal and TxID signal from i-th trans-
mitter at time k be d(k) and x;(k), respectively. The host signal
d(k) is assumed to be independent and identically distributed
(i.i.d.) random variable with zero-mean and unit variance (i.e.,
unit power in average). Then, TxID signal embedded ATSC
3.0 signal, d;(k), can be represented as

di(k) = d(k) + a; - xi(k) )

where «; is a scaling factor corresponding to an injection level
of the i-th transmitter. Then, the received signals, r(k), at the
TxID analyzer can be represented as

T
r(k) =Y [Bi- dik — ki) ® hil + w(k)

i=1

where h; is a channel normalized to unity between the TxID
analyzer and the i-th transmitter, k; and fB; are a relative
arrival time and magnitude of the received signal from 1%
and i-th transmitters, 7' is number of transmitters, ® is a con-
volution operation, and w(k) is an additive white Gaussian
noise (AWGN) with zero-mean and a variance of o2, respec-
tively. Assuming that the received signals are synchronized and
normalized with the signal from the 1% transmitter, k| and B;
are 0 and 1, respectively.

The cross-correlation R, y;(7) between the received signal
and the j-th transmitter’s TXID signal can be represented as

M-1

1
Rry(@) = - 3 r(k) - x5i(r = K)
k=0
1 M—1
= M{Zajﬂj (k= k) (e —k)} ® hy
k=0

1 T M-1
t o1 2 Db xk—k) x5 =kt ®h

i=1,ij k=0

1 M-1( T
+ M Z{Z[’Bl d(k—k,) ®hl] —i—w(k)} 'Xj(f _k)

k=0 Ui=I
T
= @Ry (D) @+ D aifi-Ry (D) ®h
i=1,i%j
1 M-1( T
+ o %{;[ﬁi - d(k— ki) ® hi] +w<k)} (T = k)
= 1=

2

where M is the length of the Gold sequence. Owing
to the small cross-correlation property of Gold sequence,
Ry x;(t) = 0 can be reasonably assumed for i 7 j. It hence
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yields (2) to be

1
Rr,Xj(f) = aj,Bj ‘Rx/-,xj- (T)®hj+ M
M—1 T
x Y Z[ﬁi-d(k—komiww(m} - xi(T — k)
k=0 Ui=1

3)

Let the desired TxID signal be received at c € A where A =
{c1, c2, ..., cr}is a set of arrival times for the desired TxID
signal through channel with L number of multi-paths. Then,
Ry x(c) for ¢ € A is correlation value of the desired TxID
signal while R, y;(u) for ¢ A is that of the interference plus
noise. For a performance measurement metric, TxID signal-
to-interference-plus-noise ratio (TINR) is defined as follows;

ZceA E{ |Rr,xj(c)‘2}
ZM¢A E{ |Rr,Xj(M)|2}/(W —L)

TINR = 10log,

where W is the time window size for searching TxID signal,
L is the number of multipath. It should be noted that L corre-
lation values corresponding to the desired signals are summed
to obtain the received signal power in total. On this other
side, W-L correlation values corresponding to the interference
plus noise are averaged to obtain the average power level of
the interference plus noise. For AWGN channel, by using the
property of E{|hj|2} =1, E{|Rr,xj(r)|2} can be simplified as

E{|Rr,x_,.(r)|2} = (ajﬂj)z 'E“RX_;'»X./'(T)H + #
2
x E

M—-1 T
> {Z[&-d(k—ki)@hi]w(k)} - xi(T = k)

k=0 Ui=1

®)

Then, the 2™ term of (5) can be expanded as follows;

{ M-1( T 2
M2E| Z{Z[,B,--d(k—k,-)@hj]—i-w(k)]-xj(r—k)
k=0 Ui=1
1 d ’
=7 B[ [Bdk— k) @ ] - xi(z — K
i=1

+ W) - xi(r =R

T
+ <Z [B: - dik — ki) ® hj] - x;(t — k))

i=1

x (w*(k) X (T — k))

