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CFO Estimation for Subchirp-Mapping Orthogonal Chirp
Division Multiplexing in 6G Wireless Communications

Yifei Wang, Yutaka Jitsumatsu

Abstract—With the evolution of sixth-generation (6G) wireless
networks, orthogonal chirp division multiplexing (OCDM) has at-
tracted significant research attention due to its robustness against
doubly selective channels. However, carrier frequency offset
(CFO) impairs the orthogonality of OCDM signals and leads to
severe performance degradation, especially under high-mobility
scenarios. In conventional full-band OCDM systems, the lack of
explicitly reserved structural redundancy limits the exploitation
of signal structure. To address this issue, this paper proposes a
subchirp-mapping OCDM (SCM-OCDM) framework, in which
OCDM-precoded symbols are embedded onto a structured subset
of active subchirps, while the remaining subchirps are inten-
tionally left null. By exploiting null subchirps, a null-subchirp-
aided (NSA) CFO estimation scheme is developed based on a
leakage-energy minimization criterion. The proposed approach
effectively exploits the reserved null subchirps, thereby enabling
accurate CFO estimation. Simulation results demonstrate that
the proposed method achieves accurate CFO estimation and
substantial performance gains under high-mobility conditions.

Index Terms—6G, SCM-OCDM, CFO, NSA, leakage-energy
minimization, MSE

I. INTRODUCTION

ITH the evolution of 5G-Advanced (5G-A) and sixth-
W generation (6G) wireless networks, there is a growing
demand for waveform designs capable of supporting high data
rates, low latency, and reliable communications in emerging
applications such as vehicle-to-everything (V2X), intelligent
transportation systems, and the Internet of Things (IoT) [1]-
[4]. In this context, orthogonal chirp division multiplexing
(OCDM) has attracted increasing attention as a potential trans-
mission scheme. By employing orthogonal chirp waveforms
instead of sinusoidal subcarriers, OCDM provides improved
robustness against doubly selective channels and burst in-
terference compared with conventional orthogonal frequency
division multiplexing (OFDM) [5]-[7].

Compared with OFDM, OCDM relies on the inverse
discrete Fresnel transform (IDFnT) to spread information
symbols across the entire signal block, thereby exhibiting
a characteristic double-spreading property [8]. This signal
structure provides potential advantages in dispersive wire-
less environments and improves robustness against carrier
impairments. Nevertheless, carrier frequency offset (CFO)
remains a critical issue in OCDM systems, since it destroys
waveform orthogonality and consequently leads to significant

Yifei Wang is with Department of information science and tech-
nology, Graduate School of ISEE, Kyushu University, Japan (e-mail:
ywang @me.inf.kyushu-u.ac.jp).

Yutaka Jitsumatsu is with Department of Informatics, Faculty of ISEE,
Kyushu University, Japan (jitsumatsu@inf.kyushu-u.ac.jp).

This work was supported in part by JSSPS KAKENHI Number JP23K26104
and JP23H00474.

215

performance degradation [9]. Therefore, CFO compensation
is of great importance for OCDM systems. However, this
issue has not been sufficiently investigated in the existing
literature. For OFDM systems, CFO estimation has been exten-
sively studied [10]. Although OFDM diagonalizes a frequency-
selective channel into parallel subcarriers, channel nulls may
still cause multiple CFO candidates to produce similar ob-
servations, resulting in estimation ambiguity. To address this
issue, reserved null subcarriers have been proposed to improve
estimation performance [11]. To facilitate CFO estimation,
a frame structure containing null symbols was designed in
[12], and a null-symbol-based estimator was developed by
exploiting the energy leakage over the null symbols in the
Fresnel domain. However, in multipath channels, conventional
full-band OCDM spreads the signal energy over all subchirps,
making it difficult to preserve null subcarriers for CFO es-
timation as in OFDM. Therefore, CFO estimation methods
relying on null subcarriers become ineffective in full-band
OCDM systems. To address this issue, [13] proposed a null-
subchirp-based noise-subspace CFO estimation method for
OCDM systems by exploiting the covariance matrix of the
received signal. However, the structure of the noise subspace
depends on both the number of reserved null subcarriers and
the channel delay spread. As the channel length is unknown in
practice, the noise subspace cannot be accurately determined,
which degrades the CFO estimation performance.

To overcome the above limitation, this paper proposes
a subchirp-mapping OCDM (SCM-OCDM) transmission
scheme for 6G wireless communications. In the proposed
framework, subchirp mapping embeds OCDM-precoded sym-
bols into a predefined subset of active subchirps while re-
serving the remaining subchirps as null subchirps, thereby
explicitly introducing a structured null-subchirp configuration.
Based on this configuration, a null-subchirp-aided (NSA)
CFO estimation method is introduced by exploiting the
CFO-induced energy leakage from active subchirps to null
subchirps. As a result, the proposed SCM-OCDM scheme
achieves reliable CFO estimation without prior knowledge
of the channel length, while preserving the essential chirp-
domain modulation mechanism of OCDM. Simulation results
show that the proposed approach effectively resolves the CFO
identifiability issue and yields clear gains in CFO estimation
accuracy and bit-error-rate (BER) performance.

