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ABSTRACT This paper investigates the detection error of radio frequency (RF)-watermark type transmitter
identification (TxID) signal in a single frequency network (SFN). Based on the Cramer-Rao bound (CRB)
of TxID detection, closed-form failure probabilities for TxID detection are derived. In order to reflect the
practical network condition, the interference from Poisson-distributed out-of-guard interval transmitters is
accounted for TxID detection failure probability (TDFP). The proposed approach consequently examines the
possible TDFP gain that can be obtained by applying successive preamble cancellation to the TxID detection.
Numerical results reveal that the performance of the preamble cancellation-assisted technique is dependent
on the threshold signal-to-interference noise ratio (SINR) for preamble signal detection. Nevertheless, the
assistance of preamble cancellation is verified to guarantee more than 4 dB improvement of TxID detection
capability under practical preamble signal configurations.

INDEX TERMS Transmitter identification (TxID), successive interference cancellation (SIC), Poisson point
process (PPP).

I. INTRODUCTION
The modern broadcast systems are likely to be deployed
single frequency network (SFN)-based, due to a lack of
spectrum resources [1]–[5]. However, SFNs have a potential
inter-symbol interference problem since the broadcast sig-
nals lagged more than an acceptable delay range (i.e., guard
interval or time-domain window size) rather bother the sig-
nal decoding [6]. Moreover, the SFN may produce some
additional multipath, so that degrade the reception quality.
For a neat SFN operation, the network should be organized
appropriately through careful determinations of the transmit-
ter (Tx) site, emission times, guard interval, etc [7].

For efficient construction and management of SFN, a con-
cept so-called transmitter identification (TxID) has been
introduced in [8]. The proposed TxID is enabled by a cer-
tain set of separable signals (namely, TxID signals), so that
allows the receiver (Rx) to extract the contribution of each
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approving it for publication was Wei Li.

co-existing Tx to the net receive channel gain when each
Tx transmits different TxID signal at the same time. This
approach lies in the radio frequency (RF) layer based on
spread spectrum transmissions [9], [10], unlike a signal-
ing field insertion in the transport layer [11], [12]. Hence,
such type of TxID technologies has been called as an
RF-watermark or a fingerprint technique. In the commer-
cial, the RF-watermark type TxID has been adopted in
Advanced Television System Committee (ATSC) 1.0 and 3.0
standards [13]–[16]. In the ATSC protocols, TxID sequences
are generated in a pseudo-random noise (PN) manner and
superposed with preamble signals (if TxID is intended). The
Rx can therefore acquire the per-Tx channel components by
taking a correlation between a known TxID sequence (of
interest) and the received signal.

Beyond the intended role itself, the supplementary appli-
cations of the RF-watermark TxID signal have gathered
the broadcasters’ interest as well [15]. One convincing use
case is an advanced channel estimation. As TxID detec-
tions inform about time-domain channel signatures, it is
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able to improve a channel estimation accuracy by using the
multipath-awareness.1 For example, a windowing-based
method in [17], [18] and a subspace projection-based
approach extending the idea of [19] are possible. On the other
hand, the use cases in other verticals have been noted as well.
Specifically, encouraging proposals for wireless positioning
and additive data transmission have been reported in previous
literature [20]–[23]. Relying on the robustness and resiliency
of terrestrial digital television (DTV) infrastructure against
macro-scale disasters, those applied solutions are expected
promising especially for ensuring public safety in emergency
situations [15], [24], [25].

In effect, the RF-watermark type TxID is inherently inter-
fered by preamble signals since the TxID signal is buried
under the preambles. Although the TxID sequences are
designed to have good auto- and cross-correlation properties
enough to tolerate the preamble interference, there still exists
a considerable degradation2 [15], [26]. Therefore, [1] has
introduced an advanced TxID detection technique that can-
cels preambles from the received signal in advance. As well,
various simulations, laboratory tests, and field trials in [1]
have verified the improvement of TxID signal quality from
preamble cancellation to be substantial. However, the perfor-
mance of the TxID detection (including not only a perfor-
mance of the preamble cancellation-assisted scheme but also
that of the conventional scheme) in terms of how frequent the
detection failure is, has yet been verified so far.

In this paper, a theoretic analysis is addressed on the error
performance of the preamble cancellation-assisted TxID
detection (PCTD). The TxID detection failure probabil-
ity (TDFP) of the PCTD is derived using the Cramer-Rao
bound (CRB), a well-known and tight lower bound of
estimation error variance, as an indicator for detection accu-
racy [27]. The analysis is conducted in a stochastic geom-
etry framework reflecting the existence of the out-of-guard
interval Txs, which are regarded as co-channel interferers.3

In order to provide practical insight, the problem is fur-
ther carefully tackled by explicitly embodying the SIC error
propagation effect in the system model. Based on the ana-
lytic derivations given in closed-forms, the theoretic gain of
preamble cancellation is verified through various compar-
isons against the conventional TxID detection method.

The rest of the paper is organized as follows. In Section II,
the considered TxID detection system in SFN is described.
Based on the systemmodel, TDFPs of the conventional detec-
tion and the PCTD are obtained in Section III and Section IV,
respectively. Numerical results with corresponding discus-
sions are presented in Section VI, and Section VII concludes
the paper with some remarks.

1Following the regular use in the broadcast industry, the term TxID
detection in this paper generically includes a channel signature (time-delay)
estimation, not limited to the strict detection of TxID code (sequence).

2An ensemble averaging over some frames enhances the detection perfor-
mance, but the averaging cannot overcome a fundamental degradation from
the preamble interference.

3This work was partially presented at IEEE BMSB [28].

Notation : Pr[A] indicates a probability of an event A;
Pr[A|B] indicates a probability of an event A conditioned
to an event B; EX [·] denotes an expectation over a random
variable X ; exp(·) stands for the exponential function e(·); |A|
denotes the cardinality of a setA; 0(z)=

∫
∞

0 xz−1 exp(−x)dx
for Re(z)>0 denotes the Gamma function.

