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Abstract

Classical coherent chaos shift keying (CSK) provides certain physical-layer advantages
by exploiting chaotic waveforms, but it relies on fragile chaos synchronization, which is
difficult to maintain in multipath fading channels. To overcome this limitation, we propose a
novel non-coherent CSK detector based on the spectral centroid (SC)—the center of mass of
the power spectral density. We demonstrate that the SC is an intrinsic invariant of a chaotic
map, enabling a fixed-threshold detection scheme that requires no synchronization, no
reference sequence, and no channel estimation. Simulation results over multipath Rayleigh
fading channels show that the proposed system significantly outperforms conventional CSK
pairs. Unlike coherent CSK, which suffers from an error floor under frequency-selective
fading, the proposed SC-CSK system benefits from frequency diversity and achieves robust
performance. Moreover, while conventional differential chaos shift keying (DCSK) degrades
severely under high-mobility scenarios, the proposed system maintains a stable BER across
a wide range of Doppler shifts. The receiver is lightweight, interpretable, and well-suited
for resource-constrained applications such as Internet of Things (IoT) devices.

Keywords: chaos shift keying (CSK); multipath Rayleigh fading; spectral centroid;
non-coherent detection

1. Introduction

The fifth-generation (5G) and next-generation wireless networks, including the en-
visioned sixth-generation (6G), are designed to support enhanced physical-layer security,
massive connectivity, and low-complexity device design. Among various physical-layer
techniques, chaotic modulation has attracted considerable attention due to its inherent
wideband, noise-like, and deterministic but unpredictable properties, which are favorable
for low-probability-of-intercept (LPI) and anti-jamming communications [1,2].

Chaos-based digital communications uniquely combine information transmission with
inherent secrecy. This concept was articulated in seminal theoretical works on chaos-based
digital communications [3], and has been further validated by recent advances, includ-
ing chaotic information metasurfaces for direct physical-layer secure communication [4]
and chaotic optical communication for secure free-space links under adverse weather
conditions [5]. Collectively, these efforts demonstrate that chaotic signals can simultane-
ously carry information and provide security without relying on conventional encryption.
Among various chaotic modulation schemes, chaos shift keying (CSK) is the most fun-
damental [6]. In CSK, information bits are mapped to different chaotic basis functions,
each generated by a distinct chaotic map. Despite its conceptual simplicity and excellent
security, classical CSK requires the receiver to regenerate the same chaotic sequence as the
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transmitter—a process known as chaos synchronization [7]. Although chaos synchroniza-
tion has been theoretically proven in additive white Gaussian noise (AWGN) channels, it
becomes extremely challenging to maintain in multipath fading channels [3]. Consequently,
the practical implementation of coherent CSK faces significant difficulties.

To circumvent the synchronization requirement, differential chaos shift keying (DCSK)
was introduced by Kolumban et al. [8]. In DCSK, each symbol consists of a reference
sequence followed by an information-bearing sequence delayed by half the duration of the
symbol. The receiver performs a delayed correlation to recover the bit, eliminating the need
for chaotic synchronization. This elegant design has been extended to various application
scenarios, including vehicular communications [9], terrestrial-satellite hybrid free-space
optical/Radio Frequency (FSO/RF) links [10], and covert wireless communications [11].

In recent years, numerous DCSK variants have been proposed to overcome its inherent
limitations. Early efforts exploited index modulation (IM) techniques, which use the indices
of carriers, time slots, codes, or permutations to convey additional information bits with
little or no extra energy. Representative works include carrier index DCSK (CI-DCSK) [12],
time slot index DCSK [13], code index DCSK (CIM-DCSK) [14], and permutation index
DCSK (PI-DCSK) [15]. To further enhance data rate and spectral efficiency, subsequent
works generalized the concept to multi-dimensional IM, where two or more indices are
jointly exploited, such as Carrier-Time-Code Index Modulation Differential Chaos Shift
Keying (CTCIM-DCSK) [16] and Hybrid Carrier-Code and Reference Index Modulation
in DCSK System With Time-Frequency Resources (HCCRIM-TF-DCSK) [17]. These index-
based schemes have significantly improved the data rate and spectral efficiency while
maintaining favorable BER performance.

Parallel to IM, another line of research has focused on waveform and physical-layer
structure improvements. Representative designs include three-dimensional non-constant-
envelope constellation-assisted DCSK [18], generalized multilevel code-shifted DCSK [19],
low-peak-to-average power ratio (low-PAPR) orthogonal frequency division multiplexing
differential chaos shift keying (OFDM-DCSK) for integrated sensing and communication
(ISAC) [20], and matrix-index assisted multi-carrier DCSK for physical-layer security [21].
Orthogonal time-frequency space modulation with differential chaos shift keying (OTFS-
DCSK) with alternating direction method of multipliers (ADMM)-based detection for
high-mobility scenarios [9] has also been proposed. Moreover, polar-coded and space-
time-block-coded DCSK schemes have been developed to further enhance transmission
reliability and diversity gain [22,23].

Despite these advances, most DCSK schemes still require a reference sequence per
symbol, which not only reduces spectral efficiency but, more critically, creates a funda-
mental security vulnerability. This predictable anchor point makes the system particularly
susceptible to malicious attacks, such as pulse jamming, where the known signal structure
can be exploited to significantly degrade performance [24].

