
Received 14 August 2024, accepted 11 October 2024, date of publication 21 October 2024, date of current version 8 November 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3483940

Joint Subcarrier Time Reference Index-
Modulation-Aided Differential Chaos Shift Keying
Communication System
FADHIL S. HASAN 1 AND ALEJANDRO A. VALENZUELA 2
1College of Engineering, Mustansiriyah University, Baghdad 14022, Iraq
2Department of Engineering and Communication, Bonn-Rhein-Sieg University of Applied Sciences, 53757 Sankt Augustin, Germany

Corresponding authors: Fadhil S. Hasan (fadel_sahib@uomustansiriyah.edu.iq) and Alejandro A. Valenzuela
(alejandro.valenzuela@h-brs.de)

This work was supported in part by the College of Engineering of Mustansiriyah University, and in part by the German-Argentinean
University Centre Deutsch-Argentinisches Hochschulzentrum (DAHZ)-Centro Universitario Argentino-Alemán (CUAA).

ABSTRACT A novel multidimensional index modulation-based differential chaos shift keying (DCSK)
technique, designated as Joint Subcarrier Time Reference Index Modulation-aided Differential Chaos Shift
Keying (JSTRIM-DCSK), is proposed for efficient data transmission in chaotic communication systems. The
JSTRIM-DCSK system integrates subcarrier, time slot, and reference signal indexing to transmit information
and offers two variants: JSTRIM-DCSK-I and JSTRIM-DCSK-II. The data is organized into L subblocks,
each containing Ns subcarrier index bits ps and Nt time slot index bits pt , reference index bits pr , and
modulated bits pm. The subcarrier and time slot index bits jointly select an active or inactive subcarrier
time slot combination from a total of NsNt possibilities, categorizing the system as either JSTRIM-DCSK-I
(active) or JSTRIM-DCSK-II (inactive). The reference indexed bits select a single chaotic reference signal
from Nr orthogonal chaotic vectors generated using the Gram-Schmidt orthogonalization process. The
modulated bits are transmitted using a DCSK modulation scheme. Analytical expressions for the bit error
rate (BER) performance of the JSTRIM-DCSK system are derived under both additive white Gaussian noise
(AWGN) and multipath Rayleigh fading channel (MRFC) conditions. Furthermore, the potential for energy
savings, bandwidth efficiency, and system complexity of the JSTRIM-DCSK system are thoroughly analyzed
and compared with those of the existing techniques. The simulation results validate the analytical expressions
and demonstrate the potential of JSTRIM-DCSK to achieve high data rates, efficient energy savings, and a
competitive BER performance.

INDEX TERMS Chaos communications, modulation coding, multidimensional coding, multipath channels,
subcarrier multiplexing.

I. INTRODUCTION
The increasing demand for efficient and robust communi-
cation systems in high-data-rate applications motivates the
development of innovative modulation techniques. Tradi-
tional methods frequently encounter difficulties in achieving
an optimal balance between spectral efficiency, energy effi-
ciency, and system complexity, particularly in environments
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with fluctuating channel conditions. Chaos-basedmodulation
techniques address some of these challenges by employing
easily generated wide-bandwidth chaotic signals. The differ-
ential chaos shift keying (DCSK) scheme, initially proposed
in [1] as a means of addressing the challenges associated
with receiver synchronization [2], represents a significant
advancement in chaos-based communication systems. Its
widespread adoption and extensive study in chaos spread
spectrum systems can be attributed to its low-complexity
implementation, independence from channel information at
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the receiver, and commendable performance, particularly
over selective Rayleigh fading channels [3]. Consequently,
DCSK has attracted considerable attention and has been
employed in a multitude of communication systems, includ-
ing multiple-input multiple-output (MIMO) systems [4],
underwater acoustic communication systems [5], power line
communication systems [6], network coding systems [7],
wireless power transfer systems [8], and free-space optical
communication systems [9]. However, DCSK is not without
limitations, particularly those associated with the transmis-
sion of reference chaotic signals in the initial time slot of
the symbol period. This ultimately results in diminished data
rates, reduced energy efficiency, and increased error rates.
To address these limitations, extensive research has been
conducted to enhance classical DCSK systems. These include
quadrature chaos shift keying (QCSK) [10], high-efficiency
DCSK (HE-DCSK) [11], code-shifted DCSK (CS-DCSK)
[12], generalized CS-DCSK (GCS-DCSK) [13], high-data-
rate CS-DCSK (HCS-DCSK) [14], a combination of M-ary
constellations with DCSK [15], [16], [17], shortening of the
reference signal [18] over orthogonal chaotic vector shift
keying (OCVSK) [19], [20], [21], noise reduction DCSK
(NR-DCSK) approaches [22], which involve repeating short
chaotic signals multiple times, and the use of low-density
parity check code (LDPC) [23], [24]. Furthermore, orthogo-
nal frequency-division multiplexing (OFDM) has also been
integrated with differential chaos shift keying (DCSK) to
enhance information rate, bandwidth, and energy efficiency
[25], [26], [27], [28], [29].

Recently, index modulation (IM) techniques have emerged
to improve the data rate, bandwidth, and energy efficiency
of traditional communication systems [30], [31]. The data
rate in the IM system is enhanced without additional energy
consumption and with a simple increase in complexity.
It transmits data through the index of entities, such as
frequency (subcarrier), time slot, code, spatial, or a hybrid
between them. Further proposals include power coefficient
optimization, as in code index modulation DCSK (CIM-
DCSK) and CIM short reference DCSK (CIM-SR-DCSK)
[32], [33], code index modulations integrated with general-
ized code-shift DCSK, multilevel code-shifted DCSK [34],
[35], and the combination of carrier index (CI) modulation
with DCSK [36], [37], [38]. Commutation CI DCSK (CCI-
DCSK) introduces orthogonal commutation signals selected
by mapping bits [39]. Permutation index CI DCSK (PI-
DCSK) employs a single orthogonal permutation signal
chosen by a mapping bit to transmit the modulated bit [40].
In [41], a dual index modulation DCSK (DCSK-DIM)
using two parallel time slot indices has been proposed.
Other improvements to DCSK include combining M-ary
OCVSK with index modulation to form MC-MOCVSK-IM,
using hybrid subcarrier and code indices in joint carrier-
code index modulation aided M-ary differential chaos shift
keying systems (JCCIM-MDCSK), and integrating grouping
subcarrier index modulation into DCSK [42], [43], [44], [45],
[46], [47], [48]. In [49], a neural network (NN) is utilized to

improve the bit error rate (BER) performance of an index-
modulated DCSK system. In a recent study, a joint carrier-
time-code-sort index modulation DCSK (JCTCS-IM-DCSK)
system has been proposed to improve the performance of high
data rate DCSK systems [50].
Our work addresses these challenges by introducing the

JSTRIM-DCSK system, a novel communication approach
that integrates joint subcarrier time reference index modu-
lation with DCSK. Unlike previous systems such as GSIM-
DCSK [44], GSPIM-DCSK [48], and CTIM-DCSK [47],
JSTRIM-DCSK enhances the characteristic analysis while
maintaining the complexity per bit. It uses multidimen-
sional index modulation based on subcarrier, time, and
reference index resources to achieve high data rate and
energy efficiency. In the proposed system, the Gram-
Schmidt orthogonalization algorithms generate orthogo-
nal chaotic reference signals, thereby improving spectral
efficiency.

We derive analytical expressions for the bit error
rate over AWGN and MRFC and confirm their accu-
racy through simulations. This validation demonstrates
the robustness and effectiveness of our proposed systems
under various channel conditions. Our work includes a
detailed comparison of the proposed systems with recent
advances, focusing on energy efficiency, bandwidth effi-
ciency, and complexity, highlighting their competitive advan-
tages and potential applications in various communication
scenarios.

