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Abstract: In the integrated services digital broadcasting-terrestrial (ISDB-T) system, the combination
of digital terrestrial transmission and MPEG-4 advanced video coding (MPEG-4 AVC) has offered
ways to provide a variety of digital high-definition television (HDTV) programs. Using band
segmented transmission orthogonal frequency division multiplexing (BST-OFDM), the delivery
of innovative video-on-demand and HDTV services is supported. To take full advantage of the
attractive benefits of BST-OFDM, it is important to estimate integer frequency offset (IFO) without a
priori knowledge on the segment type that is transmitted over transmission and the multiplexing
configuration control (TMCC) signal. To address this issue, an efficient IFO detection method
is proposed for the ISDB-T system employing BST-OFDM. To enable IFO detection independent
of the segment type, information-bearing TMCC signals that are asymmetrically distributed in
the frequency domain are used as pilot symbols. Numerical analysis is performed to present the
relationship between error probability and design parameter. We show via the numerical results
that the multiple transmitted TMCC information is efficiently used for blind estimation of the IFO,
achieving robust estimation in the presence of the fractional frequency offset.

Keywords: orthogonal frequency division multiplexing; band segmented transmission;
integer frequency offset; transmission and multiplexing configuration control

1. Introduction

Orthogonal frequency division multiplexing (OFDM) is a leading multicarrier modulation
scheme with the capability to combat multipath fading distortions and support high data rates.
Due to its appealing features, OFDM has been considered as the standard multiplexing technique for
many international digital television terrestrial broadcasting (DTTB) systems, such as the advanced
television standards committee (ATSC), digital television/terrestrial multimedia broadcasting (DTMB),
digital video broadcasting-terrestrial-second generation (DVB-T2), and integrated services digital
broadcasting-terrestrial (ISDB-T) [1–4]. The ISDB-T system is designed to support reliable reception
and commonality for high-definition television (HDTV) services using MPEG-4 advanced video
coding (MPEG-4 AVC) over terrestrial networks [5]. One special feature in the ISDB-T system is
the combination of band segmented transmission (BST) and OFDM, which is known as BST-OFDM.
Using different modulation and coding schemes (MCS) in one or more OFDM segments forms the basis
of hierarchical transmission [4–6]. With the use of the segmented structure and hierarchical partition,
different modulation modes, such as coherent and differential modulation, can be applied to different
OFDM segments. More specifically, ISDB-T is based on the transmission of MPEG-4 compressed video
data containers, which can be used to transmit a flexible mixture of compressed video, audio, and other
data services.

Symmetry 2019, 11, 896; doi:10.3390/sym11070896 www.mdpi.com/journal/symmetry

http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
http://www.mdpi.com/2073-8994/11/7/896?type=check_update&version=1
http://dx.doi.org/10.3390/sym11070896
http://www.mdpi.com/journal/symmetry


Symmetry 2019, 11, 896 2 of 13

Despite its many excellent benefits, OFDM has some principal problems that need to be overcome.
One of the major disadvantages of OFDM is its vulnerability for frequency misalignment, which can
be introduced by the Doppler shift and oscillator instabilities [7]. To fully utilize the appealing
features of OFDM, it is crucial for the receiver to reliably perform time and frequency synchronization,
which usually includes estimation of symbol timing offset (STO), carrier frequency offset (CFO),
and sampling frequency offset (SFO). In OFDM, the STO can result in inter-symbol interference (ISI)
and a rotated phase, of which value is proportional to the subcarrier index. On the other hand, the
CFO can be split into integer and fractional offsets, each influencing the system in a different way.
If not correctly detected and removed, the fractional CFO (FFO) gives rise to the imperfection of the
orthogonality among the subcarriers, leading to the inter-carrier interference (ICI), while the integer
CFO (IFO) produces a cyclic shifting of all subcarriers in the frequency domain [8]. To address this
issue, a lot of estimation methods have been studied for the estimation of the FFO and the IFO [9–18].