+ <Z - d =k @n] x5 - k))

i=1

x (w(k) - x;(t — k))}

Since d(k) and w(k) are mutually independent, the above
equation can be simplified by using E{d(k)w*(k)} =

IEEE TRANSACTIONS ON BROADCASTING, VOL. 66, NO. 2, JUNE 2020

E{d*(k)yw(k)} = 0 such that
2

T
S8 dtk— k)] x5t — K|+ |wk) x50 — )|

i=1

1 T
= -E{Z!ﬂi-d(k—ko xi( —k>|2}

i=1

—_.E
M

1 L .
+op EY DB Budk— k) - d"(k— k)

i#n
x xj(T — k) - X} (T — k)}

N % .E{(w(k) x(T — k)) . (w*(k) .x]’.“(f — k))] (6)

Under assumption that d(k) is i.i.d. random variables with
zero-mean, then the second term of (6) goes to 0. In addi-
tion, since w(k) and x(k) are also mutually independent and
by using properties such as E{|ld(k)|*} = 1, E{|x(k)|*} = 1,
and E{|w(k)|*} = o2, (6) can be further simplified as follows;

1 T
v -E{Z |Bi - d(k — ki) - x;( —k)!Z}
i=1

N All .E{(w(k) xi(t —K)) - (w*(k) X (T — k))}

_ 1%4 . <i [52] + 02> (7)

i=1

Therefore, (5) can be represented as
2 2 2
E{ Ry @’} = (@i8,) " E{|Ry5 0[]

T
Ty (; (5] +02> ®)
The auto-correlation properties of the Gold sequence are
follows [15];

- Maximum auto-correlation value: M = 2" — 1

- Correlation values excluding maximum correlation value

€ {—1, —t(n), t(n) — 2} where t(n) = 1 + 2L(+2)/2]

- E{|Ry 0]} % 3(r —0)

- Ef Ry @'} ~ (1 - A%P S0+ ]iw

By these properties of the Gold sequence, TINR for AWGN
channel can be expressed by

M- (Otj : ﬂj)z + <ZiT:1 (8] + 62)
(or-8)"+ (SFa (921 +7)

When the scaling factor corresponding to the injection
level «; goes to infinity (oj — 00), (9) approaches
10log oM that is the same as the processing gain described
in Section III-A. On the other side, (9) approaches zero as
the scaling factor corresponding to the injection level «; goes
to zero.

TINR = 10log;
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Fig. 3. ATSC 3.0 frame structure.

IV. ATSC 3.0 FRAME STRUCTURE AND NEGATIVE
IMPACT ON TXID DETECTION PERFORMANCE

The practical implementation methods for detecting the
ATSC 1.0 TxID signal were proposed in [17], [18]. In [17],
‘ensemble average block’ was used to aggregate and average
multiple frames so that noise components can be dramatically
reduced for the case of a sufficiently large number of averag-
ing frames. It was shown that the ensemble average technique
can provide 15 dB gain in terms of TINR through computer
and laboratory test results. Although this ensemble average
technique can be also applied to ATSC 3.0 TxID analyzer, its
detection performance is seriously limited due to the frame
structure of ATSC 3.0 described in Sections IV-A and B.

A. ATSC 3.0 Preamble Structure

As depicted in Figure 2, one or more TxID signals are
injected into the first preamble symbol depending on FFT
size. It implies that the OFDM waveform parameters of the
preamble symbol such as FFT size, guard interval (GI) size,
pilot boosting value, and pilot pattern, may affect the detection
performance of TxID signal, and therefore it is necessary to
investigate the structure of ATSC 3.0 frame in depth.

The ATSC 3.0 frame consists of the 3 types of symbols, as
depicted in Figure 3. First, the bootstrap is located at the begin-
ning of the frame, followed by preamble and payload. The
bootstrap contains the essential information that enables the
decoding of the first part of the preamble. The bootstrap sym-
bols are designed to be independent of other ATSC 3.0 parts to
facilitate future integration with other communication systems.
In order to provide a robust performance and have a sim-
ple structure, auxiliary functions such as pilot insertion are
excluded.