II. THE JSTRIM-DCSK SYSTEM
JSTRIM-DCSK introduces two schemes, JSTRIM-DCSK-I
and JSTRIM-DCSK-II, which divide the information bits into
L groups with specific bit allocations. Reference index bits
select a reference chaotic signal, while subcarrier time index
bits indicate the active or inactive Analytical expressions for
the bit error rate (BER) are derived for both additive white
Gaussian noise and multipath Rayleigh fading channels, with
simulation results confirming the theory and comparing it
with recent advances.

A. THE JSTRIM-DCSK-I SCHEME
The transmitter side block diagram of the proposed JSTRIM-
DCSK-I system is shown in Fig. 1. The system involves
a single modulated bit for each symbol. First, the Gram-
Schmidt orthogonalization algorithm (GSA) is used to
derive orthogonal chaotic signals from a set of Nr chaotic
generators, each of length R. The chaotic generators use
a second-order Chebyshev polynomial function zq,k+1 =

1 − 2z2q,k , where k = 0, 1, . . . ,R and q = 1, 2, . . . ,N r ,
with different initial values. These chaotic signals, proven
to be uncorrelated and linearly independent [28], [42], are
transformed by the GSA to perfectly normalized orthogonal
signals, all with the same vector length. For k = 1, ..,R the
Nr reference-chaotic signals, forming a matrix X ∈ RNr×R,
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FIGURE 1. JSTRIM-DCSK transmitter.

is defined as

Xq,k =



z1,k√∑R
k=1

[
z1,k

]2 ,

q = 1

zq,k −
∑n−1

m=1

[∑R
k=1 zq,kXm,k

]
Xm,k√∑R

k=1

[
zq,k −

∑n−1
m=1

(∑R
k=1 zq,kXm,k

)
Xm,k

]2 ,

q = 2, 3, ..,Nr .

(1)

This expression defines the k th sample of the qth orthogonal
chaotic signal: By concatenating these reference-chaotic
signals, they are transformed into a unified vector Xn with
a length of β = N rR, where β is the spreading factor, n =

1, . . . , β, Xn = Xk+(q−1)R = Xq,k , q ∈ 1, . . . ,Nr and
k = 1, . . . ,R. The JSTRIM-DCSK symbol is composed
of L groups. Each group consists of ps + pt + pr + pm
bits, where ps, pt , pr and pm represent subcarrier, time,
reference, and modulated bits, respectively. In the JSTRIM-
DCSK-I, the number of modulated bits is equal to one.
Consequently, the total number of transmitted bits amounts
to a value of LpI bits, where pI = ps + pt + pr + 1. Each
symbol group comprises the bits transmitted from the l th sub-
block, denoted as Al =

{
a(l−1)pI+1, a(l−1)pI+2, . . . ., alpI

}
,

where l = 1, ..,L. In each group, the initial ps bits denote
the subcarrier index, selecting one active subcarrier from
Ns = 2ps subcarriers. The subsequent pt bits represent the
time slot index, selecting one active time slot from Nt = 2pt

time slots. The following pr bits are the reference indices that

determine one of the reference-chaotic signalsXq,k , with q =

1, ..,Nr and Nr = 2pr . The final bit, pm, is the modulated bit.
There are 2v + 1 subcarriers, where v is an intege v ≥ ps.
The first subcarrier transmits the chaotic reference signals
Xn (t) , with n = 1, .., β, whereas the remaining subcarriers
are divided into L = 2v/Ns sub-blocks. A bits-to-symbol
converter transforms the subcarrier index bits ps into an index
symbol, IS l ∈{1, .., Ns}, with l = 1, ..,L which selects a
single subcarrier in the group. The lth time index IT l ∈{1,
.., Nt} is derived from the pt bits by selectin a single time
slot from the group. The pr bits in the lth group are converted
into reference index IRl ∈{1,.., Nr}, determining a single-
reference chaotic signal from a set of Nr orthogonal signals,
that is, x lk = XIRl ,k . The modulated bit in the lth subblock
is mapped into the bipolar form bl ∈ {1, −1} , l = 1, ..,L,
using a polarity converter function. It is then transmitted by
both the subcarrier indexed by IS l and the slot indexed by
IT l through a specific reference chaotic signal indexed by IRl
using DCSK modulation.

Using the reference inde pr , the reference index mapper of
the L th sub-block in Fig. 1 selects one orthogonal reference-
chaotic signal to produce x lk = XIRl ,k , with k = 1, ..,R.
Subsequently, the information and carrier signal mapper
generates the lth 3D matrix C l = [cli,j,1, .., c

l
i,j,R], with i =

1, ..,Nt and j = 1, ..,Ns (C l ∈ RNt×Ns×R), where cli,j,k
contain XIRl ,k , with k = 1, ..,R, if i = IT l and j = IS l or
zero vector 0k of length R otherwise,

cli,j,k =

{
XIRl ,k if i = IT l and j = IS l
0k otherwise

(2)
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TABLE 1. Mapping example for the JSTRIM-DCSK-I system with v = 3, ps = 2, pr = pt = 1.

The signals cli,j,k can be concatenated in the form
clj,n = [cl1,j,k , . . . ,clNt ,j,k ], with n = 1, .., β, multiplied by
dl,j, where j = 1, ..,Ns, in subsequent steps. The subcarrier
index mapper produces the sequence dl,j in the lth group,
which has either modulated bits bl , if j = IS l bits, or zero
otherwise,

dl,j =

{
bl if j = IS l
0 otherwise

(3)

For JSTRIM-DCSK-I, where N = 1, the signals clj,n are
multiplied by dl,j to yield the information-bearing signals
ϕlj,n= clj,ndl,j for the lth group. This results in only one
nonzero vector among NsNt vectors in each group. Table 1
provides examples of mapping functions for scenarios where
v = 3, ps = 2, pt =, and pr = 1. The setup consists
of two sub-blocks, with four subcarrier index mappers, two
time slot index mappers, and two reference index mappers
for the sub-blocks. Given that the data bits for the two
sub-blocks are A = {0 0 0 0 0 1 0 1 1 1}, the total bits
transmitted during a single-symbol duration LpI , amounts
to 10 bits. The reference-chaotic signals are represented as
Xn =

[
X1,k ,X2,k

]
, whereas the information-bearing signals

are {dl,jclj,n}, with j = {1,2,3,4}. The pattern frequencies for
the 1st and 2nd group are {f2, f3, f4, f5} and {f6, f7, f8, f9},
respectively. The active center frequencies for the first and
second sub-blocks are f2 and f8, respectively. Notably, the
frequency pattern starts from the second frequency because
the first frequency is reserved for transmitting the reference
chaotic signal.

Within each group, the information- and reference-chaotic
signals can bemodulated using discrete cosine transform. The
total transmitted signal is the

s (t) =

∑L

l=1

∑Ns

j=1
ϕlj (t)cos

(
2π f(l−1)Ns+j+1t

+θ(l−1)Ns+j+1
)
+ X (t) cos (2π f1t + θ1) , (4)

where ϕlj (t) = clj (t) dl,j, f(l−1)Ns+j+1 and θ(l−1)Ns+j+1 are
the center frequency and phase angle of the jth frequency
in the l th group, respectively. X (t) and clj (t) represent the

analog signals of the reference-chaotic and information-
bearing signals, respectively, converted to analog signals
using a square root raised-cosine pulse-shaping filter
(PSF) [42]

X (t) =

∑β

n=1
Xnh (t − nTc), n = 1, ..,β

ϕlj (t) =

∑β

n=1
ϕlj,nh (t − nTc) , j = 1, ..,Ns (5)

where Tc is the interval of the chaotic samples and h (t) is the
normalized impulse response of the PSF with a roll-off factor
φ, 0 < φ ≤ 1.