To mitigate these vulnerabilities, various security enhancement mechanisms have
been integrated into DCSK designs. Examples include an reconfigurable intelligent surface
(RIS)-enabled M-ary DCSK system with block interleaving, where a chaotic merging sort
algorithm is used to encrypt interleaving patterns, and security metrics such as information
leakage and probability of secrecy outage are analyzed [25]. A permutation-index-based
OFDM-DCSK system has been developed with physical-layer secrecy analysis, derived
from secrecy capacity and secrecy outage probability to quantify the performance disparity
between legitimate and eavesdropping receivers [26]. More recently, a reference-modulated
DCSK (RM-DCSK) system employing a 2D memristor-coupled Chebyshev map has been
proposed for power line communication, where a stream cipher with SHA-512 hashing is
used to encrypt data prior to modulation, reinforcing security against both eavesdropping
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and differential attacks [27]. However, these approaches either incur increased system
complexity, rely on reference signal transmission, or require channel state information at
the transmitter, limiting their practicality in certain scenarios.

Recently, deep learning (DL)-based architectures have emerged that shift the focus
back to CSK while eliminating the need for chaotic synchronization. By learning chaotic
signal characteristics during offline training, these receivers remove the requirement for
reference signals [28-30]. Nevertheless, these approaches face inherent limitations: they
require extensive offline training, are sensitive to channel variations, and fail to fully exploit
the distinct properties of chaotic signals.

To address this, recent works have incorporated spectral features into DL-based re-
ceivers. For example, the PSD-DLCSK scheme uses the power spectral density (PSD) as a
deep neural network (DNN) input [31], and a dual-domain DL-non-orthogonal multiple
access-CSK (DL-NOMA-CSK) system jointly processes time- and frequency-domain infor-
mation [32]. Both demonstrate that the PSD is an effective discriminant. However, they still
suffer from the aforementioned DL limitations: high complexity, lack of interpretability,
and dependence on offline training.

This observation motivates our work. Instead of relying on data-hungry black-box
neural networks, we propose extracting a simple yet informative physical feature—the
spectral centroid, defined as the center of mass of the PSD. This single scalar captures
the essence of the PSD shape and serves as a natural discriminant for different chaotic
maps. Our approach requires no offline training, no chaotic synchronization, and no
reference signal transmission, offering a lightweight, interpretable, and computationally
efficient alternative to existing DL-based solutions that also exploit PSD features. The main
contributions of this paper are summarized as follows.

*  We establish that the spectral centroid (SC) is an intrinsic invariant of a chaotic map,
independent of the initial condition, and provide SC values for 11 commonly used
chaotic maps. Based on this invariance, we develop a non-coherent CSK detector with
a fixed threshold determined solely by the map pair.

e  With a proper selection of chaotic map pairs, extensive simulations over multipath
Rayleigh fading channels demonstrate that the proposed scheme achieves significantly
better BER performance than conventional CSK, while requiring no synchronization,
no reference sequence, and no channel estimation.

*  The robustness of the proposed scheme is further validated under various multipath
configurations and under high-mobility scenarios with large Doppler shifts, where
conventional DCSK suffers from severe performance degradation.

The remainder of this paper is organized as follows. Section 2 describes the system
model, including the chaotic maps, the multipath Rayleigh fading channel, and the def-
inition of the spectral centroid. Section 3 presents the theoretical analysis, covering the
invariance of the spectral centroid, the derivation of the decision threshold, and the sepa-
rability criterion for map pair selection. Section 4 provides simulation results to evaluate
the BER performance of the proposed scheme under various channel conditions. Section 5
concludes the paper.

2. Novel System Model

In this section, we present the complete system model of the proposed spectral-
centroid-based CSK (SC-CSK) scheme. The block diagram of the proposed system is shown
in Figure 1.
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Figure 1. Block diagram of the proposed SC-CSK system.

2.1. CSK Transmitter

In classical CSK, information bits are mapped to different chaotic basis functions. Let
the preprocessed output vectors generated by chaotic generator 1 and chaotic generator
2 in Figure 1 be denoted as x = [, %, .. .,fﬁ]T and X = [, %2, . ..,fﬁ]T, respectively.
Letd, € {O, 1} represent the n-th transmitted binary symbol. During the n-th symbol
transmission over the channel, the continuous-time transmitted signal s, (t) is given by

p—1
Sn(t) = Z Sn,kg(t _ch)/ 0<t< Tb (1)
k=0

where g(t) is the pulse shaping filter, and s,,  is the k-th chip of the n-th transmitted symbol,
given by
%, ifdy, =0,
Spk = (2)
Xk, ifd, =1.

The proposed system follows the conventional CSK transmission framework, which is
inherently a spread-spectrum communication scheme. The spreading factor  represents the
number of chaotic chips used to transmit one information bit. Specifically, each information
bit with duration T}, is spread into a chaotic sequence containing f chips, where the duration
of each chaotic chip is given by T, = T}/ B.

In practical CSK systems, B is a configurable parameter that determines the trade-
off among detection performance, computational complexity, and transmission efficiency.
A small § may result in insufficient chaotic samples for exploiting the statistical character-
istics of the chaotic sequence, whereas a large 8 increases the number of chaotic samples
processed for each transmitted bit and thus increases the computational cost. Therefore, ap-
propriate values of B are selected in the simulation study according to different evaluation
scenarios.