1.1. Synchronization in OFDM

The synchronization procedure in the OFDM system generally involves three steps. During the
first step of the procedure, the receiver exploits the redundant information to find the FFO and initial
STO [9–11], which is performed in the time domain. In continuous transmission mode, such as
terrestrial broadcasting systems, the cyclic prefix can be used for these synchronization tasks. On the
other hand, dedicated training symbols are inserted at the beginning of the OFDM frame in the case
of burst-mode OFDM systems, which are used for time and frequency synchronization. After FFO
compensation and cyclic prefix removal, the frequency domain samples are obtained via fast Fourier
transform (FFT) processing. Once the first step is completed, the IFO is estimated together with residual
STO, which can usually be done in the frequency domain [12–18]. After frequency synchronization,
there are residual CFO and SFO errors that continuously rotate the phase of the OFDM symbol.
During the tracking phase, the residual CFO and SFO are typically estimated based on a set of
dedicated pilots, which are estimated and compensated periodically because of its time-accumulative
nature [19–21]. Since data demodulation can be correctly performed only after successful compensation
of the IFO, the IFO represents an important task in the overall synchronization procedure. Hence,
we focus on the estimation of the IFO in this paper.

The IFO estimation can be classified into two main categories—namely, blind estimation and
pilot-aided estimation. The blind estimation method relies on the utilization of any inherent
structural information in the OFDM symbol, which is preferred due to its bandwidth efficiency.
In [12–15], the blind approaches were proposed utilizing the combination of data subcarriers and
null subcarriers (NSCs) present at the edges of the OFDM spectrum. The main disadvantage of such
a blind estimation strategy is that it requires an exhaustive search for IFO estimates. Unlike the
blind approach, a pilot-aided IFO estimation can be accomplished using periodically transmitted
pilot information [14–17]. Maximum likelihood (ML) estimation has been successfully used to
estimate the IFO [15], based on the observation of pilot information. The ML estimator achieves
accurate CFO estimation at the sacrifice of spectral efficiency and computational load. The work
in [17] proposes a new pilot structure together with its pilot-specific estimation algorithm. Another
strategy for data-aided IFO detection has been recently presented, exploiting the spatial redundancy
introduced by the use of space-frequency block codes [18]. Despite showing good detection capability,
these estimation schemes developed in [17,18] are incompatible with legacy ISDB-T devices.

1.2. Contribution

In ISDB-T, the scattered pilot (SP) and continuous pilot (CP) are specified to help the receiver
accomplish frequency and channel estimation. Meanwhile, the auxiliary channel (AC) and the
transmission and multiplexing configuration controls (TMCC) play the role of an additional channel
that can function as a control signal needed for demodulation, which can be used for synchronization
purposes. Since the number of explicit CPs differs depending on the modulation mode adopted in the
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ISDB-T segment, which is available after TMCC information and perfectly decoded, a direct application
of the conventional IFO estimation algorithm to the ISDB-T system can result in some performance
loss. To perform a reliable estimation independent of the TMCC decoding process, the conventional
IFO estimation schemes have to be modified to take the information-conveying TMCC signal into
account, which is common, regardless of the segment type.

To account for this problem, an efficient IFO estimation method using the information-bearing
TMCC signal is proposed in the ISDB-T system. Since the TMCC signal is transmitted in the same
format, independent of the modulation mode, the redundancy present in the multiple transmitted
TMCC information enables the estimation of the IFO in a blind manner. To assess the feasibility of the
proposed detection method, the probability of erroneous estimation is numerically derived, including
the effect of the FFO. It is shown from simulation results that the proposed IFO estimator achieves
robust estimation with low processing complexity in the presence of the FFO, where the conventional
approaches show unsatisfactory performance.

The remainder of this paper is structured as follows. A signal model used in this paper is described
in Section 2. In Section 3, the existing IFO detection methods are briefly addressed when applied to the
ISDB-T system. Section 4 presents an efficient IFO estimation method utilizing the TMCC information
as a pilot symbol, and its detection accuracy is numerically discussed in terms of the probability of
erroneous estimations. In Section 5, simulation results are provided to verify the reliable operation of
the proposed IFO estimator, followed by concluding remarks in Section 6.