Fig. 2 illustrates the receiver architecture of the JSTRIM-
DCSK-I system, with the reception signals accounting for
multipath propagation and noise [44], [47]

r (t) =

∑P

ρ=1
αρδ

(
t − τρ

)
⊛ s (t) + η (t) , (6)

where P represents the number of propagation paths, αρ

and τρ the gain and delay for the ρth path, ⊛ is the
convolution operation, and η (t) is the wideband AWGN
nosie with zero mean and a variance of N0/2. The propagation
gains αρ are independent random variables that follow the
Rayleigh distribution. The received signal r (t) is demodu-
lated by multiplying it with 2v(+1) synchronous sinusoidal
subcarrier, and then processed through matched filters to
obtain the jth received signal from all subcarriers with time
spacing = nTc, rj,n, j = 1, . . . , (2v + 1) and n = 1, . . . , β.
The discrete received signals consist of two parts. The first

part is the reference chaotic signal r1,n,wheren = 1, .., β.
This signal is centered at the first subcarrier and contains
the Nr received reference chaotic signals. The second part
is the information-bearing signal centered at frequencies
j = 2, . . . , 2v + 1, represented by rj,n. The information-
bearing signals are grouped into L sub-blocks, with each
sub-block containing Ns vectors. For example, the first
sub-block contains signals r2,n, . . . , r2+Ns,n, and the second
sub-block contains signals r3+Ns,n, . . . , r3+2N s,n and so on.
These received signals are then framed into Nt vectors, each
of length R, denoted as rj,i,R, where j = 1, .., 2v + 1 and
i = 1, ..Nt . The ith received reference-chaotic signals
r1,i,R are arranged in a matrix A of dimensions Nr × R,
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FIGURE 2. JSTRIM-DCSK receiver.

constructed as

A =


r1,1,1 r1,1,2 · · · r1,1,R
r1,2,1 r1,2,2 · · · r1,2,R

...

r1,Nr ,1

...

r1,Nr ,2

...

. . .

...

r1,Nr ,R

 . (7)

In the lth sub-block, the received information-bearing signals
are arranged in matrices BlNsNt×R with dimensions NsNt ×R:

Bl =


r(l−1)Ns+2,1,1

...

r(l−1)Ns+2,Nt ,1

r (l−1)Ns+2,1,2
...
...

· · ·

. . .

· · ·

r (l−1)Ns+2,1,R
...

r (l−1)Ns+2,Nt ,R

 .

(8)

The lth correlation matrices DlNsNt×Nr are calculated as

Dl = A× BTl , with l = 1, ..,L. (9)

The superscript ‘T ’ denotes the transpose operation. The
lth matrix Dl is then rearranged to obtain the variables
Dli,j,q, where i ∈ {1, ..,Nt } , j ∈ {1, ..,Ns} and q ∈ {1, ..,Nr }
for l = 1, ..,L. The decision variablesDli,j,q are expressed for
the different cases:
Case 1: For i = IT l , j = ISl and q = IRl

DlIT l ,IS l ,IRl =

∑R

k=1

(∑P

ρ=1
αρxIRl ,k−τρbl + ηIT l ,IS l ,k

)
×

(∑P

ρ=1
αρxIRl ,k−τρ + ηIT l ,1,k

)
= D1,

(10)

where ηi,j,k are the k th sample of the AWGN signal at the
ith time slot and jth subcarrier with zero mean and standard
deviation

√
N0/2.

Case 2: For i = IT l, j = IS l, and q = 1, ..,Nr , q ̸= IRl

DlIT l ,IS l ,q =

∑R

k=1

(∑P

ρ=1
αρxIRl ,k−τρbl + ηIT l ,IS l ,k

)
×

(∑P

ρ=1
αρxq,k−τρ + ηq,1,k

)
= D2, (11)

where ηq,1,k is the k
th sample of the AWGN signal at qth time

slot and the first subcarrier, asNt = Nr and the first subcarrier
holds the reference chaotic signal.

Case 3: i = 1,.., Nt , i ̸= IT l , j = 1,.., Ns, j ̸= IS l , q = 1,..,
Nr

Dli,j,q =

∑R

k=1

(
ηi,j,k

)(∑P

ρ=1
αρxq,k−τρ + ηi,1,k

)
= D3.

(12)

The indices of the active time, frequency, and reference
in the l th group are recovered using the maximum absolute
values ofDli,j,q for i = 1, ..,Nt , j = 1, ..,Ns and q = 1, ..,Nr ,
and can be expressed as(

ˆIS l, ˆIT l, ˆIRl
)

= arg max
i=1,...,Nt
j=1,...,Ns,
q=1,...,Nr

(∣∣∣Dli,j,q∣∣∣) , with l = 1, ..,L,

(13)

where ˆIS l, ˆIT l and ˆIRl are the l th estimated indices of
the active subcarrier, time slot, and reference, respectively.
The l th estimated index bits are found by converting
ˆIS l, ˆIT l and ˆIRl into binary bits using a decimal-to-
binary converter after subtracting by one, denoted as
â(l−1)pI+1, â(l−1)pI+2, . . . ., âlpI−1. The l th detected modu-
lated bit can be recovered as

âlpI =

 0 if sign
(
Dl

ˆIS l , ˆIT l , ˆIRl

)
= −1

1 if sign
(
Dl

ˆIS l , ˆIT l , ˆIRl

)
= +1

l = 1, ..,L.

(14)

B. THE JSTRIM-DCSK-II SCHEME
The transmission and reception aspects of the second
proposed, JSTRIM-DCSK-II, system are also represented
by Fis. 1 and 2, respectively. Each sub-block in this
system consists of NsNt − 1 active pairs of subcarriers
and time slots, with one single inactive pair selected by
the subcarrier and time slot pair. Each group has pII =
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TABLE 2. Mapping example for the JSTRIM-DCSK-II system with v = 2, ps = 2, pr = pt = 1.

((NsNt − 1)(pr + 1) + ps + pt ) bits, where the number
of active pairs in each group is N = (N sNt − 1), and only
a single inactive pair is chosen by the subcarrier and time
slot pair. The total number of transmitted bits are LpII
bits. For each symbol period, the lth transmitted bits are
Al =

{
a(l−1)pII+1, a(l−1)pII+2, . . . ., alpII

}
, l = 1, ..,L.

For each group, the first ps bits are subcarrier index bits
that select a single null subcarrier from Ns subcarriers.
The second pt bits are time slot index bits that select a
single active time slot from Nt = 2pt time slots. The third
(NsNt − 1) pr packet bits are reference index packet bits that
select reference-chaotic signals (Xq,k , q = 1, ..,Nr ) for each
active (subcarrier and time slot) pair, where Nr = 2pr . The
final pm bits, ranging form m = 1 to (N sNt − 1) serve
as modulated bits, with one bit allocated to each pair of
subcarriers and time slots.

In this system, the reference index mapper in the lth
group selects the orthogonal reference-chaotic signal out of
N = (N sNt − 1) possibilities, using the pr bits to generate
x li,j,k = XIRli,j,k for k = 1, ..,R, l = 1, ..,L, i = 1, ..,Nt ,
j = 1, ..,Ns and i ̸= IT l and j ̸= IS l . The information
and carrier signal mapper generates the lth 3D matrix C l =

[cli,j,1, .., c
l
i,j,R] with i = 1, ..,Nt and j = 1, ..,Ns (C l ∈

RNt×Ns×R)

cli,j,k =

{
0k if i = IT landj = IS l
XIRli,j,k if i ̸= IT l, j ̸= IS l,

k = 1, ..,R.