II. SYSTEM MODEL
For the baseline system model, an SFN that consists of mul-
tiple Txs is considered. In this model, the universal set of the
Tx can be partitioned into two distinct subsets, 8T and 8c

T:
8T is the group of Txs which contributes to the quality of
the after-equalization signal, while 8c

T is the set of the out-
of-guard interval Txs. The Txs in 8c

T are assumed to be
geometrically distributed by homogeneous Poisson point pro-
cess (PPP) with intensity κ , particularly in the area distanced
more than r0 from the Rx. Each Tx is assumed to inject its
own TxID sequence into the transmit host signals (preamble
signals, when we follow the ATSC systems) with an injection
level δ < 1 i.e., the Txs allocate δ times of host signal power
PT: δPT for TxID transmission. Then the received signal at
the Rx can be modeled as

Y [t] =
∑
i∈8T

Hi

dα/2i

(Xi[t]+Zp,i[t])

+

∑
k∈8c

T

Hk

dα/2k

(Xk [t]+Zp,k [t])+W [t], (1)

where Hi, Xi[t] and Zp,i[t] for i ∈ 8T ∪ 8
c
T denote the

channel gain, TxID signal, and host signal from the ith Tx,
which correspond to the reception at time t ≥ 0. W [t]
denotes an additive white Gaussian noise (AWGN), and each
His, Xi[t]s, Zp,i[t]s, and W [t] is assumed as a zero-mean
complex Gaussian r.v. with unit variance. In addition, having
the property of the TxID sequences defined in [13] and [14],
the TxID sequences are assumed to be relatively uncorrelated.
Meantime, a large-scale channel fading based on the standard
path-loss model with exponent α is considered, where dis for
i∈8T ∪8

c
T are the distances of Tx-to-Rx path.

Moivated by [16], a signal-to-DTV noise ratio (SDR) of
the i∈8Tth Tx’s TxID signal at the Rx is given by

γi =

|Hi|2δPT
dαi

1+ ζPT +
|Hi|2PT
dαi
+
∑

j∈8T\i
|Hj|2PT
dαj

, (2)

where the undesired signals from outside of the guard dis-
tance r0 are treated as random noise. ζPT stands for the
corresponding interference term, where the aggregate chan-
nel gain across the co-channel interferers is defined as
ζ ,

∑
k∈8c

T

|Hk |2

dαk
.

III. CRB AND TDFP IN RANDOM INTERFERER
NETWORKS: CONVENTIONAL TxID
DETECTION CASE
In this section, a CRB and a TDFP in SFN with multiple
Txs (T , |8T| in particular) is derived. The case without
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using preamble cancellation, which will be hereafter referred
to as conventional TxID detection (CTD), is first addressed in
this section before turning into PCTD in Section IV. Inspired
from [29], a CRB of the conventional TxID detection based
on cross-correlation method can be obtained as

σ 2
i,τ =

3
π2Mγi

=

1+ ζPT +
|Hi|2PT
dαi
+
∑

j∈8T\i
|Hj|2PT
dαj

π2M
3 ·

|Hi|2δPT
dαi

, (3)

where the problem of TxID detection in [16] is identical
to obtaining a time delay of Y [t] from the given noise-free
TxID sequence. To be noted, M denotes the length of TxID
sequences.
Proposition 1: For the CTD case, TDFP-namely the

ε-outage probability-for detecting the ith Tx’s TxID signal
conditioned to 8T and 8c

T, which is defined as

Pr[σ 2
i,τ ≥ε|8T,8

c
T]

= Pr

(επ2Mδ−3)PT
dαi

|Hi|2−3
∑
j∈8T\i

|Hj|2PT
dαj

≤3(ζPT+1)

 ,
(5)

is given as (4), shown at the bottom of this page, for ∀ε>0.4

Proof: Without loss of generality, let i = 1. Let the
random variable (επ2Mδ−3)d−α1 PT|H1|

2 be ν1 and denote
3PTd

−α
k |Hk |

2s as νk for k=2,· · ·,T . It can be easily noticed
that ν1,· · ·, νT are exponentially distributed, where the dis-
tribution parameters λ1, · · ·, λT for each of νks are given
dα1 /(επ

2Mδ−3)/PT, dα2 /3/PT,· · ·, d
α
T /3/PT, respectively.

Since the moment generating function (MGF) for the prob-
ability density function (pdf) of an exponential distribution
with rate parameter χ is givenMfχ (s) = χ/(js+χ ), theMGF
for ν1 −

∑T
k=2 νk is found

Mfλ (s) =

∏T
k=1 λk

(js+ λ1)
∏T

l=2(−js+ λl)
. (6)

Besides, (6) can be expanded in a form of weighted summa-
tion among (js + λ1)−1 and (−js + λ2)−1, · · · , (js + λT )−1.

4The TDFP defined in this paper can be considered as an eligible mea-
sure for the TxID detection performance [27]. The integration of TDFP
over possible εs gives the expected CRB, i.e.,

∫
∞

0 Pr[σ 2i,τ ≥ ε|8T]dε =
E8cT,{Hi}i∈8T

[σ 2i,τ |8T] [30]. The probabilistic approach is especially mean-
ingful for addressing PCTD, since it enables accounting the effect of pream-
ble cancellation failures.

An appropriate arrangement over the summation components
returns

Mfλ (s)

=

(
1
λ1

)T−2 1∏T
k=2

(
1
λ1
+

1
λk

) · 1
js+ λ1

−

T∑
k=2

(
1
λk

)T−2 1(
1
λ1
+

1
λk

)∏
2≤l≤T
l 6=k

(
1
λk
−

1
λl

) · 1
−js+λk

,

(7)

5which gives the expression of pdf fλ(x) in the form of

fλ(x)=
(

1
λ1

)T−2 1∏T
k=2

(
1
λ1
+

1
λk

)e−λ1xu(x)
−

T∑
k=2

(
1
λk

)T−2 1(
1
λ1
+

1
λk

)∏
2≤l≤T
l 6=k

(
1
λk
−

1
λl

)eλkxu(−x)
(8)

where u(·) denotes a unit step function. The integration
over (8) consequently yields (4), as shown at the bottom of
this page, since 3(ζPT + 1) > 0 holds. �

Subsequently, without an exact knowledge of 8c
T,

the expected TDFP can be calculated by averaging Pr[σ 2
i,τ ≥

ε|8T,8
c
T] over all possible sets of 8c

T. During the Txs of
8c

T are distributed with homogeneous PPP, the closed-form
expression of Pr[σ 2

i,τ ≥ ε|8T] can be obtained by following
theorem.
Theorem 1: The TDFP of CTD with expectation over all

possible sets of 8c
T is expressed as (9), shown at the bottom

of the next page, for a given set of 8T.
Proof: Based on Proposition 1, (9) is achieved

where (a) holds since the MGF of ζ is given by
E8c

T
[exp(−sζ )] = exp{−πκ(s2/α0(1 − 2/α)0(1 + 2/α) −

r20 (1− 2rα0 /(s(α + 2))2F1(1, 1+ 2/α; 2+ 2/α;−rα0 /s)))} ,
Mζ (s)6 where 2F1(a, b; c; t) is a Gauss hypergeometric
function. �
Remark (Monotonic Decrease of TDFP Over δ):As can be

intuitively inferred, TDFP of CTD monotonically decreases
by δ. Note that the event space in (5), the space of tuples
(H1, · · ·HT ) that satisfy σ 2

i,τ ≥ ε in other words, shrinks
when δ gets increased. It is straightforward that increasing

5A substitution method can simply show the equivalence between (6)
and (7).

6For detailed derivation, see [31], [32], and therein.

Pr[σ 2
i,τ ≥ ε|8T,8

c
T] = 1−

(
επ2Mδ − 3

dαi
PT

)T−1 ∏
1≤j≤T
j6=1,i

1(
επ2Mδ−3

dαi
+

3
dαj

)
PT

exp
(
−

dαi 3(ζPT + 1)

(επ2Mδ − 3)PT

)

Pr[σ 2
i,τ ≥ ε|8T] = E8c

T

[
Pr[σ 2

i,τ ≥ ε|8T,8
c
T]
]

(4)
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FIGURE 1. Block diagram of PCTD procedure.

the power of TxID signals improves the desired SDR, conse-
quently decreasing TDFP.

Following Theorem 1, dealing with uniformly distributed
T Txs in the Rx-centered disk with radius r0, the following
corollary is obtained:
Corollary 1: With a uniform distribution of Txs in 8T,

the average TDFP of CTD accounting of all the possible sets
of 8T and 8c

T is given by

Pr[σ 2
i,τ ≥ε]

= E8T [Pr[σ
2
i,τ ≥ε|8T]]

= 1−
∫ r0

0
· · ·

∫ r0

0

(
2T

r20

)T
r1· · ·rT Pr[σ 2

i,τ ≥ε|8T]drT · · ·dr1

(10)

while a tractable closed-form solution is not straightforward.

IV. TDFP OF PCTD
Since preamble signals have to be decoded at the Rxs, the Rx
with a TxID functional can effectively enhance the TxID
signal quality by canceling preamble from the received signal.
Pointing out the opportunity to enhance the TxID signal qual-
ity, [1] has proposed several schemes for PCTD. Based on
the concept proposed in [1], this section analyzes the TDFP
performance of the PCTD in stochastic perspective. We here
emphasize that the error propagation effect is explicitly con-
sidered in the SIC model, which fine-tunes the analyses to be
feasible in practice.

A. PCTD PROCESS
The block diagram in FIGURE 1 illustrates the process of
PCTD. With preamble cancellation applied, the effective

received signal can be written by

Y [t] =
∑
i∈8T

Hi

dα/2i

(Xi[t]+Zp[t]−Ẑp[t])

+

∑
k∈8c

T

Hk

dα/2k

(Xk [t]+Zp,k [t])+W[t], (11)

where the estimated preamble symbol is given by a condi-
tional form Ẑp[t] = Zp[t]1(C)+Z ′1(E), which is subjected
to the success and failure of preamble detection, having a
realization of SIC error propagation Z ′ as a complexGaussian
random variable with zero mean and unit variance.

B. TDFP ANALYSIS
Having the host preamble signal canceled successfully,
the Rx can increase the SDRs of TxID signals from (2)
substantially. However, it should be noticed that preamble
detection can also be failed, and the TxID SDR can rather
decrease in this case. The TDFP is therefore given by a
summation of two joint probabilities which are subjected
to the success/failure of preamble detection, as Pr[σ 2

i,τ ≥

ε|8T, γth] = Pr[σ 2
i,τ (C) ≥ ε, γp ≥ γth|8T] + Pr[σ 2

i,τ (E) ≥
ε, γp < γth|8T]. The conditioned variables here,

σ 2
i,τ (C) =

1+ ζPT
π2M
3 ·

|Hi|2δPT
dαi

(12)

and

σ 2
i,τ (E) =

1+ ζPT +
2|Hi|2PT

dαi
+
∑

j∈8T\i
2|Hj|2PT

dαj

π2M
3 ·

|Hi|2δPT
dαi

, (13)

imply the CRBs for detecting the ith Tx’s TxID signal
under success and failure of preamble detection, respectively.

(a)
= 1−

(
επ2Mδ−3

dαi
PT

)T−1
exp

(
−

3dαi
(επ2Mδ−3)PT

)∏
1≤j≤T
j 6=1,i

1(
επ2Mδ−3

dαi
+

3
dαj

)
PT

exp
{
−πκ

(( 3dαi
επ2Mδ−3

)2/α
0
(
1+

2
α

)
0
(
1−

2
α

)
−r20

(
1

−
2rα0 (επ

2Mδ−3)

3dαi (α+2)
2F1

(
1, 1+

2
α
; 2+

2
α
;−rα0

επ2Mδ−3
3dαi

))}
(9)
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FIGURE 2. Feasible (δ, γth) regions for PCTD scenarios.