2. System Description

Let us consider an OFDM system which uses N-point FFT and Nu non-zero subcarriers. In the
frequency domain, N − Nu NSCs are zero-padded. The frequency-domain signal is transformed by
an N-point inverse FFT (IFFT) unit to create the time-domain signal, and a guard interval (GI) with a
length of Ng samples is copied at the front of the OFDM symbol to remove both the ISI and ICI. Then,
the n-th sample of the l-th OFDM symbol can be written by

xl(n) =
N−1

∑
k=0

Xl(k)ej2πkn/N , − Ng ≤ n < N, (1)

where Xl(k) is the symbol at subcarrier k with transmitted power EX = |Xl(k)|2. Correspondingly,
the effective duration of each OFDM symbol is equal to Ts = NsT, where T is the sampling period
satisfying the Nyquist rate and Ns = N + Ng. At the transmitter, the equivalent baseband signal takes
the expression

x(t) =
∞

∑
l=−∞

N/2−1

∑
k=−N/2

Xl(k)ej2π(k/NT)(t−Tg−lTs)p(t− lTs), (2)

where p(t) = 1 for 0 ≤ t < Ts, and p(t) = 0 elsewhere.
The radio signal is transmitted through a multipath fading channel corrupted by additive white

Gaussian noise (AWGN). Due to the mismatch between the receiver and transmitter oscillators, the local
oscillator’s frequency f

′
c is different from the received carrier frequency fc, so that the frequency offset

f
′
c − fc remains after down conversion. Since the performance of IFO estimators is only marginally

influenced by the STO [15–17], we restrict our attention to the detection of the IFO, considering the
situation where the STO has been perfectly known at the receiver. Meanwhile, let us assume that the
FFO has been estimated irrespective of the existence of the IFO so that there will remain a small FFO.
As such, the time-domain signal at the receiving side is written by

r(t) = ej2π( f
′
c− fc)tx(t)⊗ h(t) + z(t), (3)
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where ⊗ is the linear convolution, h(t) denotes the channel impulse response (CIR), and z(t) denotes
a complex zero-mean AWGN process. Considering perfect knowledge of the STO, the time-domain
signal sampled at the time instant t = lTs + nT is given by [16,17]

rl(n) = ej2πlερxl(n)⊗ hl(n) + zl(n), (4)

where ρ = Ng/N, ε is the normalized frequency offset by subcarrier spacing 1/NT, hl(n) is the
equivalent discrete-time CIR, and zl(n) is a complex zero-mean AWGN having variance σ2

Z. According
to the amount of the frequency offset between the receiver and transmitter oscillators, the frequency
offset can be divided into an integer part εi and a fractional part ε f , leading to ε = εi + ε f .
After extracting the Ng GI samples and taking the FFT operation at the receiver, the frequency-domain
signal at subcarrier k over the l-th symbol duration appears as

Rl(k) = α(ε f )ej2πε(lNs+Ng)/N Hl(k− εi)Xl(k− εi) + Il(k) + Zl(k), (5)

where α(ε f ) = sin(πε f )/(N sin(πε f /N)) is the power leakage due to the FFO, Hl(k) is the FFT of
hl(n) with variance σ2

H , Il(k) is the contribution to ICI with variance σ2
I , and Zl(k) is the FFT of zl(n)

with variance σ2
Z. For small values of FFO, α(ε f ) ≈ 1 and the variance of ICI can be easily obtained as

σ2
I ≈ EXσ2

Hε2
f π2/3 [19].

In the ISDB-T system, a flexible and high-efficiency video/audio coding system, such as MPEG-4
advanced video coding (MPEG-4 AVC) is adopted. As a result, many types of broadcasting services,
such as HDTV, HDTV/SDTV, and multi-channel SDTV are supported by ISDB-T. For this purpose,
the entire bandwidth is evenly split into 13 segments, such that each segment can support different
services using different MCS. The bandwidth of ISDB-T is classified into two types: wideband
ISDB-T composed of 13 segments, and narrowband ISDB-T using one, or up to three segments.
The broadband ISDB-T is used to simultaneously provide a range of services, such as HDTV and
other high-speed multimedia services. Figure 1 shows the ISDB-T service examples and transmission
signals. Some kinds of pilot and control symbols, such as SP, CP, AC, and TMCC, are specified to
enable reliable synchronization between the transmitter and receiver, whose configuration varies
according to the ISDB-T segment format. The CP is mainly utilized to perform time and frequency
synchronization [20,21], whereas the SP is provided only in coherent modulated segments for the
purposes of channel estimation [22,23]. The AC2 is present only in differential modulated segments.
On the other hand, the TMCC signal is used to carry some sort of basic transmission information,
like hierarchical configuration and OFDM-segment transmission parameters. The multiple uses
of the TMCC signal can also be explored for receiver synchronization. Since the TMCC is the
information-bearing signal, the existing pilot-aided IFO estimation schemes are not applied directly to
ISDB-T when the TMCC information is used as a pilot symbol.
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Figure 1. Configuration of ISDB-T transmission.