(15)

The signals cli,j,k are then multiplied by the lth packet
data bits d li,j. This operation results in either a zero value in
the subcarrier index selected by ps and the time slot index
selected by pt , or the values of the modulated bits bli,j =

[a(l−1)pII+pII−(NsNt−1)..apII+(l−1)pII ]:

d li,j =

{
bli,j if i = 1, ..,Nt , i ̸= IT l, j = 1, ..,Ns, j ̸= IS l
0 if i = IT l, j = IS l .

(16)

The lthmultiplied signalsϕli,j,k = d
l

i,j
cli,j,k , are transformed

into signals ϕlj,n, where n = 1,.., β and j = 1,.., Ns, using

the concatenating function ϕlj,n = [ϕl1,j,kϕ
l
2,j,k . . . ϕlNt ,j,k ].

Therefore, among Ns × Nt sequences, in each grou, there
is one zero-value sequence that carries the subcarrier and
time slot index bits and N sequences that carry the reference
index and information data bits. Table 2 presents a simple
mapping example for v = 3, ps = 2, pt = 1, and pr = 1.
There are two sub-blocks, four subcarrier index mappers,
two time slot index mappers, and seven packets from the
two reference index mappers. Assuming that the data bits
for the two sub-blocks are A = {00 0 0010111 0001111
11 1 1100011 1110110}, the total number of bits for one
symbol duration LpII = 34 bits. The reference-chaotic signals
Xn = [X1,k ,X2,k ] and the information-bearing signals are
d li,jc

l
i,j,k , i = 1,2, with j ∈ {1, 2, 3, 4}. The pattern subcarriers

for the 1st and 2nd group are {f2, f3, f4, f5} and {f6, f7, f8, f9},
respectively. The inactive center frequencies for each group
are f2 and f9 for the first and second sub-blocks, respectively.
In addition, the inactive center times for each group are t1 and
t2 for the first and second grou, respectively.
In the JSTRIM-DCSK-II system, the values of the lth

decision variable Dli,j,q, where i = 1,.., Nt , j = 1,.., Ns, and
q = 1, ..,Nr are expressed according to the following cases:
Case 1: For i ̸= IT l, j ̸= IS l and q = IRl

Dli,j,IRl =

∑R

k=1

(∑P

ρ=1
αρxIRli,j,k−τρ

bl + ηi,j,k

)
×

(∑P

ρ=1
αρxIRl ,k−τρ + ηIRl ,1,k

)
= D4, (17)

Case 2: For i ̸= IT l, j ̸= IS landq ̸= IRl

Dli,j,q =

∑R

k=1

(∑P

ρ=1
αρxIRl ,k−τρbl + ηIT l ,IS l ,k

)
×

(∑P

ρ=1
αρxq,k−τρ + ηq,1,k

)
= D5, (18)

Case 3: i = IT l , j = IS l

DlIT l ,IS l ,q

=

∑R

k=1

(
ηIT l ,IS l ,k

) (∑P

ρ=1
αρxq,k−τρ + ηq,1,k

)
= D6.

(19)
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To recover the transmitted bits from the decision variables,
the following steps are performed:

1. Compute the sum of the absolute value of Dli,j,q for
q = 1, ..,Nr and l = 1, ..,L to get

Z li,j =

∑Nr

q=1,q̸=IRl

∣∣∣Dli,j,q∣∣∣+ ∣∣∣Dli,j,IRl ∣∣∣ , (20)

where Z li,j is the sum of the absolute decision variables in the
lth subblock, ith time slot, and jth subcarrier, respectively.

2. The lth recovered index of the frequency and time
slot is detected by taking the minimum value of Z li,j for
i = 1, ..,Nt and j = 1, ..,Ns, expressed as(

ˆIS l, ˆIT l
)

= arg min
i=1,...,Nt
j=1,...,Ns

(
Z li,j
)

, (21)

where ˆIS l, ˆIT l are the lth estimated index subcarrier and
index timeslot, respectively.

3. The estimated reference index in the lth group was
determined from the maximum absolute value of Dli,j,q for
q = 1, ..,Nr and l = 1, ..,L, expressed as

[∼,IN l
i,j] = max

q=1,...,Nr

(∣∣∣Dli,j,q∣∣∣) , (22)

and by reshaping the indices IN l
i,j:

ˆIRl,m = IN l
i,j, for i ̸= IT l, j ̸= IS l . (23)

4. The recovered index bits of the lth group are
obtained by converting ˆIS l, ˆIT l and ˆIRl,m into binary
bits using a decimal-to-binary converter after subtrac-
tion by one, [â(l−1)pII+1, . . . .,â(l−1)pII+ps ], [â(l−1)pII+ps+1,

. . . .,â(l−1)pII+ps+pt ], [â(l−1)pII+ps+pt+1, . . . .,â(l−1)pII +ps+
pt + Npr ], respectively.

5. In the final step, the detected modulated bits in the lth
group can be estimated as

â(l−1)pII+ps+pt+Npr+m

=

 0 if sign
(
Z li,j
)

= −1

1 if sign
(
Z li,j
)

= +1
,
for i ̸= IT l, j ̸= IS l

,

(24)

and l = 1, ..,L,m = 1, ..,N , i = 1, ..,Nt and j ̸= IS l .

III. BER PERFORMANCE ANALYSIS
In this section, we present an in-depth analysis of the
performance of the JSTRIM-DCSK system, focusing on
energy efficiency metrics and including dynamic bit rate
(DBR), bandwidth efficiency, complexity analysis, and bit
error rate (BER). Our analysis assumes a slowly fading
Rayleigh channel, with a symbol duration that significantly
surpasses the maximum multipath delay (0 < τmax≪ R).
Consequently, we disregard inter-symbol interference (ISI) in
alignment with established practices [28], [44].

A. BIT ERROR RATES OF JSTRIM-DCSK-I SYSTEMS
To maintain generality, if the lth modulated bit bl = +1,
Equations (10), (11), and (12) can be simplified as follows
to derive the first three decision variables:

D1 =

∑R

k=1

∑P

ρ=1
α2

ρx
2
IRl ,k−τl

+

∑R

k=1

∑P

ρ=1
αρxIRl ,k−τlηIT l ,1,k

+

∑R

k=1

∑P

ρ=1
αρxIRl ,k−τlηIT l ,IS l ,k

+

∑R

k=1
ηIT l ,IS l ,kηIT l ,1,k , (25)

D2 =

∑R

k=1

∑P

ρ=1
α2

ρxIRl ,k−τρ
xq,k−τl

+

∑R

k=1

∑P

ρ=1
αρxIRl ,k−τρ ηq,1,k

+

∑R

k=1

∑P

ρ=1
αρxq,k−τρ ηIT l ,IS l ,k

+

∑R

k=1
ηIT l ,IS l ,kηq,1,k , (26)

D3 =

∑R

k=1

∑P

ρ=1
αρxq,k−τρ ηi,j,k

+

∑R

k=1
ηi,j,kηi,1,k

. (27)

The first term in (26) is zero because both xIRl ,k and
xq,k are orthogonal signals,

∑R
k=1 xIRl ,k−τl

xq,k−τl
≈ 0 for

IRl ̸= q. The means and variances of the decision variables
D1,D2, and D3 can be approximated as

E(D1) ≈ R
∑P

ρ=1
α2

ρE
[
x2IRl ,k

]
= µ1,

E(D2) ≈ 0 = µ2,

E(D3) ≈ 0 = µ3 and (28)