2.2. Spectral-Centroid-Based Receiver

At the receiver side, the transmitted signal is subject to channel fading and additive
noise. For multipath Rayleigh fading channels, the channel impulse response is given by

L
h(t) =) Ao(t—1), (©)
i=1
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where L denotes the number of multipath components. Here, A; denotes the complex-
valued fading coefficient, whereas 1) represents the real-valued propagation delay of the
I-th path. For each path [, the fading coefficient is modeled as

Al=a —|—jbl, 4)

where 4; and b; are independent zero-mean Gaussian random variables with variance
o7, following the conventional Rayleigh fading channel model [33]. The independence
of the real and imaginary components results from the circularly symmetric complex
Gaussian assumption widely adopted in wireless channel modeling. The additive noise
term represents the receiver thermal noise and is modeled as AWGN. The channel power is
normalized such that Y- | E[|A;]?] = 1.

Consequently, the received signal for the n-th symbol can be expressed as

rn(t) = h(£) @ su(t) +wa(t), 0<t<T 5)

where ® denotes convolution, s, (t) is the transmitted signal defined in (1), and w;,(t) is the
additive white Gaussian noise (AWGN) with zero mean and power spectral density Ny/2.
Although the transmitted waveform is formulated in the continuous-time domain,
the receiver performs all subsequent signal processing in the discrete-time domain after
matched filtering and sampling. The receiver is assumed to have prior knowledge of
the selected chaotic map pair and the corresponding threshold <y, which are determined
during system initialization and shared between the transmitter and receiver. During data
detection, no reference sequence or local chaotic synchronization is required. Specifically,
the received continuous-time signal r,(t) is first passed through a matched filter and
sampled at the sampling interval T in Figure 1b, yielding the discrete-time sequence

rn/k:rn(t)h:kn, kIO,l,...,‘B—l.

The spectral centroid is then calculated based on the discrete-time sequence r, =
(Fn,0,Tnas - rn,ﬁ_l]T through FFT and power spectrum estimation. Finally, the obtained
SC value is compared with a predetermined threshold v to recover the transmitted bit
dy. The threshold 1 is obtained offline according to the spectral centroid characteristics
of the selected chaotic basis pair and is assumed to be available at the receiver before
communication. Since the proposed detector only exploits the spectral centroid of the
received sequence, the receiver does not require knowledge of the chaotic map pair or the
generation of local chaotic reference sequences during detection. Specifically, the decision
variable Z, (the spectral centroid) is computed from r;, through the following four steps.

Step 1 (DFT): Compute the B-point discrete Fourier transform of the received sequence

Iy, = [rn,Or LR VEERY’ rn,ﬁfl]T:
p—1 o
R(k)= Y r, e 2™/F  k=0,1,...,8-1. 6)
i=0

Step 2 (Power spectrum): Retain only the first half of the spectrum:

Step 3 (Normalized frequencies): Define the normalized frequencies:
_k _ B
fk_,B’ k—0,1,...,\‘2J—1. (8)
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Step 4 (Spectral centroid): Compute the decision variable Z, as the spectral centroid:

[B/2]-1
fr P(k)
=
Zy = 572] 1 )

The spectral centroid is the center of mass of the PSD. Physically, a small Z,, indicates
that the signal energy is concentrated at low frequencies, while a large Z, indicates con-
centration at high frequencies. For a perfectly flat spectrum, Z,, = 0.25 (the midpoint of
the frequency range [0, 0.5]). The decision threshold 7y is determined offline according to
the SC distributions of the selected chaotic map pair and is assumed to be available at the
receiver before communication.

Decision rule: The detected bit d,, is obtained by comparing Z, with a fixed thresh-
old ~:

0, iftZ,>n1,
= (10)
1, ifZ, <»7.

>

B
|

By convention, the chaotic map with the higher Z, mean is used for bit 0, and the one
with the lower Z,, mean is used for bit 1. The threshold v is predetermined as the arithmetic
mean of the two SC means and remains constant for all operating conditions.

The entire receiver processing consists of one S-point FFT, O(B) operations to compute
the weighted sum and sum of powers, and one comparison. These operations are standard
and well-supported by efficient hardware implementations (e.g., FFT processors, multiply-
accumulate units), making the proposed receiver practical for real-time applications.

For practical deployment, the system operates as follows: (i) select a map pair with
large SC separation; (ii) precompute the SC means of the two maps offline and set -y to their
midpoint; (iii) the threshold <y is hard-coded in the receiver and never updated. Per symbol,
the receiver merely performs an FFT, computes the SC, and compares it with . No chaos
synchronization circuit, delay line, reference sequence storage, channel estimation module,
or adaptive threshold logic is required. This low hardware complexity makes the proposed
scheme particularly attractive for resource-constrained IoT and sensor nodes.

3. Theoretical Analysis

This section establishes the theoretical foundation for the proposed spectral-centroid-
based detection scheme. The logic proceeds as follows: (i) different chaotic maps have
distinct power spectral densities (PSDs); (ii) distinct PSDs yield different spectral centroids
(SCs); (iii) the SC is a map invariant independent of initial conditions; (iv) channel fading
and additive noise do not change the mean SC. Therefore, the SC can serve as a decision
statistic with a fixed, predetermined threshold.

3.1. Spectral Centroid as a Map Invariant

For a general chaotic map, due to the ergodicity of chaotic systems, the SC can be
accurately estimated numerically using long-sequence averaging. Table 1 lists the SC values
for 11 commonly used chaotic maps, including asymptotic values (as § — o), practical
values at the operating length g = 180, and standard deviations.
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Table 1. Spectral centroid (SC) values for the chaotic maps used in simulations.