3. Conventional Detection Schemes

In OFDM, the IFO is generally detected exploiting redundant information present in the OFDM
symbol [12–15], which is called blind estimation. Meanwhile, the IFO estimation method can be
developed by performing pilot-based correlation in the frequency domain [15–17]. The former has
the problem of high computational load when compared to the latter. Although the blind estimation
strategy is too computationally intensive, it can be considered as a possible candidate because the
number of explicit pilot symbols is limited, and some sort of pilot configuration is available only after
TMCC decoding in the ISDB-T system.

3.1. Conventional Scheme A

In [12], the blind IFO estimation scheme was proposed using the power difference between data
and null subcarriers. In this approach, the power-based objective metric is given by

Ωa(m) = ∑
k∈D
|Rl(k + m)|2 − ∑

k∈N
|Rl(k + m)|2, (6)

where m is the trial value for offset-matching, D is the set of non-zero data subcarrier indices including
Nu members, N is the set of NSC indices including N − Nu members, and | · | is the magnitude
operation. The IFO can be estimated by

ε̂i = arg max
|m|≤M

Ωa(m), (7)

where M is the maximum allowable range of εi, which is determined by the stability between the
oscillators at the transmitting and receiving ends. The performance of such a blind method depends
on the ratio between the number of data subcarriers, Nu, and the number of null subcarriers, N − Nu.

3.2. Conventional Scheme B

Here, another blind detection method is presented employing a data-based objective function
between two consecutive QPSK symbols [15]:

Ωb(m) = σ2
Z ∑

k∈D
log

(
2cosh

(
R
{

R̂l(k + m)e−j2πmρ
}

σ2
Z

)
+ 2cosh

(
I
{

R̂l(k + m)e−j2πmρ
}

σ2
Z

))
, (8)
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where cosh(x) = (ex + e−x)/2, R̂l(k) = R∗l (k)Rl+1(k) denotes the conjugate product from two
consecutive observations, andR{·} and I{·} are the real and imaginary components of the enclosed
complex number, respectively. Considering that the QPSK modulation is used for date subcarriers and
the signal-to-noise ratio (SNR) is high, the data-based objective metric is approximated as

Ωb(m) ≈ ∑
k∈D

max
{∣∣∣∣R{R̂l(k + m)e−j2πmρ

} ∣∣∣∣, ∣∣∣∣I {R̂l(k + m)e−j2πmρ
} ∣∣∣∣} . (9)

The IFO can be estimated identically to (7) with replaced Ωa(m) by Ωb(m). Despite achieving
good performance, this scheme can only be applied to QPSK modulation, and its computational
complexity is high, proportional to the number of used subcarriers.

3.3. Conventional Scheme C

Contrary to the blind estimation method, a pilot-aided IFO estimation scheme uses periodic pilot
symbols, as developed in [15]. By using CPs, the basic concept can be straightforwardly extended to
the ISDB-T configuration. The CP-based objective metric can be represented by

Ωc(m) = R
{

∑
k∈P

R̂l(k + m)X̂∗l (k)e
−j2πmρ

}
, (10)

where P is the set of CP subcarrier indices having Np members, and X̂l(k) = X∗l (k)Xl+1(k) is assumed
to be a symbol available to the receiver. In such a case, the pilot-assisted IFO detection scheme is
expressed in an identical fashion to (7) with replaced Ωa(m) by Ωc(m).

