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Abstract: This paper introduces a new index modulation method called Grouping Frequency-Time Index Modulation
Non-Active for Differential Chaos Shift Keying (GFTIM-DCSK-II). The proposed system exploits the advantages of
index modulation (IM) so that both the energy and spectrum efficiency of the system are enhanced. The suggested
system effectively employs both frequency and time resources, allowing for efficient transmission at large data rates.
For each symbol period, the new approach divides all data bits into equal G groups. For each group, the system includes
frequency index bits, denoted as m,, which are utilized to choose a non-active subcarrier from a total of 2™
subcarriers. Additionally, time index bits, denoted as m,, are employed to select a single time slot from 2™z total time
slots. After that, the modulated bits m, are subjected to DCSK modulation and thereafter sent over the active
subcarriers. Therefore, G(my+m,+m,), where my = (2™12™2 — 1), is the total amount of bits transmitted with the
GFTIM-DCSK-II system. To better demonstrate the distinctive characteristics of the proposed scheme the energy
efficiency, complexity, and spectral efficiency of the GFTIM-DCSK-II system in comparison to the most advanced
alternatives available are thoroughly analyzed. The system with g=8, m,=1, and m,=1 saves around 40% more energy
than the CTIM-DCSK system also the proposed system enhanced the spectral efficiency around five times more than
CTIM-DCSK and GSIMDCSK-II with g=8, m; =1, and m,=4. Bit error rate (BER) formulas across multipath
Rayleigh fading channels and additive white Gaussian noise (AWGN) are calculated analytically. The proposed system
showed an enhancement in BER performance around 5 dB than CI-DCSK2 and GSTIM-DCSKII across the AWGN
channel at a BER of 10~* at the same data rate.

Keywords: Frequency-Time index modulation, Spectral efficiency, DCSK, Energy efficiency, Multipath Rayleigh
fading channels.

1. Introduction

Over the past 20 years, the use of chaotic signals
in spread spectrum communication systems has
grown in popularity. The primary cause is the broad
spectrum, impulse-like auto-correlation, low cross-
correlation values, and ease of generation of such
signals [1]. These features are crucial for enhancing
multiple access performance, increasing resilience to
jamming or interference, and improving tolerance
against multipath effects. In addition, the non-
periodic aspect of the transmission enhances its
security when employed coherently.

In general, chaotic communication may be
classified into coherent and noncoherent methods
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based on whether the receiver requires perfect
reproductions of the unmodulated chaotic carriers
[1]. A chaotic shift keying (CSK) system with a
coherent receiver is described in [2] as a type of
coherent modulation.  Nevertheless, achieving
complete  chaotic  synchronization  remains
challenging inside the CSK scheme. Nevertheless,
achieving complete chaotic synchronization remains
challenging inside the CSK scheme. Conversely,
non-coherent chaotic modulation techniques, such as
differential chaos shift keying (DCSK), have
garnered significant interest due to their ability to
recover the signal at the reception side without
requiring synchronization or channel information
estimation [3,4]. As non-information-carrying
reference samples are sent for half of the bit period
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[1], DCSK's data rate and energy efficiency are
extremely low.

Various modifications to DCSK techniques have
been suggested to improve energy efficiency or data
throughput. A quadrature chaos-shift keying (QCSK)
is introduced in [5] as a method to increase the data
rate of traditional DCSK while maintaining the same
frame duration. In [6], a high-efficiency DCSK (HE-
DCSK) is presented. By recycling each reference slot
and allowing two bits of data to be conveyed in a
single data-modulated sample sequence, this
technique doubles the information rate. Additionally,
by reducing retransmissions, this doubles bandwidth
efficiency and reduces the possibility of interception
of the sent signal. However, compared to DCSK, the
system'’s complexity rises.

To decrease the level of noise variation
experienced by the receiver, a noise-reduction
differential chaos shift keying (NR-DCSK) technique
is suggested in reference [7]. A short reference DCSK
(SR-DCSK) system is suggested in [8], where
reference signals are abbreviated to reduce their
duration. To raise data throughput and enhance
energy efficiency without lowering the performance
of BER. The authors in [9] have proposed an
improved DCSK (I-DCSK) to decrease the duration
of transmission per bit and improve the information
rate.

A novel approach called multi-carrier DCSK
(MC-DCSK) has been suggested as a means to
accomplish fast transmission of large amounts of data
[10]. This technique is an expansion of DCSK
modulation that operates in parallel by utilizing
several subcarriers to deliver the whole signal. This
configuration eliminates the need for a radio
frequency (RF) delay circuit in the transceiver.

The next generation of wireless communications
systems is actively investigating important ways to
deliver high-data-rate communication services in
response to the increasing need for higher-data-rate
communications brought on by the continuous
development of smart devices and smartphone
applications [11]. Index modulation (IM) has gained
significant attention in recent years as a competitive
approach for 5G wireless communications systems
[12]. IM has been acknowledged as an innovative
method to meet the need for high data information
rate transmission. Within the IM setup, just a portion
of specific indexed entities, such as antennas,
spreading codes, subcarriers, and time slots, are
utilized for transmitting information, while the
remaining entities remain inactive [13]. During this
operation, extra data bits are conveyed implicitly
through the index symbols. In the context of a
communication network that requires low complexity

International Journal of Intelligent Engineering and Systems, Vol.17, No.3, 2024

745

and low energy consumption, a method called
frequency index modulation is suggested in reference
[14]. This method involves using a simple square-law
envelope detector to determine the active frequency
index, which allows for the recovery of the indexed
bits.

