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Abstract 

Code Index Modulation (CIM) schemes usually rely on large orthogonal spreading code-
books to improve their index-carrying capability, resulting in high codebook resource 
consumption and a rapidly increasing receiver-side detection complexity. To address this 
problem, this paper proposes a Cyclic-Shift Code Index Modulation (CSCIM) scheme 
based on fast cyclic-correlation detection. Unlike conventional CIM, which carries infor-
mation through the codebook indices of multiple independent spreading codes, CSCIM 
transforms the index-bearing mechanism from multi-code selection into cyclic-shift state 
selection of a single spreading code. At the transmitter, index bits control the cyclic-shift 
offset of a single spreading code to generate candidate index states. A composite frame 
structure consisting of a Zadoff–Chu (ZC) synchronization header and spread-spectrum 
data blocks is designed to eliminate code-offset ambiguity during fast correlation acquisi-
tion. At the receiver, an FFT-based fast cyclic-correlation mechanism obtains full-shift-
domain correlation peaks through a single detection path, and the index information is 
recovered from the detected peak position. A local spreading code with the corresponding 
cyclic-shift phase is then generated to complete despreading and symbol decision. The 
simulation results show that CSCIM exhibits a stable BER reduction trend over both 
AWGN and flat Rayleigh fading channels, and maintains effective data-detection perfor-
mance under high-order index configurations. The proposed CSCIM scheme requires 
only one spreading code sequence to generate all candidate spreading codes, effectively 
reducing the codebook resource consumption and receiver-side detection complexity 
while maintaining a competitive BER performance. 

Keywords: cyclic-shift Code Index Modulation; Code Index Modulation; correlation peak 
position detection; spread-spectrum communication; FFT 
 

1. Introduction 
With the rapid development of sixth-generation (6G) mobile communication net-

works, satellite communications, and the Internet of Things (IoT), wireless communica-
tion systems are evolving toward high reliability, low power consumption, and high spec-
tral efficiency [1,2]. In complex electromagnetic environments, interference resistance, re-
liable transmission, and efficient resource utilization have become key objectives in phys-
ical-layer design. Direct-Sequence Spread Spectrum (DSSS) has long played an important 
role in both civilian and military communications because of its strong anti-jamming ca-
pability and low probability of interception, particularly in narrowband-interference and 
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harsh-channel scenarios [3,4]. However, conventional DSSS schemes generally obtain pro-
cessing gain at the cost of spectral efficiency, which makes them less suitable for modern 
high-data-rate communication systems [5]. 

Index Modulation (IM) provides a new technical approach for overcoming the per-
formance bottlenecks of conventional modulation techniques under fixed bandwidth and 
power constraints [6,7]. By exploiting the indices of resource units such as spreading 
codes, active antennae, or subcarriers, IM can carry additional information bits without 
extra energy consumption or bandwidth expansion [8,9]. Among various IM variants, 
CIM is naturally compatible with DSSS systems [10]. In CIM, spreading-code sequences 
are used as index resources. The input bit stream is divided into symbol bits and index 
bits, where the index bits are mapped to the index of a specific spreading code for trans-
mission, and the symbol bits are modulated and then multiplied by the selected spreading 
code [11]. This integration preserves the anti-jamming advantage of DSSS while signifi-
cantly improving spectral efficiency and energy efficiency. 

Subsequent studies have extensively investigated the CIM performance and applica-
tions. The existing works can be broadly summarized into three directions: code-domain 
dimension expansion, cross-domain joint modulation, and the optimization of codebook 
resources and detection complexity. In code-domain dimension expansion, researchers 
improve spectral efficiency by relaxing the single-code activation constraint [12]. For ex-
ample, Generalized CIM (GCIM) improves the data rate, throughput, and energy effi-
ciency by generalizing bit partitioning and candidate spreading-code selection [13]. Quad-
ruple CIM (QCIM) further extends the transmission-rate boundary through multi-code 
index reuse within a single transmission [14]. In cross-domain joint modulation, CIM is 
combined with Multiple-Input Multiple-Output (MIMO), Spatial Modulation (SM), and 
related techniques [15]. Through the joint mapping of code indices, antenna indices, and 
modulation symbols, these schemes further improve the data rate without additional 
hardware cost. CIM-assisted Quadrature Spatial Modulation (CIM-QSM) greatly expands 
the signal constellation space by performing index mapping simultaneously in the code 
and spatial domains [16]. Code Index Modulation-aided Spatial Media-Based Modulation 
(CIM-SMBM) further introduces the channel-state index used in media modulation [17]. 
Joint Code Index Modulation-aided Enhanced Spatial Modulation (JCIM-ESM) embeds 
CIM into an enhanced spatial modulation framework and improves the code utilization 
and data rate through joint code selection [18]. However, the above schemes usually re-
quire large-scale orthogonal codebooks. To address this issue, studies on codebook re-
source and detection-complexity optimization have been conducted. The multidimen-
sional invisible-data CIM (MID-CIM) scheme reduces the dependence on orthogonal 
codes by exploiting the polarity and positional features of pseudo-code sequences [19]. 
Bit-Activated CIM (BA-CIM) selects and superimposes pseudo-codes according to the ac-
tivation state of the index bits, thereby reducing pseudo-code resource consumption and 
improving overall performance [20]. 

In addition, cyclic shifts, code phases, and delay positions have also been widely used 
in studies related to spread-spectrum modulation and index transmission. Dillard et al. 
proposed Cyclic Code Shift Keying (CCSK), in which information is carried by the cyclic-
shift position of a pseudo-random spreading code to realize low-probability-of-intercept 
communication [21]. In recent years, CCSK has been further combined with channel cod-
ing and high-data-rate GNSS links to improve the data rate, robustness, and implementa-
tion efficiency of spread-spectrum communications [22]. In another class of position-index 
modulation studies, delay-domain or delay-Doppler-domain resource units can also be 
used to carry index bits, thereby improving the reliability and spectral efficiency of mod-
ulation schemes for high-mobility scenarios such as OTFS [23]. Meanwhile, physical-layer 
anti-jamming studies in complex electromagnetic environments have begun to introduce 
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intelligent recognition methods. For example, the CGAN-CNN few-shot jamming-signal 
recognition framework proposed by Ding et al. provides a new technical approach for 
interference awareness and anti-jamming decision-making [24]. These studies indicate 
that exploiting the code phase, cyclic shift, delay position, or intelligent sensing mecha-
nisms is valuable for improving spread-spectrum communication and anti-jamming per-
formance. However, these works mainly focus on shift-keying modulation, delay-domain 
indexing, or interference recognition, and have not yet been investigated within the CIM 
framework. 

Despite these advances, existing CIM schemes and their variants still have several 
limitations in practical engineering applications. First, to support high data rates while 
maintaining reliable communication performance, most CIM schemes require a large 
number of mutually orthogonal or quasi-orthogonal spreading codes, such as Walsh 
codes, to carry different index information. This requirement is difficult to satisfy under 
the limited pseudo-code resource allocation in practical systems [25]. Second, a large code-
book requires the receiver to perform correlation matching over a large number of candi-
date spreading codes, which causes the detection complexity to increase with the code-
book size and severely limits practical deployment. In addition, most existing low-com-
plexity detection methods are designed for spatial modulation or MIMO scenarios and 
are difficult to directly transfer to code-domain index detection [26]. Finally, practical 
communication systems require robust synchronization mechanisms, but most existing 
CIM studies are conducted under the assumption of ideal synchronization and rarely dis-
cuss the effects of timing errors and frame-start offsets [27]. 

Based on the above discussion, this paper proposes a CSCIM scheme to address the 
excessive spreading-codebook consumption and high receiver-side detection complexity 
of CIM. The proposed scheme redefines the representation of index resources in CIM. 
Conventional CIM maps index bits to the identities of different spreading codes, whereas 
CSCIM maps index bits to the cyclic-shift states of a single spreading code, thereby trans-
forming multi-code selection into shift-state selection. At the receiver, only one correlation 
path is required to determine the correlation-peak position and recover the index infor-
mation. Thus, CSCIM changes the way in which codebook resource consumption and re-
ceiver-side detection complexity increase with the index order in conventional CIM. The 
main contributions of this paper are summarized as follows: 

(1) A CSCIM code-index mapping mechanism based on cyclic shifts of a single 
spreading code is proposed. In this mechanism, index bits are mapped to the cyclic-shift 
offsets of a single spreading code, so that candidate index states are generated by different 
cyclic shifts of the same spreading code. CSCIM transforms the code-domain index-bear-
ing mechanism from multi-code selection into single-code shift-state selection, thereby re-
ducing the demand for independent spreading-code resources under high-order index 
configurations. 