Map Parameters SC(B — »)  SC(B =180) osc

Logistic r=237 0.408 0.408 0.009
Logistic r=239 0.344 0.344 0.006
PiecewiseLogistic ~ r =3.99 0.308 0.308 0.0187
ICMIC a=20 0.155 0.155 0.008
Bernoulli r=15 0.176 0.176 0.010
Bernoulli r=1.8 0.187 0.187 0.010
Chebyshev k=4 0.250 0.250 0.006
PWLCM p=204 0.250 0.250 0.005
Sine r=209 0.409 0.409 0.009
SkewTent p =0.15 0.398 0.398 0.0147
SkewTent p =0.10 0.423 0.423 0.0140
Cubic a=4.0 0.250 0.250 0.007

Note: SC values are averaged over 10° independent realizations. osc denotes the standard deviation at 8 = 180.

Several important observations can be drawn from Table 1. First, different chaotic
maps exhibit distinct mean spectral centroid (SC) values, which can be broadly classified
into three categories: (i) maps with relatively high SC values, such as the Logistic map
(r = 3.7, SC =~ 0.41), the Piecewise Logistic map (r = 3.99, SC ~ 0.34), the Sine map,
and the Skew Tent map; (ii) maps with intermediate SC values, including the Cubic,
Chebyshev, and PWLCM maps, whose mean SC values are around 0.25; and (iii) maps with
relatively low SC values, such as the ICMIC map (a = 2.0, SC = 0.15) and the Bernoulli
map (r = 1.8, SC ~ 0.19). Second, even within the same chaotic map family, different
control parameters may produce significantly different SC values. This is because the
control parameter changes the dynamical behavior of the chaotic map, thereby affecting the
temporal correlation properties of the generated sequence, its power spectral density (PSD),
and consequently the resulting SC. More generally, the observed SC differences originate
from the distinct dynamical characteristics of the chaotic maps, which result in different
autocorrelation structures and consequently different spectral distributions.

Figure 2a shows the PSDs of four representative chaotic maps under ideal (channel-
free) conditions. Skew Tent (p = 0.15) and Logistic (r = 3.9) exhibit dominant high-
frequency components, with their spectral energy concentrated around f = 0.48 and
f = 0.38, respectively. In contrast, ICMIC (a = 2.0) exhibits a pronounced low-frequency
concentration around f = 0.05, while the Bernoulli map (r = 1.8) is also dominated by
low-frequency components with a more gradually decaying spectrum. These distinct
PSD characteristics give rise to the differences in spectral centroid (SC) values among the
chaotic maps. Figure 2b illustrates the corresponding PSDs after transmission through
a multipath Rayleigh fading channel at an SNR of 30 dB. Although frequency-selective
fading introduces random fluctuations into the PSD, the overall spectral centroid of each
chaotic map remains largely unchanged. This observation provides the physical basis for
the proposed SC-based non-coherent detector and will be analyzed quantitatively in the
following subsections.
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Figure 2. PSD of four representative chaotic maps: (a) ideal (no channel); (b) after multipath Rayleigh
channel at SNR = 30 dB.
3.2. Effect of AWGN on Spectral Centroid

Consider first a pure AWGN channel (no multipath), where the received signal is
r(n) = s(n) + w(n). Since the signal and noise are uncorrelated, the power spectrum of the
received signal is

P,(k) = E[[R(K)”] = [S(k)|* + o, = Ps(k) + 0%, (11)

where Ps (k) is the power spectrum of the transmitted signal. AWGN appears as a uniform
noise floor elevation in the power spectrum.
Substituting (11) into the definition of the spectral centroid yields

_ 5 fi(Pa(k) +0%)
M N(P(k) +03)

(12)

where M = | 8/2], fx = k/B, and 02 is the noise variance.

Let Ep = ZkM:61 Ps(k) = B (since the signal energy is normalized to one per sample),
and define the signal spectral centroid as SC(s) = Eip Y} fiPs(k). The sums of the
frequency weights are

ka—/8 —=—, Yi=m (13)
k=0

For large B, we have M =~ /2 and } fx =~ B/8. Substituting these approximations
into (12) gives the following simplified expression that reveals the asymptotic behavior:

SC(s) -SNR +1/8

Zy = 14
" SNR+1/2 ' 14
where SNR = 1/02. As SNR — oo, Z,, — SC(s); as SNR — 0, Z,, — 1/4.
For exact calculations at finite , one should use the precise expression
SC(s) - p+ 02 - UMD
Z, = v % M=|p/2) (15)

B+ oM
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Remark 1. Equation (14) reveals that AWGN causes the SC to contract toward 1/4. However,
this contraction is symmetric for both maps: if SC(sg) > 1/4 and SC(s1) < 1/4, then AR
1/4 > Z,(f) for any SNR. More generally, if the two SC means are symmetric about some point,
that point remains the optimal threshold for all SNRs.

3.3. Effect of Multipath Fading on Spectral Centroid

In a multipath channel, the frequency-domain representation of the received signal is
R(k) = H(k)S(k) + W(k), (16)

L o
H(k) = Y A /2mku/k, (17)
=1

where H(k) is the channel frequency response, and A; and 7; are the complex fading
coefficient and delay of the /-th path as defined in (3). The power spectrum becomes

Py (k) = [H(k)[*Ps(k) + 0. (18)

Compared with pure AWGN, the multipath configuration introduces frequency-
selective multiplicative distortion |H (k) |?.

Taking the expectation over channel realizations and using the channel power normal-
ization E[|H(k)[?] = Y-, E[|\[?] = ©f_; P, = 1, where P, = E[|A;[?] denotes the average

power of the I-th path, satisfying Y/ ; P = 1, we obtain
B[P (k)] = Ps(k) + 0. (19)

This is identical to the pure AWGN case. Consequently, the expected SC under
multipath fading is o

_SC(s) 'SNR+1/8
By [Zn] ~ SNR+1/2 7

(20)

which is the same as (14).