According to the benefits of IM, the IM concept
was used on DCSK-based structures, like CS-DCSK
and OM-DCSK, and to achieve greater data rates, two
types of code index modulation aided DCSK systems
called CIM-CS-DCSK [15] and CIM-OM-MDCSK
[16], respectively were created. In a recent
publication [17], a hovel non-coherent commutation
code index called CCI-DCSK, was introduced. The
CCI-DCSK method utilizes the advantages of 1M by
assigning additional bits to separate replicated
versions of the reference chaotic sequence. These
replicated sequences are then employed to distribute
a modulated bit. In references [18] and [19], the
authors introduce an innovative IM approach
specifically designed for spread spectrum (SS)
systems. This technique, known as code index
modulation (CIM), maps extra data into the indices
of various codes which are utilized to distribute
modulated bits to improve the data rate.

Additionally, the IM was added to the
multicarrier DCSK (MC-DCSK) system [20],
allowing the data rate of the MC-DCSK system to be
improved. This was made possible by the proposed
carrier index differential chaos shift keying (Cl-
DCSK) [21], generalized CI-DCSK system (GClI-
DCSK) [22], and the M-ary CI-DCSK system (Cl-
MDCSK) [23]. Under the CI-DCSK scheme, the
activation of subcarriers is limited, leading to an
inefficient utilization of spectrum resources.

A two-layer CI-DCSK (2CI-DCSK) has been
proposed in [24] to enhance the recycling of
subcarrier resources and achieve improved spectral
efficiency and energy efficiency in CI-DCSK. A
dual-index-modulation-aided DCSK  technique
(DCSK-DIM) was proposed in [25]. Enhancing the
data information rate of the suggested system, the
DCSK-DIM system may repurpose all available time
slots for transmitting extra data bits. In contrast to the
utilization of many subcarriers, the utilization of a
single carrier introduces a constraint to the system,
alongside other limitations associated with the
implementation of a substantial spread factor length
and a significant quantity of delay units.

In [26], a novel approach called Joint Code-
Frequency with Index Modulation (CFIM) is
suggested. CFIM combines two forms of index
modulation, one based on code and the other on
frequency. The input information bits are split into
equal blocks of K in this system. Each sub-block
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further separates its bits into three components; one
part is mapped as a carrier index, the second part is
mapped as a code index, and the third part describes
the actual bits that are transmitted through M-ary
modulation. To mitigate the multipath effect, it is
necessary to have knowledge of the channel status,
equalization, and synchronization. These
requirements are seen as drawbacks of the system.

To improve transmission reliability while
minimizing complexity, a method based on index-
modulation-aided DCSK called CTIM-DCSK is
proposed in [27]. Both frequency and time resources
are utilized by this system. The proposed approach
enables the transfer of extra information bits by
utilizing the resources of both the time and carrier
indices. In this system, a noise reduction operation is
used at the receiver to improve the BER performance.
This system has a higher complexity.

The GSIM-DCSKI and GSIM-DCSKII schemes
are two recommended variations of the grouping
subcarrier with index modulation-based DCSK that
may be present in [28]. Higher data rates and energy
efficiency are offered by these schemes compared to
conventional CI-DCSK systems.

In [29], two new GSIM-DCSK with permutation
index modulation (PI) systems, GSPIM-DCSKI and
GSPIM-DCSKII, are introduced. These schemes aim
to improve energy, data rate, and spectral efficiency.
In this system, the length of the chaotic signal
(spreading factor) is large to ensure the semi-
orthogonal of the basis. Therefore, a longer duration
is needed. Also, these systems demonstrate greater
complexity due to the increased amount of
multiplication operations and the employment of
permutation blocks in both the transmission and
receiving sides.

In this study, the suggested technique, called
grouping  non-active  frequency-time  index
modulation  (GFTIM-DCSK-II), utilizes both
frequency and time resources as index entities, while
in the GSIM-DCSK system [28] and the CI-DCSK
system [21] the frequency resource is only utilized as
the index entity. Hence, with this system, it is feasible
to send extra information bits by utilizing the existing
frequency and time index resources. Furthermore, the
suggested system employs orthogonal sinusoidal
carriers for the transmission of both the reference-
chaotic and information-bearing signals. The
contributions to this work are outlined as follows:

1. A grouping frequency-time index modulation
GFTIM-DCSK-II is proposed. The information
bits in this system are separated into G groups of
equal size. The data information bits within each
sub-block consist of three components: the
modulated bits, frequency index bits, and time
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index bits. In the GFTIM-DCSK-I1I system, the
chosen subcarriers utilize time slots that
transmit identical index bits. Within each sub-
group, m, bits are utilized to assign symbols to
designate a single non-active subcarrier out of a
total of 2™ subcarriers. Similarly, m, bits are
used to assign symbols to pick one out of 2™2
time slots. On the other hand, the modulated bits
mo= (2™12™2 -1) are first sent via the active
subcarriers and then modulated using the DCSK
approach. Consequently, the number of bits
carried increases to G (my+m,+m,) bits for
each symbol duration.