(2) A full-shift-domain fast correlation-peak detection method is designed for 
CSCIM. Instead of configuring parallel correlators for multiple independent spreading 
codes, the receiver uses FFT/IFFT-based fast cyclic correlation to obtain the full-shift-do-
main correlation response between the received data and the local reference spreading 
code in a single operation. The maximum correlation-peak position is then detected 
within the predefined shift set to recover the index information. This method makes the 
receiver-side multiplication complexity dominated by FFT/IFFT operations rather than by 
the size of an independent spreading-codebook. 

(3) A composite frame structure suitable for cyclic-shift index recovery is constructed, 
and the necessity of the synchronization mechanism is verified. Since a receive-window 
offset is equivalent to a change in the cyclic-shift offset of the spreading code, it may cause 
index misdetection. Therefore, a ZC synchronization header is introduced to provide a 



Electronics 2026, 15, 3023 4 of 24 
 

https://doi.org/10.3390/electronics15143023 

frame-start reference at the receiver and to avoid the cyclic-shift acquisition ambiguity 
caused by the misaligned extraction of spread-spectrum data blocks. 

The remainder of this paper is organized as follows: Section 2 introduces the principle 
of CIM. Section 3 presents the system model of the proposed CSCIM scheme, including the 
frame structure, transmitter mapping rules, and receiver detection mechanism. Section 4 
evaluates the BER performance, synchronization effectiveness, robustness under practical 
channel impairments, computational complexity, effective throughput, and the impact of 
index order. Section 5 concludes the paper and outlines future research directions. 

2. Models of the CIM Communication System 
Traditional DSSS employs high-rate pseudo-random (PN) code sequences to spread 

the transmitted signal. To improve the transmission rate of DSSS without sacrificing the 
spreading gain, CIM was proposed. CIM preserves the basic DSSS architecture while di-
viding the transmitter bit stream into modulation bits and index bits. The transceiver 
structure of a conventional CIM system is shown in Figure 1. 
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Figure 1. Block diagram of a conventional CIM system. 

Assume that the CIM system transmits  𝐾௕  information bits within one symbol pe-
riod, among which 𝑘ୱ୷୫  bits are used as conventional modulation bits and 𝑘୧ୢ୶  bits are 
used as index bits, i.e., 𝐾௕ = 𝑘ୱ୷୫ + 𝑘୧ୢ୶. The index bits  𝑘୧ୢ୶  are used to select one active 
spreading code 𝑐௤(𝑡)  from a mutually orthogonal spreading codebook of size 𝑀 = 2௞౟ౚ౮, 
denoted as 𝒞 = {𝑐ଵ(𝑡), 𝑐ଶ(𝑡), … , 𝑐ெ(𝑡)}. The conventional modulation bits are mapped to a 
modulation symbol 𝑠 through modulation schemes such as BPSK or QPSK. The transmit-
ted spread-spectrum signal can then be expressed as 

( ) ( )s qx t P s c t= ⋅ ⋅  (1)

where  𝑥(𝑡)   is the transmitted spread-spectrum signal, 𝑃௦   is the transmit power, 𝑠   is 
the conventional modulation symbol, and  𝑐௤(𝑡)  is the selected 𝑞-th spreading-code se-
quence. 

At the receiver, considering additive white Gaussian noise (AWGN) and channel fad-
ing, the received signal can be expressed as 

( ) ( ) ( ) ( )y t h t x t n t= ⋅ +  (2)

where  𝑦(𝑡)  is the received signal,  ℎ(𝑡)  is the channel fading coefficient, and  𝑛(𝑡)  is 
the additive white Gaussian noise. 

CIM receivers usually employ maximum likelihood detection or correlation detec-
tion. To recover the index 𝑞, the receiver correlates  𝑦(𝑡)  with each candidate spreading 
code in the codebook. The output of the 𝑗-th correlator can be expressed as 

( ) ( )
0

, 1,2, ,sT

j jR y t c t dt j M∗= ⋅ = …  (3)



Electronics 2026, 15, 3023 5 of 24 
 

https://doi.org/10.3390/electronics15143023 

where  𝑅௝   is the output of the 𝑗-th correlator,  𝑇௦  is the symbol period,  𝑐௝(𝑡)  is the 𝑗-
th local spreading code, and (⋅)∗ denotes complex conjugation. If the spreading code is a 
real-valued bipolar sequence, then  𝑐௝∗(𝑡) = 𝑐௝(𝑡). 

The active spreading-code index is then estimated by comparing the output energies 
of all correlators and selecting the index corresponding to the maximum value: 

2ˆ },argmax {1, ,jq R j M= ∈ …  (4)

The local spreading-code sequence is determined according to the estimated active-
code index 𝑞ො, and the implicitly transmitted index data are recovered through inverse 
mapping. Finally, the conventional modulation data are demodulated using the despread 
signal corresponding to the maximum correlation peak. 

Although CIM transmits additional information through pseudo-code indices, in 
practical communications, such as systems using Walsh codes or 𝑚-sequences, the num-
ber of strictly orthogonal or quasi-orthogonal sequences is strictly limited by the spread-
ing gain and the sequence length 𝐿. As the demand for spectral efficiency increases, or-
thogonal code resources are rapidly exhausted. However, using code sequences with poor 
cross-correlation may lead to severe inter-code interference (ICI). Moreover, as the index 
order increases, the number of parallel correlators at the receiver also increases sharply, 
resulting in a prohibitive system complexity and computational cost. Therefore, CIM faces 
an inherent tradeoff between the data rate and receiver-side complexity. 

3. CSCIM Scheme Design and Transmission Mechanism 
The analysis in Section 2 shows that CIM carries index information by selecting dif-

ferent spreading codes. Although this improves the spectral efficiency, it also introduces 
codebook resource consumption and increases the complexity of multi-branch correlation 
detection. To address these problems, this paper proposes the CSCIM scheme, whose 
schematic diagram is shown in Figure 2. 

Unlike CIM, which relies on a large orthogonal codebook for index activation, CSCIM 
uses different cyclic-shift offsets of a single spreading code to carry additional index in-
formation, thereby significantly reducing the codebook resource requirement. Mean-
while, with frequency-domain FFT/IFFT operations, the receiver can simplify the parallel 
correlator array into a single fast cyclic-correlation detection path. Following the signal-
processing flow of the system, this section introduces cyclic-shift codebook generation and 
transmitter-side signal generation, composite frame structure design, and receiver syn-
chronization and information recovery. 
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Figure 2. Schematic diagram of the proposed CSCIM scheme. 

3.1. Cyclic-Shift Codebook Generation and Transmitter Signal Generation 

The main tasks of the CSCIM transmitter include cyclic-shift codebook generation, 
mapping from index bits to cyclic-shift offsets, and mapping from symbol bits to baseband 
modulation symbols. Therefore, following the transmitter signal-processing order, this 
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section introduces cyclic-shift codebook generation, index-bit mapping, symbol mapping, 
and baseband signal spreading. 

3.1.1. Cyclic-Shift Codebook Generation 

In CIM, to transmit  𝑘௜ௗ௫  index bits, the transmitter must store and generate 𝑀 =2௞೔೏ೣ    mutually orthogonal independent spreading codes. In the proposed CSCIM 
scheme, the transmitter only needs to retain one spreading code with favorable autocor-
relation and cyclic-shift properties, such as a Gold code, and then generate candidate 
spreading codes through cyclic shifts at different offsets. In this way, the index infor-
mation is transformed from multi-code selection in CIM into shift-offset selection in 
CSCIM. This preserves the spread-spectrum structure while significantly reducing the 
codebook size. Once the receiver estimates the relative shift offset, the corresponding in-
dex information can be recovered. 