Notation: Bold lowercase and uppercase letters denote
vectors and matrices, respectively, while calligraphic letters
denote sets, e.g., x, A, and A. The notation [A],, , denotes
the entry in the m-th row and n-th column of matrix A. The
identity matrix of size N is denoted by Iy, and the zero matrix
of size M x N is denoted by O/« n. The operators (-)T,
(), ()7L ()7, and (-)* denote transpose, Hermitian trans-

APWCS 2026



pose, inverse, Moore—Penrose inverse, and complex conjugate,
respectively. The expectation operator is denoted by E[-].

II. SYSTEM MODEL

As shown in Fig. 1, we consider a baseband-equivalent
SCM-OCDM system impaired by carrier frequency offset
(CFO) over a time-invariant frequency-selective channel.

A. Conventional OCDM System

We consider a conventional OCDM system with a cyclic
prefix (CP), consisting of NV subchirps. The transmitted symbol
vector x(i) = [x1(3),22(4),...,2n5(i)]7 contains both data
and pilot symbols in the ¢-th block. The time-domain signal
is generated via IDFnT, which is given by

s(i) = @ x(i), 1)

where s € CV*! represents the time-domain OCDM signal,
the operator (-) denotes the Hermitian transpose, and ® €
CN*N denotes the discrete Fresnel transform (DFnT) matrix,
whose (m,n)-th entry is defined as

J
[q)}m,n = 71 e_]% {e-

for m,n = 1,..., N. The matrix ® is circulant and unitary,
satisfying ®7® = ®®H = I. Since ® is circulant [5], it
can be diagonalized in the Fourier domain as

(m—n)?

, N =0 mod 2, )
(m+3-1)° N =1 mod 2, (

24zl

® = FITF, (3)
where F denotes the normalized discrete Fourier transform
(DFT) matrix with entries [Flg, = ﬁe’jsz’m, k,n =
1,...,N, and T is a diagonal matrix given by

. 2\ N
r— diag{eﬂ%k }k . )

By substituting (3) into (1), the conventional OCDM time-
domain signal can be rewritten as

s(i) = ®7x(i) = FAT"Fx(i). 5)

B. Subchirp-Mapping OCDM

As shown in Fig. 2, the SCM-OCDM transmitter first maps
the data symbols onto a predefined subset of active subchirps,
while the remaining subchirps are reserved as null subchirps.
We consider an N-subchirps system with K data subchirps
and Np, null subchirps,

K =N — Ny, (6)

Let x4(i) = [z1(3),22(i),...,2x(i)]T € CE*! denote
the K -dimensional data symbol vector in the -th block. The
active-subchirps index set is defined as

AT:{al,ag,...,aK} C {1,2,...

where the subscript 7 indicates that the active-subchirps pattern
may be random. Accordingly, the null-subchirp index set can
be equivalently expressed as the complement of the active-
subchirp index set, which is given by

gr:{l,Q,...,N}\Ar:{917927“'

N )

5gNnull}7 ®)

where A, NG, =@ and A, UG, = {1,2,..., N}. We define
the subchirp-mapping matrix S, € CV*¥ ag

1
Srnm: '
S {0,

where n = 1,2,...,N and m = 1,2,..., K. By introducing
the subchirp-mapping into (4), the transmitted signal of SCM-
OCDM in the i-th block can be written as

n = Qm,
9

otherwise,

s(i) = FIS, Tk Frxq(i). (10)

where Fg € CEX*X s the normalized K-point DFT matrix,
I'x € CKXK js the quadratic-phase diagonal matrix, and
Fﬁ € CNV*N s the normalized N-point IDFT matrix.

C. Channel and CFO Model

We consider a time-invariant frequency-selective channel
characterized by the channel impulse response (CIR)

h = [h(l)vh(2)aah(L”T7 (11)

After CP removal, the received time-domain signal block can
be expressed as

y(i) = C(e HFRS, Tk Frexa(i) + w(i),  (12)

where C(€) € CV*V is the diagonal CFO matrix, H € CNV*V
denotes the circulant channel matrix, w (%) is the additive white
Gaussian noise (AWGN) vector, Fﬁ denotes the normalized
N-point IDFT matrix, S, is the subchirp-mapping matrix.