2. To further demonstrate the advantages of our
design, we compare the GFTIM-DCSK-II
system to the CI-DCSK2, GSIM-DCSKII, and
CTIM-DCSK systems in terms of data rate,
complexity, energy efficiency, and spectral
efficiency.

3. The analytical bit error rate (BER) formulas for
both the additive white Gaussian noise (AWGN)
channel and the multipath Rayleigh fading
channel are derived.

The remaining content of the paper can be outlined as

follows. Section 2 introduces the suggested GFTIM-

DCSK-II system model. Energy efficiency, spectral

efficiency, and complexity are analyzed in section 3.

The analytical BER of GFTIM-DCSK-II is

demonstrated in Section 4. Numerical and simulation

results are discussed in Section 5, and concluding

observations are provided in Section 6.

2. Proposed GFTIM-DCSK-I11 system model

Fig. 1 shows the transmitter for the suggested
system. In the suggested system, we use a second-
order Chebyshev polynomial function (i.e., x4 x+1 =
1—2xZ, wherek = 1,2,..) to create a reference
chaotic signal with length R, x;, = [xq, x5, ..., Xg].
During the rt"* symbol period, the chaotic sequence
generated by the chaotic generator is inputted into the
pulse shaping filter depicted in Fig. 1. The resulting
chaotic signal is then delivered as a current reference
signal through the reference subcarrier, with a central
frequency denoted as fj.

xr(t) = Z}]g:1 Xrk h(t - ch) (1)

where T, and h(t) represent the chip time and the
square-root-raised cosine filter, respectively.

In the GFTIM-DCSK-II transmitter, the input bit
stream in each " symbol duration is divided into G
blocks of equal size, where each block consists of
m = (my + my; + my) bits. Thus,
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Figure. 1 Transmitter structure of GFTIM-DCSK-I1 scheme

G(mg +mqy +m,) is the total number of bits
conveyed in each r" symbol period. With this
format, my= (2™12™2 -1) represents the number of
modulated bits that are sent within every sub-block.
Furthermore, log, Ny = m; is the number of
frequency-mapped bits needed for selecting one non-
active subcarrier among 2™t = N subcarriers, and
log, N, = m, isthe number of mapped bits needed
to select a single time slot among 2™2 = N, time
slots. There are (29 4+ 1) subcarriers in total, where
q is an integer value and m; < q. Of these, one
conveys the reference chaotic signal. The rest of the
subcarriers are organized into G sets, whereby each
set consists of Ny subcarriers; that is, G = 297™1,
There are (N — 1) active subcarriers and one non-
active subcarrier in each sub-block, determined by
the frequency-time mapped bits.

In the g*" sub-block, each modulated bit is
transformed to b, = {1,— 1} using the polarity
converter. By using DCSK modulation, information
bits are carried by each active subcarrier. Consider
two position index modulation symbols, & and &,
which are defined by the frequency index bits and the
time index bits, respectively. For every sub-block, the
m, and m, indexed bits are transformed into index
symbols & and &;, respectively.

One time slot and one subcarrier are selected in a
particular sub-block, resulting in the formation of
sequences denoted as d?. ., where g=1,..,Gand

i)’
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1<i<N;,1<j<N,. Wheni#éandj#
8¢, the value of d; j» Which can have values of either
+1 or —1, is determined by the g"*modulated bits
(b9). If not, equals zero. After that, the reference-
chaotic signal x,-(t) is multiplied by d?. . to convey

ni,j
the information bits.

Consequently, 8 = N;R, where R is the duration
of a reference-chaotic signal, is the spreading factor
of the GFTIM-DCSK-IlI system. Ultimately, the
reference-chaotic signal x,,(t) and the information-
bearing signals are sent via the subcarrier at
frequency f;.

Table 1 displays a basic mapping rule for the
values of g =2, m; =1, and m, = 1. There are
G = 2 sub-blocks, and each sub-block has four
coefficients: df y €79, z9 € RNt | i=12,
j=12, g=1,2. Additionally, each sub-block's
active frequencies and time slots are displayed in this
table. For example, sub-blocks 1 and 2 use the
patterns f; f, t; ty and f5 f, t; t,, respectively.

Therefore, the signal transmitted in the r** frame
is expressed as

N

e(t) = Zgzlzizfl b9 Cfn cos (27Tf(g_1)Nf+it +

¢(g—1)Nf+i) + x,(t)cos(2mfot + o) (2)
Cin = [Ci,l,k yCi2k ---:Ci,Nt,k] 3)
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Figure. 2 Receiver structure of GFTIM-DCSK-11 scheme

Xk ] * 8!,“
Cijk = (4)
0 otherewise

The variables f(g_l)NfH and Pg-1)Np+i denote the

center frequency and phase angle, respectively, of the
it" subcarrier in the g*" sub-block.