Remark 2. Multipath fading does not bias the SC estimate; it only increases its variance. The vari-
ance Vary,[Z,] depends on the frequency selectivity of the channel. A larger delay spread (e.g.,
larger 7)) causes |H (k) |* to fluctuate more rapidly across frequency bins, and these fluctuations are
averaged out in the summations of the SC calculation, resulting in smaller variance—a frequency
diversity effect. Conversely, a very small delay spread makes |H (k)|? nearly flat, and a deep fade
can affect the entire signal band, leading to larger variance. This explains the counter-intuitive
observation that increasing the second-path delay improves BER performance (to be verified in
Section 4).

Importantly, multipath increases the variance of the decision statistic but introduces
no bias. This is the fundamental reason why a fixed threshold remains feasible under
multipath fading, in contrast to DCSK, where the reference sequence itself is distorted by
the channel, causing both bias and increased variance in the correlation output.

As the delay spread increases, |H(k)|? fluctuates more rapidly across frequency bins,
leading to a reduction in the estimation variance (Tczh(’f). This effect, which we term

frequency diversity, is characterized by the channel-induced variance
2 _ 2
0% (1) = E|(Zs — E[Z4])?], @)

which is empirically observed to decrease with T .
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Consider a two-path multipath channel with delay 7. The channel frequency re-
sponse is H(f) = 1+ ¢ /2T, and its power transfer function is |H(f)|> = 4 cos?(nfT).
The spectral nulls occur at frequencies f = (2n+1)/(27).

When 7 is small (e.g., T = 1), the first null is located at f = 0.5. This null may fall
within the signal’s energy-concentrated band, causing severe distortion that affects the
entire signal spectrum. Consequently, the SC estimate exhibits large variance.

When 7 is sufficiently large (e.g., T = 50), the first null shifts to a very low frequency
(f = 0.01), far from the signal’s energy-concentrated band. In this case, |H(f)|? fluctuates
rapidly across the signal band, creating multiple independent fading realizations. The sum-
mation operations in the SC calculation average over these independent fluctuations,
effectively reducing the estimation variance.

As T increases, the coherence bandwidth B, =~ 1/7 decreases, and the number of
effectively independent frequency bins within the signal band increases. This frequency
diversity reduces 03 (7), leading to improved BER performance. In the limit of very
large 7, |H(k)|? becomes uncorrelated across frequencies, and ¢3 () tends to zero. This
analysis reveals a fundamental advantage of the proposed SC-CSK scheme: unlike conven-
tional DCSK, which suffers from severe inter-symbol interference (ISI) as delay increases,
the SC-CSK detector exploits large delay spreads to achieve frequency diversity, thereby
improving performance.

The overall variance of the SC estimator can be decomposed into three independent

contributions: )
1o N
Var[Zn] = FO + ﬁ + (.TCZh ’ (22)

S~ " channel

intrinsic ~ noise
where o7 is the single-sample SC variance of the chaotic map, Ny/2 is the noise power
spectral density, and 0 is the channel-induced variance analyzed in (21). The first two
terms decay as 1/, indicating that increasing the spreading factor 5 reduces the estimation
variance and improves detection reliability.

3.4. Threshold Determination and Map Pair Selection

From the analyses above, the conditional expectations of Z,, under the two hypotheses

are _
SC;-SNR+1/8

SNR+1/2 '

Under equal prior probabilities and assuming approximately equal variances, the op-

E[Z, | H] = i=0,1. (23)

timal threshold that minimizes the BER is the midpoint of the two conditional means:

E[Z, | Hy)) +E[Z, | H SCy +SCq) -SNR/2+1/8

For high SNR (SNR > 1), yopt — (SCo + SCy) /2. For low SNR, the threshold shifts
toward 1/4, but due to the symmetric contraction of both conditional means, the midpoint
remains near-optimal. Therefore, the fixed threshold

. ﬁA +§B

> (25)

is robust across the entire SNR range.
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Not all map pairs are equally suitable for SC-based detection. To quantitatively
evaluate map pairs, we define the separability index

o= |SC4 —SCp|
\/05 + 03

A larger p indicates smaller overlap between the two SC distributions and, hence,

(26)

better detection performance.

Table 2 lists the candidate chaotic map pairs together with the decision threshold
7, mean SC separation ASC, standard deviations 04 and ¢p, and separability index p.
Among all the evaluated combinations, the pairs consisting of Logistic (r = 3.9) versus
ICMIC (a = 2.0) and Sine (r = 0.9) versus ICMIC (a = 2.0) achieve high separability indices
of p = 18.82 and p = 20.58, respectively. These two map pairs exhibit several desirable
characteristics: (i) relatively large separations between the mean SC values (ASC = 0.19
and 0.16, respectively); (ii) small SC standard deviations (01 ogistic = 0.006, 0sine = 0.009,
and oicvic = 0.008); and (iii) sufficiently distinguishable SC distributions with limited
overlap, which facilitate reliable threshold-based detection.

Table 2. Spectral-centroid separability analysis of different chaotic map pairs.