In addition, γth denotes the threshold signal-to-interference
plus noise ratio (SINR) of preamble detection, threshold of
cancellation (ToC) in other words, where the SINR of pream-
ble signal is expressed as

γp =

∑
l∈8T

|Hl |2PT
dαl

1+
∑

l∈8T

δ|Hl |2PT
dαl
+ ζ (1+ δ)PT

. (14)

The conditional probabilities Pr[σ 2
i,τ (C) ≥ ε, γp < γth|8T]

and Pr[σ 2
i,τ (E) ≥ ε, γp ≥ γth|8T] are obtained by Theo-

rem 2 and 3 below, respectively. To be noticed, the preamble
signals can be configured more robust than TxID at detection,
while vice versa is also available. The expressions (12) - (14)
yield that the channel gain thresholds for preamble and TxID
detection are 3

επ2Mδ
or 3

επ2Mδ−6
and γth

1−δγth
, respectively

when co-channel interference does not exist. Our approach
tackles the cases 3

επ2Mδ
≥

(1+δ)γth
1−δγth

and 3
επ2Mδ−6

<
γth

1−δγth
,7

i.e., the case preamble more robust than TxID and the case
TxID more robust than preamble, separately. The regions of
δ and γth that correspond to each scenario are schematically
depicted in FIGURE 2. Since the curves 3

επ2Mδ
=

(1+δ)γth
1−δγth

and 3
επ2Mδ−6

=
γth

1−δγth
differ slightly, the intractable cases lie

in very limited region, so that makes our approach feasible.

1) SCENARIO 1 (S1): PREAMBLE MORE ROBUST
THAN TxID SIGNAL

( 3
επ2Mδ

≥
(1+δ)γth
1−δγth

)
Since the signal measurement and channel analysis are usu-
ally obtained at the sites preamble can be detected, the net-
work operator may use the signal parameters which allows
the preamble be more robust than TxID signals. Such signal
parameters let the TxID detector suffer less from additional
noise due to a mis-cancellation−Ẑp[t] = −Z ′ in (11). In this
subsection, we show that the condition 3

επ2Mδ
≥

(1+δ)γth
1−δγth

7Precisely, if the co-channel interference term is taken into account,
the comparison between the robustness of TxID and preamble signals should
be obtained by comparing 3(1+ζPT)

επ2MδPT
or 3(1+ζPT)

(επ2Mδ−6)PT
with γth(1+(1+δ)ζPT)(1−δγth)PT

.
However, unfortunately, randomness and intractability of ζ entangle cate-
gorizing the scenarios concisely. Therefore, the configurations in range of
γth

1−δγth
≤

3
επ2Mδ

< 3
επ2Mδ−6

<
(1+δ)γth
1−δγth

are not considered in this paper,
in order to remove ζ component at declaring scenario condition.

allows more tuples of (H1, · · ·H|8T|) to decrease the TDFP
by preamble cancellation, compared to 3

επ2Mδ−6
<

γth
1−δγth

case. The TDFP at the TxID detector utilzing preamble can-
cellation is derived by Theorem 2 and 3 as follows.
Theorem 2:Within Scenario 1, the joint probability of TxID

failure and preamble detection success is given by

Pr[σ 2
i,τ (C)≥ε, γp≥γth|8T,S1]

=

∑
j∈8T\i

exp
(
−

dαi γth
PT(1−δγth)

) Mζ

(
dαi (1+δ)γth
1−δγth

)
(
dαi
dαj
−1)

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)
+

∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) (
dαi
dαj
−2
)
Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)
− exp

(
−

3dαi
PTεπ2Mδ

)
Mζ

(
−

3dαi
επ2Mδ

)
(15)

for a given set of 8T.
Proof: From the definition, we obtain the followings:

Pr[σ 2
i,τ (C)≥ε, γp≥γth|8T,8

c
T,S1]

= Pr
[
−

∑
j∈8T\i

PT
dαj
|Hj|2+

γth(1+(1+δ)ζPT)
1−δγth

≤
PT
dαi
|Hi|2

≤
3(1+ζPT)
επ2Mδ

]
(a)
=

∫ c(ζ )

0

{
exp
(
−
dαi
PT

(
y−

γth(1+(1+δ)ζPT)
1−δγth

))

− exp
(
−
3dαi (1+ζPT)

PTεπ2Mδ

)}∑
j∈8T\i

exp(−
dαj y
PT

)

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy
+

∫
∞

c(ζ )

{
1−exp

(
−
3dαi (1+ζPT)

PTεπ2Mδ

)}∑
j∈8T\i

exp

(
−
dαj y

PT

)

×
1

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy (16)

where (a) holds since the generalized chi-square distributed

variable y,
∑

j∈8T\i
PT
dαj
|Hj|2 ∼

∑
j∈8T\i

exp(−
dαj y

PT
)

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)
and |Hi|2 ∼ exp(1). The slack variable c(ζ ) , γth(1+(1+δ)ζPT)

1−δγth
is defined for notational simplicity. Taking an expectation
over ζ on the integration result of (16), using the mgf
E8c

T
[exp(−sζ )] =Mζ (s), finally gives (15). �

Emphasized again, TxID cannot always be benefitted
from preamble cancellation. There exists a fundamental limit
to preamble cancellation capability, since preamble signals
can be properly canceled only when they are detected cor-
rectly. Therefore, the TxID failure events coming together
with preamble mis-detection should be counted as well.
We accordingly find the joint probability of TxID and
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preamble detection failures as

Pr[σ 2
i,τ (E)≥ε, γp<γth|8T,S1]

= Pr
[
PT
dαi
|Hi|2≤min

{
1

επ2Mδ−6

( ∑
j∈8T\i

6PT
dαj
|Hj|2+3(1+ζPT)

)
,

−

∑
j∈8T\i

PT
dαj
|Hj|2+

(1+(1+δ)ζPT)γth
1−δγth

}]
(a)
= Pr

[
PT
dαi
|Hi|2≤−

∑
j∈8T\i

PT
dαj
|Hj|2+

(1+(1+δ)ζPT)γth
1−δγth

]
(17)

for Scenario 1, where (a) owes to the given inequality
3

επ2Mδ
≥

(1+δ)γth
1−δγth

. In Scenario 1, we here find from (a) that
preamble detection failure is strictly a subset of TxID fail-
ures, underlining that ToC is set to make preambles more
robust than TxID signals. In consequence, taking an expec-
tation over ζ on the cumulative distribution function (cdf) of∑

i∈8T
PT
dαi
|Hi|2, which is a cdf of generalized chi-square dis-

tribution up to (1+(1+δ)ζPT)γth
1−δγth

, gives us the following theorem.