Var(D1) ≈ R
∑P

ρ=1
α2

ρE
[
x2IRl ,k

]
N0 + R

N 2
0

4
= σ 2

1 ,

Var(D2) ≈ R
∑P

ρ=1
α2

ρE
[
x2IRl ,k

]
N0 + R

N 2
0

4
= σ 2

2 ,

Var(D3) ≈ R
∑P

ρ=1
α2

ρE
[
x2IRl ,k

] N0

2
+ R

N 2
0

4
= σ 2

3 , (29)

where E(.) and Var(.) denote the expectation and variance
operations, respectively. Let the bit energy of JSTRIM-
DCSK-I be E Ib = R (L + Nr )E

[
x2IRl ,k

]
/LpI and the

bit signal-to-noise ratio be γ Ib = E Ib
∑P

ρ α2
ρ/N0. Equa-

tions (28) and (29) are rewritten in terms of γ Ib as

µ1 = N0
LpIγ Ib

(L + Nr )
, (30)

σ 2
1 = N2

0

(
LpI0I

b

(L+Nr)
+

R
4

)
= σ 2

2 , (31)

σ 2
3 = N2

0

(
LpI0I

b

2(L+Nr)
+

R
4

)
. (32)

The BER theory of JSTRIM-DCSK-I, PBER−I , is a
function of the BER of the index bits (subcarrier, time
slot, and reference index bits), Pindex−I and the BER of the
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modulated bits, Pmod−I . The overall BER of the JSTRIM-
DCSK_I system is given by

PBER−I =
1
pI
Pmod−I +

ps + pt + pr
pI

Pindex−I . (33)

1) BER OF REFERENCE INDEX BITS (Pindex−I )
Faults occur if |DIT ,IS,IR| is smaller than the maximum
absolute value of the decision variable for the erroneous
index |Di,j,q|, i∈ {1, ..,Nt } , i ̸= IT , j ∈ {1, ..,Ns} , j ̸=

IS, q∈ {1, ..,Nr }, q ̸=IR. There are Nr (NtNs−1) independent
correlator outputs with identical distributions that are used for
the subcarrier time index detection. Similarly, for reference
index detection, there are (Nr − 1) independent correlator
outputs with identical distributions, all representing the error
values. The Symbol Error Rate (SER) of the index bits is
given by [36], [38], [44]:

PSER−index−I

= Pr
[∣∣DIT ,IS,IR

∣∣ < max
(∣∣∣Di,j,q∣∣∣)]

= 1 −

∫
+∞

0

(
F|D3|

(
y, µ3, σ

2
3

))Nr (NtNs−1)

×

(
F|D2|

(
y, µ2, σ

2
2

))(N r−1)
f|D1|

(
y, µ1, σ

2
1

)
dy, (34)

whereF|D3|

(
y, µ3, σ

2
3

)
,F|D2|

(
y, µ2, σ

2
2

)
and f|D1|

(
y, µ1, σ

2
1

)
are the cumulative distribution functions (CDF) of∣∣∣Di,j,q∣∣∣ , i = 1, ..,Nt , i ̸= IT , j = 1, ..,Ns, j ̸=

IS, q = 1, ..,Nr , CDF of
∣∣∣DIT ,IS,q

∣∣∣ , q = 1, ..,Nr , q ̸=

IR and probability density function (PDF) of
∣∣DIT ,IS,IR

∣∣ ,
respectively. These follow a folded normal distribution and
are calculated as follows [36], [38], [44]:

F|D3|

(
y, µ3, σ

2
3

)
= erf

y− µ3√
2σ 2

3

 , (35)

F|D2|

(
y, µ2, σ

2
2

)
= erf

y− µ2√
2σ 2

2

 , (36)

f|D1|

(
y, µ1, σ

2
1

)
=

1√
2πσ 2

1

(
exp

(
−
(y− µ1)2

2σ 2
1

)
+exp

(
−
(y+ µ1)2

2σ 2
1

))
.

(37)

By substituting Equations (30) to (32) and (35) into
Equation (37), and then substituting the result into
Equation (34), we obtain the symbol error rate of the index
bits (38), as shown at the bottom of the next page.

The relationship of PSER−index−I and Pindex−I can be
written as:

Pindex−I =
2((ps+pt+pr )−1)

2(ps+pt+pr ) − 1
PSER−index−I . (39)

2) BER OF MODULATED BITS (Pmod−I )
The BER of the modulated bits is influenced by two
scenarios. In the first scenario, when the modulated bits are
faulty, but all index bits are correct, the BER of the modulated
bits, denoted as PDCSK−I , is computed as follows:

PDCSK−I =
1
2
erfc

(2σ 2
1

µ2
1

)−
1
2


=
1
2
erfc

(2(L+Nr)

LpI0I
b

+
R
2

(L+Nr)2

L2p2I (γ
I
b)

2

)−
1
2
 .

(40)

In the second scenario, where the index bits (time slot,
subcarrier and reference index bits) are faulty, resulting in the
modulated bits being obtained from the incorrect correlator,
the correct detection probability is approximated to 0.5.
Accordingly, Pmod−I is calculated as follows:

Pmod−I = PDCSK−I (1 − PSER−index−I ) + 0.5PSER−index−I .

(41)

By substituting (39) and (41) into (33), the PBER−I over
multipath Rayleigh fading channels is derived.

B. BIT ERROR RATES OF JSTRIM-DCSK-II SYSTEMS
In JSTRIM-DCSK-II, each group utilizes N = NsNt − 1
paired subcarriers and time slots, along with a single inactive
sequence, resulting in pII = (ps + pt +Npr +N ) transmitted
bits and an overall number of LpII = L(ps + pt + Npr + N )
bits per frame. The system’s bit energy and bit signal-to-
noise ratio are E IIb = (LN + Nr )

∑R
k=1 x

2
IRl ,k/LpII and

γ IIb = E IIb
∑P

ρ α2
ρ/N0.

The mean and variance of the decision variables D4,D5,

andD6 in (17), (18), and (19), are identical to those ofD1,D2,

andD3, respectively. Therefore, the mean and variance values
of the variables D4,D5, and D6 in terms of the bit signal-to-
noise ratio γ IIb are

µ4 = N0
LpIIγ IIb

(LN + Nr )
, σ 2

4 = N 2
0

(
LpIIγ IIb

(LN + Nr )
+
R
4

)
,

µ5 = 0, σ 2
5 = N 2

0

(
LpIIγ IIb

(LN + Nr )
+
R
4

)
, and

µ5 = 0, σ 2
6 = N 2

0

(
LpIIγ IIb

2(LN + Nr )
+
R
4

)
. (42)

The BER of the JSTRIM-DCSK-II system combines the
BERs of the subcarrier time index bits, reference index bits,
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and modulated bits, expressed as

PBER−II =
N
pII

Pmod−II +
Npr
pII

PRI−II +
ps + pt
pII

PSTI−II .