Since the number of CP subcarriers is insufficient in the ISDB-T system, the TMCC subcarrier can
be an alternative, which is non-symmetrically distributed in the frequency domain. Because of the
information-bearing feature of the TMCC signal, however, the IFO estimation schemes, which depend
on the explicit pilot symbol like CP, cannot be directly applied when the TMCC signal is used as a
pilot symbol. Hence, some changes to the existing pilot-assisted estimation method are necessary for
reliable IFO estimation.

4. Proposed Detection Scheme

In this section, a reduced-complexity IFO detection method that depends on the inherent property
of the TMCC information is proposed in the digital terrestrial television broadcasting system using
BST-OFDM. As a performance measure, we analytically derive the probability of erroneous estimation
of the proposed IFO estimator.

4.1. Algorithm Description

Since the TMCC signal is information-bearing, its content is available after TMCC decoding and
the pilot-compensated signal is not obtained in the presence of the IFO, as performed in (10). On the
other hand, the common TMCC information is present in fixed subcarrier positions regardless of
modulation mode, which is transmitted by ways of differential binary phase-shift keying (DBPSK)
modulation. Using this property of the continuous-type TMCC signal, the correlation from two
received OFDM symbols is in the form:

R̂l(k) = ej2πεiρej2πε f (1+ρ)|Hl(k− εi)|2X̂l(k− εi) + Îl(k) + Ẑl(k), (11)

where Îl(k) is the contribution to combined ICI given by
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Îl(k) = e−j2πε(l(1+ρ)+ρ)H∗l (k− εi)X∗l (k− εi)Il+1(k)

+ ej2πε((l+1)(1+ρ)+ρ)Hl+1(k− εi)Xl+1(k− εi)I∗l (k)

+ Il+1(k)Z∗l (k) + I∗l (k)Zl+1(k) + I∗l (k)Il+1(k),

(12)

and Ẑl(k) is the contribution to the combined AWGN, equal to

Ẑl(k) = e−j2πε(l(1+ρ)+ρ)H∗l (k− εi)X∗l (k− εi)Zl+1(k)

+ ej2πε((1+ρ)+ρ)Hl+1(k− εi)Xl+1(k− εi)Z∗l (k)

+ Z∗l (k)Zl+1(k).

(13)

As can be seen from (11), the residual FFO affects the objective metric in two ways—one is to
rotate the phases of all sub-carriers by the same amount, and the other is to cause the ICI.

Using the differential relation between two consecutive symbols, the TMCC-based objective
metric can be defined as

Ωd(m) = ∑
k∈T

R̂l(k + m)

= ej2πεiρej2πε f (1+ρ) ∑
k∈T
|Hl(k + m− εi)|2X̂l(k + m− εi)

+ ∑
k∈T

Îl(k + m) + ∑
k∈T

Ẑl(k + m),

(14)

where T is the set of TMCC subcarrier indices having Nt members, and the condition k + m− εi ∈ T
informs us that a true IFO exists at the m-th shift, or rather, m = εi. In this case, recognizing that
X̂l(k) = ±|Xl(k)|2 for k ∈ T , the phase-rotated TMCC-based objective metric takes the form

Ω̃d(m) = BlEX ∑
k∈T
|Hl(k + m− εi)|2 + ∑

k∈T
Ĩl(k + m) + ∑

k∈T
Z̃l(k + m), (15)

where Z̃l(k + m) = Ẑl(k + m)e−j2πmρ and Bl ∈ {1,−1} denotes the differential relation from two
consecutive TMCC symbols. For notational brevity, the phase rotation term ej2πε f (1+ρ) was omitted
in the first quantity on the right-hand side (RHS) in (15), since its effect is removed by taking the
absolute value in the proposed approach. Note that Z̃l(k) is statistically equivalent to Ẑl(k). Under the
assumption of a relatively large Nt, (15) can be safely approximated as

Ω̃d(m) ≈ BlEX Ntσ
2
H + ∑

k∈T
Ĩl(k + m) + ∑

k∈T
Z̃l(k + m). (16)

From the central limit theorem, (16) can be modeled as a Gaussian random variable having mean
BlEX Ntσ