Theorem 3:Within Scenario 1, TxID failure is subordinate
to the failure of preamble cancellation, so that gives

Pr[σ 2
i,τ (E)≥ε, γp<γth|8T,S1]

= 1−
∑
i∈8T

exp
(
−

dαi γth
PT(1−δγth)

)Mζ

(
dαi (1+δ)γth
1−δγth

)
∏

j∈8T\i

(
1−

dαi
dαj

) (18)

for a given set of 8T.
Combining (15) with (18) therefore provides the net

TDFP (19), shown at the bottom of this page.
One can also remark that allocating more power to TxID

signals, i.e., assigning greater δ, degrades the quality of ser-
vice (QoS) of host signals [33]. Such QoS penalty directly
degrades the guaranteed throughput log(1 + γth) Pr[γp ≥
γth|8T], the transmission rate achievable at least, where the
threshold SINR of payloads is used to be greater than that
of preamble γth [7]. FIGURE 3 shows the impact of δ on
Pr[γp ≥ γth|8T] and log(1 + γth) Pr[γp ≥ γth|8T]. On the
contrary, the behavior of TDFP is unclear since Pr[σ 2

i,τ (C) ≥
ε, γp ≥ γth|8T,S1] decreases while Pr[σ 2

i,τ (E) ≥ ε, γp <

γth|8T,S1] = Pr[γp < γth|8T] increases by δ at the same
time. However, with sufficiently large επ2M , the Scenario 1
condition 3

επ2Mδ
≥

(1+δ)γth
1−δγth

ensures significantly low δγth

so that makes Pr[σ 2
i,τ (E) ≥ ε, γp < γth|8T,S1] vary by

FIGURE 3. (a) Pr[γp≥γth|8T], (b) log(1+γth) Pr[γp≥γth|8T] vs. injection
level δ (PT=120 dB, ε=1, α=3.5, κ=1/π/10002 [m−2], T =3,
{d1,d2,d3}={1000,1500,2000} [m], r0=4000 [m]).

δ merely, consequently allowing the TDFP (19) be mono-
tonically decreasing over δ. Note that Scenario 1 condition
is equivalent to δγth ≤ 3

(1+δ)επ2M+3
≈

3
επ2M

. Therefore,
a TDFP minimization problem which guarantees at least
∃ω > 0 success probability for preamble detection

min
δ

Pr[σ 2
i,τ ≥ε|8T,S1]

s.t. Pr[γp≥γth|8T]≥ω (20)

becomes approximately equivalent to the problem searching
the maximum δ in the range of (0,min(1, 1

γth
,− 1

2−
3

2επ2M
+

1
2

√
(1+ 3

επ2M
)2+ 12

επ2Mγth
)) subjected to Pr[γp ≥ γth] ≥ ω.

Besides, the hypergeometric function terms inside the mgfs
in (18) let the problem intractable. The solution of (20) hence
cannot be derived in closed-form, but can be provided by
one-dimensional numerical search over possible δs.

2) SCENARIO 2 (S2): TxID SIGNAL MORE ROBUST
THAN PREAMBLE

( 3
επ2Mδ−6

<
γth

1−δγth

)
As once revealed in the previous part of this subsection,
the SIC error propagation could allow the preamble cancella-
tion rather to degrade TxID detection when the Rx fails at
detecting preamble signals. If the transmission parameters
are predefined in the range of 3

επ2Mδ
≥

γth
1−δγth

however,
it is impossible to fail at detecting preamble signals as long
as TxID is successfully accomplished. Therefore, we here
consider the possible penalty due to mis-cancellations of
preamble signals by addressing the scenario TxID signal is set

Pr[σ 2
i,τ ≥ε|8T,S1]=1−exp

(
−

3dαi
PTεπ2Mδ

)
Mζ

(
−

3dαi
επ2Mδ

)
+

∑
j∈8T\i

exp
(
−

dαi γth
PT(1−δγth)

) 2Mζ

(
dαi (1+δ)γth
1−δγth

)
(
dαi
dαj
−1)

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)
−

∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) 2Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

) (19)
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more robust than preamble signal. The conditioning approach
likewise to Theorem 2 and Throrem 3 comprehensively gives
the TDFP in Scenario 2 by following theorem:
Theorem 4: Given 3

επ2Mδ−6
<

γth
1−δγth

and 8T, the TDFP is
given by (21), as shown at the bottom of this page.

Proof: Recall (a) in the equation (16). In case that
3

επ2Mδ
< 3

επ2Mδ−6
<

γth
1−δγth

holds, the range of

−
∑

j∈8T\i
PT
dαj
|Hj|2 so that there exists |Hi|2 which satisfies the

inequality is reduced. Therefore, we have
Pr[σ 2

i,τ (C)≥ε, γp≥γth|8T,8
c
T,S2]

= Pr
[
−

∑
j∈8T\i

PT
dαj
|Hj|2+

γth(1+(1+δ)ζPT)
1−δγth

≤
PT
dαi
|Hi|2

≤
3(1+ζPT)
επ2Mδ

]
(a)
=

∫ c(ζ )

c′(ζ )

{
exp

(
−
dαi
PT

(
y−

γth(1+(1+δ)ζPT)
1−δγth

))

−exp
(
−
3dαi (1+ζPT)

PTεπ2Mδ

)} ∑
j∈8T\i

exp(−
dαj y
PT

)

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy
+

∫
∞

c(ζ )

{
1−exp

(
−
3dαi (1+ζPT)

PTεπ2Mδ

)} ∑
j∈8T\i

exp
(
−
dαj y

PT

)
×

1
PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy, (22)

where the difference of (a) against the integration range
in (16) comes from the condition 3

επ2Mδ−6
<

γth
1−δγth

. c′(ζ ) is
a slack variable defined as c′(ζ ) , γth

1−δγth
−

3
επ2Mδ

. Similarly,
let γth

1−δγth
−

3
επ2Mδ−6

denoted as c′′(ζ ). Recalling (17) in
the proof of Theorem 3, the joint probability of TxID and
preamble detection failures can be written by

Pr[σ 2
i,τ (E)≥ε, γp<γth|8T,8

c
T,S2]