Chaotic Map Pair ¥ |ASC| A 0B p

Logistic (3.9) vs. ICMIC (2.0) 0.2495 0.1899 0.0056 0.0084 18.82
Logistic (3.7) vs. Cubic (4.0) 0.3292 0.1577 0.0089 0.0155 8.81
Sine (0.9) vs. ICMIC (2.0) 0.2820 0.2550 0.0091 0.0084 20.58
Piecewise Logistic vs. ICMIC (2.0) 0.2314 0.1539 0.0187 0.0084 7.50
Skew Tent (0.10) vs. ICMIC (2.0) 0.2891 0.2693 0.0140 0.0084 16.53
SkewTent (0.15) vs. ICMIC (2.0) 0.2763 0.2435 0.0147 0.0084 14.40
SkewTent (0.15) vs. Bernoulli (1.8) 0.2924 0.2436 0.0147 0.0137 10.53

Although the Sine-ICMIC pair achieves a slightly higher separability index (o = 20.58)
than the Logistic-ICMIC pair (p = 18.82), the Sine map exhibits a larger SC standard
deviation, resulting in a relatively wider SC distribution. This increased dispersion may
affect the detection performance under practical channel conditions, as observed in the
simulation results presented in Figure 3. Therefore, while the separability index p provides
an effective measure of the statistical distinguishability between two chaotic basis sequences,
the final detection performance is also influenced by the detailed distribution characteristics
of the SC values.

For comparison, the conventional chaotic map pairs, namely Logistic (r = 3.7) versus
Cubic (a = 4.0) and Piecewise Logistic versus ICMIC (a = 2.0), achieve separability indices
of only p = 8.81 and p = 7.50, respectively, which are significantly lower than those of
the selected map pairs. These results demonstrate that chaotic map pairs with larger SC
separability provide more suitable basis sequences for the proposed SC-based non-coherent
detection scheme.

It should be noted that classical discrete chaotic maps, such as the Logistic map, have
known limitations, including non-uniform invariant distributions and periodic behaviors
under finite-precision implementations. These issues are particularly important in crypto-
graphic applications, where randomness and unpredictability are the primary requirements.
However, the objective of this work is not to design a cryptographically secure chaotic
generator, but to investigate a non-coherent detection framework based on the spectral
characteristics of chaotic sequences. The results in Table 2 and Figure 3 demonstrate that
the proposed detector is applicable to a broad class of discrete chaotic maps with suitable
spectral separability, rather than being tailored to a specific chaotic generator.
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Figure 3. BER performance of the proposed SC-CSK scheme with different map pair selection under
(a) AWGN and (b) multipath Rayleigh fading channels.

4. Simulation Analysis
4.1. Simulation Setup

This section presents a comprehensive performance evaluation of the proposed SC-
CSK scheme. Specifically, we describe the simulation setup and parameter configuration,
investigate the selection criteria for optimal chaotic map pairs, analyze the impact of
spreading factor 8 on system performance, compare the BER performance against coherent
CSK and theoretical lower bounds, and evaluate the system’s robustness under various
multipath channel conditions.

4.2. Selection of Map Pairs

Figure 3 illustrates the BER performance comparison of different chaotic map pairs
over AWGN and 2-path Rayleigh fading channels with a spreading factor 8 = 180. For the
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multipath Rayleigh channel, the path delays and normalized average powers are set as
T = [0,5T;] and equal power distribution (e.g., [1/2,1/2]), respectively. As shown in the
figure, under both AWGN and multipath Rayleigh fading channels, chaotic map pairs
with relatively large separability indices p generally achieve reliable communication per-
formance, with BER decreasing rapidly as E; / Ny increases. These pairs include SkewTent
(0.15) vs. ICMIC (2.0), SkewTent (0.10) vs. ICMIC (2.0), Sine (0.9) vs. ICMIC (2.0), Logistic
(3.9) vs. ICMIC (2.0), and SkewTent (0.15) vs. Bernoulli (1.8). In contrast, the Piecewise Lo-
gistic vs. ICMIC (2.0) and Logistic (3.7) vs. Cubic (4.0) pair exhibits significantly degraded
performance. In particular, under the multipath Rayleigh fading channel, BER remains
above 1072 even when E; / Nj reaches 40 dB for the Logistic (3.7) vs. Cubic (4.0) pair.

By jointly analyzing the BER results in Figure 3 and the separability analysis in Table 2,
it can be observed that chaotic map pairs with larger separability indices generally provide
better detection performance. For example, the Logistic (3.9) vs. ICMIC (2.0) pair achieves
a relatively high separability index (p = 18.82) and exhibits excellent BER performance
under both AWGN and multipath fading channels. Conversely, the Logistic (3.7) vs. Cubic
(4.0) pair has a much lower separability index (p = 8.81), corresponding to poor SC
distinguishability and significantly degraded BER performance. These results indicate that
the separability index p can serve as an effective auxiliary criterion for selecting suitable
chaotic map pairs in SC-based CSK systems.

It is worth noting that p alone does not completely determine the final detection
performance. Although the Sine (0.9) vs. ICMIC (2.0) pair achieves a higher separability
index than the Logistic (3.9) vs. ICMIC (2.0) pair, its BER performance is slightly inferior
under both AWGN and multipath Rayleigh fading channels. This phenomenon can be
attributed to the larger SC standard deviation of the Sine map, which results in a wider SC
distribution and increases the overlap probability between the decision regions. Therefore,
in addition to the separability index, the statistical distribution characteristics of SC values
should also be considered when selecting chaotic map pairs.

Based on the above comparison, the Logistic (r = 3.9) and ICMIC (a = 2.0) pair is
adopted in the following simulations due to its favorable BER performance under both
AWGN and multipath Rayleigh fading channels.