At the receiver side in Fig. 2, given the
assumption that multipath fading and AWGN have
tainted the sent signal e(t), the received signal
r(t) may be expressed as

r(t) =Y a6t —1) ®e(t) +n(t) (5)

The symbol ® denotes the operation of convolution,
and n(t) is the AWGN with a zero mean and a
variance of N, /2. In this research, the channel
coefficients «; are considered to be Rayleigh
distribution independent random variables. Firstly,
the orthogonally modulated carrier frequencies
corresponding to Ny + 1 are used to separate the
incoming signal.

Every N¢T. instant, the signals are sampled after
being filtered by the matching filters. The discrete
signals that have been demodulated are then recorded
into two matrices. A matrix A of dimension 1 x 3,
where S is specified as f = N;R, is used to represent
the reference chaotic signals. The second matrix is
BY of dimensions R x (N;N,), where G varies from
1 to g, representing the information-bearing signals
of the g*" sub-block.
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BY9 = [B, B, B3, ...,By], B; € R®Ns (6)
Where
diciin diCiga e d; CiNg1
diciiz diCizz, - d; CiNg,2
diciir diCiz1, - diCingr
©)

The received reference-chaotic signals are subjected
to an average and summation operation. The signal
that results from averaging the reference-chaotic
signal is then used to demodulate the signals that
convey the information. Consequently, the average
reference chaotic signal is shown as

~ _ 1 QN P k
xavg,k - N_thil Zl:l a; xj,k—‘rl + nj (8)

~ 1 QN k
i = =5l ©)

Following this, the correlation matrices W, for
the rt" symbol and g*" group where 1 < g < G,
and each matrix has a 1 x (NQ) dimension are
computed as

T
W9 = Zapgs” X BI = [Wr‘?1 W, ... szm1+mz]
(10)
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Table 1. Mapping rule for the first sub-block (g =1), g=2, m;=1, m, =1, (* f; selected frequency for the g™ sub-
block, t; selected time for the g™ sub-block)

Index of non-
Modulated Polarity Frequency Time index active 79 (Fut))*
bit converter index bit subcarrlgr v
(87.8:),
0 -1
0 1 0 11 [_1 1 (fu, ta)
-1 0
0 -1 0 12 [_1 _1] (fi t2)
-1 -1
0 -1 1 2,1 I (o t1)
-1 -1
0 1 1 2,2 [_1 0 ] (f, t2)
0 1
1 1 0 11 [1 1] (f1, t1)
1 0
1 1 0 1.2 [1 1] (fu t2)
1 1
1 1 1 21 P (fort)
1 1
1 1 1 22 [1 0] (f2 t2)

The minimum absolute of W7 for  ranging from

1to 2 ™+™2 js ysed to calculate the frequency and
time index bits within the g* sub-block to identify
the non-active subcarrier. This value may be
expressed as:

(&, 607 = argizrgl_;pvf(lwfrg(i,j)l). g=1...G
Jj=1,,N¢

(11)

(87,8.)f denotes the non-active subcarrier's
estimated frequency and time index in the gt sub-
block. The index bits predicted for the gt" sub-block
are determined by translating(3;, 8,)7 into a binary

number using Table 1 in reverse mapping. By
detecting the indices of frequency and time slots, we
may estimate the modulated bits, @, as:

. . g
éib = {0 lf Slgn(VVr‘i'j) <0 ) g = 1: L] G (12)

1 otherwise

Where b = 1,...,mq, i # §;and j # &,.
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3. System analysis
3.1 Energy efficiency and spectral efficiency

The proposed GFTIM-DCSK-II modulates just
Gmy bits of the total G (my + my + m,) directly by
DCSK modulation, whereas G(m,; + m,) bits are
conveyed through subcarrier selection. Given that
each modulated bit has to be sent with an energy of
E}, the mapping between index subcarriers and time
slots should decrease the overall energy needed for
transmission. Thus, in the suggested GFTIM-DCSK-
Il, the percentage of energy savings is provided by
[26]:

my

Esaving = (1 )Eb%

(Mg +my +my)

)> Ep% (13)

=|1- 1
B (1+ ml/mo"' mz/mo
Given that m; = log, Ny and m, =

log, N; have been specified, the energy savings are
determined by the ratio of the number of subcarriers
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Figure. 3 Comparisons of Energy Saving versus m, values
for GFTIM-DCSKII with different DCSK techniques at
q=8

Table 2. Energy saving

Modulation Energy saving
- q_

TR | (e
Pl | (i) B
CTIM-DCSK _ (29-1)(2™2-1)

[27] (1 m1+m2+(2‘1—1)(2m2—1)) Ex%

GFTIM- m

DCSK-II (1= o) o

20
BTcB
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)\e\ —4— GFTIM-DCSK-II, ms=2
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5 —o— GFTIM-DCSK-II, my=4
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Figure. 4 Comparisons of Spectral efficiency versus m,
values for GFTIM-DCSKII with different DCSK
techniques at g=8

and time slots used for indexing to the system's
modulation order. As seen in Fig. 3, Observed that an
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Table 3. Spectral efficiency

