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A Novel OCDM-Based Sounding Sequence for a
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Abstract— This paper proposes a novel sounding sequence
based on orthogonal chirp-division multiplexing (OCDM) for
application in a power line communication (PLC) channel mea-
surement methodology. The proposal integrates the Schmidl &
Cox synchronization technique and utilizes a structure of con-
secutive orthogonal symbol blocks, with orthogonality achieved
via circular shifting in the discrete-Fresnel domain. To evaluate
its effectiveness, numerical results are presented in terms of the
mean, standard deviation, and error rate of the estimated syn-
chronization points for different numbers of symbol blocks, using
a real dataset comprising PLC channel estimates collected in a
measurement campaign. Compared to an existing OCDM-based
sounding sequence, the results show that the proposed sounding
sequence achieves a better symbol block synchronization with a
lower error rate.

Keywords— Power line communication; measurement method-
ology; orthogonal chirp-division multiplexing; sounding; syn-
chronization.

I. INTRODUCTION

The growing demand for reliable and cost-effective com-
munication infrastructures has driven the adoption of power
line communication (PLC) systems in applications such as
the Internet of Things (IoT), smart metering, smart grids,
and Industry 4.0 [1], [2]. By leveraging existing electrical
networks, PLC is an attractive alternative to conventional com-
munication technologies. However, the hostile characteristics
of power line channels, including impedance mismatching and
impulsive noise impose significant challenges to reliable data
transmission [3], [4]. Therefore, accurate and robust channel
estmation methods are essential for PLC systems.

The measurement methodology presented in [5] proposes a
sounding signal based approach employing the discrete mul-
titone (DMT) modulation and cyclic prefix (CP) correlation
for symbol-block synchronization. Subsequently, [6] improved
this methodology by adopting the Schmidl-Cox symbol block
synchronization technique as described in [7].

More recently, orthogonal chirp-division multiplexing
(OCDM) has been employed in communication systems due
to its low time–frequency distortion and its ability to maintain

This study was supported in part by the Coordenação de Aperfeiçoamento
de Pessoal de Nível Superior (CAPES)—Finance Code 001, in part by the
Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), in
part by the Instituto Nacional de Energia Elétrica (INERGE), and in part by
the Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG).

Victor H. Cecatto, Evelio M. G. Fernandez, and Ândrei Camponogara are
with the Department of Electrical Engineering, Federal University of Paraná,
Curitiba, PR, Brasil (e-mail: victor.cecatto@ufpr.br; evelio@ufpr.br; an-
drei.camponogara@ufpr.br).

Moisés V. Ribeiro are with the Department of Electrical Engineer-
ing, Federal University of Juiz de Fora, Juiz de Fora, MG, Brasil (e-
mail:moises.ribeiro@ufjf.br).

orthogonality in environments with severe channel effects.
With the advancement of OCDM, [8] proposed an OCDM-
based pilot symbol that adopts the synchronization technique
introduced in [7]. Extending this further, [9] proposed a
sounding sequence composed of multiple OCDM blocks, also
combined with the method in [7]. This evolution enables more
accurate results and a more reliable representation of PLC
channel behavior, particularly in higher frequency bands or in
scenarios with greater temporal variability.

In this context, this paper investigates the application of
OCDM within the PLC measurement methodology presented
in [5], with a specific focus on symbol block synchronization
performance. To this end, a novel OCDM-based sounding se-
quence is proposed, employing a circular shift in the discrete-
Fresnel domain to generate orthogonal symbol blocks. The
performance of this proposal is compared against the OCDM-
based sounding sequence introduced in [9] through numerical
simulations, analyzing the mean, standard deviation, and error
rate of the estimated synchronization points. The obtained
results show that the proposal provides a more reliable symbol
block synchronization, with lower standard deviation and.
consequently, lower symbol block error rate.

The remainder of this paper is organized as follows. Sec-
tion II describes the PLC channel measurement methodology.
Section III introduces the OCDM-based sounding sequences,
while Section IV details the Schmidl & Cox synchronization
technique. Finally, Section V presents the numerical results,
and Section VI provides the concluding remarks.