= Pr
[
PT
dαi
|Hi|2≤min

{
1

επ2Mδ−6

( ∑
j∈8T\i

6PT
dαj
|Hj|2

+3(1+ζPT)
)
,−

∑
j∈8T\i

PT
dαj
|Hj|2+

(1+(1+δ)ζPT)γth
1−δγth

}]
(a)
=

∫ c′′(ζ )

0

{
1−exp

(
−
dαi
PT

(
−

6
επ2Mδ−6

y+
3(1+ζPT)
επ2Mδ−6

))}

×

∑
j∈8T\i

exp(−
dαj y
PT

)

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy
+

∫ c(ζ )

c′′(ζ )

{
1−exp

(
−
dαi
PT

(
−y+

γth(1+(1+δ)ζPT)
1−δγth

))}

×

∑
j∈8T\i

exp(−
dαj y
PT

)

PT
dαj

∏
k∈8T\{i,j}

(
1−

dαj
dαk

)dy. (23)

The limitation c′′(ζ ) in (a) comes from the comparison

between 1
επ2Mδ−6

(6y+3(1+ζPT)) and−y+
(1+(1+δ)ζPT)γth

1−δγth
.

Subsequently, obtaining expectation on the sum of (22)
and (23) over ζ gives (21) so that concludes the proof. �
The integration range of y in (a) is reduced compared

to that in (b) in (16). That is, having the signal parameter
configuration 3

επ2Mδ−6
<

γth
1−δγth

, the TxID detector falls into

preamble outage frequently than 3
επ2Mδ

≥
γth(1+δ)
1−δγth

during

TxID detection is in outage. On the contrary, more ys are
covered in the integration in (b) of (23) than (a) of (17). It also
reveals that TxID detection failure event is more occurred
with preamble detection failure in Scenario 2 than Scenario 1.

Scenario 2 on contrary to Scenario 1, the TDFP can
be way more affected by preamble detection failures. The
mis-cancellation further adds additional penalty to TxID sig-
nal detection. This degradation is reflected to the drastic
increase of TDFP in FIGURE 4. Note also from FIGURE 3
that Pr[γp ≥ γth|8T] becomes considerably low for γths
over 3 dB. Notable amount of preamble mis-cancellation
occurs in this γth region, so that would even degrade the
performance of PCTD than CTD. The point of transition
between Scenario 1 and Scenario 2 should be also high-
lighted. Where the available δ in Scenario 1 is limited up

Pr[σ 2
i,τ ≥ε|8T,S2]

= 1+
∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) dαi
dαj
Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)−∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)
−
3(dαi −d

α
j )

PTεπ2Mδ

) dαi
dαj
Mζ

(dαj γth
1−δγth

+
3(dαi −d

α
j )

επ2Mδ

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)
−

∑
j∈8T\i

exp
(
−

3dαi
PT(επ2Mδ − 6)

) Mζ

(
−

3dαi
επ2Mδ−6

)
(

6dαi
dαj (επ

2Mδ−6)
+1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)−∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) dαi
dαj
Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)

+

∑
j∈8T\i

exp
(
−

3dαi
(

2γth
1−δγth

+1
)

PTεπ2Mδ
−

dαj
(

γth
1−δγth
−

3
επ2Mδ−6

)
PT
(

6
επ2Mδ−6

+1
) )Mζ

(
−

3dαi

(
2(1+δ)γth
1−δγth

+1

)
PTεπ2Mδ

−

dαj

(
(1+δ)γth
1−δγth

−
3

επ2Mδ−6

)
PT

(
6

επ2Mδ−6
+1

) )
(

6dαi
dαj (επ

2Mδ−6)
+1
)(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

) (21)

56306 VOLUME 8, 2020



S. Ahn et al.: Probabilistic Analysis on Successive Cancellation-Assisted Transmitter Identification in SFN

FIGURE 4. TDFP vs. ToC γth (PT = 120 dB, ε = 1, M = 8191, α = 3.5,
κ = 1/π/10002 [m−2], T = 3, {d1,d2,d3} = {1000,1500,2000} [m],
r0 = 4000 [m]).

to min( 1
δ
, 3
δ((1+δ)επ2M+3)

) while the lowest γth allowed in

Scenario 2 is (δ+επ
2Mδ−6
3 )−1, the higher δ reduces the portion

of Scenario 1. The constrained TDFP minimization problem
in (20) can be expanded to minδ Pr[σ 2

i,τ ≥ ε|8T,S1 or S2]
s.t. Pr[γp ≥ γth|8T] with regarding Scenario 2 also, and can
be solved by one-dimensional search within limited range of
δ∈ (0,min(1, 1

γth
,− 1

2−
3

2επ2M
+

1
2

√
(1+ 3

επ2M
)2+ 12

επ2Mγth
))∪

( 3+6γth
γth(επ2M+3)

,min(1, 1
γth

)).

Remark (PCTD in High Co-Channel Interference Environ-
ment): On the other hand, there is another remark on the
effectiveness of PCTD. A simple conditioning allows us to
express TDFP by Pr[σ 2

i,τ ≥ ε|8T,PCTD] = Pr[σ 2
i,τ (E) ≥

ε|8T, γp < γth]− Pr[γp ≥ γth](Pr[σ 2
i,τ (E) ≥ ε|8T, γp <

γth]−Pr[σ 2
i,τ (C)≥ ε|8T, γp ≥ γth]). This expression implies

that the preamble cancellation advantages from the difference
of Pr[σ 2

i,τ (E)≥ ε|8T, γp < γth] and Pr[σ 2
i,τ (C)≥ ε|8T, γp ≥

γth]. However, when co-channel interference dominates the
signals from Txs in 8T, this gap shrinks into zero since
σ 2
i,τ (E) converges into σ

2
i,τ (C). PCTD is thus inferred to be less

preferable for highly dense 8c
T environments. Furthermore,

the superiority of σ 2
i,τ (E) to the CRB of CTD (3) implies that

CTDwould be rather desirable than PCTD in high co-channel
interference environments.