4.3. Impact of Sequence Length on Estimation Variance

Figure 4 depicts the BER performance of the SC-CSK scheme under AWGN and two-
path Rayleigh fading channels (with delay T = [0, 5T,]) for spreading factors f = 64, 180,
and 512. As observed from the figure, the BER performance deteriorates as f increases
under both channel conditions. This behavior can be explained by the chip-level signal-to-
noise ratio (SNR). Under a fixed total bit energy E, the energy per chip is Echip = Ep/ B,
leading to a chip-level SNR of SNRuy, = Ej/(B0?). As p increases, the chip-level SNR
decreases, resulting in higher BER.

According to the variance analysis in Equation (22), the estimation variance of the
spectral centroid consists of three terms: intrinsic variance (73 / B, noise variance Ny/ (248),
and channel-induced variance 03 . For a small spreading factor (e.g., B = 64), the intrinsic
and noise variance terms are relatively large, limiting the estimation accuracy. Consequently,
as E, /Ny increases, the BER quickly reaches an error floor because further reduction in
the noise variance cannot compensate for the large estimation variance due to insufficient
statistical averaging. In contrast, for a large spreading factor (e.g., B = 512), the 1/ terms
are sufficiently small, allowing the BER to continue decreasing with increasing Ej /Ny
without an early floor. This explains why smaller B achieves lower BER at low SNR but
suffers from an error floor at high SNR, while larger § exhibits higher BER at low SNR but
maintains a steady performance improvement across the entire SNR range.
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Figure 4. BER versus E,/Nj for different spreading factors § = 64, 180, 512 under AWGN and
two-path Rayleigh fading channels.

In the AWGN channel, the proposed SC-CSK system exhibits a noticeable performance
gap compared to the coherent CSK benchmark [34]. This is because the AWGN channel is
frequency-flat, offering no frequency diversity. The coherent CSK detector, benefiting from
perfect synchronization and channel knowledge, achieves the optimal matched filter bound.
In contrast, under the two-path Rayleigh fading channel, the proposed SC-CSK sys-

tem demonstrates a clear advantage over the coherent CSK benchmark [34], particularly
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when Ej,/ Ny > 25 dB. The coherent CSK benchmark suffers from an error floor, with its
BER stagnating between 1072 and 1073, failing to improve further with increasing SNR.
This is because coherent CSK requires accurate channel estimation and synchronization,
which become unreliable under frequency-selective fading. In contrast, the SC-CSK sys-
tem continues to achieve lower BER as E, /Ny increases. This advantage stems from the
frequency diversity effect analyzed in Section 3. As derived in Equation (21) and discussed
therein, a frequency-selective channel with delay spread 7 introduces independent fading
across different frequency bins. The summation operations in the SC calculation average
over these independent fluctuations, effectively reducing the channel-induced variance
(Tczh('c). Consequently, the SC-CSK system not only avoids the error floor but also ben-
efits from the multipath channel, making it particularly suitable for frequency-selective
fading environments.

To identify the optimal spreading factor for the proposed system, we evaluate the
system performance over a range of spreading factors from = 10 to 1000 on the two-path
Rayleigh channel with delay T = [0,5T,] . As illustrated in Figure 5, the optimal spreading
factor is consistently located around f =~ 100 for all tested SNR levels, i.e., E;,/ Ng = 24, 28,
and 32 dB. Moreover, it can be observed that the optimal spreading factor increases with
Ey,/ Np.

10°

BER

1074F 1

[|—e—E,/N,=24dB
| |—=—E,/N,=28dB
E,/N,=32dB

10t 102 103
Spreading Factor

Figure 5. BER versus spreading factor § under a two-path Rayleigh fading channel.

4.4. Various Multipath Configurations

We first investigate the effect of power allocation on the BER performance of the
proposed SC-CSK scheme under a two-path Rayleigh fading channel with delay T =
[0,10T;]. The spreading factor is set to f = 256. As shown in Figure 6, the system
performance remains almost identical regardless of whether the two paths have equal
power distribution (e.g., [1/2,1/2]) or unequal power distribution (e.g., [1/3,2/3]). It can
be clearly observed that the power allocation ratio between the two paths has a negligible
impact on the overall system performance.
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Figure 6. BER performance comparison under different power allocation ratios for a two-path
Rayleigh fading channel with delay T = [0, 10T¢].

This observation can be explained as follows. The spectral centroid is a global
frequency-domain feature that primarily depends on the overall shape of the power spectral
density rather than the detailed power distribution among individual multipath compo-
nents. As long as the delay spread is sufficiently large to induce frequency-selective fading,
the inherent averaging effect of the spectral centroid calculation mitigates the influence of
specific power ratios. Consequently, the proposed SC-CSK scheme exhibits robust perfor-
mance against variations in path power allocation, which significantly simplifies system
design in practical multipath environments.

We further investigate the effect of channel delay spread on the performance of the
proposed SC-CSK scheme with spreading factor § = 180. A two-path Rayleigh fading
channel with equal power allocation is considered, where the path delay is increased from
[0, T¢] to [0, 50T].

As shown in Figure 7, an interesting observation is that larger path delays lead to better
BER performance. This counter-intuitive phenomenon is consistent with the frequency
diversity analysis presented in Section 3. Specifically, as derived in Equation (21), a larger
delay spread T reduces the coherence bandwidth B, ~ 1/7, increasing the number of
independent frequency bins within the signal band. The summation operations in the SC
calculation average over these independent fluctuations, effectively reducing the estimation

variance 03 (7) and leading to improved BER performance.
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Figure 7. BER performance of the proposed SC-CSK scheme under a two-path Rayleigh fading
channel with different delay spreads.