2
H and variance Ntσ

2
Î
+ Ntσ

2
Ẑ

, where σ2
Î
= 2EXσ2

Hσ2
I + 2σ2

I σ2
Z + σ4

I is the variance of Îl(k),
and σ2

Ẑ
= 2EXσ2

Hσ2
Z + σ4

Z is the variance of Ẑl(k), if m 6= εi, X̂l(k) is an unknown random signal whose
mean is zero. In this hypothesis, Ω̃d(m) is expressed as

Ω̃d(m) = ej2π(εi−m)ρ ∑
k∈T
|Hl(k + m− εi)|2X̂l(k + m− εi)

+ ∑
k∈T

Ĩl(k + m) + ∑
k∈T

Z̃l(k + m),
(17)

which can be assumed to be a zero-mean Gaussian random variable with variance σ2
X̂
+ Ntσ

2
Î
+ Ntσ

2
Ẑ

,
where σ2

X̂
is the variance of the first term on the RHS of (17).
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Since the DBPSK-modulated TMCC signal is common to all TMCC subcarriers, X̂l(k) = Bl |Xl(k)|2
for k ∈ T at a true trial m = εi; that is, Bl is constant regardless of TMCC subcarrier indices. Therefore,
the estimated IFO is obtained by taking the absolute value of (14)

ε̂i = arg max
|m|≤M

|Ωd(m)| , (18)

where the use of Ω̃d(m) instead of Ωd(m) does not affect the detection performance because the effect
of ej2πεiρ is removed by taking the absolute value.

4.2. Probability of Erroneous Estimation

In order to measure how well the estimator performs, the probability of erroneous estimation
Pe = Prob{ε̂i 6= εi} is derived in the AWGN channel. From (16), the probability density function (PDF)
of |Ω̃d(m)| under hypothesis H1, or equivalently when m = εi, can be given by

p(y|H1) =
y
σ2

1
e−(y

2+µ2)/2σ2
1 I0

(
yµ

σ2
1

)
, (19)

where µ = BlEX Nt, σ2
1 = Nt(σ2

Î
+ σ2

Ẑ
)/2, and I0(·) stands for the modified Bessel function of the first

kind and zero order. Under hypothesis H0 (m 6= εi), it can be seen from (17) that |Ω̃d(m)| has the
Rayleigh distribution

p(y|H0) =
y
σ2

0
e−y2/2σ2

0 , (20)

where σ2
0 = Nt(E2

X + σ2
Î
+ σ2

Ẑ
)/2. For equally likely IFOs, the probability of a correct estimation is

expressed as

Pc =
∫ ∞

0
p(y|H1)

[∫ y

0
p(x|H0)dx

]2M
dy. (21)

Substituting (19) and (20) to (21) yields

Pc =
∫ ∞

0

y
σ2

1
e−(y

2+µ2)/2σ2
1 I0

(
yµ

σ2
1

) [
1− e−y2/2σ2

0

]2M
dy. (22)

Using the binomial expansion, (22) can be further derived as

Pc = e−µ2/2σ2
1

2M

∑
m=0

(−1)m
(

2M
m

) ∫ ∞

0

y
σ2

1
e−y2(1/σ2

1+m/σ2
0 )/2 I0

(
yµ

σ2
1

)
dy, (23)

where the integral has a closed-form solution [24]. After some mathematical manipulations,
a closed-form expression for the probability of correct estimation can be obtained as

Pc =
2M

∑
m=0

(−1)m
(

2M
m

)
σ2

0
σ2

0 + mσ2
1

e−mµ2/2(σ2
0+mσ2

1 ). (24)

Denoting γz = EX/σ2
Z and γi = EX/σ2

I as the SNR and signal-to-ICI ratio, respectively, we have
from (24)

σ2
0

σ2
0 + mσ2

1
=

γ̄ + 1
(1 + m)γ̄ + 1

(25)
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and

µ2

σ2
0 + mσ2

1
=

2Nt

(1 + m)γ̄ + 1
, (26)

where

γ̄ =
2
γi

+
2

γiγz
+

1
γ2

i
+

2
γz

+
1

γ2
z

. (27)

Using (25) and (26), the probability of erroneous estimation can thus be given by