Specifically, let a bipolar spreading code of length 𝑁௖   be expressed as 

[ ]0 0 0 0(0), (1), , ( 1) Tcc c c c N= … −  (5)

where 𝑐଴(𝑛) ∈ {+1,−1}, 𝑛 = 0,1, … ,𝑁௖ − 1. By cyclically shifting the spreading code by 
an offset 𝑚, the spreading code corresponding to the selected index is obtained as follows: 

[ ](0), (1), , ( 1) Tm m m m cc c c c N= … −  (6)

The 𝑛-th chip is defined as 

( )0( ) , 0,1, , 1m c cc n c n m modN n N= − = … −    (7)

As shown in Equation (7), the shift offset  𝑚  corresponds one-to-one to the cyclic 
offset of the spreading code, thereby forming the candidate spreading-code set for CSCIM 
index modulation. 

3.1.2. Index Bit Mapping 

Suppose that each spreading block carries 𝑘୧ୢ୶ index bits. The number of represent-
able index states is 𝑀 = 2௞౟ౚ౮. To reduce correlation leakage between adjacent candidate 
shifts and fully utilize the complete cyclic-shift space provided by the spreading code of 
length 𝑁௖ , the 𝑀   cyclic-shift offsets are approximately uniformly distributed over the 
complete shift interval ሾ0,𝑁௖ − 1ሿ. The 𝑖-th valid cyclic-shift offset is defined as 

( )1round , 0,1, , 1
1

c
i

i N
m i M

M
− 

= = … − − 
 (8)

Therefore, the predefined cyclic-shift set 𝑆 is 

{ }| 0,1,... 1iS m i M= = −  (9)

where round(⋅) denotes rounding to the nearest integer. When 𝑀 = 1, the shift set is 𝑆 ={0}. 
After the predefined cyclic-shift set (S) is obtained, the cyclic spacing between adja-

cent shift states is defined as 

{ }1 , 0,1, , 2i i id m m i M+= − = … −  (10)

The minimum and maximum cyclic spacings are further defined as  𝑑୫୧୬ =min௜ 𝑑௜ ,𝑑୫ୟ୶ = max௜ 𝑑௜. According to Equation (8), when 𝑀 ≤ 𝑁௖, the nominal spacing be-

tween adjacent shift points satisfies ே೎ெ ≥ 1. Therefore, the rounding operation does not 
produce duplicate shift positions. When 𝑁௖ is not divisible by M, the rounding operation 
makes the minimum cyclic spacing of the shift set satisfy 𝑑௜ ∈ ቄቔே೎ெቕ , ቒே೎ெቓቅ, where ⌊𝑥⌋ and ⌈𝑥⌉  denotes the largest integer not greater than x and the smallest integer not less than x. 
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This indicates that the constructed shift set can maintain an approximately uniform dis-
tribution, and the spacing between adjacent shift states differs by at most one chip. There-
fore, under a given code length and index order, the proposed shift-set construction can 
reduce the correlation-peak confusion between adjacent candidate shifts as much as pos-
sible. 

The 𝑘୧ୢ୶  index bits of the 𝑠-th spreading block are denoted as 

, , ,1 , ,2 , ,, , ,
idx

T

idx s idx s idx s idx s kb b b b = …   (11)

The bit sequence is mapped to a decimal index value 𝑣௦ ∈ {0,1, … ,𝑀 − 1}, and the 
corresponding cyclic-shift offset is then obtained as 𝑚௦ = 𝑆(𝑣௦ + 1), i.e., the (𝑣௦+1)-th el-
ement in 𝑆. In this way, the one-to-one mapping from index bits to cyclic-shift offsets is 
completed, and the index information is mapped into the code domain. 

3.1.3. Correlation Analysis of Cyclically Shifted Codes 

To further explain the distinguishability among cyclic-shift candidate codes, this sec-
tion analyzes the correlation among different shifted codes. Let the reference spreading 
code be 𝑐଴(𝑛), and let its cyclically shifted code be 𝑐௠(𝑛) = 𝑐଴ሾ(𝑛 −𝑚)𝑚𝑜𝑑𝑁௖ሿ. For any 
two valid shift offsets 𝑚௜ ,𝑚௝ ∈ 𝑆, the periodic cross-correlation between the correspond-
ing candidate spreading codes can be expressed as 

1
*

,
0

( ) ( )
c

i j

N

i j m m
n

R c n c n
−

=

=   (12)

Since 𝑐௠೔(𝑛) and 𝑐௠ೕ(𝑛) are both obtained by cyclically shifting the same reference 
spreading code, the above expression is equivalent to the periodic autocorrelation of the 
reference spreading code at the relative shift difference Δ௜,௝ = ൫𝑚௝ − 𝑚௜൯mod𝑁௖ , i.e., 𝑅௜,௝ = 𝑅௖൫𝛥௜,௝൯, where 

[ ]
1

*
0 0

0
( ) ( ) ( )mod

cN

c c
n

R c n c n Nτ τ
−

=

= −  (13)

Therefore, the distinguishability among different candidate shifted codes in CSCIM 
is mainly determined by the periodic autocorrelation sidelobes of the reference spreading 
code. To quantify the worst-case correlation leakage, the normalized maximum correla-
tion coefficient is defined as 

( )
max

mod
max , {0,1, , 1}

c j i c

i j
c

R m m N
i j M

N
ρ ≠

−
= ∈

   … −，  (14)

A smaller 𝜌୫ୟ୶  value indicates a lower correlation peak at an incorrect candidate 
shift, making it easier for the receiver to identify the true shift offset from the full-shift-do-
main correlation response. Conversely, a larger value reduces the decision margin between 
the correct peak and incorrect peaks, thereby increasing the risk of index misdetection. 

As discussed in Section 3.1.2, under the valid index configuration 𝑀 ≤ 𝑁௖ , the min-
imum cyclic spacing satisfies 𝑑୫୧୬ ≥ ቔே೎ெቕ. Therefore, for a fixed code length 𝑁௖, a larger 
index-set size M leads to denser shift states and increases the risk of correlation-peak con-
fusion between incorrect candidate shifts and the true shift. For a fixed M, increasing 𝑁௖ 
enlarges the shift spacing and helps improve the index-detection reliability. 

Different code families exhibit significantly different periodic autocorrelation prop-
erties. When 𝑀 = 64, the maximum normalized periodic autocorrelation sidelobes of a 
standard m-sequence and a Gold code with length 127 are 0.0079 and 0.1339, respectively, 
whereas the average value over 16 realizations of random bipolar sequences is 0.2313. 
Although a Walsh–Hadamard code with length 128 has inter-code orthogonality, its cyclic 
shifts do not preserve orthogonality, and its maximum sidelobe can reach 1. This indicates 
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that conventional orthogonal codes are not necessarily suitable for cyclic-shift indexing, 
whereas pseudo-random sequences with bounded periodic autocorrelation sidelobes are 
more favorable for distinguishing candidate shift states. 

The code length and shift-set construction also affect the resolvability of candidate 
states. When Gold codes with lengths of 31, 63, and 127 are used under 𝑀 = 16, their 
maximum normalized sidelobes are 0.2903, 0.2698, and 0.1339, respectively, and the cor-
responding 𝑑୫୧୬ values are 1, 3, and 7. For 𝑁௖ = 127 and 𝑀 = 64, the rounding-based 
approximately uniform shift set satisfies 𝑑୫୧୬ = 1  and 𝑑୫ୟ୶ = 2 , whereas fixed-step 
mapping produces an uncovered interval with 𝑑୫ୟ୶ = 64. Therefore, this paper adopts 
a Gold code of length 127 and the rounding-based uniform shift set to balance bounded 
periodic correlation sidelobes, available code-family size, and implementation complexity. 

3.1.4. Symbol Mapping and Baseband Signal Spreading 

After the cyclic-shift offset 𝑚௦ of the 𝑠-th spreading block is determined, the system 
further maps the symbol bits in the same spreading block. The  𝑘ୱ୷୫  symbol bits  𝑏ୱ୷୫,௦  
of the 𝑠-th spreading block are mapped to a complex baseband modulation symbol  𝑎௦  
with the unit average energy according to the following rules. 