On the other hand, preamble and payload can have assorted
combinations of OFDM parameters such as FFT size, GI, and
scattered pilot (SP) pattern. ATSC 3.0 physical layer supports
12 selectable GI lengths and three FFT sizes of 8K, 16K, and
32K. For reliable channel estimation for various channel con-
ditions, 16 SP patterns and 5 different pilot power boosting
options are also provided. For each FFT size, the number of
carriers (NoC) that can be determined by the number of car-
riers to be reduced (Cyeq_coer) as shown in Table 1. The value
of NoC indicates the total number of carriers to be commonly
used for pilot and payload. It is pre-determined that the first
preamble symbol is set to have the smallest NoC value by
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TABLE I
NUMBER OF CARRIERS

Number of Carriers (NoC)
Cred coat 8K FFT | 16KFFT | 32K FFT
0 6913 13825 27649
1 6817 13633 27265
2 6721 13441 26881
3 6625 13249 26497
4 6529 13057 26113
TABLE II

PREAMBLE PILOT Dy FOR EACH COMBINATION
OF FFT SIZES AND GI VALUES

GIPattern |S8KFFT |16KFFT |32KFFT
GIl_192 16 32 32
GI2_384 8 16 32
GI3 512 6 12 24
Gl4_768 4 8 16
GI5_ 1024 |3 6 12
GI6 1536 |4 4 8
GI7 2048 |3 3 6
GIS 2432  |NAM 3 6
GI9 3072 |NA 4 8,3
GI10 3648 |N/4 4 8,3
GIl1 4096 |N/A 3 3
GI12 4864 |N/A N/A 3

default (i.e., Creq_coefr = 4) since no specific signaling field for
indicating NoC of the preamble is included in the bootstrap.

Pilot signals are inserted in the preamble and payload
for frame synchronization, time synchronization, frequency
synchronization, and channel estimation. ATSC 3.0 employs
assorted kinds of preambles such as scattered, subframe
boundary, common continual, additional continual, and edge
pilots as shown in Figure 4. In the preamble part, only
preamble pilot and common continual pilot (Common CP)
are inserted. The value of separation of pilot carriers in the
frequency direction, Dy, of the first preamble symbol is sig-
naled by the ‘preamble_structure’ field in the last bootstrap
symbol, as defined in Table II. The number of SPs is calcu-
lated as [NoC/Dyx where [x] is the least integer greater than
or equal to x.

In addition, the number of Common CPs to be inserted into
the preamble symbols is specified in Table IIl. In the case
of the first preamble symbol, the number of Common CP is
always selected as a value corresponding t0 Creq_coeff = 4.

For example, if the OFDM parameters of the first preamble
symbol are set to have 8K FFT size and 1024 GI interval, the
number of active carrier (NoA) of the first preamble symbol
can be calculated as follows;

NoA = NoC - No. of preamble pilots — No. of Common CPs
= 6529 — 2177 — 45 = 4307.
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Frequency Minimum NoC
192 1732 2888 5724 6720 6913
1¢t Preamble symbol 7 A ]
H g || [ ]
Last Preamble symbol Z g [
N ]
Time n
Subframe | .:::ﬁ::I:I:I::ﬁ::I:I:I:&:I:I:I::i:::. [ H::I
Boundary
symbol Preamble Pilot Scattered Pilot M Subframe Boundary Pilot I Common Continual Pilot [ Additional Continual Pilot [ Edge Pilot

Fig. 4. Exemplary ATSC 3.0 frame structure for 8K FFT size and GI6_1536.