Pe = 1−
2M

∑
m=0

(−1)m
(

2M
m

)
γ̄ + 1

(1 + m)γ̄ + 1
e−mNt/((1+m)γ̄+1). (28)

5. Simulation Results

In this section, the performance of the IFO estimation schemes is evaluated in the ISDB-T system,
with transmission parameters given in Table 1. The carrier center frequency was set to fc = 600 MHz,
and the sampling time was Ts = 63/512µs [4]. Let us consider the six-path Typical Urban (TU)
and Hilly Terrain (HT) channels with a maximum excess delay of 5µs and 17.2µs, respectively [25].
The SNR is defined by the ratio of the received average signal power to the noise power, including
the NSCs. To make a parallel between (10) and (14), we consider the situation where the CP-based
objective metric (10) uses the same number of explicit pilot symbols as the TMCC, that is, Np = Nt,
although the number of usable CPs is small when compared to that of TMCC subcarriers. In order
to apply (10) to the ISDBT system, it is thus assumed that the TMCC information has been perfectly
decoded. In the following, the effectiveness of the IFO estimation schemes is evaluated in terms of the
probability of erroneous estimation and the computational complexity resulted from the estimation of
the IFO.

Table 1. Main system parameters.

Parameters 2k Mode 4k Mode 8k Mode

Bandwidth 5.575 MHz 5.573 MHz 5.572 MHz
# of carriers per segments 108 216 432

# of used carriers 1405 2809 5617
# of GI samples 256 512 1024

# of common TMCC carriers 13 26 52

5.1. Performance Evaluation

Figure 2 presents the probability of erroneous estimation of the proposed IFO estimation scheme
in the AWGN channel, considering the presence of residual FFO. A good match between analytical
curves (lines) and simulated curves (symbols) is observed, regardless of the ISDB-T mode and residual
FFO. In the case of the 2k mode, there is a slight gap between the theoretical and simulated curves
for the high SNR region due to inaccuracy of the approximation used in (16), which tends to be more
accurate as Nt increases. As expected, the performance of the IFO estimation scheme improves as the
FFT size N increases, because the number of TMCC subcarriers is exactly proportional to the ISDB-T
mode, as shown in Table 1. In particular, to cope with a limited number of TMCC subcarriers in 2k
mode, the averaging strategy can be an appealing solution at the sacrifice of the processing delay,
since the TMCC signal is continuously transmitted. In addition, the increase of uncertainty region for
the IFO leads to the loss of detection accuracy, which becomes more prominent for a smaller number
of TMCC subcarriers.

Figure 3 shows the probability of an erroneous estimation of the proposed and conventional IFO
estimators in the flat fading channel with the IFO range being fixed to M = 5, taking into consideration
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different transmission modes. It can be seen that the performance of the pilot-aided IFO detection
scheme (10) can be better than that of the proposed detection scheme (14) in the absence of residual
FFO ε f if the same number of pilot symbols as the TMCC is used in (10). The performance gap
between both IFO estimators (10) and (14) is reduced to less than 1dB as the number of pilots increases.
When the residual FFO is present, however, it follows that this gap between both methods is further
diminished, and eventually, the performance trend becomes reversed as the SNR increases. This is
mainly because the performance of (14) is affected by the ICI only, whereas the performance of (10) is
dependent on both the ICI and phase rotation caused by ε f . When ε f = 0, the probability of erroneous
detection of the blind estimation schemes (6) and (9) approaches zero when the SNR tends to infinity,
whereas the probability of erroneous detection of the other schemes suffers from error floors. Due to
the limited number of TMCC subcarriers in 2k mode, the blind estimation scheme (9) outperforms the
proposed estimation scheme, whereas this phenomenon is reversed as Nt grows in 4k mode. This can
be explained by recalling that the performance of the blind detection is constant to the ISDB-T mode.

Figure 2. Performance of the proposed IFO estimation scheme for the AWGN channel: (a) ε f = 0,
(b) ε f = 0.08.

Figure 3. Performance of the conventional and proposed IFO estimation schemes for the flat fading
channel: (a) 2k mode, (b) 4k mode.