BPSK modulation (𝑘௦௬௠ = 1): 

,1 2s sym sa b= − ⋅  (15)

QPSK modulation (𝑘௦௬௠ = 2 ): 𝑏௦௬௠,௦   is divided into the in-phase bit  𝑏଴   and the 
quadrature bit  𝑏ଵ, and is mapped as 

( ) ( )0 11 2 j 1 2
2s

b b
a

− + −
=  (16)

The above BPSK/QPSK mappings ensure normalized average symbol energy. Ac-
cording to the index-mapping result in Section 3.1.2, the index bits of the 𝑠-th spreading 
block are mapped to the cyclic-shift offset 𝑚௦. Therefore, by setting  𝑚 = 𝑚௦  in Equation 
(8), the actual cyclically shifted spreading-code chip  𝑐௠ೞ(𝑛)  used by the 𝑠-th spreading 
block can be obtained. Then, the complex baseband modulation symbol  𝑎௦  is multiplied 
by 𝑐௠ೞ(𝑛), thereby jointly embedding the symbol and index information into the same 
spreading block. The chip sequence of the 𝑠-th spreading block can be expressed as 

( ) ( ), 0,1, , 1
ss s m cx n a c n n N= ⋅ = … −  (17)

3.2. Composite Frame Structure Design 

After the index mapping, symbol mapping, and spreading-block generation are com-
pleted, the system concatenates the synchronization sequence and consecutive spread-
spectrum data blocks into a complete transmitted frame. In the CSCIM scheme, all spread-
ing codes are generated by cyclically shifting a single spreading code. Although this de-
sign effectively reduces pseudo-code resource consumption, it requires an accurate frame-
start reference at the receiver. This is because a timing offset in the receive window is 
mathematically equivalent to a change in the cyclic-shift offset of the spreading code, 
which may lead to an incorrect correlation-peak decision. As shown in Figure 3, when the 
receiver incorrectly extracts a spreading block, the subsequent FFT/IFFT-based fast cyclic-
correlation process may produce an erroneous peak position, causing index misdetection. 

32-63

Spread-spectrum 
signal segment  1

64-95 0-31
… … … … 

Correct extraction Error extraction

96-127

Spread-spectrum 
signal segment  2

32-63 64-950-31 96-127

Spread-spectrum 
signal segment  3

32-63 64-950-31 96-127
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Figure 3. Illustration of decision ambiguity induced by cyclic-shift offset. 

To resolve offset ambiguity during fast correlation acquisition, a composite frame 
structure consisting of a ZC synchronization header followed by consecutive spread-spec-
trum data blocks is designed. The ZC sequence has the ideal Constant Amplitude Zero 
Autocorrelation (CAZAC) property. Its autocorrelation peak is extremely sharp and free 
from sidelobe interference. Moreover, the cross-correlation between the ZC sequence and 
the spreading sequence used for data spreading is very low, which reduces the mutual 
interference between the synchronization segment and the data segment. By inserting a 
fixed-length ZC synchronization header at the beginning of each frame, the receiver can 
obtain a reliable timing reference before data-block extraction, thereby ensuring the cor-
rect alignment of the subsequent cyclically shifted spreading blocks. 

Let the chip length of the ZC synchronization header be  𝑁௭௖, the chip length of a 
single spreading code be  𝑁௖, and each frame contain  𝑁௦  spread-spectrum data blocks. 
The system oversampling factor is  𝐿, and the sampling rate satisfies  𝑓௦ = 𝑓௖ ⋅ 𝐿, where  𝑓௖   is the chip sampling frequency. Each spreading block carries two types of information 
bits, 𝑘୧ୢ୶  index bits used to map the cyclic-shift offset of the spreading code, and 𝑘ୱ୷୫  
symbol bits used to map the complex baseband modulation symbol. The total number of 
transmitted bits per frame is  𝑁௦ ⋅ (𝑘୧ୢ୶ + 𝑘ୱ୷୫), and the composite frame structure is ex-
pressed as follows: 

1 2, , , ,
schip Nx z x x x = … 

TT T T T  (18)

where  𝑧   is the ZC synchronization sequence of length  𝑁௭௖ , and  𝑥௦   is the chip se-
quence of the 𝑠-th spreading block. The composite frame structure of the CSCIM scheme 
is shown in Figure 4. 

Synchronization 
header 

ZC sequence 32-63 64-95 0-31
… … 

96-127 32-63 64-950-31 96-127 32-63 64-950-31 96-127

Baseband data

1 0 1

Spread-spectrum 
signal segment  1

Spread-spectrum 
signal segment  2

Spread-spectrum 
signal segment  3

 

Figure 4. Composite frame structure of the proposed CSCIM scheme. 

As shown in Equation (18), the CSCIM composite frame achieves rapid frame-start 
acquisition through a fixed-length ZC synchronization header. The subsequent consecu-
tive equal-length spreading blocks carry index and modulation information. Therefore, 
this frame structure provides a fixed synchronization overhead and a scalable payload 
length. 

According to the above composite frame structure, after the ZC synchronization 
header and 𝑁௦ consecutive spreading blocks are concatenated into a complete frame, re-
peated upsampling is performed through the Kronecker product to obtain the final trans-
mitted sequence: 

( )sm kron ,1chip Lx x=  (19)

where  1௅  is an all-one column vector of length  𝐿, and  kron(⋅)  denotes the Kronecker 
product. This operation repeats each chip  𝐿  times to adapt the transmitted sequence to 
the physical-channel transmission. 

3.3. Receiver Synchronization and Information Recovery Mechanism 



Electronics 2026, 15, 3023 10 of 24 
 

https://doi.org/10.3390/electronics15143023 

At the receiver, signal processing proceeds from time-domain synchronization to fre-
quency-domain despreading and information recovery. It consists of three steps: ZC syn-
chronization acquisition, index information recovery, and despreading with symbol de-
modulation. First, the receiver uses the ZC synchronization header to determine the 
frame-start position from the continuous received sequence and extracts the aligned 
spread-spectrum data blocks. Then, based on FFT/IFFT fast cyclic-correlation detection, 
the correlation-peak position is detected to recover the cyclic-shift offset and the corre-
sponding index bits. Finally, a local spreading code with the same shifted phase is gener-
ated according to the estimated shift offset, and despreading and symbol decision are 
completed. 

3.3.1. ZC Synchronization Acquisition 

In the CSCIM system, since the transmitter maps index information through cyclic 
shifts of a single spreading code, the absence of a frame-start reference causes a receiver-
side delay offset to be mathematically equivalent to a change in the cyclic-shift offset of 
the reference code. As a result, an incorrect correlation-peak position may be extracted 
during despreading, leading to index misdetection. 

During ZC synchronization acquisition, the receiver searches for the synchroniza-
tion-header position in the continuous received sequence. Therefore, this process is essen-
tially a sliding linear correlation between the received sequence 𝑦ୱ୫ሾ𝑛ሿ and the local ZC 
synchronization sequence z[n]. Its time-domain expression can be written as 

zc 1
*

sm zc
0

( ) ( ) ( ), 0,1, ,
N

zy y
n

R y n z n N Nτ τ τ
−

=

= + = … − (20)

where 𝑁௬  denotes the length of the received sequence used for the synchronization 
search, 𝑁୸ୡ is the length of the ZC synchronization header, 𝜏 denotes the candidate tim-
ing offset, and (⋅)∗  denotes complex conjugation. To improve the computational effi-
ciency, the linear correlation in Equation (20) can be implemented by FFT-based linear 
convolution: 

[ ] ( ) ( )( )( )smIFFT FFT FFT flipud ( )zyR y zτ ∗= ⋅ τ  (21)

where ϐlipud(⋅)  denotes sequence reversal, and ϐlipud(𝑧∗)  denotes the reversed conju-
gate form of the local ZC sequence. Owing to the CAZAC property of the ZC sequence, 
its autocorrelation peak is extremely sharp and free from sidelobe interference. Mean-
while, it causes negligible interference with the spreading code. Therefore, the system can 
accurately lock the frame-start position by searching for the maximum peak. When the 
Peak-to-Sidelobe Ratio (PSR) exceeds a preset threshold, synchronization is declared suc-
cessful. Based on this precise timing reference, the system extracts the aligned complete 
frame 𝑦 from the received sequence  𝑦ୱ୫, and then extracts each data spreading-block se-
quence for subsequent despreading. 