(43)

1) BER OF REFERENCE INDEX BITS (PRI−II )
Faults occur if |Di,j,IR| is smaller than the maximum absolute
value of the decision variable for erroneous index bits
|Di,j,q|, q = 1, ..,Nr , q ̸= IRl, i = 1, ..,Nt , i ̸= IT l, j = 1,..,
Ns, j ̸= IS l . The SER of the reference index bits is determined
by [37], [39], [44]:

PSER−RI−II = Pr
[∣∣Di,j,IRl ∣∣ < max

(∣∣Di,j,q∣∣)]
= 1 −

∫
+∞

0

(
F|Di,j,q|

(
y, µ5, σ

2
5

))Nr−1

× f∣∣Di,j,IRl ∣∣
(
y, µ4, σ

2
4

)
dy, (44)

where F|Di,j,q|

(
y, µ5, σ

2
5

)
and f∣∣Di,j,IRl ∣∣ (y, µ4, σ

2
4

)
are the

cumulative distribution function (CDF) of
∣∣Di,j,q∣∣ , q =

1, ..,Nr , q ̸= IRl , and the probability density function
(PDF) of

∣∣Di,j,IRl ∣∣ , respectively. Theses follow a folded
normal distribution [36], [38], [44]. After substituting the
appropriate expressions and rearranging the terms, the SER
of the reference index bits can be expressed as (45), as shown
at the bottom of the next page, and the BER of the reference
index bits is

PRI−II =
2(pr−1)

2pr − 1
PSER−RI−II . (46)

2) BER OF SUBCARRIER TIME INDEX BITS (PSTI−II )
The mean and variance of the decision variables |Dδ| , where
δ = {4, 5, 6}, follow a folded Gaussian distribution [45], [50]
and are calculated as

µ|Dδ | =

√
2σ 2

δ

π
e
−

µ2
δ

2σ2
δ − µδerf

 −µδ√
2σ 2

δ

 (47)

and

σ 2
|Dδ |

= µ2
δ + σ 2

δ − µ2
|Dδ |

, δ = {4, 5, 6} . (48)

Here,µ|D4|, µ|D5|, andµ|D6| represent the mean values and
σ 2

|D4|
, σ 2

|D5|
, and σ 2

|D6|
the variances of |Dδ|. The mean values

and variances of Z li,j are

µ
Z li,j

=

 (N r − 1)µ|D5| + µ|D4| = µ7, i = 1, ..,Ns, i ̸= IS l,
, j = 1, ..,Nt , j ̸= IT l

Nrµ|D6| = µ8, i = IS l, j = IT l,
(49)

and

σ 2
Z li,j

≈


(N r − 1)σ 2

|D5|
+ σ 2

|D4|
= σ 2

7 , i = 1, ..,Ns, i ̸= IS l,

j = 1, ..,Nt , j ̸= IT l
Nrσ 2

|D6|
= σ 2

8 , i = IS l, j = IT l,

(50)
yielding

µ7 =

√
2N 2

0

π

(
� +

R
4

) (
(Nr − 1) + e−0

)
− N0�erf

(
−

√
0
)

, (51)

µ8 = Nr

√
2N 2

0

π

(
� +

R
4

)
, (52)

σ 2
7 = N 2

0

(
�+

R
4

)(
(Nr−1)

(
π−2

π

)
+1
)

+N 2
0�2

−

√2N 2
0

π

(
�+

R
4

)
e−0

−N0

(
�+

R
4

)
erf

(
−
√

0
)2

,

(53)

σ 2
8 = NrN 2

0

(
�

2
+
R
4

)(
π − 2

π

)
, (54)

where � =
LpII γ IIb
LN+Nr

and 0=
2L2p2II (γ

II
b )

2

4LpII γ IIb (LN+Nr )+R(LN+Nr )2
. The

SER of the subcarrier time index bits is calculated as [36],
[44]

PSER−STI−II

=

∫
+∞

0

1 −

1 −
1
2

1 + erf

 (y− µ7)√
2σ 2

7

NsNt−1


×
1√
2πσ 2

8

e− (y−µ8)
2

2σ28

 dy, (55)

PSER−index−I = 1 −

√
2 (L + Nr )

πN 2
0

(
4LpIγ Ib + R(L + Nr )

) ∫ +∞

0

erf
 √

2(L + Nr )y√
N 2
0

(
2LpIγ Ib + R(L + Nr )

)
Nr (NtNs−1)

×

erf
 √

2(L + Nr )y√
N 2
0

(
4LpIγ Ib + R(L + Nr )

)
(Nr−1)

×

(
exp

(
−

2
(
(L + Nr )y− N0LpIγ Ib

)2
N 2
0 (L + Nr )

(
4LpIγ Ib + R(L + Nr )

)) + exp

(
−

2
(
(L + Nr ) y+ N0LpIγ Ib

)2
N 2
0 (L + Nr )

(
4LpIγ Ib + R(L + Nr )

))) dy.
(38)
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leading to the BER of the subcarrier time index bits

PSTI−II =
2((ps+pt )−1)

2(ps+pt ) − 1
PSER−STI−II . (56)

3) BER OF MODULATED BITS (Pmod−II )
The BER of a DCSK system PDCSK−II is calculated as:

PDCSK−II =
1
2
erfc

(2σ 2
4

µ2
4

)−
1
2


=
1
2
erfc

(2(LN + Nr )

LpIIγ IIb
+
R
2
(LN + Nr )2

L2p2II (γ
II
b )

2

)−
1
2
 .

(57)

For modulated bits, fault detection scenarios include error
recovery of modulated bits and index bits, incorrect detection
of reference index bits, subcarrier time index bits, and both
reference and subcarrier time index bits. The BER of the
modulated bits is expressed as

Pmod−II

= PDCSK−II (1 − PSER−STI−II ) (1 − PSER−RI−II )

+
0.5 + PDCSK−II (pr − 1)

pr
× PSER−RI−II (1 − PSER−index−II )

+
0.5 + PDCSK−II (ps + pt − 1)

ps + pt
× PSER−index−II (1 − PSER−RI−II )

+ 0.5PSER−RI−IIPSER−index−II . (58)

Thus, the conditional probability PBER−II over the MRFC
can be derived. The average BER over the MRFC for
JSTRIM-DCSK-I and JSTRIM-DCSK-II is obtained by
integrating PBER−I and PBER−II over γ Ib and γ IIb :

PRayleigh−ε =

∫
+∞

0
PBER−εf (γ ε

b )dγ ε
b , ε = {I , II }, (59)

where f (γ ε
b ) is the PDF of γ ε

b , and γ̄ ε
b =

Eε
b
∑L

l E(α
2
l )

N0
. These

expressions are also applied to derive the analytical BER
of JSTRIM-DCSK-I and JSTRIM-DCSK-II over AWGN by
setting L = 1, τ1 = 0 and α1 = 1 in all equations.

IV. EFFICIENCY AND COMPLEXITY ANALYSIS
A. ENERGY EFFICIENCY
The symbol energy of the transmitted signal in the JSTRIM-
DCSK-I system is given by

Es = Ed + Er = Ed +
NrEd
L

= Ed

(
L + Nr
L

)
, (60)

where Ed and Er are the data and reference energy,
respectively. The bit energy is given by Eb = Es/LpI , and
the ratio of the information energy to the bit energy (DBR)
[29], [44] is expressed as

DBRJSTRIM−DCSK−I =
Ed
Eb

=
L2pI

(L + Nr )
. (61)

The DBR for JSTRIM-DCSK-II is accordingly
DBRJSTRIM−DCSK−II =

L2NpII
LN+Nr

. Comparisons of DBRs for
various index-modulation-based DCSK systems are provided
in Table 3, where M = 2v and v is an integer number
(v ≥ ps), and L = 2v−ps . Fig. 3 compares the DBR for
different DCSK modulations with various parameters versus
ps. The results indicate that the JSTRIM-DCSK-II system
outperforms recent modulations across all ps-values.

The lack of precision of DBR for energy savings in index
modulation systems can be addressed by the energy saving
(Esav) factor per sub-band, when considering that mapped
bits do not require energy, as in [51]

Esav =

(
1 −

total modulated − bits
total transmitted bits

)
Eb%. (62)

The right column in Table 3 lists Esav for various index
modulation aided DCSK systems and Fig. 4 compares
Esav between proposed systems and others for different
bit configurations. JSTRIM-DCSK-I exhibits superior Esav
compared to other modulation schemes, improving with
more subcarrier or time slot index bits. JSTRIM-DCSK-
II competes well with the existing systems, particularly
GSPIM-DCSK-II, indicating improved energy savings.