II. MEASUREMENT METHODOLOGY

Fig. 1 depicts the block diagram of the measurement
setup employed to estimate PLC channels. The measurement
methodology encompasses four stages [5]: (i) transmission
and reception of a sounding sequence, (ii) synchronization,
(iii) channel estimation, and (iv) channel enhancement. The
sounding sequence is essential for these operations and is given
by

s[n] =

K−1∑
i=0

Nf−1∑
m=0

sf [m]δ[n−m− iNf ], (1)

where K is the number of transmission frames of
length Nf and δ[·] denotes the Kronecker delta. More-
over, sf [n] corresponds to the nth element of the vec-
tor representation of the discrete-time frame sequence
sf = [sf [0] sf [1] · · · sf [Nf − 1]]T. This frame is constructed
by concatenating two orthogonal symbol blocks represented
by the vectors x1,x2 ∈ RN×1 with their respective cyclic
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Fig. 1. Block diagram of the discrete-time equivalent representation of the
PLC channel measurement methodology.

prefixes (CPs) of length NCP appended; consequently, Nf =
2(N +NCP).

The sounding sequence is converted to an analog signal
and is then injected into the electric power grid by a coupler
circuit. At the receiver, the signal is collected through another
coupler circuit and digitized. As the transmitter and receiver
have different local oscillators, a sampling frequency offset
(SFO) is expected. Since this paper focuses on symbol block
synchronization, a negligible SFO is assumed.

The PLC channel is assumed to be linear and time-
invariant (LTI) during a symbol block duration. Accordingly,
its discrete-time channel impulse response (CIR) is denoted
by {gch[n]}Lch−1

n=0 , where Lch represents the channel length.
The received sequence is given by

r[n− ηd] =

KNf−1∑
m=0

s[m]h[n− ηd −m] + v[n] (2)

in which {v[n]} denotes a zero-mean additive noise with
E{v[n]v[m]} = 0, ∀ n ̸= m and E{v2[n]} = σ2

v . {h[n]}Lh−1
n=0

represents the equivalent PLC CIR of length Lh such that
h[n] = gt[n] ⋆ gch[n] ⋆ gr[n], with ⋆ being the convolution
operator. Here, {gt[n]}Lt−1

n=0 and {gr[n]}Lr−1
n=0 are the respective

impulse responses of the transmit and receive coupler circuits.
Consequently, Lh = Lt +Lch +Lr − 2. Finally, ηd represents
the time delay between the beginning of the sounding sequence
and the receiver’s local time reference.

Following signal acquisition at the receiver, stage (ii) per-
forms symbol block synchronization to compensate for the
delay ηd. Then, r[n] = S(r[n−ηd]), where S(·) is an operator
used to estimate and correct ηd. In this paper, the symbol block
synchronization technique proposed by Schmidl & Cox [7] is
adopted to obtain {r[n]}.

After serial-to-parallel conversion, CP removal and the

demodulation proccess, the vector representation of the ith

received symbol block in the discrete-Fresnel domain, ẏi ∈
CN×1, is obtained. Then, channel estimation (iii) is performed.
Note that this process strongly depends on the digital modu-
lation adopted and sounding-sequence design [5], [9]. Finally,
channel enhancement (iv) is carried out to mitigate the effect
of additive noise [5]. Considering a CIR estimate {ĥ[n]}N−1

n=0 ,
stage (iv) consists of truncating this sequence to L̂h samples,
which correspond to 99% of its energy, and then zero-padding
it with N − L̂h zeros, resulting in

ĥenh[n] =

{
ĥ[n], n = 0, 1, . . . , L̂h − 1

0, n = L̂h, L̂h + 1, . . . , N − 1
. (3)

III. OCDM-BASED SOUNDING SEQUENCE

Let ẋi = [ẋi[0] ẋi[1] · · · ẋi[N − 1]]T, with i ∈ {1, 2},
denote the vector representation of the ith symbol block in the
discrete-Fresnel domain. The discrete-time version of the ith

symbol block is given by xi = Φ†ẋi, where Φ = F†ΓF is the
discrete Fresnel Transform (DFnT) matrix, F is the normalized
N -size discrete Fourier transform (DFT) matrix, and Γ is a
diagonal matrix containing the eigenvalues of Φ. The structure
of Γ depends on whether the system operates in passband or
baseband. Assuming N ≡ 0 (mod 2p) and p > 2, in the
former case, the (k, k)th element of Γ is given by [10]

Γ[k, k] ≜ e−j π
N k2

, k = 0, . . . , N − 1, (4)

whereas, in the latter case, the (k, k)th element can be ex-
pressed as [9], [11]

Γ[k, k] ≜

{
e−j 2π

N k2

, k = 0, . . . , N
2 − 1,

ej
2π
N k2

, k = N
2 , . . . , N − 1.