Modulation Spectral efficiency
CI-DCSK?2 [21] _M-ita
(M+1) BTB

GSIM-DCSK-II M(my+2™1 -1)
[28] (Ng (M+1) BTcB

CTIM-DCSK [27]

Ne(q+ma+(M-1) (N —1))
(Nt +1)MBT.B

GFTIM-DCSK-II

M(my+mq+my)
Nf (M+1) BTcB

3 —%— GFTIM-DCSK-II, v =10, GSIM-DCSK-II, u=10
—6— CTIM-DCSK, u = 13

—&— CI-DCSK2, u = 10

—%— MC-DCSK, u = 10

Complexity per transmitted bits

1 L L I I I | |
10
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R

Figure. 5 Comparisons of Complexity per transmitted bit
versus R values for GFTIM-DCSKII with different DCSK
techniques at q=8

Table 4. System complexity

Modulation Complexity per transmitted bits
2MR
MC-DCSK M
(M-1)R+MR
CI-DCSK2 M—-1+logy M
G[(Nf—1)R+NR]
GSIM-DCSK-II G(N;—1+logz Np)
[(M—1)(N¢—1)]R+MN¢R
CTIM-DCSK (M—-1)(N¢—1)+log, M+logy Ni
GFTIM-DCSK- GI(NyNe—1)R+NyN;R]
1 G(mo+mq+my)

increase in the number of time slots or a decrease in
the number of subcarriers to be indexed results in
additional energy savings in the GFTIM-DCSK-II
system for a fixed modulation order. Table 2 presents
a comparative analysis of energy savings across
various DCSK modulations.

Spectral efficiency is an essential factor for
evaluating the system's performance. The spectral
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efficiency is determined in this research using the bit
rate to total bandwidth ratio. The spectral efficiency
of the proposed system can be expressed as follows:

bit rate
total bandwidth

G(mg+mq+my)
— BTc
(29+1)B

YeFriM-Desk =

__ G(mgot+tmy+my)
T (2941)BT.B

(14)

Considering that each subcarrier has the same
bandwidth and is represented by B. Fig. 4 shows the
spectral efficiency of several DCSK communication
systems as well as the suggested GFTIM-DCSK-II
system. A comparative analysis of the spectral
efficiencies of several DCSK techniques is shown in
Table 3. The spectral efficiency of the GFTIM-
DCSK-II system is represented by the variables M
and my, where G = M /2™, M = 24.

3.2 System complexity

This subsection evaluates and compares the
complexity of the GFTIM-DCSK-II system with
other chaotic communication systems such as MC-
DCSK, CI-DCSK2, CTIM-DCSK, and GSIM-
DCSK-Il.  The total number of multiplication
operations that take place at the side of the transmitter
and receiver are the basis for the complexity study.
Hence, the complexity of the GFTIM-DCSK-II
system may be computed as Ogpriy pesk 11 =
G[(NfN; — 1)R + NyN.R]. Table 4 illustrates the
complexity of several DCSK systems.

Fig. 5, shows the complexity of each transmitted
bit for various DCSK systems vs the spreading factor
R. The number of transmitted bits per symbol is
shown by «. The parameter values for GFTIM-
DCSK=Il, MC-DCSK, CI-DCSK2, CTIM-DCSK,
and GSIM-DCSK-II techniques are M/N¢/N= 4/2/2,
M =10, M = 8, M/N, = 4/4, and M/Nf = 8/4. From
this Figure, it is seen that the system complexity of
the mentioned techniques rises proportionally with
the increment of R. The GFTIM-DCSK-I1 system has
lower system complexity than the other comparable
systems.

4. BER performance analysis

To simplify the analysis, we assume that the
highest delay caused by multipath is significantly less
than the spreading factor. In other words, the
maximum delay (7 ;,q,) 1S much smaller than the
spreading factor 0 < 7 44 < R. Therefore, this
study does not have consideration for inter-symbol
interference (ISI) [21], [28], [30]. In addition, the
channel is assumed to be slowly Rayleigh fading, and
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its coefficients remain unchanged during a single
symbol's period. The GFTIM-DCSK-II system has a
single non-active subcarrier within each sub-block,
whereas the formula (2™1-1) determines the number
of active subcarriers. The total bits transmitted for all
sub-blocks are G(my +my; +m,) . At the rth
symbol duration, the decision variables for the it"
active subcarrier are er’i,j, 1=g<G1<i<N;
1 <j <N, wherei # &,j # &;, while for the non-
active subcarrier at the output of correlator are

W51 < g <G.Inthis case, all that is being
received is noise as no data is being delivered over

the non-active subcarrier. Thus, if i = f, andj = &,
the component of matrix W may be expressed as:

Wr,gsf,at = YRoa(Zley ey + 1) £ 0
g=01,..,G
(15)