TABLE III
NUMBER OF COMMON CPs
Cred cooft 8K 16K 32K
0 48 96 192
1 48 96 192
2 47 93 186
3 46 92 184
4 45 90 180

B. Limitation of Frame Averaging Technique

The detection performance of the TxID signal is greatly
affected by the injection level, noise level, and reception chan-
nel environment. Hence, the injection level of the TxID signal
should be carefully selected within a range that does not seri-
ously impact the decoding performance of the host signal [19].
Since there is no normalization process after insertion of the
TxID signal, an insertion of a high-level TxID signal can cause
an increase in total transmission power. The transmit power of
each transmitter is strictly regulated such that the actual trans-
mit power should not generally exceed 1.05 times the granted
transmit power. In order to meet this requirement, it is strongly
recommended that the TxID injection level is selected from
15 dB to 45 dB. It should be also noted that, if a low TxID
injection level is selected, the detection performance of the
host preamble may be seriously degraded, and therefore it is
desirable to insert a TxID signal whose injection level is as
high as possible [19].

Due to such limited guideline for choosing TxID injection
level, detection capability of TxID signal in a real field envi-
ronment such as harsh channel condition may be insufficient.
To overcome the limited reception power, ensemble average
technique, that aggregates and averages a plurality of frames
proposed in the ATSC 1.0 TxID analyzer [17], can be used to
reduce noise level and increase TxID detection performance.
It should be noted that the ensemble average technique is
most effective when the host signal is completely random over
frames. In ATSC 1.0 system, a significant performance gain
from averaging technique can be achieved because only small
portion of the host signal is repeatedly filled with the same
signal over frame. However, the host signal of each frame in
ATSC 3.0 system is not completely random and highly corre-
lated each other due to preamble pilots and Common CPs as
explained IV-A. In order to investigate the effect of the host

TABLE IV
RANDOMNESS OF THE FIRST PREAMBLE SYMBOL FOR EACH
COMBINATION OF FFT SIZE AND GI LENGTH

GI Pattern 8K FFT 16K FFT 32K FFT
GI1_192 74.16% 76.65% 76.65%
GI2_384 69.18% 74.16% 76.65%
GI3_512 65.86% 72.50% 75.82%
GI4_768 59.22% 69.18% 74.16%
GI5_1024 52.58% 65.86% 72.77%
GI6_1536 59.22% 59.22% 69.18%
GI7_2048 52.58% 52.58% 65.86%
GI8 2432 N/A 52.58% 65.86%
Dx=8; 69.45%
o ;
GI9_3072 N/A 59.22% Dx=3. 52.58%
Dx=8; 69.45%
o ;
GI10_3648 N/A 59.22% Dx=3. 52.58%
GI11_4096 N/A 52.58% 52.58%
GI12_4864 N/A N/A 52.58%
<Frequency domain> <Time domain>
Constant data (pilot) 9
OFDM Preamble n ]
Variable data (L1 signaling) | Modulator '\*J =
),
TxID signal

Fig. 5. Conceptual block diagram of TxID signal transmission.

signal’s randomness on the TxID detection performance, let
the randomness of the first preamble symbol be defined as
follows;

Randomness = NoA/FFT size

The values of randomness of the first preamble symbol are
calculated as shown in Table IV for various combination of
FFT size and GI length. From the calculated randomness val-
ues, it can be seen that the randomness of the first preamble
symbol varies from 52.58% to 76.65%.

As the insertion of TxID signal into the preamble is per-
formed in the time domain after OFDM modulation, the
conceptual block diagram considering the randomness of the
host signal and insertion of the TxID signal can be depicted
as Figure 5.

In order to investigate the relationship between the TxID
detection performance and the randomness of the host signal,
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TXID Profile
Analyzer
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Demodulator Cancellation Correlator Ensemble
(Bootstrap) Processor Average
Fig. 7. Structure of advanced ATSC 3.0 TxID Analyzer.

computer simulation was conducted by assuming that the
randomness of the host signal is defined as follows:

Randomness = variable data/(variable data + constant data)

Computer simulations were performed when the amount of
randomness was varied from 0% to 100% at 10% interval. As
shown in Figure 6, for a single frame, the randomness of the
host signal does not affect the TxID detection performance.
As the number of averaging frames increases, however, it is
observed that the randomness of the host signal has a sig-
nificant impact on TINR performance. In particular, if the
randomness is less than 80%, the TINR performance is satu-
rated from 30 frames, so the gain obtained by frame averaging
is up to 4 dB only, which is much worse than ATSC 1.0 case.
This amount of gain may not be sufficient to ensure reli-
able detection of the TxID signal in the actual broadcasting
environment. Therefore, a new approach is essential for the
ATSC 3.0 TxID analyzer to overcome this limited detection
performance.