B. SPECTRAL EFFICIENCY (SE)
Assuming that the bandwidth for each subcarrier is identical
and is denoted by B, the spectral efficiency SE [44], [48] of
the JSTRIM-DCSK system can be defined as

ηJSTRIM−DCSK−I =

LpI
RNtTc

(2v + 1)B
=

LpI
Nt (M + 1)RTcB

, (63)

ηJSTRIM−DCSK−II =

LpII
RNtTc

(2v + 1)B
=

LpII
Nt (M + 1)RTcB

. (64)

PSER−RI−II = 1 −

√
2(LN + Nr )

πN 2
0

(
4LpIIγ IIb + R(LN + Nr )

) ∫ +∞

0

erf
 √

2(LN + Nr )y

N0

√
4LpIIγ IIb + (LN + Nr )R

Nr−1

×

(
exp

(
−
2(y(LN + Nr ) − N0LpIIγ IIb )2

N 2
0 (4LpIIγ

II
b + R(LN + Nr ))

)
+ exp

(
−
2(y (LN + Nr ) + N0LpIIγ IIb )2

N 2
0 (4LpIIγ

II
b + R(LN + Nr ))

))
dy, (45)
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TABLE 3. DBR and Esav Comparison with the number of Subcarriers M+1, v = log2(M), L = 2v−ps , the number of permutation index-bits pp,
N = 2

(
ps+pt

)
− 1, and pt = pr for the JSTRIM-DCSK system.

FIGURE 3. DBR comparison versus ps for scheme I on the left and scheme II on the right. The number of subcarriers is set to M = 256 (v = 8) for all
multicarrier systems. pr = pt = {1, 2, 3, 4} and pp = {1, 2, 3, 4}.

TABLE 4. Spectral efficiency comparison for different index modulation DCSK schemes with the number of permutations index bits pp,
N = NsNt − 1= (2

(
ps+pt

)
−1), and pt = pr for JSTRIM-DCSK.

Table 4 presents SE comparisons for several DCSK
schemes. The SE values of GRSIM-DCSK-I and GRSIM-
DCSK-II were expressed in terms of the M, p, and q values.
Fig. 5 shows an SE comparison between JSTRIM-DCSK

and GSIM-DCSK versus ps, with pr = pt = {1, 2, 3, 4}. The
SE of JSTRIM-DCSK-I decreases with increasing pt values,
consistently remaining lower than that of the GSIM-DCSK-
I across all pt and ps values. Conversely, JSTRIM-DCSK-II

exhibits an enhanced SE with increases in ps or pt , surpass-
ing both the JSTRIM-DCSK-I and GSIM-DCSK systems.
In Fig. 6, an SE comparison between JSTRIM-DCSK-II and
GSPIM-DCSK-II is shown for pr = pt = {2, 3, 4} and
pp = {2, 3, 4}. If both systems have the same duration time
βTc, it is evident that increasing ps or pt enhances the SE of
JSTRIM-DCSK-II. Additionally, JSTRIM-DCSK-II outper-
formed the GSPIM-DCSK-II system in terms of the SE.
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FIGURE 4. Comparison of Esav percentage factors among various DCSK modulations for scheme I (left) and II (right). Comparisons are based
on pt = 1, 2, 3 for JSTRIM-DCSK and CTIM-DCSK, and pp = 1, 2, 3 for GSPIM-DCSK.

TABLE 5. Complexity of index modulation DCSK systems at the transmitter.

FIGURE 5. Spectral efficiency of GSIM-DCSK and JSTRIM-DCSK systems
with M = 256 subcarriers for all multicarrier systems and
pr = pt = {1, 2, 3, 4}.

C. COMPLEXITY ANALYSIS
The hardware complexity of the JSTRIM-DCSK system is
compared with that of the GSPIM-DCSK, GSIM-DCSK,
carrier index DCSK (CI-DCSK), and two-layer carrier
index modulation (2CI-DCSK) systems on the sending and
reception sides in Tables 5 and 6. All systems are assumed
to have approximately the same number of subcarriers,M =

2v with the total number of transmitted bits specified. The
operational complexity (OC) factor from [44] is employed
to compare the system complexity, defined as the number

FIGURE 6. Comparison of spectral efficiency between GSPIM-DCSK and
JSTRIM-DCSK systems versus ps. The number of subcarriers is set to
M = 256 (v = 8) for all multicarrier systems. pr = pt = {2, 3, 4},
pp = {2, 3, 4}.

of multiplications processed in the spreading/despreading
component per total transmitted bits over the duration of βTc.
The focus is on the multiplications involved in modulating
bits with a chaotic sequence at the transmitter as well as those
required at the receiver during energy detection, where the
reference chaotic sequence is multiplied by the information-
bearing sequence.
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TABLE 6. Complexity index modulation DCSK systems at the receiver.

FIGURE 7. OC factor of index modulation DCSK systems, with schemes I on the left and schemes II on the right. The value of OC is
normalized by R and pt = pr = 1, 2, 3 for JSTRIM-DCSK and pp = 1, 2, 3 for GSPIM-DCSK.

TABLE 7. The operational complexity (OC) factor of several index modulation DCSK schemes.

Table 7 and Fig. 7 present the OC factors for different index
modulations and proposed systems. Notably, increasing ps or
pt resulted in an increased complexity for the two proposed
systems. For the JSTRIM-DCSK-I system shown in Fig. 7a,
the OC factor exceeded those of GSIM-DCSK-I, GSPIM-
DCSK-I, and 2CI-DCSK across and 2CI-DCSK across all
values of ps. In the case of the JSTRIM-DCSK-II system
in Fig. 8b, the OC factor of JSTRIM-DCSK-II (pt = 1) is
lower than that of GSIM-DCSK-II for all ps p-values and
lower than that of GSPIM-DCSK-II (pp = 1) for ps less

than 3. Moreover, the OC factors of JSTRIM-DCSK-II with
pt = 2 and 3 are lower than those of GSPIM-DCSK-II with
pp = 2 and 3, respectively.
The OC increases significantly as either pt or ps

approaches infinity. Specifically, in the JSTRIM-DCSK-I
system, when either either pt or ps increases with-
out bound, the OC also becomes infinity. For the
JSTRIM-DCSK-II system, there are two ps is held
constant while pt approaches infinity, the OC becomes
infinity; alternatively, if pt is held constant and ps
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approaches infinity, the OC converges to the value
2pt (1+2pt )R
((pt+1)2pt ) .

V. SIMULATION RESULTS AND DISCUSSION
In this section, we present the analytical and simulated
performance of the two proposed systems to validate the anal-
ysis and compare the results with recent index modulation
techniques, including the 2CI-DCSK, CI-DCSK, GSIM-
DCSK, and GSPIM-DCSK systems, under both AWGN and
MRFC conditions. The MRFC is characterized by equal
average power gains E

(
α2
1

)
= E

(
α2
2

)
= E

(
α2
3

)
=

1
3 and

time delays τ1 = 0, τ2 = 2, and τ3 = 5.

FIGURE 8. Impact of Ns and Nt on the BER performance of
JSRTIM-DCSK-I for R = 64 and v = 8 (M = 256).

A. THEORETICAL AND SIMULATED BER PERFORMANCE
Fig. 8 illustrates the theoretical and simulated BER perfor-
mances of the JSTRIM-DCSK-I scheme over AWGN and
MRFC, demonstrating the impact of the number of time
slots Ns and number of subcarriers Nt on the BER. The
theoretical and simulated values closely match each other,
confirming the accuracy of the analysis. With a fixed Nt ,
increasing Ns from 4 to 8 yields consistent BER performance
in both AWGN and MRFC. Conversely, when Ns is fixed
and Nt increased from 4 to 8, there is a slight BER
improvement of approximately 1 dB at a BER of 10−3. Fig. 9
depicts the theoretical and simulated BER performances
JSTRIM-DCSK-II over AWGN and MRFC, showing the
influence of Ns and Nt on the BER. The theoretical and
simulated BER were aligned closely to verify the accuracy
of the analysis.