(5)

The proposed sounding sequence is designed to comply
with the symbol block synchronization technique proposed
by Schmidl & Cox, which requires symbol blocks to exhibit
identical halves in the discrete-time domain [7]. To generate
an OCDM-based symbol block with this property, as in [9], we
adopt the approach presented in [8], in which the first symbol
block in the discrete-Fresnel domain is expressed as

ẋ1[k] = δ[k] + δ[k −N/2], k = 0, 1, . . . , N − 1. (6)

As aforementioned, effective symbol block synchronization
in the measurement methodology requires the symbol blocks
represented by the vectors x1,x2 ∈ RN×1 to be orthogonal
[5]. In this regard, Pimenta et al. [9] generated the second
symbol block by shifting the first symbol block by one sample
in the discrete-frequency domain, as follows:

ẋ2[k] = ẋ1[k] · ej
2π
N k = δ[k]− δ

[
k − N

2

]
. (7)

In this paper, an alternative approach is proposed to generate
the second symbol block. It consists of applying a circular shift
of ℓ samples to the first symbol block in the discrete-Fresnel
domain, i.e.,

ẋ2[k] = ẋ1[⟨k − ℓ⟩N ], k = 0, 1, . . . , N − 1, (8)

where ⟨a⟩N ≜ a mod N , and ℓ ∈ Z | 0 < ℓ < N/2.
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A. Orthogonality Analysis

To verify the orthogonality between the proposed symbol
blocks in the discrete-time domain, we use their complex
baseband representations for simplicity. In this regard, the
discrete-time version of the first symbol block is given by
[10]

x1[n] = e−j π
4

N−1∑
k=0

ẋ1[k]e
j π
N (n−k)2

= e−j π
4

[
ej

π
N n2

+ ej
π
N (n−N/2)2

]
= e−j π

4 ej
π
N n2

[
1 + e−j π

N nNej
π
N

N2

4

]
(a)
= e−j π

4 ej
π
N n2 [

1 + (−1)nej
π
4 N

]
= e−j π

4 ej
π
N n2

[1 + (−1)n] , (9)

where in (a) the term ej
π
4 N = 1 for the considered values

of N . The discrete-time domain version of the second symbol
block is expressed as

x2[n] = e−j π
4

N−1∑
k=0

ẋ1[⟨k − ℓ⟩N ]ej
π
N (n−k)2

= e−j π
4

[
ej

π
N (n−ℓ)2 + ej

π
N (n−N/2−ℓ)2

]
= e−j π

4 ej
π
N (n−ℓ)2

[
1 + e−j π

N (n−ℓ)Nej
π
N

N2

4

]
= e−j π

4 ej
π
N (n−ℓ)2

[
1 + (−1)(n−ℓ)

]
. (10)

Notice that a circular shift of N samples by ℓ in the discrete-
Fresnel domain results in a circular shift by ℓ in the discrete-
time domain, i.e., x2[n] = x1[⟨n− ℓ⟩N ].

To demonstrate the orthogonality conditions of the proposed
symbol blocks, we compute their cyclic cross-correlation ρ[n]
as follows:

ρ[n] =

N−1∑
m=0

x1[m]x∗
2[⟨n+m⟩N ]

=

N−1∑
m=0

ej
π
N m2

e−j π
N (n+m−ℓ)2 [1 + (−1)m]×[

1 + (−1)n+m−ℓ
]

= e−j π
N (n−ℓ)2

N−1∑
m=0

e−j 2π
N m(n−ℓ)×[

1 + (−1)n−l(−1)m + (−1)m + (−1)n−ℓ
]

= e−j π
N (n−ℓ)2

[
1 + (−1)n−l

]
×[

N−1∑
m=0

e−j 2π
N m(n−ℓ) +

N−1∑
m=0

(−1)me−j 2π
N m(n−ℓ)

]
= e−j π

N (n−ℓ)2
[
1 + (−1)n−l

]
×[

N−1∑
m=0

(
e−j 2π

N (n−ℓ)
)m

+

N−1∑
m=0

(
−e−j 2π

N (n−ℓ)
)m

]
.