V. PROPOSED METHODS FOR ADVANCED
TXxID ANALYZER

The structure of the proposed ATSC 3.0 TxID analyzer
is depicted in Figure 7. The RF signals including TxID
from multiple transmitters are received via the receiving
antenna. The pre-selector rejects adjacent RF channels and
remain the desired channel. The demodulator decodes the
bootstrap signal and synchronizes with ATSC 3.0 frame
by using the bootstrap signal. Once the bootstrap signal
is successfully decoded, a value of ‘preamble_structure’ is
obtained which indicates a basic structure of preamble such
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Fig. 8. Functional block diagram of Type-A cancellation processor.

as FFT size, GI, pilot pattern, and L1-Basic protection mode.
The detailed meaning of ‘preamble_structure’ is defined in
Annex H of A/322 specification [1]. TXID sequence is gener-
ated and processed to be a TxID signal based on the acquired
‘preamble_structure’ information. The correlator correlates the
received baseband signals with the generated TxID signal from
the sequence generator. For aggregating and averaging the
correlation values for multiple ATSC 3.0 frames, ensemble
average technique can be additionally applied. Finally, the
channel profiles for individual or multiple transmitters are
displayed at the TxID profile analyzer.

In order to further improve the detection performance of
ATSC 3.0 TxID signal, ‘cancellation processor’ is newly
proposed between ‘demodulator’ and ‘correlator’ functional
blocks. In this paper, three novel detection methods are
proposed for the cancellation of ATSC 3.0 host preamble sig-
nal: Firstly, a pilot signal cancellation method, which is the
simplest but can achieve a significant performance gain when
the number of averaging frames is large enough. Secondly,
a whole host preamble signal cancellation method provides
the best performance, but it would induce much higher com-
plexity than the first method due to LDPC decoding process
of the preamble data part. Finally, the third method provides
good performance with a reasonable complexity by using hard
decision decoding for preamble data instead of full LDPC
decoding.

A. Type A: Preamble Pilot Cancellation

As explained in Section IV-B, when the randomness of the
host preamble signal is not sufficiently high, TxID detection
performance is saturated even if a large number of frames is
averaged. The key idea of this Type-A cancellation method is
to remove constant components, i.e., pilot signals, in the first
preamble symbol so that the frame averaging gain would be
significantly increased compared to the conventional method.
The detailed functional block diagram of this method is
depicted in Figure 8. First of all, the pilot generator gener-
ates preamble pilot and common CP signals according to the
value of ‘preamble_structure’. The generated pilot signals are
then modulated by the OFDM modulator which transforms
frequency domain pilot signals into time domain signals. The
channel gain compensator includes channel estimation and
compensation of the received signal based on the estimated
channel response. The channel response in frequency domain
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Fig. 9. Functional block diagram of Type-B cancellation processor.

is estimated by using the pilot signals of the first preamble
symbol, and the compensated signal is generated by using
the estimated channel response and the modulated pilot sig-
nals. The compensated signals are subtracted from the received
baseband signals so that the components corresponding to pilot
signals of the first preamble symbol are removed from the
received signals. Therefore, the output of the cancellation pro-
cessor consists of ATSC 3.0 signal without any pilot signals
of the first preamble symbol, TxID signal, and noise.