4.5. Comparison with Others

The core principle of the proposed system is to distinguish different chaotic maps based
on their spectral centroids. This idea aligns with the PSD-DLCSK scheme [31], which also
exploits the power spectral density (PSD) of chaotic signals for detection. However, the key
difference lies in the receiver design: the proposed system employs a simple statistical
feature—the spectral centroid—while PSD-DLCSK relies on a deep neural network to learn
the distribution of the PSD.

Figure 8 compares the BER performance of the two schemes under multipath Rayleigh
fading channels with L = 2, 3, and 4 paths. The spreading factor is § = 256, the delay
spacing between consecutive paths is 15T,, and both equal and unequal power allocations
are considered.

Several key observations can be made. First, regardless of the power allocation or mul-
tipath configuration, the PSD-DLCSK scheme exhibits an error floor after E;, / Ny = 30 dB,
indicating that its performance cannot be improved further by increasing SNR. Second,
the diversity gain of the PSD-DLCSK scheme is marginal, as the BER curves for different
numbers of paths remain close to each other.

In sharp contrast, the proposed SC-CSK scheme does not exhibit any error floor up to
E,/Np = 40 dB and achieves a significant diversity gain—the BER decreases substantially
as the number of paths increases. Notably, under the four-path channel at a BER of
107#, the proposed scheme achieves a performance gain of 10 dB over the PSD-DLCSK
scheme. In addition, a significant diversity gain is observed in SC-CSK system. Specifically,
the system performance improves consistently as the number of paths increases. This
is because a larger number of paths introduces more independent fading realizations
across the frequency domain, which are effectively averaged out by the spectral centroid
calculation. Consequently, the estimation variance decreases, leading to improved BER
performance. This result demonstrates that the proposed SC-CSK scheme can effectively
exploit multipath diversity to enhance detection reliability without requiring complex
channel estimation or equalization techniques. These results demonstrate that the proposed
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spectral-centroid-based approach not only avoids the complexity of deep learning but also
achieves superior performance, particularly in rich multipath environments.

PSD-DLCSK
equal power

PSD-DLCSK
s unequal power

SC-CSK
equal power

—-0--SC-CSK, 2-path, equal power
—#—SC-CSK, 3-path, equal power
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-+ PSD-DLCSK, 4-path, equal power
L L L
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E,/N, (dB)

Figure 8. BER performance comparison between the proposed SC-CSK scheme and the PSD-DLCSK
scheme [31] under multipath Rayleigh fading channels.

Figure 9 presents the BER performance comparison between the proposed SC-CSK
system and the conventional DCSK system under a four-path Rayleigh fading channel,
where the delay spacing between consecutive paths is 15T;. The spreading factor of the
SC-CSK system is set to B = 180, so the DCSK system uses 25 = 360 to transmit one bit.
Three normalized Doppler shift scenarios are considered: f;/ f; = 0.0001, 0.001, and 0.01,
corresponding to slow, moderate, and fast fading conditions, respectively.

As observed from Figure 9, under slow fading (f;/fs = 0.0001), the conventional
DCSK system exhibits better BER performance than the proposed SC-CSK. However, when
the normalized Doppler shift increases to f;/ fs = 0.001 and 0.01, the performance of DCSK
deteriorates dramatically. This degradation is attributed to the fact that DCSK relies on
the correlation between the reference and data signals, which is severely compromised by
rapid channel variations.

In contrast, the proposed SC-CSK system demonstrates robust performance across all
three Doppler scenarios. Even at f;/ fs = 0.01 (fast fading), the SC-CSK system maintains
satisfactory BER performance. This advantage stems from its non-coherent detection
mechanism, which does not depend on the temporal correlation between reference and
data signals but rather exploits the spectral characteristics of chaotic signals for reliable
detection.
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Figure 9. BER performance comparison between SC-CSK system and conventional DCSK under
Rayleigh multipath fading channels with different normalized Doppler shifts (f;/ fs = 0.0001, 0.001,
0.01).

5. Conclusions

In this paper, we have proposed a spectral-centroid-based non-coherent CSK detec-
tor that eliminates the need for chaos synchronization, reference sequence transmission,
and channel estimation. We have demonstrated that the spectral centroid provides a char-
acteristic spectral feature of chaotic maps, enabling a fixed-threshold detection scheme
that is both lightweight and interpretable. Extensive simulations over multipath Rayleigh
fading channels have shown that the proposed SC-CSK system significantly outperforms
conventional CSK schemes. In contrast to coherent CSK, which suffers from an error floor
under frequency-selective fading (with BER stagnating between 10~2 and 10~ at high
SNR), the proposed system continues to achieve lower BER as E;, /Ny increases, benefiting
from the statistical robustness of the spectral-centroid-based decision feature. Further-
more, the proposed system exhibits robust performance under high-mobility scenarios.
While conventional DCSK suffers from severe performance degradation as the normalized
Doppler shift increases, the SC-CSK system maintains stable BER across a wide range of
Doppler frequencies. This advantage stems from its spectral-feature-based detection, which
does not rely on the temporal correlation between reference and data signals.

Although the proposed detector is robust against channel fading and Doppler effects,
intentional spectral-domain interference, such as narrowband interference or spectral-
shaping interference, may influence the estimated spectral centroid and consequently affect
the detection performance. Therefore, developing interference-resilient SC-based detection
strategies represents an important direction for future research.
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