By applying the N-point DFT to (12), the frequency-domain
received signal can be written as

Y (i) = Fyy(i) = FxC(e)HF S, T Frexa(i) + W (i),
(13)
where W (i) = Fyw(i). Since H € CV*V is circulant, it
can be diagonalized by the normalized DFT matrix as
H =FIAFy, (14)

where A € CV*¥ denotes a diagonal matrix, which is given
by

A = diag(Fyh). (15)
Therefore, (13) can be equivalently rewritten as
Y (i) = FNC(e)FEAFNFES, Tk Fexq(i) + W (i)
=FNC(e)FEAS, Tk Frxq(i) + W(i) (16)

= Cf(G)ASTFKFKXd(Z) + W(Z),
where Cy(e) = FxC(e)F&.

III. NSA-BASED CFO ESTIMATION

In this section, we develop a null-subchirp-aided (NSA)
estimator for the CFO ¢ based on the criterion of minimizing
the leakage energy on the null subchirps. For notational
convenience, the block index ¢ is omitted in the sequel. Thus,
the frequency-domain received signal in (16) can be rewritten
as

Y = C4(e)AS, TxFrxq+ W. (17)

216



SCM-OCDM Transmitter

TX Antenna

Channel
Coding

QPSK
Mapping

H Interleaving {

H Subchirp-Mapping ’—’{

CFO
Compensation
Cs=1(&)

Pilot Extraction
+ Channel
Estimation

FDE /
Equalizer [

SCM-OCDM Receiver

CFO Estimation
(NSA)

DRt Remove CP S/p
using Null Subchirps (@)
(minimize leaked energy)
—_— =
2 . De- Channel Recovered
QPSK Demodulation Interleaving Decoding Data

>
=5
=N
(p)
o]
3

RX Antenna

Fig. 1. Transmitter and receiver diagram of block SCM-OCDM system.
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Fig. 2. Subchirp-mapping and time-domain signal generation
of SCM-OCDM.

Algorithm 1 Proposed NSA-Based CFO Estimation for SCM-
OCDM
Input: Received signal Y, null-subchirp-mapping matrix
So, candidate CFO search interval [—éemax, €max), and num-
ber of search points N,.
1: Construct the candidate CFO grid £ = {€1, o, . ..
uniformly over [—€max, €max)-
for / =1 to N, do
2: Form the null-subchirp component after CFO compen-
sation according to (20).
3: Compute the corresponding cost function according to
(22).
end for
4: Obtain the CFO estimate by minimizing the cost function
according to (22).
Output: Estimated CFO é.

ugNE}

where Cy(¢) denotes the frequency-domain CFO matrix, A is
the diagonal matrix whose diagonal entries correspond to the
frequency-domain channel response.

We define the null-subchirp-mapping matrix Sg € CV*Nnun

as
n :gmu

. (18)
otherwise,

1

S n,m — ’

[Soln. { 0

where n = 1,2,...,N and m = 1,2,..., Nyuu. Then, the
received signals observed on the null subchirps are given by

Y,=SlY. (19)

For a trial CFO value €, the corresponding frequency-
domain compensation matrix is written as C;l (€). After CFO
compensation, the null-subchirp component becomes

Yo(6) =sfcyl(e)Y. (20)

Ideally, when € = ¢, the CFO-induced leakage from the active
subchirps to the null subchirps is minimized. Therefore, the
CFO can be estimated by minimizing the residual energy over
the null subchirps, which is given by

€ = argmin J(€), 2D
where the cost function is defined as
L 2
J@) = HSOTCJ? (€)YH2 . 22)

Since the null-subchirp positions are explicitly predefined by
the subchirp-mapping and do not depend on the channel
length, the proposed estimator can directly exploit the resulting
structured null-subchirp configuration without requiring prior
knowledge of the channel length. Once the CFO estimate € is
obtained, CFO compensation is first performed on the received
signal block. After compensation, the received signal in the
frequency domain can be expressed as

Y (i) = AS, Tk Frx4(i) + W(3). (23)
For notational simplicity, define
B =AS, T'xFg. (24)
Then, the data symbols can be recovered by
%4(i) = GY (i), (25)
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TABLE 1. Simulation Parameters

Value
10 MHz
256, 512, 1024
1/4
EVA channel
QPSK
0.1, 0.2, 0.3, 0.4, 0.5

System Parameter
System bandwidth
OCDM FFT length N
CP ratio
Channel model
Modulation method
Null Subchirp occupancy ratio p

where G denotes the frequency-domain equalizer. Specifically,
the ZF and MMSE equalizers are respectively given by

Gzr = BT, (26)

and

2 —1
Gause = BY (Z,IN + BBH) . (27)