C. OPPORTUNISTIC PREAMBLE CANCELLATION (OPC)
One simple strategy to avoid such error propagation penalty
is OPC. As previously been discussed, it is obvious that the
basic TxID detection without canceling preamble is rather
beneficial when preamble cannot be detected successfully.
Therefore, enabling the preamble cancellation process only
when the preamble is successfully decoded, as FIGURE 5,
will minimize the detection failure occurrence. OPC is fea-
sible in practice since the TxID detector would possibly
run a decoding error check on preamble signals, such as a
syndrome check calculation.WhenOPC is applied, the TDFP
is given by (24), as shown at the bottom of this page, for
Scenario 2.8 On the contrary, in case of Scenario 1, OPC
does not reduce the TDFP from (19) since preamble detection
failure is sufficient for TxID detection failure when 3

επ2Mδ
≥

γth(1+δ)
1−δγth

holds.

V. NUMERICAL RESULTS
In this section, the detection failure performance of
RF-watermark type TxID is verified by numerical calculation
based on the results in Section III and IV. Our analytic model
is first validated through empirical simulations in SectionV-A
and the detection performance gain from preamble cancel-
lation is subsequently verified in Section V-B. Throughout
this section, three-Tx SFN (i.e., T = 3) is considered,
where the distances from the Rx are set to {d1, d2, d3} =
{1000, 1500, 2000} m and the guard distance is given r0 =
4000 m, motivated by the recent ATSC 3.0 SFN installation
in South Korea [34]. The preamble transmission power at
each Tx is given PT = 120 dB. Additionally, the length of
TxID sequence was assumed M = 8191 9referring to ATSC
3.0 physical layer protocol.

8(24) can be straightforwardly obtained from the result and proof of
Theorem 4.

9It refers to ATSC 3.0 physical layer standard [14]. ATSC 3.0 uses a Gold
type PN sequence with a length of 8191 for TxID.

Pr[σ 2
i,τ ≥ε|8T,S2,OPC]

= 1+
∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) dαi
dαj
Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)−∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)
−
3(dαi −d

α
j )

PTεπ2Mδ

) dαi
dαj
Mζ

(dαj γth
1−δγth
+

3(dαi −d
α
j )

επ2Mδ

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)
−

∑
j∈8T\i

exp
(
−

3dαi
PT(επ2Mδ−3)

) Mζ

(
−

3dαi
επ2Mδ−3

)
(

3dαi
dαj (επ

2Mδ−3)
+1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)−∑
j∈8T\i

exp
(
−

dαj γth

PT(1−δγth)

) dαi
dαj
Mζ

(dαj (1+δ)γth
1−δγth

)
(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

)

+

∑
j∈8T\i

exp
(
−

3dαi
( 2γth
1−δγth

+1
)

PTεπ2Mδ
−

dαj
( γth
1−δγth
−

3
επ2Mδ−3

)
PT
( 3
επ2Mδ−3

+1
) )Mζ

(
−

3dαi
(
2(1+δ)γth
1−δγth

+1
)

PTεπ2Mδ
−

dαj
(
(1+δ)γth
1−δγth

−
3

επ2Mδ−3

)
PT
(

3
επ2Mδ−3

+1
) )

(
3dαi

dαj (επ
2Mδ−3)

+1
)(
dαi
dαj
−1
)∏

k∈8T\{i,j}

(
1−

dαj
dαk

) (24)
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FIGURE 5. Block diagram of opportunistic preamble cancellation procedure.

A. FEASIBILITY OF TDFP DERIVATIONS
Before turning to quantify the preamble cancellation gain on
TDFP, the feasibility of our analytic results were first inves-
tigated. To this end, Monte Carlo simulations over several
106 iterations were conducted, within the Rx-centered disk
having a radius of 105 m. The TDFP of CTD, particularly,
was addressed for this validation, where the expressions for
PCTD are basically formed as a weighted sum-expansion
of the TDFP formula of CTD. As notified in FIGURE 6,
α of 3.5 was used, and the interfering Txs were distributed
with κ=1/π/10002 m−2 throughout the simulations.

FIGURE 6. TDFP of CTD vs. injection level δ (ε∈{0.1,0.5,1}, α=3.5,
κ=1/π/10002 [m−2]).

In FIGURE 6, the analytic result in (9) was first found
to align with the empirical results well. For example,
(9) was 1.0 × 10−4 apart from the simulation result for
(δ, ε)= (−15 dB, 0.5) case. Can be noticed, the gap between
simulation and analytic results can be better tightened when
the simulations within geometrically larger area (taking more
interferer Txs into account) are conducted. Meantime, TDFP
came increased under more rigorous precision criterion,
i.e., lower ε. Moreover, themonotonic decreasing tendency of
TDFP over δ was also observed in FIGURE 6. This tendency
comes along with the discussion in Section III, the mono-
tonicity reasoning for CTD.

B. PERFORMANCE OF PCTD
Through comparisons with the conventional TxID detec-
tor, the detection performance gain attained from preamble

FIGURE 7. TDFP (a) without OPC, (b) with OPC vs. injection level δ
(ε = 1, α = 3.5, κ = 1/π/10002 [m−2]).

cancellation was verified in FIGURE 7 - FIGURE 10.
Scenario 1 and 2 were both considered for the verifica-
tion, where the threshold SINR of preamble detection γth of
−36 dB was considered for scenario 1 while that of −5, 0,
8 dB were considered for scenario 2.

According to FIGURE 7, preamble cancellation was found
to substantially reduce TDFP as long as γth is given low
enough. For κ = 1/π/10002 m−2, α = 3.5 case in
FIGURE 7(a), the scenario 1 preamble cancellation provided
over 4 dB injection level gain compared to CTD, where the
performance gain was shown in the entire injection level
region considered. Since a failure at preamble detection
causes a mis-cancellation when OPC is not considered, more
frequent detection failure was observed at the PCTD when
γth was increased. Particularly under κ = 1/π/10002 m−2,
α=3.5, the PCTD attained about 2.5 dB injection level gain
in γth= 0 dB case, which is reduced from the injection level
gain in the γth = −36 dB case but still outperformed CTD.
On the contrary, in γth = 8 dB case, the PCTD required
2 dB higher injection level than CTD for the same TDFP.
The crosspoint between the TDFPs of PCTD and CTD in
FIGURE 7(b) highlighted this aspect further precisely. The
TDFP of PCTD exceeded that of CTD at δ = −13 dB
under the ToC of γth = 3 dB, which is the point Pr[γp ≥
γth|8T] in FIGURE 3(a) was found 0.83. As mentioned in
Section IV-C in advance, applying OPC meantime overcame
the mis-cancellation penalty in practice. The TDFP of OPC in
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FIGURE 8. TDFP vs. injection level δ (ε = 1, α = 3.5, κ = 1/π/
10002 [m−2]).