3.3.2. Index Information Recovery 

After the timing alignment is completed and the data spreading block  𝑟௦(𝑛)  is suc-
cessfully extracted, the receiver further recovers the cyclic-shift offset 𝑚௦ carried by the 
block. In the CSCIM scheme, the synchronization module and the index-recovery module 
are mathematically consistent. To improve resource reuse and reduce the receiver-side 
processing delay, the index-recovery process directly reuses the FFT-based fast-correla-
tion architecture described in Section 3.3.1. 

Let the 𝑠-th received spreading block be  𝑟௦(𝑛), and let the local reference spreading 
code be  𝑐଴(𝑛). Their frequency-domain representations are 𝑅௦(𝑘) = FFT[𝑟𝑠(𝑛)],𝐶଴(𝑘) =
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FFT[𝑐଴(𝑛)], and pointwise conjugate multiplication is performed in the frequency domain 
as 

*
0( ) ( ) ( ), 0,1, , 1s s cX k R k C k k N= = … −  (22)

Then, IFFT is applied to obtain the full-shift-domain cyclic-correlation sequence: 

corr ( ) IFFT ( )[ ], 0,1, , 1s s cX k Nτ τ τ= = … −  (23)

where corr௦[𝜏] denotes the correlation output between the received spreading block and 
the local reference spreading code under the cyclic-shift hypothesis  𝜏. 

Under ideal noise-free conditions, as shown in Figure 5, the blue curves denote the 
magnitude of the cyclic-correlation response, the black vertical lines indicate the transmit-
ted cyclic-shift offsets, and the red dashed lines indicate the detected peak positions. The 
magnitude of the full-delay-domain cyclic-correlation sequence obtained by IFFT has a 
unique significant peak at the transmitted cyclic-shift offset 𝑚௦. Figure 5a–d show the cor-
relation responses for 𝑚௦ = 0, 𝑚௦ = 32, 𝑚௦ = 64, and 𝑚௦ = 96, respectively. In each case, 
the detected peak position is consistent with the transmitted cyclic-shift offset, indicating 
that the peak position can be used to recover the index information. 

 

Figure 5. Illustration of full-delay-domain cyclic-correlation peaks under different transmitted cy-
clic-shift offsets: (a) ms = 0, (b) ms = 32, (c) ms = 64, and (d) ms = 96. 

Although fading channels may cause peak-energy distortion and tailing effects, the 
main-path correlation peak can still be reliably extracted when the spreading code has 
favorable autocorrelation properties. In the simulations of this paper, a Gold code is used 
as the spreading code to verify the effectiveness of this mechanism. 

After obtaining the cyclic-correlation sequence, the receiver avoids a multi-branch 
exhaustive search for despreading and index estimation. To reduce false detections and 
remain consistent with transmitter-side mapping, it searches only within the predefined 
shift set 𝑆 and selects the maximum correlation peak as the cyclic-shift estimate: 

ˆ argmax corr ( ) ,s sm m m S= ∈  (24)
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Let  𝑆 = {𝑚଴,𝑚ଵ, … ,𝑚ெିଵ}, where 𝑚௜ denotes the 𝑖-th cyclic-shift offset. According to 
the transmitter-side index-bit mapping rule, the position of  𝑚ෝ௦  in the set  𝑆  is the re-
covered decimal index value: 

( )ˆ ˆindexs S sv m=  (25)

where  indexௌ(⋅)   denotes the element index of a shift offset in the predefined set  𝑆 . 
Then, 𝑣ො௦  is converted into a binary sequence of length  𝑘୧ୢ୶: 

,
ˆ ˆbin ( )

idxidx s k sb v=  (26)

where  bin௞౟ౚ౮(⋅)  denotes a binary representation with output length  𝑘୧ୢ୶. Thus, index 
information recovery is completed. 

3.3.3. Despreading and Symbol Demodulation 

After the estimated cyclic-shift offset  𝑚ෝ௦  of the current spreading block is recov-
ered, the receiver generates the local spreading code  𝑐௠ෝೞ(𝑛)   with the corresponding 
shifted phase. The received spreading block  𝑟௦(𝑛)   is then correlated with  𝑐௠ෝೞ(𝑛)  for 
dispreading: 

1

ˆ
0

1ˆ ( ) ( )
c

s

N

s s m
nc

a r n c n
N

−
∗

=

= ⋅  (27)

where  𝑎ො௦   is the recovered modulation-symbol estimate. Since the spreading code 
adopted in this paper is a real-valued bipolar sequence, when  𝑐௠ෝೞ(𝑛) ∈ {+1,−1} , 𝑐௠ෝೞ∗ (𝑛) = 𝑐௠ෝೞ(𝑛). 

Since the full-delay-domain cyclic-correlation sequence in Equation (23) already con-
tains the correlation-despreading results for all candidate shifts, the receiver directly ex-
tracts the complex correlation value at the maximum-peak position and normalizes it by  𝑁௖: 

[ ]ˆcorr
ˆ s s
s

c

m
a

N
=  (28)

Finally, using the symbol estimate 𝑎ො௦  obtained through despreading, the system re-
covers 𝑘ୱ୷୫  symbol bits according to the BPSK or QPSK decision region in which  𝑎ො௦  
falls. Thus, the recovery of both index bits and symbol bits from the received signal is 
completed. 

3.4. Complexity Analysis 

To ensure comparability among different receiver structures, this section adopts the 
number of real multiplications (RMs) required at the receiver per frame as the unified 
complexity metric. Only multiplication operations in the payload-detection stage are 
counted as the main comparison metric among different schemes. The ZC synchroniza-
tion acquisition overhead required by CSCIM is counted separately in its end-to-end re-
ceiver complexity. Offline operations, such as local spreading-code generation, codebook 
storage, and the FFT precomputation of the local reference code, are not included in online 
RMs because they are not repeated for each transmitted frame. Comparisons, table 
lookups, modulo operations, square-root operations, divisions, and hard decisions are not 
converted into equivalent RMs, but are reported as separate operation types. According 
to the commonly used complex-arithmetic model, one complex multiplication is equiva-
lent to four real multiplications, and an FFT or IFFT of length  𝑁௖   approximately requires (𝑁௖/2)logଶ 𝑁௖   complex multiplications. 

For the CSCIM scheme, index recovery for one spreading block consists of three 
parts: the FFT of the received block, pointwise conjugate multiplication in the frequency 
domain, and IFFT. Since the FFT results of both the local reference spreading code and the 
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ZC template can be precomputed and stored, let the FFT length used for synchronization 
correlation be 𝑁ி. During synchronization and online detection, only the FFT of the re-
ceived block, 𝑁ி    or 𝑁௖  point complex multiplication, and one IFFT need to be com-
puted. Therefore, the multiplication complexity of synchronization acquisition is 4𝑁ிlogଶ 𝑁ி + 4𝑁ி, the receiver-side multiplication complexity of one spreading block is 4𝑁௖logଶ 𝑁௖ + 4𝑁௖ , and the per-frame receiver-side multiplication complexity of CSCIM 
with 𝑁௦ spreading blocks is 4𝑁ிlogଶ 𝑁ி + 4𝑁ி + 𝑁௦(4𝑁௖ logଶ 𝑁௖ + 4𝑁௖). 

Unlike conventional CIM and its variants, the CSCIM scheme obtains the full-shift-
domain correlation response through one FFT/IFFT-based fast cyclic-correlation opera-
tion. The subsequent peak search only involves a magnitude comparison and introduces 
no additional multiplication overhead. Therefore, under the RM-counting criterion 
adopted in this paper, the receiver-side multiplication complexity of CSCIM does not in-
crease with the index order. Let the number of candidate delays in the synchronization 
search range be 𝑁ఛ, and let the number of sidelobe samples outside the PSR guard region 
be 𝑁ୱ୪ . The synchronization module requires 𝑁ఛ − 1  main-peak comparisons, 𝑁ୱ୪ − 1 
sidelobe comparisons, and one PSR threshold decision. The data-detection module per-
forms 𝑀 − 1 shift-peak comparisons for each spreading block and 𝑘ୱ୷୫ = 2 times hard 
decisions in the QPSK symbol domain. Therefore, the total number of comparisons and 
decisions per frame is (𝑁ఛ − 1) + (𝑁ୱ୪ − 1) + 1 + 𝑁௦(𝑀 − 1) + 𝑁௦𝑘ୱ୷୫. These operations 
are not included in RMs, but are reported as independent hardware operation types. The 
one-time precomputation complexity of the two template FFTs is 2𝑁ி logଶ 𝑁ி +2𝑁௖ logଶ 𝑁௖. Since the ZC synchronization header does not carry payload information, its 
frame-level chip overhead is 

zc
ZC

zc s c

N
N N N

η =
+ (29)

This overhead is not part of the computational complexity, but it is deducted when 
calculating the effective throughput. 