S

IV. SIMULATIONS

In this section, simulation results are provided to evaluate
the performance of the proposed SCM-OCDM scheme and
the associated NSA CFO estimator. The signal-to-noise ratic
(SNR) is defined as E /02, where F; is the average symbol
energy and o2 is the noise variance. To assess the CFQ
estimation performance, the mean square error (MSE) is

defined as
MSE — 2 XQ:( (@) A<q>>2
= — el —¢ ,
Q=

where @ is the number of Monte Carlo runs, and €@ and
¢(9) denote the true and estimated CFO values in the g-th run,
respectively. In each Monte Carlo trial, the normalized CFO ¢
is randomly generated over [—0.5, 0.5], and the candidate CFO
grid for the NSA estimator is uniformly sampled over the same
interval with step size of Ae = 0.0005. At each SNR point,
the reported results are averaged over () independent Monte
Carlo runs to ensure statistical reliability. The main simulation
parameters are summarized in Table I. The number of Monte
Carlo iterations is set to () = 100 in (28). The null-subchirp
occupancy ratio is defined as

(28)

Nuun
N

Fig. 3 illustrates the MSE versus SNR performance of NSA
estimation for different null subchirps occupancy ratios p,
where the DFT length is set at N = 512. It can be observed
that the estimated MSE decreases monotonically as the SNR
increases for all considered values of p, which indicates that
the proposed estimator benefits significantly from higher SNR
conditions. Moreover, a larger occupancy ratio yields better
estimation accuracy across the entire SNR range. Specifically,
for a target MSE of 1072, the required SNR is about 15
dB for p = 0.3, whereas it increases to around 17 dB for
p = 0.2 and 18 dB for p = 0.1. This corresponds to an
SNR gain of approximately 2 dB (compared to p = 0.2) and
3 dB (compared to p = 0.1) when increasing the subchirp
occupancy ratio. These results indicate that a larger number
of null subchirps improves both robustness and estimation
accuracy for the proposed NSA scheme.

(29)

TABLE II. Power Delay Profile of the EVA Model

Excess tap | o1 35 | 150 | 310 | 370 | 710 | 1090 | 1730 | 2510
delay (ns)

Relative | 1 sl 14| 36 | 06| 91| 70 | -120 | -169
Power (dB)

MSE

10.6 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

SNR [dB]
Fig. 3. MSE-SNR results of NSA estimation for different
subchirp occupancy ratios p.

Fig. 4 illustrates the MSE—p performance of NSA estima-
tion for different SNR values, with the DFT length fixed at
N = 512. It is observed that the estimation MSE decreases
monotonically as the subchirp occupancy ratio p increases for
all considered SNRs. Meanwhile, for any given p, a higher
SNR yields better estimation accuracy. As p increases from
0.1 to 0.3, the MSE is reduced by approximately 5 dB at
SNR = 10 dB. However, further increasing p beyond 0.3
yields only marginal improvement, particularly in the high-
SNR regime where the performance tends to saturate. These
results demonstrate that increasing the subchirp occupancy
ratio effectively enhances both robustness and estimation accu-
racy for the proposed NSA estimator, while the gain becomes
limited for larger p.

Fig. 5 illustrates the BER performance versus SNR for
different normalized frequency offsets e, with and without
compensation. It can be observed that, for e = 0.10 and € =
0.20, the BER decreases monotonically as the SNR increases
in both cases, while the compensated scheme consistently
achieves better performance, especially in the medium-to-high
SNR region. For example, when € = 0.10, the BER decreases
to around 1073 at SNR = 4 dB without compensation,
whereas it is further reduced to approximately 2 x 10~% with
compensation. A similar trend can be observed for € = 0.20,
where the BER at SNR = 4 dB is about 3 x 10~2 without
compensation but drops to around 8 x 10~* after compensation.
In the severe offset case of ¢ = 0.45, the uncompensated
BER remains almost unchanged at about 5 x 10~! over the
entire SNR range, indicating a pronounced error floor. By
contrast, the proposed compensation effectively suppresses this
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degradation and reduces the BER to approximately 2 x 10~4
at SNR = 4 dB. These results demonstrate that the pro-
posed compensation method can substantially mitigate the
performance loss caused by frequency offset and significantly
improve the reliability of the system, particularly when the
offset is large.

V. CONCLUSION

This paper investigated the CFO estimation problem in
SCM-OCDM systems. An SCM-OCDM framework was pro-
posed by mapping OCDM-precoded symbols onto a subset
of active subchirps while reserving the remaining subchirps
as null subchirps. Based on this sparse subchirp structure,
a null-subchirp-aided (NSA) CFO estimator was developed
using a leakage-energy minimization criterion. The proposed
method exploits the reserved null subchirps to identify the

CFO without requiring prior knowledge of the channel length.
Simulation results showed that the proposed NSA scheme
achieves accurate CFO estimation and significantly improves
the BER performance of SCM-OCDM systems under CFO
impairment.
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