For i # 6f and j # &, , the matrix W component
becomes

Wi = Z£=1(Ef=1 axedy  + ﬁ;) * (OF apxg +
g=01..,G
(16)

k
nij)

i x) (k) 5
The variables Nr8p60 Ty and firy represent

independent Gaussian noise components with zero
mean. i, ; corresponds to the reference subcarrier,

n®. corresponds to the active subcarrier, and

nﬁkg s, corresponds to the 7" non-active subcarrier.
,0f,0t

These components exhibit identical variances and
power spectral density (PSD) of Ny/2. When the
spreading factor R is a large value, the following
approximation equation is applied [21], [24]:

ko1 Xk—gXp—z, =0, £V (17)

To simplify the analysis, only the first sub-block
is examined, as other sub-blocks in this system are
comparable and follow the same operational
processes. The means denoted as E(W,;;), and

variances denoted as V(W, ;) of W,;; may be
represented as:
0, i =6fandj =6,
E(Wr,i,j) = f=1 a?,z Z£=1 x?,k d},i,j'
[ # 6pand j # 6,
(18)
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VW) =
P 2
l=107 XR= 1xrk > b+ Xle1 a7 Xhe1 Xk
No , RNZ . .
ZNt+4‘Nt [ # 6rand j # &,

RN}
_Zl 1 rle 1xrkN0 ™

\1<i< N 1<j<N; Wherei=6far1dj=6t

(19)
Within the GFTIM-DCSK-II, E, =
R 2
(EmotND Lima ke \yhere E, represents the
G(m0+m1+m2)

- . EbZ{’a,%l
transmitted energy per bit, and y, = v The

0
bit-to-noise ratio, or E,/N,. To simplify Egs. (17)
and (18) in terms of y;, they may be expressed as
follows:

EW,,;;) =

NoYoYp =#1, 1+ 6randj # 6;

0=y, 1<i<N,1<j<N,

where i = §sand j =&,
(20)
V(erj) =
R
(N (yoyb + VO b | ZNt) of, i # 8;and j # &,

N_g( L)_ 2
> VoVb"‘ZNt = 0y,

1<i<N;,1<j<N; wherei=4pandj = 6;

(21)

G(mg+m,+my)
Where y, = T GmoiNy The BER theory of
GFTIM-DCSK-IIl, specifically the Pggr , is

determined by the BER of the index bits (P;;,4e,) and
the BER of the modulated bits (P,,,4)- It may be
mathematically represented as:

my mi+m,

P index (22)

Pgpr = Proa +

mo+m,+m, mo+mq+m,

1) Biterror rate for index bits (Pj,qex): An error
will occur if the magnitude of the decision variable

for the idle subcarrier, denoted as |Wr,5f,5t , is higher
than the minimum magnitude of the decision variable
of the busy subcarriers, denoted as |W,; ;|, where

1<i< N;,1<j< N, The formula for evaluating

the symbol error rate (SER) of index bits Psgr_index
is as follows [21],[24],[25], [28]:
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Psgr—index = PT [|Wr,6f,6t > min(|Wr,i,j|)]
400 Nf Nt—l
=Jo (1 - (1 B F|Wr,i,j|(y'“2’022)> )
2
P\ W | O 10 01y (23)

The probability density function (PDF) is represented

by f , while the cumulative distribution
|Wr,5f,5t|

function (CDF) is represented by F|W”_j|. Both of

these functions follow the folded normal distribution
and may be mathematically represented as [21], [24]:

1 - +
202 202

(24)

L _(y—u%)z
e 291 (25)
/271012

By substituting Egs. (20), (21), (24), and (25) into Eq.
(23), the expression for Psgr_index May be written as
follows:

Flwr,i,j| (}’; Uz, 0-22)

f|Wr,5f,8t| (y' U, 012) =

1

Pspr_index = > =
0.5N§ [2]/0 Yb+N_t]
+oo —N
Jy @ —-@—-05|erf 4 ””y”y
JOSNO(ZyOyb+ °tb+Nt>
+N,
+ erf y o0YoVb

2Yo0Yp
JOSNO(Zyoy +— N; +Nt>

(26)

depends on Psgr_index: Pindex May be obtained as
follows [25]:

(mg+mq+my)
Pindex = zzmlz—mz_lp_?ER—index (27)
2) Bit error rate for modulated bits (P04 ):
Two statuses indicate the presence of the modulated
bit mistake. The first situation arises when the
subcarrier-time index bits are accurately retrieved,
but an error is present in the modulated bits. Hence,
BER of the modulated bits Pp sk in this particular
condition is calculated as:

_1
Ppesg = —erfc [(2:11) 2]
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2 GNt(m0+m1+m2)}/b

= lerfc [( (Gmo+Ng)(1+Ny)

2Ny G2(mo+my+m3)2(yp)?

1
R (Gmy+Ny)? )_E] 28)

In the second situation, if an error occurs in the
subcarrier-time index bits, resulting in a recovery of
modulated bits from the incorrect -correlator.
Consequently, the probability of accurate detection
may be expressed as (0.5). Based on these two
statuses, P,,,4 is denoted by:

Proa = Ppcsk (1 — Psgr—index)t0.9Psgr—index

(29)

By substituting Egs. (27) and (29) into Eq. (22),
we may determine the conditional probability Pggg.