The converted per-frame RM expressions of CIM and its related variants are listed in 
Table 1. Table 1 compares the online RMs of the payload detectors of different schemes, 
rather than the complete hardware cost including synchronization, storage, and frame-
header overhead. This criterion remains consistent with the complexity formulae of the 
benchmark schemes under the assumption of ideal synchronization in their original pa-
pers, where  𝑁௥   and  𝑁௧  denote the numbers of receive and transmit antennae, respec-
tively, and 𝑀୫୭ୢ  denotes the modulation order. It can be seen that the complexity of CIM 
and its variants usually increases rapidly with the codebook size, the number of candidate 
code combinations, or the joint detection search space, whereas CSCIM maintains a low 
and stable receiver-side multiplication complexity under high-order index configurations. 

Table 1. Complexity comparison. 

Scheme RMs per Frame 
BA_CIM 𝑁௦ൣ2𝑁௖𝑙𝑜𝑔2(𝑁௖) + ൫(𝑘௜ௗ௫/2) + 1൯(2𝑁௖𝑙𝑜𝑔2(𝑁𝑐) + 4𝑁௖)൧ 
CSCIM 𝑁௦[4𝑁௖𝑙𝑜𝑔ଶ(𝑁௖) + 4𝑁௖] 

CIM 4𝑁௦ × 2௞೔೏ೣ𝑁௖ 
GCIM 𝑁௦𝑁௖൫2௞೔೏ೣ/ଶ + 2௞೔೏ೣ/ଶ൯ 

CIM_ESM 𝑁௦ൣ16𝑁௖൫2௞೔೏ೣ/ଶ + 2௞೔೏ೣ/ଶ൯(𝑁௥ + 1) + 8𝑁௥𝑁௧ଶ𝑀௠௢ௗ൧ 
CIM_QSM 𝑁௦ൣ16𝑁௖൫2௞೔೏ೣ/ଶ + 2௞೔೏ೣ/ଶ൯(𝑁௥ + 1) + 8𝑁௥𝑁௧ଶ𝑀௠௢ௗ൧ 

4. System Performance Evaluation and Simulation Analysis 
Monte Carlo simulations were conducted to evaluate the BER performance, ZC syn-

chronization effectiveness, codebook resource consumption, receiver-side computational 
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complexity, and effective throughput of the proposed CSCIM scheme. Under unified sim-
ulation conditions, CSCIM was compared with representative CIM schemes, including 
BA-CIM, CIM, GCIM, CIM-ESM, and CIM-QSM. 

The simulations considered the AWGN channel and the flat Rayleigh fading channel 
with AWGN. In the simulations, the CSCIM scheme adopted a Gold code as the spreading 
code. Unless otherwise specified, the independent CSCIM link, the ZC synchronization 
ablation experiment, and the practical channel-impairment experiments adopt 𝑁௖ =𝑁௭௖ = 127 , 𝑁௦ = 9 , and an oversampling factor of 𝐿 = 1 . To unify the frame resources 
across different index orders and different benchmark schemes, the comparative experi-
ments in Section 4.4 set the target frame resource to approximately 4096 chips, which gives 𝑁௦ = 31. These two configurations are used for mechanism verification and unified-re-
source comparison, respectively, and the corresponding parameters are specified sepa-
rately in the relevant subsections. The ZC sequence length is kept consistent with the 
spreading-code length. The ZC sequence length is consistent with the spreading-code 
length, which facilitates the reuse of the FFT/IFFT operation module at the receiver. Set-
ting 𝑁௖ = 127 provides a reasonable balance between the spreading processing gain and 
system bandwidth overhead. The simulations assumed that the carrier phase had been 
ideally compensated. Therefore, the equivalent fading coefficient was 𝑎 = |ℎ| . The re-
ceiver was assumed to have perfect amplitude-gain information, and one-tap equalization 
was performed before ZC synchronization and data detection as 𝑦 ୯ = 𝑦/𝑎. Therefore, 
the results correspond to ideal-phase-tracking and perfect-amplitude CSI, without involv-
ing pilot-aided channel estimation or noncoherent QPSK detection. The AWGN variance 
was referenced to the transmit signal power before fading. 

4.1. Impact of Index Order on System Performance 

In the CSCIM scheme, the number of index bits 𝑘୧ୢ୶ determines the index-set size 𝑀 = 2௞౟ౚ౮. Increasing 𝑀 can improve the amount of index information carried by each 
spreading block. However, it also makes the legal cyclic-shift states denser, reducing the 
spacing between adjacent candidate shifts and increasing the difficulty of the correlation-
peak position decision. Therefore, the index order reflects a tradeoff between spectral ef-
ficiency and detection reliability. 

Figure 6 shows the BER performance of CSCIM under different index-set sizes over 
AWGN and the flat Rayleigh fading channels. To isolate the effect of the index-set size on 
cyclic-shift detection, all 𝑀configurations adopt the same chip-level signal-to-noise ratio. 
Suppose that each frame contains 𝑁௦  spread-spectrum data blocks, and each block car-
ries 𝑘୧ୢ୶ + 𝑘ୱ୷୫  payload bits. Then, for the configuration 𝑀 = 2௞౟ౚ౮, the frame-level pay-
load rate is given by 

( )idx sym

zc

s
M

s c

N k k
R

N N N
+

=
+

 (30)

The relationship between the chip-level SNR 𝛾௖ and the actual 𝐸௕/𝑁଴of this config-
uration is 

0

b c
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E
N R

γ 
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 
 (31)

In dB form, it can be expressed as 
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E R
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 

= − 
 

 (32)

In Figure 6, the payload rate of 𝑀୰ୣ୤ = 4 is used as the unified reference. Therefore, 
the horizontal axis is defined as the reference-equivalent 𝐸௕/𝑁଴: 
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 (33)

This horizontal axis represents the reference-equivalent 𝐸௕/𝑁଴. This treatment en-
sures that different 𝑀 configurations are evaluated under the same chip-level signal and 
noise conditions, thereby avoiding the additional SNR gain that would otherwise be in-
troduced for the high-order index configuration when the actual 𝐸௕/𝑁଴ normalization is 
used. 

The results show that, as 𝑀 increases, the BER curves shift rightward in the low-to-
medium SNR region, indicating that denser shift states increase the difficulty of the index 
decision. Meanwhile, the BER curves of all configurations continue to decrease with the 
reference-equivalent 𝐸௕/𝑁଴ . This indicates that the single-code cyclic-shift structure in 
CSCIM can still support reliable data transmission under high-order index configurations. 

 

Figure 6. BER performance of the CSCIM system under different index orders. 

The above results verify the influence of the index order on the BER performance of 
CSCIM. Since index recovery in CSCIM relies on the location of the cyclic-correlation 
peak, the accuracy of the receiver-side frame-start position directly affects the index deci-
sion. Therefore, the next subsection further verifies the role of the ZC synchronization 
header under random timing offsets. 