B. Type B: Whole Preamble Cancellation With Full
LDPC Decoding

The pilot signal cancellation method provides a significant
performance gain in terms of TINR only if the number of
averaging frames is large enough because the signal corre-
sponding to the L1 signaling information is still present. In
order to provide further improved performance even if frame
averaging is not used, it is necessary to remove all the host
preamble signals including the data and the pilot. To remove
the data part of the preamble from the received signals, it needs
to be decoded first by preamble decoding block which includes
LDPC decoding. After the data in the preamble is decoded,
signals corresponding to the decoded data are re-generated in
accordance with the procedure of ‘Protection for L1-signaling’
in Section 6.5 of A/322 specification [1]. After preamble re-
generator block, the same blocks in the Type-A cancellation
processor are applied.

C. Type C: Hard Decision Base Whole Preamble
Cancellation

Implementing the preamble decoding block in Type-B can-
cellation processor, especially LDPC decoder, results in high
complexity at a TXID analyzer. To mitigate such high decoding
complexity of LDPC decoding while maintaining good TINR
performance, a hard decision decoding of the data in preamble
is proposed. Constellations for the preamble signal are defined
according to L.1-Basic mode. For mode 1, 2, and 3, QPSK is
used while high order constellations are used for higher modes
of L1-Basic. Note that a lower mode of L1-Basic provides
more robustness than higher modes. In the realistic broadcast-
ing scenarios, L1-Basic mode 1 or 2 are highly demanded
to provide enough robustness [20] in both fixed and mobile
reception. Under this assumption, the Type-C cancellation
method can provide comparable performance to the Type-B,
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TABLE V
SYSTEM PARAMETERS

Parameter Value
Baseband sample rate 6.912 MHz
Occupied BW 5.832 MHz
FFT size [8K 16K 32K]

Guard interval GI6_ 1536 (222.26 us)

No. of transmitters [124]
Received signal separation 7 samples (1.0127 us)
Carrier-to-noise ratio [151821] dB

AWGN (Sim. and Lab.)

Channel AWGN-like (Field)

but its complexity is much lower than the Type-B by omit-
ting the LDPC decoding and preamble re-generation process.
Therefore, considering both the implementation complexity
and the TxID detection performance, the Type-C cancellation
method is a good option for a low-cost TxID analyzer with
having limited hardware computing power.

VI. TEST RESULTS

In this section, computer simulation results are provided
in order to validate the equation derived in Section III-B.
Computer simulation results for the conventional and three
proposed schemes are also present to show that the proposed
methods are superior to the conventional method. The lab-
oratory test and field trial were performed to verify that
the proposed method significantly improves the detection
performance in real environment.

A. Comparison Between Calculation and Computer
Simulation Results

Computer simulations were performed taking into account
various injection levels, number of averaging frames, and num-
ber of transmitters constructing SFN. The system parameters
for simulation are listed in Table V. The system bandwidth
is set to 6 MHz so that the baseband sample rate and
the occupied bandwidth are 6.912 and 5.832 MHz, respec-
tively. GI is set to GI6_1536 being used for on-air UHDTV
terrestrial broadcasting in the Republic of Korea. For multiple-
transmitter case, the delay among signals received from each
transmitter is assumed to be 7 samples (1.0127 us), respec-
tively. Furthermore, the carrier-to-noise ratio (CNR) values are
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Fig. 11. Comparison of the calculated and the simulated TINR values for
different number of transmitters under AWGN channel.

assumed to be 15, 18, and 21 dB for 1, 2, and 4 transmitters,
respectively.

Figure 11 shows the performance comparison of the theo-
retical values calculated by (9) and computer simulated TINR
values for a wide range of injection levels when 8K FFT
size and no frame averaging technique are used. In the low
injection level region, e.g., smaller than —20 dB, the TINR
values are saturated with about 39 dB which is the process-
ing gain inherently from the length of the Gold sequence, as
explained in Section III-B. On the other hand, in the high
injection level region, e.g., larger than 40 dB, the TINR val-
ues approach to 0 dB, as also explained in Section III-B.
In the mid-range of the injection level, which is actually
used in realistic broadcasting scenarios, the TxID detection
performance is inversely proportional to the injection level
and degraded by 3 dB when the number of transmitters is
doubled. As shown in Figure 11, the calculated and simu-
lated results are generally well-aligned in all range of injection
levels.