To illustrate the impact of the subcarrier number M on the
performance of the JSTRIM-DCSK-I and JSTRIM-DCSK-II
systems, Fig. 10 shows the BER performance over theAWGN
and MRFC channels with R = 64, Ns = Nt = 4, and M =

64 and 256. Increasing M enhances system performance,
which is particularly evident in JSTRIM-DCSK-I.

For instance, at a BER of 10−3, the JSTRIM-DCSK-I
system with M = 256 achieves a 0.7 dB gain over that with
M = 64 over AWGN. Moreover, with M = 64/256, the

FIGURE 9. Impact of Ns and Nt on the BER performance of
JSRTIM-DCSK-II for R = 64 and v = 8 (M = 256).

FIGURE 10. Impact of the number of subcarriers M on the BER
performance of JSTRIM-DCSK scheme I and II systems for R = 64,
Ns = Nt = 4, and M = 64, 256.

total transmitted bits are 28/112 bits and 196/784 bits for
JSTRIM-DCSK-I and JSTRIM-DCSK-II, respectively. Thus,
increasing v (v = log2M ) from six to eight improves the total
number of transmitted bits in both systems.

B. BER PERFORMANCE COMPARISON WITH OTHER
SYSTEMS
Fig. 11 compares the BER performance of the proposed
JSTRIM-DCSK systems with those of the GSIM-DCSK
systems over AWGN and MRFC for the same number of
subcarriers. Parameters are set as M = 256,R = 64, β =

256, ps = 4, pt = pr = 2, and L = 16. The JSTRIM-DCSK-
I scheme exhibits superior BER performance compared with
the JSTRIM-DCSK-II and GSIM-DCSK systems over both
AWGN and MRFC. For instance, in an AWGN channel,
JSTRIM-DCSK-I achieves gains of approximately 5, 6,
and 10 dB over GSIM-DCSK-I, JSTRIM-DCSK-II, and
GSIM-DCSK-II, respectively, at a BER of 10−3. In an
MRF approximately 2, 3, and 7 dB over the same systems
at the same BER value. In addition, JSTRIM-DCSK-II
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FIGURE 11. BER of JSTRIM-DCSK and GSIM-DCSK systems with R = 64,
β = 256, ps = 4, pt = pr = 2, L = 16, and the same number of subcarriers
(M = 256).

FIGURE 12. BER performance of JSTRIM-DCSK and GSIM-DCSK systems
with the same number of transmitted bits.

outperformed GSIM-DCSK-II by approximately 5 and 3 dB
over AWGN and MRFC, respectively.

In Fig. 12, the BER performance of the JSTRIM-
DCSK system is compared with that of the GSIM-DCSK
system by using approximately 100 bits. The parameters
for JSTRIMDCSK-I, JSTRIM-DCSK-I, GSIM-DCSK-I, and
GSIM-DCSK-II were set as (ps = 2, pt = pr = 2, v = 6,
112 bits),(ps = 2, pt = pr = 2, v = 3, 98 bits),(ps = 2,
v = 7, 96 bits), and (ps = 2, v = 6, respectively. Despite
the different information rates, efforts were made to ensure
comparable rates for fair comparison. At a BER of 10−3

and a similar number of transmitted bits, JSTRIM-DCSK-II
outperformed GSIM-DCSK-II by approximately 1 and 4 dB
over AWGN and MRFC, respectively. In addition, JSTRIM-
DCSK-II demonstrated a BER performance comparable to
that of the GSIM-DCSK-I scheme.

In Fig. 13, the BER performances of the proposed
and GSPIM-DCSK systems under AWGN and MRFC
conditions using the same number of subcarriers are shown.
The total number of transmitted bits is 144, 3120, 112,

FIGURE 13. BER performance of JSTRIM-DCSK and GSPIM-DCSK systems
over AWGN and MRFC with R = 64, β = 256, ps = 4, pt = pr = 2, L = 16,
and the same number of subcarriers (M = 256). The parameters setting
for GSPIM-DCSK are (ps = 4, pp = 2, β = 256).

and 764 for JSTRIM-DCSK-I, JSTRIM-DCSK-II, GSPIM-
DCSK-I (ps = 4, pp = 2), and GSPIM-DCSK-II (ps = 4,
pp = 2), respectively.
In Fig. 14, the JSTRIM-DCSK schemes are compared

with GSPIM-DCSK systems using approximately 100 bits.
The parameters for GSPIM-DCSK-I and GSPIM-DCSK-II
were set to (ps = 2, pp = 3, v = 6, 96 bits) and
(ps = 2, pp = 2, v = 5, 88 bits), respectively. At the
same subcarrier number and BER of 10−3, JSTRIM-DCSK-
I outperforms other index modulations over AWGN and
MRFC, with gains with gains of approximately 1, 4, and
4.5 dB compared to the GSPIMDCSK-I, JSTRIM-DCSK-II,
andGSPIM-DCSK-II systems, respectively. Additionally, the
JSTRIM-DCSK-II and andGSPIM-DCSK-II systems exhibit
similar BER performances for both AWGN and MRFC.

FIGURE 14. BER performance of JSTRIM-DCSK and GSPIM-DCSK systems
over AWGN und MRFC with matched numbers of transmitted bits.

In Fig. 15, the BER performance of JSTRIM-DCSK
schemes are compared with ps = 4, 5 and pt = 4, 5,
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FIGURE 15. BER performance of JSTRIM-DCSK systems with R = 64, β =

2024, ps = 4,5, pt = pr = 4,5, L = 16,32 and the same number of
subcarriers (M = 512 ). The solid lines refer to the JSTRIM-DCSK-I and the
dashed lines to the JSTRIM-DCSK-II systems.

where v = 9. This comparison illustrates the effectiveness
of the proposed schemes for significantly large values of
index bits, not exceeding 5 bits. The results demonstrate
that the JSTRIM-DCSK-I system outperforms the JSTRIM-
DCSK-II system in two situations: over MRFC and over
AWGN when ps = 4, pt = 5 and ps = 5, pt = 4.
However, the performance of the JSTRIM-DCSK-I slightly
degrades when ps = 5 and pt = 5 as compared to
STRIM-DCSK-II. Additionally, the BER performance of
JSTRIM-DCSK-II exhibits a more gradual change over
MRFC, indicating its robustness under multipath fading
conditions. These observations provide valuable insights into
the optimal configuration of the proposed schemes under
different channel conditions and index bit allocations.

VI. CONCLUSION
In this study, we propose the Joint Subcarrier Time Reference
Index Modulation assisted DCSK (JSTRIM-DCSK) system,
which leverages subcarrier index, time slot index, and
reference index modulation for efficient data transmission.
Two variants, JSTRIM-DCSK-I and JSTRIM-DCSK-II, are
presented to optimize the resource allocation for enhanced
performance. A comprehensive comparative analysis of
demonstrates the superior energy and spectral efficiency of
JSTRIM-DCSK while maintaining manageable complexity.
Analytical BER derivation and simulation results confirm its
effectiveness and show improved performance over current
systems. While it is in principle possible to extend to
higher-order modulation schemes to increase bit capacity,
this may negatively impact BER performance, increase bit
interference, and increase system complexity. Therefore,
future research will investigate these higher order schemes,
as well as schemes using all subcarriers and time slots,
and their comparative performance to evaluate the tradeoffs.
In the meantime, JSTRIM-DCSK is a promising candidate
for high data rate applications in DCSK index modulation.
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