4.2. Verification of ZC Synchronization Effectiveness Under Random Timing Offsets 

To verify the ability of the ZC synchronization header in the proposed composite 
frame structure to suppress the cyclic-shift acquisition ambiguity, a comparative experi-
ment on the ZC synchronization effectiveness was conducted by introducing random tim-
ing offsets at the receiver. A random time offset was inserted before each received frame, 
so that the receiver cannot directly obtain the correct start position of the data block with-
out synchronization. Three receiving modes were compared: ZC-assisted data-block ex-
traction, direct extraction without synchronization compensation, and ideal extraction us-
ing the true frame start. To further distinguish between different synchronization out-
comes and the ideal timing reference based on the true frame start, the ZC acquisition 
events are classified into three categories. If the correlation peak passes the PSR threshold 
and the estimated frame-start position is correct, the event is regarded as a correct timing 
acquisition. If the correlation peak does not pass the PSR threshold, the event is regarded 
as a missed acquisition. If the correlation peak passes the PSR threshold but the estimated 
timing position is incorrect, the event is regarded as a false timing acquisition. The corre-
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sponding probabilities are denoted by 𝑃஼ , 𝑃ெ , and 𝑃ி , respectively, and satisfy 𝑃େ +𝑃୑ + 𝑃୊ = 1. 
Because cyclic-shift states are denser under high-order configurations, 𝑀 = 64 was 

selected to evaluate the influence of synchronization on index-recovery reliability. 
Figure 7 shows the index error rates of the three receiving modes under random tim-

ing offsets. Without ZC synchronization, the receiver always extracts the data block from 
the default position. Therefore, its IER remains on a high error floor close to 1. This is 
because the index information of the CSCIM scheme is carried by the cyclic-shift position. 
Without synchronization, the random frame-start offset at the receiver destroys the correct 
extraction of the spread-spectrum data block, causing the subsequent index decision 
based on the cyclic-correlation peak position to fail. In contrast, after ZC synchronization 
is adopted, the receiver first estimates the frame-start position and then extracts the 
spread-spectrum data block. As 𝐸௕/𝑁଴ increases, the IER decreases rapidly and gradu-
ally approaches the ideal result obtained with the known true timing reference. For exam-
ple, when 𝐸௕/𝑁଴ = 6 dB, the IERs of the ZC synchronization, no-synchronization, and 
known-timing modes are approximately 1.11 × 10ିସ, 9.79 × 10ିଵ, and 1.11 × 10ିସ, re-
spectively. This result indicates that the ZC synchronization header can effectively sup-
press the cyclic-shift acquisition ambiguity caused by random timing offsets. 

 

Figure 7. Index error rate comparison of ZC synchronization under random timing offsets (M = 64). 

4.3. Robustness Evaluation Under Practical Channel Impairments 

To evaluate the reliability of CSCIM under non-ideal propagation conditions, this 
section investigates the effects of the carrier frequency offset (CFO), multipath delay 
spread, and Doppler effect on index recovery and ZC synchronization acquisition. The 
simulations adopt 𝑀 = 64 , 𝑁௖ = 𝑁୸ୡ = 127 , QPSK modulation, and 𝐸௕/𝑁଴ = 14 𝑑𝐵  . 
The normalized CFO and Doppler frequency are denoted by Δ𝑓𝑇௦ and 𝑓஽𝑇௦, where Δ𝑓, 𝑓஽ , and 𝑇௦ denote the carrier frequency offset, the maximum Doppler frequency, and the 
sampling interval, respectively. A two-path quasi-static Rayleigh channel is used for the 
multipath model, where the average power of the second path is 6 dB lower than that of 
the first path, and its delay is uniformly selected from 1 to 𝐷୫ୟ୶ chips. 

The IER performance under typical channel perturbations is shown in Figure 8, 
where Figure 8a, Figure 8b, and Figure 8c correspond to the carrier frequency offset, mul-
tipath delay spread, and Doppler effect, respectively. It can be observed that uncompen-
sated CFO destroys the coherent accumulation of both the synchronization header and 
the spreading code, causing the IER to increase significantly with the normalized CFO. 
After ZC-assisted frequency-offset estimation and compensation are adopted, the perfor-
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mance degradation is substantially suppressed. Multipath components generate delayed 
peaks in the correlation domain and may compete with the predefined cyclic-shift posi-
tions. Since the correlation sidelobes depend on the specific relative delay, the IER exhibits 
locally non-monotonic variations with the multipath delay. The known timing reference 
in the figure is used only to separate timing acquisition errors from post-synchronization 
multipath interference. This result further indicates that, even when the frame start is per-
fectly known, multipath-induced correlation side peaks may still lead to cyclic-shift index 
misdetection. As the Doppler effect increases, the intra-frame channel variation weakens 
the stability of ZC acquisition and cyclic-correlation detection, and, therefore, the IER 
gradually increases. 

 

Figure 8. Index error rate of CSCIM under representative channel impairments: (a) carrier frequency 
offset. (b) multipath delay spread. and (c) Doppler effect. 

Figure 9a–c show the ZC synchronization acquisition results under CFO, multipath 
delay spread, and Doppler conditions, respectively. Figure 9 shows that uncompensated 
CFO mainly causes a rapid decrease in the probability of correct timing acquisition, 
whereas ZC-assisted frequency-offset compensation maintains a high acquisition proba-
bility within the investigated range. Under multipath conditions, both missed acquisition 
and false acquisition occur, indicating that delayed correlation peaks not only reduce the 
decision margin of the main peak, but may also cause the receiver to lock onto a non-first-
path position. For the investigated Doppler range, the false-acquisition probability is close 
to zero, whereas the missed-acquisition probability increases with Doppler, indicating 
that Doppler mainly prevents the synchronization peak from passing the decision thresh-
old by reducing the PSR. The synchronization results further show that the CFO, multi-
path delay spread, and Doppler effect increase the probabilities of missed acquisition or 
false timing acquisition by reducing the distinguishability of the ZC correlation peak. For 
example, when the normalized CFO is 4 × 10ିଷ, after ZC-assisted frequency-offset com-
pensation, the correct timing acquisition rate, missed acquisition rate, and false timing 
acquisition rate are 92.9%, 4.13%, and 2.97%, respectively, and the corresponding IER is 
approximately 7.07% . When the maximum multipath delay is eight chips, the correct 
timing acquisition rate, missed acquisition rate, and false timing acquisition rate are 73.77%, 8.10%, and 18.13%, respectively, and the corresponding IER is approximately 9.29% . Overall, ZC synchronization and frequency-offset compensation can effectively 
improve the index-recovery reliability of CSCIM, but multipath equalization and time-
varying channel tracking remain key issues for practical implementation. 
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Figure 9. Acquisition performance of ZC-based frame synchronization under representative chan-
nel impairments: (a) carrier frequency offset, (b) multipath delay spread, and (c) Doppler effect. 

4.4. Performance Comparison Under Unified Constraints 

Under unified frame-resource and target-spectral-efficiency constraints, this subsec-
tion presents a comparison of the CSCIM scheme with five CIM schemes, namely, BA-
CIM, CIM, CIM-ESM, CIM-QSM, and GCIM. The comparison is conducted from four as-
pects: BER performance, codebook resource consumption, computational complexity, and 
effective throughput. 

To ensure a fair comparison, the performance evaluation is divided into two parts: 
matched-payload comparison and high-order scalability analysis. 

All schemes adopt a ZC synchronization header of length 127 and 31 spread-spec-
trum data blocks, and the horizontal axis 𝐸௕/𝑁଴ is normalized according to the actual 
payload rate of each scheme. Due to the structural constraints of the code families, the 
lengths of the Gold code and Walsh code are set to 127 and 128, respectively, correspond-
ing to frame lengths of 4064 and 4095 chips. CSCIM (M = 4) and CIM both carry 4 
bits/block and are used for a low-order matched-payload comparison. CSCIM (M = 64) 
carries 8 bits/block and is used for a comparison under a high-payload configuration, so 
as to demonstrate the scalability of the proposed cyclic-shift construction under high-or-
der indexing. The remaining schemes are used as reference configurations for different 
CIM structures, and their modulation and index structures follow those defined in their 
original papers. Since different schemes adopt different receiver models, the CSI usage 
follows the implementation setting of each detector. For CSCIM, the ZC synchronization 
header is included as the frame-level overhead when the effective throughput is calcu-
lated. Table 2 lists the key parameters of all schemes. 

Table 2. Scheme parameters. 

Scheme M 𝑵𝑻 𝑵𝑹 Code Type Code Length 
BA_CIM 4 1 1 Gold 127 

CSCIM (M = 4) 4 1 1 Gold 127 
CSCIM (M = 64) 64 1 1 Gold 127 

CIM 4 1 1 Walsh 128 
GCIM 4 1 1 Walsh 128 

CIM_ESM 4 4 1 Walsh 128 
CIM_QSM 4 4 1 Walsh 128 
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4.4.1. Bit Error Rate Performance Comparison 

Figure 10 shows the BER comparison of different schemes over flat Rayleigh fading 
with AWGN, which is used to evaluate the overall noise performance of different schemes 
in fading channels. Representative schemes were selected in Figure 11 to compare their 
BER curves under the AWGN channel and the flat Rayleigh fading channel with AWGN, 
so as to analyze the influence of channel fading on system error performance. 