(11)

Since N ≡ 0 (mod 2p), the geometric series above can
be simplified. Specifically, the first summation satisfies the

standard DFT orthogonality property:

N−1∑
m=0

(
e−j 2π

N (n−ℓ)
)m

=

{
N, n− ℓ ≡ 0 (mod N)

0, otherwise
(12)

while the second summation, due to the (−1)m term, results
in:
N−1∑
m=0

(
−e−j 2π

N (n−ℓ)
)m

=
1− (−1)Ne−j 2π

N (n−ℓ)N

1 + e−j 2π
N (n−ℓ)

=

{
N, n− ℓ ≡ N/2 (mod N)

0, otherwise.
(13)

Consequently, the cross-correlation function simplifies to

ρ[n] =


2N, n = ℓ

2N, n = ℓ±N/2

0, otherwise.
(14)

The result indicates that the symbol blocks are not orthogonal
for all n, which must be accounted for in the sounding
sequence design. It is important to note that this property was
derived in the complex baseband to simplify the mathematical
manipulation; however, the same correlation characteristics are
preserved in the equivalent baseband representation.

IV. SCHMIDL & COX TECHNIQUE

To estimate the beginning of each symbol block in the
sounding sequence, the Schmidl & Cox scheme first computes
the normalized correlation between two adjacent windows of
length L = N/2 that slide along the received sequence {r[n]}.
The normalized correlation is given by

M [n] =

∣∣r†nrn+L

∣∣2(
r†n+Lrn+L

)2 , (15)

where rn = [r[n] r[n + 1] · · · r[n + L − 1]]T and
rn+L = [r[n+ L] r[n+ L+ 1] · · · r[n+ 2L− 1]]T. They
represent the windows sliding along the received sounding
sequence.

Finally, the beginning of the transmitted sounding se-
quence, η̂, is estimated by averaging the midpoints of the
plateaus, {η̂[q]}Nplateau−1

q=0 , found in {M [n]} [6]. Algorithm 1
details the procedure used to estimate η̂. In the algorithm,
⌊x⌋ = max {n ∈ Z | n ≤ x}. Observe that Algorithm 1 holds
only if the periodicity of {M [n]} is guaranteed. This sequence
has a fundamental period equal to Np = NCP + N , i.e.,
M [n] = M [n+mNp], ∀m ∈ Z. This periodicity is maintained
only if ℓ ̸= NCP. This is a straightforward consequence of the
correlation property of the proposed OCDM-based sounding
sequence demonstrated in (14).

To illustrate the influence of the choice of ℓ on the periodic-
ity of {M [n]}, Fig. 2 shows {M [n]} for a sounding sequence
with N = 1024, NCP = 128, and Np = 1152, comparing
cases where ℓ ̸= NCP and ℓ = NCP. Note that the symbol
blocks of the sounding sequence are designed with identical
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Algorithm 1 Symbol block synchronization
1: Input: Normalized correlation sequence {M [n]} of length

LM , symbol block length N , cyclic prefix length NCP,
and threshold γ.

2: Output: Estimated synchronization point η̂.
3: Np = N +NCP

4: nγ = min{n | M [n] > γ}
5: nfirst = nγ + N

2 +NCP

6: Nwin = ⌊(LM − nfirst)/Np⌋
7: for q = 0 to Nwin − 1 do
8: m = [M [nfirst + qNp], . . . ,M [nfirst + (q + 1)Np − 1]]T

9: P = {p ∈ {0, . . . , Np − 1} | m[p] > γ}
10: if P ̸= ∅ then
11: η̂[q] = min(P)+max(P)

2 + nfirst

12: end if
13: end for
14: Nplateau = length(η̂)
15: η̂ = 1

Nplateau

∑Nplateau−1
q=0 [η̂[q] (mod Np)]

halves, i.e., xi = [x′
i
T
x′
i
T
]T. As shown in Fig. 2, a properly

designed sounding sequence yields

M [n] = 0, n = N/2 +NCP +mNp, ∀ m ∈ Z. (16)

In this case, we have rn = x′
1 and rn+L =

[x′
2[⟨−NCP⟩L] x′

2[⟨1 − NCP⟩L] · · · x′
2[⟨L − 1 − NCP⟩L]]T.