Averaging the BER in (22) over y, yields the
overall BER equation of the suggested system
through multipath Rayleigh fading channel, defining

_ EpYYE@E) )
Vo === [21], [24]:
+00
Prayieigh = fo Pger f(¥p) dvp (30)
_ (yp)? y
f0) = G =z exp (- 2) (31)

This equation is also valid for the AWGN
scenario, where just the first path having a
propagation gain a;=1 and chip delay 7,=0 is taken
into account.

5. Numerical result and discussion

This section evaluates the theoretical and
simulated BER performance of the suggested
GFTIM-DCSK-II system through both the AGWN
and multipath Rayleigh fading channels. The
parameters of a multipath Rayleigh fading channel
are set as follows: path delays 7; =0, T, = 2, and 75
=5, the fading path P = 3, with equal average power

. 1
gainsE[a;] =E[az] =E[a3] = e
5.1 Performance evaluation

The parameters for simulating the GFTIM-
DCSK-I11 system are established as follows: the
system employs 257 subcarriers, the frequency index,
and time index are represented by the values g=8,
my=1,2,3, and m,=1,2,3, respectively; and the
parameter $=400. Figs. 6 and 7 display the
theoretical and simulated BER performance of the
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Sim, m;=1
O  Ana, m=1
o Sim, m;=2
Ana, m;=2| A

igh ¢ Sim, my=3

0 5 10 15 20 25 30
E,/N, (dB)

Figure. 6 BER against E}, /N, for GFTIM-DCSK-II
system in AWGN and multipath Rayleigh fading
channels, where =400, q=8, m,=2, and m;=1,2,3

O Sim, me=1
Ana, mo=1
o Sim, mo=2
Ana, mo=2| 3

¢ Sim, me=3
——— Ana, my=3

AWGN

0 5‘ 1‘0 15 2IO 2‘5 30
E,/N, (dB)
Figure. 7 BER against E},, /N, for GFTIM-DCSK-II system
in AWGN and multipath Rayleigh fading channels, where
B=400, g=8, m;=2, and m,=1,2,3

jjsuggested GFTIM-DCSK-II system under several
channel conditions, including AWGN and multipath
Rayleigh fading channels. Additionally, it illustrates
the impact of parameters m; and m, on the BER
performance of the GFTIM-DCSK-I1I system. As can
be seen, our theoretical analysis of the results of
simulations is verified by their excellent agreement
with the theoretical BER expressions. Fig. 6 shows,
that when m, and spreading factor R is held constant,
increasing m, in the proposed system leads to a
deterioration in the BER performance.

In Fig. 7, as m, rises, the BER performance of the
GFTIM-DCSK-Il system. As can be seen, our
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theoretical analysis of the results of simulations is
verified by their system enhancement while m, and
B are constant. For instance, in an AWGN channel
with constant m; and g, the GFTIM-DCSK-II
system with m,= 3 achieves a gain of 1.25 dB at a
BER of 10™* compared to that with m, = 2.

5.2 Performance comparison with other schemes

Fig. 8 illustrates the comparison of the BER
performance between the suggested GFTIM-DCSK-
Il system and the CI-DCSK2 system. In this
comparison, the data rate and spread factor are set as
follows: ¢ = 76/BTc, ¢ = 144/BTc, and B = 400,
respectively. The  GFTIM-DCSK-Il  system
performance of BER is superior to the CI-DCSK2
system through multipath Rayleigh fading and
AWGN channels, as illustrated in this Figure. For
example, the GFTIM-DCSK-II system outperforms
the CI-DCSK2 system by about 5 dB across the
AWGN channel at a BER of 107 when ¢ =
76/BTc , 69/BTc for GFTIM-DCSKII and CI-
DCSK2, respectively. Furthermore, there is a slight
improvement in the GFTIM-DCSK-Il system's
performance while a slight decline in the CI-DCSK2
system's performance as € increases. On the multipath
Rayleigh fading channel, similar conclusions may
also be made from the results.

Fig. 9 presents a comparison between the Bit
Error Rate (BER) performance of the GFTIM-
DCSK-II system and the GSIM-DCSKII system at
€ =144/BTc, € =288/BTc and B =600.
According to this Figure, the GFTIM-DCSKII
system outperforms the GSIM-DCSKII system in
terms of BER performance over both multipath

. —o— GFTIM-DCSK-IL ¢ = o
I o | —8— GFTIM-DCSK-L, ¢ = 14
" M4 CLDCSK2, ¢ = & g
—%—CLDCSK2, ¢ = 131
N
102
o
[sa)
m
107
4 AWGN
10
0 5 10 15 20 25 30 35

E,/N, (dB)

Figure. 8 BER performance comparisons of GFTIM-
DCSK-1I and CI-DCSK2 over AWGN and multipath
Rayleigh fading channels, where g = 400, and g=8
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10()
Rayleigh
107!
107
~
m
m
107 \
—o— GFTIM-DCSK-II, ¢ = %‘
—a— GFTIM-DCSK-II, € = 2%
104 | —&— GSIM-DCSK-TI, ¢ %
—— GSIM-DCSK-TI, e = 5%
0 5 10 15 20 25 30