Figure 4 depicts the probability of erroneous estimation of the proposed and conventional IFO
estimators in the TU channel, under the same simulation scenarios of Figure 3. Immediately, one can
see that the trend of the curves is similar to that in Figure 3. Regardless of the ISDB-T mode, it is
observed that the detection capability of the conventional IFO estimation methods (6) and (9) do not
change. The reason for this is that its performance depends on the ratio of the number of data and



Symmetry 2019, 11, 896 11 of 13

null subcarriers. It is evident from Table 1 that this ratio is almost the same for all ISDB-T modes.
More interestingly, the increased frequency selectivity gives rise to the performance degradation for
all IFO estimators, when compared to the case of the flat fading channel. This phenomenon is more
pronounced in the case of the blind estimation schemes (6) and (9). Due to its high vulnerability
to frequency selectivity and residual FFO, there are some limitations to applying the conventional
schemes (6) and (9) to the ISDB-T system.

Figure 4. Performance of the conventional and proposed IFO estimation schemes for the TU channel:
(a) ε f = 0, (b) ε f = 0.08.

In Figure 5, the probability of erroneous estimation of the IFO estimation methods for the ISDB-T
4k mode is illustrated as a function of ε f when SNR = 6 dB is fixed. Here, we adopted the TU and HT
channels. From the presented results, the conventional detection schemes (6) and (9) fail to properly
estimate the IFO in the presence of the FFO. On the other hand, it can be found that the proposed
IFO detection scheme is not significantly affected by the amount of the FFO, whereas the detection
accuracy of the conventional estimation method (10) severely deteriorates at ε f = 0.07 or higher.
This observation indicates that the presence of residual FFO is not a crucial issue for the proposed
IFO detection. Therefore, the proposed detection strategy can alleviate the need for sophisticated FFO
estimation techniques.

Figure 5. Performance of the conventional and proposed IFO estimation schemes versus ε f when
M = 5: (a) TU channel, (b) HT channel.
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5.2. Complexity Comparison

Finally, we compare the processing complexity of the IFO detectors. For a fair complexity
comparison, the mathematical operations were converted to the number of real floating point
operations (flops). In doing so, we counted one complex addition as two real flops, whereas one
complex multiplication is equivalent to six real flops [26]. It can be readily seen that the flops of the
algorithms (6), (9), (10) and (14) are 4N− 1, 13Nu − 1, 20Np − 2, and 8Nt − 2, respectively. Considering
the number of IFO hypotheses in (7) and (18), the total number of flops is (2M + 1) times. It is worth
mentioning that the complexity of the proposed detection method (14) is about 2/5 times that of the
conventional scheme (10), if Np = Nt is applied in (10) and (14).

When M = 5, the computational load of the proposed blind IFO estimator is reduced by about
60% compared to that of the pilot-aided IFO estimator (10), while up to 99% complexity reduction
over the blind IFO estimation scheme (9) is obtained. It is concluded that the use of the TMCC signal
ensures significant savings of mathematical operations, achieving a good estimation performance in
the presence of typical values of residual FFO.

6. Conclusions

In the ISDB-T system, the hierarchical configuration differs from which modulation mode is used
in OFDM segment. For reliable frequency synchronization, it is crucial to accomplish IFO estimation
without a priori knowledge on the segment format. To address this requirement, we presented an
effective IFO detection method independent of the transmitted modulation mode in the ISDB-T system.
For this purpose, the redundantly transmitted TMCC signal was used for IFO detection. Because of
the information-bearing feature of the TMCC signal, the existing IFO detection strategy cannot be
directly used for the ISDB-T system. The proposed approach, using the TMCC signal as the pilot
symbol, was found to facilitate a modulation-mode, independent IFO detection. Like the pilot-aided
method, the performance of the blind method was greatly influenced by the phase rotation due to the
existence of residual FFO, whereas the detection accuracy of the proposed scheme was insensitive to
residual FFO. The performance was assessed in terms of theoretical probability of erroneous estimation.
The simulation results have shown that such a design relieves computational load and provides good
detection performance in the presence of residual FFO and frequency selective channel distortion.
It has also been found that the ISDB-T system contains rich structural information, enabling it to
effectively detect the IFO.
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