 

Figure 10. BER comparison of different schemes over flat Rayleigh fading with AWGN. 

 

Figure 11. BER comparison of representative schemes under different channel conditions. 

For each 𝐸௕/𝑁଴ point, the simulations recorded the actual number of frames, the 
number of transmitted payload bits, and the number of bit-error events. The two-sided 
Clopper–Pearson method was used to calculate the 95% confidence intervals. Each data 
point in Figure 10 contains 500–5000 frames and 6.2 × 10ସ − 1.24 × 10଺  payload bits, 
whereas each data point in Figure 11 contains 800–5000 frames and 9.92 × 10ସ −1.24 × 10଺ payload bits. For the flat Rayleigh fading branch of CSCIM, an independent 
fading coefficient ℎ ∼ 𝒞𝒩(0,0.5)  was generated for each frame and remained un-
changed within the frame. 

As shown in Figure 10, under flat Rayleigh fading with AWGN, CSCIM (M = 4) 
achieves a better BER performance than low-order CIM-type schemes such as BA-CIM, 
CIM, and GCIM. For the high-order configuration, although the index-carrying capability 
is higher and the detection difficulty increases accordingly, its BER curve still decreases 
steadily in the high-SNR region. Even under the high-order index configuration of 𝑀 =
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64, the BER performance of CSCIM can still outperform several CIM and CIM-variant 
schemes, indicating that it remains effective under high-order index configurations. 

Figure 11 shows that, compared with the AWGN channel, flat Rayleigh fading with 
AWGN shifts the BER curves of all schemes rightward, indicating that fading increases 
the difficulty of index detection and symbol decision. However, the CSCIM scheme main-
tains a rapid BER decrease under both channel conditions. Under the same channel con-
dition, CSCIM achieves a better BER performance than BA-CIM, GCIM, and conventional 
CIM. This is because CIM and its variants rely on the orthogonality among multiple dif-
ferent spreading codes to carry index information and are therefore vulnerable to inter-
code cross-correlation interference in fading channels. In contrast, CSCIM constructs can-
didate spreading codes by cyclically shifting the same spreading code. The distinguisha-
bility among candidate states mainly depends on the autocorrelation property of the ref-
erence code. When a Gold code with favorable autocorrelation is used as the spreading 
code, CSCIM can maintain a high index-recognition accuracy. 

4.4.2. Comparison of Codebook Resources and Computational Complexity 

Figure 12 shows the relationship between the required number of spreading codes 
and the number of index bits for different schemes. Figure 13 further compares the re-
ceiver-side computational complexity of these schemes. 

 

Figure 12. Required number of spreading codes versus the number of index bits. 

 

Figure 13. Receiver-side computational complexity versus the number of index bits. 
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As shown in Figure 12, as the number of index bits carried by each spreading block 
increases, CIM and its variants usually require more candidate spreading codes or code 
combinations, and the codebook size increases accordingly. In contrast, CSCIM requires 
only one Gold code in the simulations, and different index states are generated by cyclic 
shifts of this spreading code. Therefore, its spreading-code resource requirement does not 
increase with the number of index bits, giving it a lower codebook resource overhead un-
der high index orders. 

As shown in Figure 13, CIM-type schemes usually require parallel matching or cor-
relation detection over all candidate spreading codes. Therefore, their receiver-side com-
putational complexity increases rapidly with the codebook size and the number of index 
bits. The CSCIM scheme obtains the full-shift-domain correlation response at once 
through FFT/IFFT. The subsequent correlation-peak search only involves a magnitude 
comparison and does not introduce additional multiplication overhead. Therefore, under 
the RM-counting criterion, the receiver-side multiplication complexity of CSCIM does not 
increase with the index order. It can maintain a low and stable computational cost under 
high-order index configurations, and its complexity advantage becomes more evident as 
the index order increases. 

4.4.3. Comparison of Effective Throughput 

To uniformly evaluate the effective transmission capability of different schemes un-
der the joint effects of the frame overhead and detection errors, the normalized effective 
throughput is defined as the number of information bits correctly recovered at the receiver 
per chip. This metric jointly reflects the effects of spectral efficiency and BER. For each 
frame containing 𝑁௦ spread-spectrum data blocks, the number of effective information 
bits is 

( )payload idx symsB N k k= +  (34)

The frame length including the synchronization header and guard interval is ex-
pressed as 

frame zc guards cN N N N N= + +  (35)

In the simulations of this paper, the frame consists of a ZC synchronization header 
and consecutive spread-spectrum data blocks without an additional guard interval. 
Therefore, 𝑁୥୳ୟ୰ୢ = 0. If synchronization fails, or if either the index bits or modulation 
bits are recovered incorrectly, the frame is regarded as an erroneous frame. Therefore, the 
normalized effective throughput is defined as 

( )payload
eff

frame

1 FER
B
N

η = −  (36)

This definition deducts the ZC synchronization-header overhead and the frame loss 
caused by synchronization failure. BER and IER are used to characterize the bit recovery 
and index recovery performance, respectively, whereas FER is directly obtained from sim-
ulations without assuming independent bit errors. Since chip-level normalization is 
adopted in this paper, the oversampling factor (L) is not included in the denominator. If 
normalization is performed with respect to sampling points, the effective throughput 
should be further divided by (L). In this experiment, (L = 1). 

Figure 14 shows the normalized effective throughput of different schemes as 𝐸௕/𝑁଴ 
varies. The effective throughput is calculated as the number of correctly recovered pay-
load bits per frame chip, where the ZC synchronization header is included in the frame 
length. Therefore, the results reflect the joint effects of the synchronization overhead and 
frame-detection reliability. 
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Figure 14. Normalized effective throughput comparison of different schemes versus 𝐸௕/𝑁଴. 

Under the parameter setting of this paper, CSCIM (𝑀 = 4) carries 4 bits/block and is 
used for a low-order performance comparison, whereas CSCIM (𝑀 = 64 ) carries 8 
bits/block and is used for a comparison under a high-payload configuration. As 𝐸௕/𝑁଴ 
increases, the frame error rate of each scheme gradually decreases, and the effective 
throughput correspondingly approaches its peak spectral efficiency. CSCIM (𝑀 = 4 ) 
maintains an effective throughput comparable to that of conventional CIM under the low-
order configuration. The higher throughput of CSCIM (𝑀 = 64) mainly comes from the 
fact that it carries more index bits. This result indicates that CSCIM can be extended to 
higher-payload configurations while keeping the number of independent spreading codes 
equal to one and while maintaining a receiver-side complexity that is almost independent 
of the index order. Meanwhile, its effective throughput increases steadily with 𝐸௕/𝑁଴, 
demonstrating that the proposed cyclic-shift index structure still provides a usable trans-
mission reliability under high-order configurations. 

5. Conclusions 
This paper proposes a CSCIM scheme to address the dependence of CIM on large 

orthogonal codebooks and the rapidly increasing receiver-side detection complexity un-
der high-order index mapping. The proposed scheme uses different cyclic-shift states of a 
single spreading code to carry index information and transforms multi-code selection 
mapping into single-code cyclic-shift mapping. In this way, codebook resource consump-
tion is reduced while the spread-spectrum transmission framework is preserved. Mean-
while, a composite frame structure consisting of a ZC synchronization header and spread-
spectrum data blocks is designed to establish a reliable frame-start reference and resolve 
the cyclic-shift acquisition ambiguity. 

At the receiver, an FFT/IFFT-based fast cyclic-correlation detection method is 
adopted to obtain the full-shift-domain correlation response through a single processing 
path, and recovers the index information according to the correlation-peak position. The 
simulation results show that the proposed CSCIM scheme achieves a competitive overall 
performance in terms of BER, codebook resource consumption, receiver-side computa-
tional complexity, and effective throughput. Its codebook and complexity advantages are 
particularly evident under high-order index configurations. The additional results further 
reveal the sensitivity of CSCIM to the carrier frequency offset, multipath delay spread, 
and Doppler effects. Future work will focus on enhanced frequency-offset compensation, 
multipath equalization, time-varying channel tracking, multiuser access, non-ideal chan-
nel estimation, and hardware-oriented system validation. 
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