E/N, (dB)

Figure. 9 BER performance comparisons of GFTIM-
DCSK-II and GSIM-DCSKII over AWGN and multipath
Rayleigh fading channels, where g = 600, and g=8

—o6— GFTIM-DCSK-II, e = 52

=
S —8— GFTIM-DCSK-II, ¢ = ITS? 4
R S, ——CTIM, € = -

$ y __ 157
D | —*— CTIM, e = 57

Rayleigh

0 5 10 15 20 25 30
E /N, (dB)
Figure. 10 BER performance comparisons of GFTIM-
DCSK-Il and CTIM-DCSK over AWGN and multipath
Rayleigh fading channels at the same data rate, where
g=8,and B =400

Rayleigh fading and AWGN channels. for instance,
the GFTIM-DCSK-II system achieves a gain of
around 5.5 dB in comparison with the GSIM-DCSKI|I
system with a BER of 10™* across AWGN channel
when e = 144/BTc and around 6 dB with a BER of
102 across Rayleigh fading channel at the same data
rate.

Figs. 10 and 11 illustrate the BER performance
comparison between GFTIM-DCSK-II and CTIM-
DCSK within both the AWGN channel and the
multipath Rayleigh fading channel with g = 400. In
Fig. 10, for the same data rate ¢ = 80/8Tc and
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10°

—o—GFTIM-DCSK-II, q=7, ¢ = 5%
—8— GFTIM-DCSK-II, q=8, ¢ = 120
] —+—CTIM, =7, e = 32
10 E —6—CTIM, q=8, e = $2
Rayleigh
i yleig
o
=
m
103 £
AWGN
10
0 5 10 15 20 = 30
E, /N, (dB)

Figure. 11 BER performance comparisons of GFTIM-

DCSK-II and CTIM-DCSK over AWGN and multipath

Rayleigh fading channels with different values of q at
B = 400

e = 180/BTc GFTIM-DCSK-II  exhibits a
degradation in BER performance compared to
CTIM-DCSK at a constant number of subcarriers q.
Fig. 11 shows this comparison for the same number
of subcarriers g=7,8. From Fig. 11 GFTIM-DCSK-11
may be regarded as a scheme that offers a larger data
rate compared to CTIM-DCSK but at the cost of a
decrease in BER performance over both the AWGN
and multipath Rayleigh fading channels.

6. Conclusion

This study presents the combination of DCSK
with grouping frequency-time index modulation
(GFTIM) to create a novel chaos-based modulation
technique with enhanced system performance. This
system uses the concept of GFTIM-DCSK-I1 to send
additional bits of information by employing a novel
combination of frequency and time dimensions to
map the information bits. As additional information
is transmitted with the frequency and time indices,
the suggested system's data throughput, spectrum
efficiency, and energy efficiency increase
significantly.

When comparing the proposed system with
existing DCSK schemes in different situations it
shows improvement in energy efficiency, it saves
around 40% more energy than CTIM-DCSK with g
/m4/m,=8/1/1 but 10% less than GSIM-DCSKII and
the enhancement in energy is done with an increase
in m, and decrease in m, also the proposed system
show enhancement in the spectral efficiency around
five times more than CTIM-DCSK and GSIMDCSK-
Il with g /m,/m,= 8/1/4 and this value is increased
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as an increase in m,. Furthermore, the comparison of
the proposed system with other DCSK schemes
makes it evident that the suggested system has less
complexity.

After deriving the theoretical BER expression of
the suggested system across AWGN and multipath
Rayleigh fading channels, the simulation results
confirm that our derivation is accurate. When
comparing the proposed system with existing DCSK
schemes in different situations, it is evident that the
suggested system is superior to them in terms of BER
performance, it was enhanced by around 5 dB than
CI-DCSK2 and GSTIM-DCSKII across the AWGN
channel at a BER of 10~* at the same data rate. On
the multipath Rayleigh fading channel, the BER is
enhanced around 5 dB at 10™3 and 6 dB at 10~2 for
the same data rate compared with CI-DCSK2 and
GSIM-DCSK2, respectively.

The suggested modulation technique largely
satisfies the requirements of 5G wireless systems by
significantly enhancing data throughput, minimizing
power consumption, operating with low latency and
power profile, and demonstrating promising overall
performance.

Notation list:
Symbol Description
Number of Frequency and time indices
mq,m, -
bits
my Number Modulated bits
m Number of total bits for each sub-block
N Number of subcarriers for each sub-
! block
Number of time slots for each sub-
N¢
block
5.8 Frequency and time indices symbols
fot for each sub-block
G Number of sub-blocks
R Duration of a reference-chaotic signal
r Symbol duration
Spreading factor of the GFTIM-
B DCSK-II system
M Total number of subcarriers
Uiy The means of W,.; ;
o0} The variances of W, ; ;
Yo, ¥ The bit-to-noise ratio and its average
d9 The information sequence in each sub-
() block
€ The data rate
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