Figure 12 shows the performance comparison of the the-
oretical values calculated by (9) and computer simulated
TINR values for different FFT sizes of the preamble sym-
bol when a single transmitter is present. As explained in
Section II-B, the duplicated TxIDs are injected multiple times
into the preamble symbol depending on the FFT sizes. It is
shown that such repeated insertion of a TxXID signal results
in a roughly 3 dB performance gain when FFT size is dou-
bled. However, for the high injection level region, all TINR
values are converged to zero regardless of the FFT size.
In the range from 10 dB to 30 dB, the TxID detection
performance is inversely proportional to the injection level
for all FFT sizes. As shown in Figure 12, the calculated
results are generally well-aligned with the simulation results.
It should be noted that 8K FFT size is generally selected for
preamble in the realistic broadcasting scenarios, which implies
that the repetition gain is predominantly not obtained in
most cases.
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Fig. 13.  Comparison of various detection method for different FFT sizes
under AWGN channel.

B. Computer Simulation Results for Proposed Detection
Methods

In order to compare the conventional and three proposed
methods, computer simulation was performed, and results are
shown in Figure 13 when different FFT sizes and various
number of averaging frames are considered. To effectively
show the gain from averaging frames, CNR is set to 5 dB
which is not enough for TXID detection when no frame aver-
aging is used. Due to constant components in the preamble
symbol over consecutive frames, the conventional method pro-
vides only limited gain from frame averaging technique for all
FFT sizes. The Type-A method, which is the pilot signal can-
cellation approach, provides significantly improved detection
performances as the number of averaging frames is increased.
For 100 averaging frames, this Type-A method offers 10 dB
performance gain for all FFT sizes in terms of TINR compared
to the conventional method. However, as shown in Figure 13,
it provides no meaningful performance gain when no frame
averaging is applied. On the other hand, the Type-B method,
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Fig. 14. Performance difference between Type-B and Type-C cancellation
methods according to the reception SNR.

which cancels out the whole host preamble signal based on full
LDPC decoding, provides a steady performance improvement
in all range of the number of averaging frames. Even if no
frame averaging technique is used, the Type-B method offers
3.5, 4.5, and 7 dB performance gain over the conventional
method for 8K, 16K, and 32K FFT sizes, respectively. The
performance gain can be further improved when frame aver-
aging is used. This Type-B method shows the best performance
in all cases, but it has a high complexity mainly because of
LDPC decoding.

The Type-C method, which is the hard decision decoding
based whole host signal cancellation approach, shows good
trade-off between TxID detection performance and complex-
ity. The performance difference between Type-B and Type-C
is approximately 1.5 dB for all range of the number of aver-
aging frames. The amount of the performance degradation of
Type-C method highly depends on the reception channel con-
dition. It should be noted that the performance of the Type-C
method is degraded mainly due to an incorrect cancellation
of the host signal from errors occurred in QPSK demodula-
tion. Figure 14 shows the simulated performance difference
between the Type-B and Type-C methods according to CNR
when the frame averaging technique is not used. As shown
in Figure 14, the performance loss of the Type-C is neg-
ligible when the reception CNR is larger than 12 dB. As
CNR is decreased, the performance difference is proportion-
ally increased and saturated at approximately 2 dB. When the
reception condition is fixed, these performance differences in
the Type-B and Type-C methods are maintained for all ranges
of the number of averaging frames as shown in Figure 13.

C. Laboratory and Field Test

In order to verify the performance of the proposed TxID
detection methods, a hardware was implemented and tested
in laboratory as well as realistic field environments. The
implemented hardware includes the conventional and the

IEEE TRANSACTIONS ON BROADCASTING, VOL. 66, NO. 2, JUNE 2020

5 : : : : : : :
)| —-8K FFT-Cal.
B 16K FFT-Cal.