Since x′
2[n] = x′

1[⟨n− ℓ⟩L], with ℓ ̸= NCP, it follows that
rn ̸= rn+L and, consequently, M [n] = 0. However, if
ℓ = NCP, then

M [n] =

{
0, n = L+NCP + 2mNp

1, n = L+NCP + (2m+ 1)Np

, ∀m ∈ Z.

(17)

Specifically, when n = L+NCP+(2m+1)Np, we have rn =
x′
2 and rn+L = [x′

1[⟨−NCP⟩L] x′
1[⟨1−NCP⟩L] · · · x′

1[⟨L−
1 − NCP⟩L]]T. Under the condition ℓ = NCP, it holds that
x′
2[n] = x′

1[⟨n − NCP⟩L], which leads to rn = rn+L and,
therefore, M [n] = 1.

V. NUMERICAL RESULTS

This section presents a numerical analysis of the proposed
OCDM-based sounding sequence in terms of the mean, stan-
dard deviation, and error rate of the estimated synchronization
points. Additionally, a comparison with the OCDM-based
sounding sequence introduced in [9] is provided. For this
analysis, one assumes N = 2048, NCP = 512, and a circular
shift of ℓ = N/8. Furthermore, to estimate the synchronization
points, a threshold γ = 0.8 is applied.

The numerical simulations are conducted using a real
dataset composed of broadband in-home PLC channel fre-
quency response (CFR) estimates collected during the mea-
surement campaign presented in [12]. Specifically, based on
(3), only CIRs of length L̂h = 256 are selected to satisfy the
condition L̂h ≤ NCP/2. Consequently, 53 CFR estimates cov-
ering the frequency band from 1.7 to 100 MHz are considered.

Figs. 3, 4, and 5 compare the proposed sounding sequence
with the one presented in [9] in terms of the mean, standard
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Fig. 2. Normalized correlation, {M [n]}, computed over the proposed
OCDM-based sounding sequence design with two different values of circular
shift: ℓ ̸= NCP (solid line) and ℓ = NCP (dashed line).
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Fig. 3. Mean of the estimated synchronization points, η̂, as functions of
SNR for different values of K.

deviation, and error rate of the estimated synchronization
points η̂, respectively, as functions of signal-to-noise ratio
(SNR), for K ∈ {3, 10, 20}. The results indicate that at higher
SNR regimes, η̂ tends to stabilize near the midpoint between
intersymbol interference (ISI)-free region, [L̂h, NCP]. This
reduces the standard deviation and, consequently, drives the
error rate toward zero. In contrast, at lower SNRs, the additive
noise significantly degrades the estimates computed from both
sounding sequences, resulting in a higher standard deviation,
even though the mean remains within the ISI-free region.
Moreover, one sees that the number of consecutive symbol
blocks K reduces the additive noise degradation on the esti-
mates. Finally, the proposed sounding sequence provides an
average η̂ closer to the ISI-free region midpoint along with
a lower standard deviation, which indicates a more stable
synchronization point. As a result, the proposed sounding
sequence exhibits a significantly lower error rate, converging
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to 0 at approximately 10 dB, whereas the sounding sequence
proposed in [9] requires nearly 20 dB to achieve similar
convergence.

VI. CONCLUSIONS

This paper investigates the suitability of OCDM to a PLC
channel measurement methodology and proposes a novel
OCDM-based sounding sequence, which employs a circular
shift in the Fresnel domain to generate orthogonal symbol
blocks. The proposal is evaluated through numerical simu-
lations in terms of the mean, standard deviation, and error
rate of the estimated synchronization points. Furthermore, it
is compared with an existing OCDM-based sounding sequence
from the literature, which relies on a different symbol block
orthogonalization approach.

Numerical results show that the proposed OCDM-based
sounding sequence provides a more effective orthogonaliza-
tion between consecutive symbol blocks, leading to improved

accuracy in the symbol block synchronization. Compared to
the literature baseline, the proposal achieves lower error rates
across a wide range of SNR regimes, consistently maintaining
synchronization points within the ISI-free region. These find-
ings highlight the OCDM scheme as a promising and robust
solution for PLC channel measurement applications.
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