FIGURE 9. TDFP vs. path-loss exponent α (ε = 1, δ = −15 [dB],
κ = 1/π/10002 [m−2]).

FIGURE 7(b) was found about 1∼2 dB beneficial than both
PCTD and CTD. However, the PCTD was shown effective in
reasonable range of γth, where γth=−5 dB10 case provided
analogous performance to γth=−36 dB case.

The detection performance gain from preamble cancella-
tion was found more enhanced for the far Txs. In FIGURE 8
presenting the TDFPs for the TxID of every Txs in 8T,
the PCTD with γth = 0 dB acquired about 8 dB injection
level gain compared to CTD, particularly for an identification
of the 2nd close Tx (Tx 2 in short, d2 = 1500 m). Note that
the injection level gain from preamble cancellation was about
4 dB for the first close Tx (Tx 1, d1 = 1000 m). Since the
aggregated preamble signals disturb the TxID detection more
for the far Txs than for the closer Txs, preamble cancellation
is especially effective at identifying the far Tx signals.

FIGURE 9 compares the performance of the PCTD and
CTD with respect to path-loss exponent α. Under κ =
1/π/10002 m−2, the performances of TxID detection with

10Recall that preamble is a reference signal which is designed to be highly
robust to noise and interference in general.

FIGURE 10. TDFP vs.
√

1/π/κ (ε = 1, δ = −15 [dB], α = 3.5, r0 = 4000 [m]).

FIGURE 11. TDFP vs. guard distance r0 (ε = 1, δ = −15 [dB],
κ = 1/π/10002 [m−2], α = 3.5).

andwithout preamble cancellation were shownmost diverged
at α = 3.5, while the performance gap was reduced in
low- and high-α region. It is noteworthy to point out that
there is a tradeoff between desired signal attenuation and
co-channel interference attenuation with regard to α. Note
that the tradeoff also holds for preamble detection. Therefore,
if γth is fixed, the performance superiority between the PCTD
and CTD can be differed depending on α. For instance,
in κ = 1/π/10002 m−2 case of FIGURE 9, the PCTD with
γth = 0 dB showed lower TDFP than CTD in 2.9≤ α ≤ 3.8
while CTD showed better detection performance in other
α region. It can be reasonably inferred that the PCTD was
penalized by a preamble detection failure increase due to less
attenuated co-channel interference for α<2.9 region and due
to preamble signal power attenuation for α > 3.8 region. In
contrast to κ = 1/π/10002 m−2 case, the failure probability
gap between the PCTD and CTD was found mere in highly
dense interferer network with κ=1/π/1002 m−2.
The impact of the out-of-guard interval interferers’ inten-

sitywas also investigated in FIGURE10. PCTDwas observed
especially beneficial in low κ networks, having 79% reduced
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TDFP compared to CTD for κ = 1/π/20002 m−2 network
with α = 3.5. The advantage of preamble cancellation in
low co-channel interference networks was also demonstrated
in FIGURE 11 by a comparison with respect to r0. Under
r0 = 10000 m condition, canceling preamble that has γth =
−5 dB threshold SINR obtained 82% failure reduction for
α=3.5. In contrast, with α=2.5, co-channel interferencewas
not sufficiently attenuated to overcome the detection failure
on γth = 0 dB preamble so that the PCTD yielded more
frequent failure than CTD in FIGURE 11.

VI. CONCLUSION
This paper evaluated the CRB-based error performance of
the PCTD in SFN with randomly distributed out-of-coverage
Txs. The system of interest employed the RF-watermark type
TxID signal injected in the host preamble signal, likewise
to what is as defined in the ATSC 3.0 protocol. Outage
probabilities for TxID detection were derived on the top
of the homogeneous PPP-based stochastic geometry frame-
work. Based on the analytic results, the preamble cancellation
was revealed to be especially beneficial for far Txs and in
low out-of-guard interval interference networks. It was also
numerically shown that the preamble cancellation-assisted
technique substantially reduces the TxID detection failure,
where over 4 dB injection level gain was obtained when the
threshold SINR of preamble detection was given −5 dB.

APPENDIX
CRB-BASED VALIDATION OF THE RESULT IN [1]
The previous study [1] has observed the heuristic gain of
PCTD in 2-Tx SFN through computer simulations, labo-
ratory tests, and field experiments. The experiments have
been conducted with practical orthogonal frequency division
multiplexing (OFDM) realizations, particularly conforming
to ATSC 3.0 protocol. The authors of [1] have accordingly
claimed that PCTD has about 15∼18 dB of injection level
gain over CTD, while the newtork suffers from AWGN chan-
nel without fading effect. Where the fading effect has been
neglected, the simulation configuration in [1] has set the
received SNR to be 15 dB instead of considering the Tx power
and path-loss independently. We here show that the empirical
result in [1] can be explained in our analytic framework based
on CRB.

Let us denote the target CRB by σ ∗2τ and the injection
levels required to achieve σ ∗2τ under CTD and PCTD by
δCTD and δPCTD, respectively. Note that the experiments
in [1] has aimed at the circumstances that preamble signals
are successfully detected, where the considered TxID ana-
lyzer is a supplemental module mounted in the commer-
cial ATSC 3.0 broadcast Rx, which is available when the
Rx attains L1-signal information successfully. Following the
definition in (3) and (12), we have σ ∗2τ =

3
επ2MδPCTDPRx

=

(1+2PRx)(
επ2MδCTDPRx

3 )−1, where PRx indicates the received
SNR, which is set to be 15 dB. It is reasonably assumed that
CTD and PCTD pursues the identical detection precision ε.

This equality is equivalent to

δCTD=δPCTD(1+2PRx), (25)

which can be approximately rewritten by δCTD≈2δPCTDPRx.
Recalling PRx = 15 dB, the argument in [1], about 18 dB
injection level gain of PCTD, is valid for the considered
environment.
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