30 AL AT 032K FFT-Cal.
b Koo iing ~A-8K FFT-Lab.
2 16K FFT-Lab.

_ o5l g, A-32K FFT-Lab. | |

0 S 8K FFT-Field

= 8 16K FFT-Field

- G ¢ 32K FFT-Field| |

=

15 ~g
10 L 1 1 1 1 1 1

9 12 15 18 21 24 27 30
Injection levels [dB]

Fig. 15. Comparison of calculated, laboratory measured, and field measured
TINR results for various FFT sizes.

proposed Type-B method. The system parameters for labo-
ratory and field tests are the same as the computer simula-
tions listed in Table V. ATSC 3.0 signal was generated at
intermediate frequency (44 MHz) and up-converted to channel
50 (689 MHz). It is assumed that frame averaging technique is
not used. For both laboratory and field tests, the average recep-
tion signal power and noise power were —79 and —97 dBm,
respectively, in a single transmitter case.

For the field test, transmitter facilities including high
power amplifier, channel filter, and directional transmitting
antenna were installed at two different Jeju Techno Park build-
ings, Jeju island. The transmission power was 520 Watts
effective isotropic radiated power and the height of the trans-
mitting antenna was 21 meters above the ground level. In
reception sites, the rooftop reception was conducted using test
vehicle with 9 meters yagi (11 dB gain) antenna above the
ground level.

Figure 15 shows the calculated, laboratory measured, and
field measured results for various FFT sizes when a single
transmitter is present. In laboratory and field tests, if the TINR
value is less than 11 dB, it is considered as a detection failure
because of insufficient discrimination capability of TxID peak.
As shown in Figure 15, the results of calculation, laboratory
test, and field test are generally well-aligned for all FFT sizes.
In most cases, performance difference in calculated and field
measured results is within 2 dB, whereas difference in labo-
ratory and field measured results is around within 1 dB. The
detection performance is proportionally reduced as the injec-
tion level of TxID signal is increased for all FFT sizes. The
highest injection levels to ensure successful TxID detection in
implemented hardware are measured at 24, 27, and 30 dB for
8K, 16K, and 32K FFT sizes, respectively.

Figure 16 shows the simulated and measured results for
different number of transmitters in SFN when 8K FFT size is
used for preamble. When two transmitters are present, the sig-
nal powers received from each transmitter are assumed to be
equal to each other such that the combined signal power of the
two transmitters is twice than the signal power of the single
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Fig. 17. Comparison of the conventional and proposed detection methods in
SEN environment with 2 transmitters.

transmitter. For two-transmitter scenario, the TXID detection
performance is 3 dB degraded compared to a single trans-
mitter scenario for all injection level ranges. Therefore, the
highest allowable injection level of two-transmitter scenario is
reduced by 3 dB compared to the single transmitter scenario.
The highest allowable injection level to ensure stable TxID
detection is further reduced as the number of transmitters in
SEN is increased.

Figure 17 shows the field measured performance difference
in the conventional and the proposed Type-B methods. As
shown in Figure 17, the proposed Type-B method outperforms
the conventional method, and it enables to extend the maxi-
mum allowable TxID injection level for stable detection by
approximately 15 dB for all FFT cases. On the other side,
TINR performance gain at a given injection level is around
within 10 to 15 dB. This enhanced detection capability enables
to use higher TxID injection level or guarantees the stable
TxID detection in multiple-transmitter scenarios.
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VII. CONCLUSION

This paper presented the theoretical performance analysis
of ATSC 3.0 TxID signal in comparison with the computer
simulation results. In order to observe the limitation of the
conventional TxID analyzer, the ATSC 3.0 frame structure was
investigated in depth. The three TXID detection methods were
newly proposed to overcome limitation of the conventional
method, and each proposed method has pros and cons in terms
of detection performance and complexity. Furthermore, one
of the proposed methods was implemented in hardware and
tested in laboratory and realistic field environment to verify
that the proposed method is superior to the conventional one.
According to the various test results, newly proposed methods
can be used to efficiently design and manage SFN even when
the interference from multiple transmitters is severe.
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