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often assumed to be perfectly estimated at the receiver. However,
perfect CSI cannot be available in practice. Furthermore, the
complex and ever-changing channel makes the acquisition of
accurate CSI often unaffordable because of the large overhead
in transmitting pilot signals. Motivated by these considerations,
a novel non-coherent RIS-aided joint index keying M -ary differ-
ential chaos shift keying (RIS-JIK-MDCSK) system is proposed
in this paper, where the receiver can retrieve information bits
by performing non-coherent correlation demodulation without
requiring CSI, thereby reducing the system complexity. In RIS-
JIK-MDCSK, the states of the reference signal, RIS elements, and
information-bearing subcarriers are jointly optimized to devise a
joint index keying mechanism, where additional information bits
are implicitly transmitted by these state indices, thus increasing
the throughput and spectral efficiency. Furthermore, an effective
joint index keying detection algorithm is proposed to recover the
information bits. The analytical bit error rate (BER) of RIS-
JIK-MDCSK is derived over a Rayleigh fading channel. Other
evaluation metrics, including the throughput, spectral efficiency,
and system complexity are also analyzed and compared against
benchmark systems. Numerical simulations are performed to
evaluate the superiority of RIS-JIK-MDCSK compared to exist-
ing systems.

Index Terms— Non-coherent communications, reconfigurable
intelligent surface, M -ary differential chaos shift keying, joint
index keying.

I. INTRODUCTION

THE explosive growth of mobile devices and the
ever-increasing demand of ubiquitous wireless communi-

cations impose considerable challenges on the fifth-generation
and beyond cellular networks. Recently, researchers in wire-
less communications have expressed keen interests in recon-
figurable intelligent surface (RIS)-assisted communications
because of their capabilities of improving the bit error rate
(BER) in an energy-effective and cost-friendly manner [1],
[2], [3], [4]. An RIS is composed of sub-wavelength unit cells
with tunable electromagnetic responses, which can be opti-
mized to apply desired transformations to the electromagnetic
waves [5]. The amplitude, phase, polarization, and frequency
of the impinging signals can be deliberately controlled by
external signals in a real-time and reconfigurable manner to
enhance the signal quality at the receiver [6], [7].

RISs have gained significant interest from many research
communities. Specifically, the employment of an RIS as
an access point (AP) was proposed in [8], where it was
demonstrated that an RIS-aided AP system is capable of
obtaining superior BER performance even for low values of
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the signal-to-noise ratio (SNR). Furthermore, based on the
RIS-assisted indexing mechanism, RIS-based space shift key-
ing (RIS-SSK) and RIS-based spatial modulation (RIS-SM)
systems were proposed in [9]. Moreover, two RIS-assisted SM
systems were proposed in [10], where the power allocation
matrix at the transmitter and the reflection coefficients at the
RIS are jointly optimized to improve the system reliability.
An RIS-aided beam index modulation system was proposed
in [11], where the usage of an RIS is shown to reduce the
cost of beamforming since additional bits are transmitted by
beam index modulation without inducing extra cost. Recently,
an RIS-assisted receive quadrature space shift keying system
was proposed in [12], where the real and imaginary dimensions
are independently used for index modulation (IM) to enhance
the spectral efficiency. Also, an RIS grouping-based IM system
was proposed in [13], where the RIS is divided into several
group-surfaces (GR), and the index of a GR is used to transmit
additional information bits, thereby improving the spectral
efficiency.

In the aforementioned RIS-aided systems, it is assumed
that perfect channel state information (CSI) is available at
the receiver. However, the BER of coherent RIS-aided com-
munication systems heavily depends on the quality of CSI.
Although there are some works, such as [14] and [15],
devoted to designing low-overhead channel estimation strate-
gies for RIS-aided systems, the acquisition of accurate CSI
is quite challenging in practice because of the nearly-passive
design constraints of RISs. To avoid the transmission of
pilot signals and channel estimation, non-coherent communi-
cations can be utilized. There exist two distinct approaches
for non-coherent communications. One approach exploits the
correlation between consecutive received signals such that
information bits can be retrieved in a non-coherent man-
ner [16]. Another approach is based on energy detection,
which significantly reduces the pilot training overhead and
simplifies the receiver design at the cost of degrading the
system performance [17].

As a promising correlation-based non-coherent system, the
differential chaos shift keying (DCSK) system exploits a
correlation receiver to avoid the use of CSI and the repro-
duction of chaotic signals at the receiver, while providing
good performance over fading channels [18], [19]. There-
fore, DCSK-based systems have been widely studied for
application to many scenarios [20], [21], [22], [23], [24],
[25]. It is worth noting that the DCSK system exploits
the transmitted reference approach to alleviate the adverse
effect of channel fading, which means that DCSK transmits
a reference sequence appended to the information-bearing
sequence. However transmitted reference systems incur two
major disadvantages (i) low energy and spectral efficiency;
(ii) BER performance degradation due to the presence of noise
in the reference signal.

To address the first disadvantage of DCSK, a multi-carrier
DCSK (MC-DCSK) system was proposed in [26], where a
reference signal is shared with multiple information-bearing
signals, thereby enhancing the energy efficiency. Furthermore,
a reference-free DCSK system was proposed in [27], where
the reference signal is removed and information bits are

implicitly transmitted by code-shifted indices. Recently, deep
learning-aided DCSK was proposed in [28], where the features
of the chaotic sequence are learned off-line to formulate the
optimal de-mapping such that the reference signal can be
exempted and energy efficiency is enhanced. To deal with
the second disadvantage, different noise suppression tech-
niques were developed and applied in DCSK-based systems
to enhance their BER performance [29], [30], [31].

As an energy-efficient and promising technology, index
modulation is capable of utilizing the indices of physical
features of communication systems to convey additional infor-
mation bits [32]. IM systems have the ability to realize
new modulation systems with better BER performance [33].
Benefiting from these advantages of IM, a carrier index DCSK
(CI-DCSK) system was proposed in [34] and then optimized
leading to the generalized CI-DCSK (GCI-DCSK) [35] and
carrier index M -ary DCSK (CI-MDCSK) [36] systems. Also,
code index modulation (CIM) technology was used in [37] to
devise a CIM-based multi-carrrier M -ary DCSK (CIM-MC-
MDCSK) system for better BER performance. In IM-based
DCSK systems, the indices of Walsh codes [37], [38], per-
mutation patterns [39], [40], modulation types [41], [42], and
space-time matrices [43] are also utilized as dimensions for
the transmission of additional information bits. Furthermore,
multidimensional IM technology was integrated into DCSK to
further increase the data rate and energy efficiency [44], [45].

To avoid the overhead of pilot signals and complex chan-
nel estimation in coherent RIS-aided systems, and enhance
the throughput, spectral efficiency, and BER performance of
DCSK, a non-coherent RIS-aided joint index keying M -ary
differential chaos shift keying (RIS-JIK-MDCSK) system is
proposed in this paper. In the proposed RIS-JIK-MDCSK
system, the states of the reference signal, RIS elements, and
information-bearing subcarriers are jointly optimized to devise
a joint index keying mechanism, where additional bits are
implicitly transmitted by these state indices, thus enhancing the
throughput and spectral efficiency. The proposed joint index
keying mechanism includes the reference keying, RIS keying,
and carrier keying. To the best of our knowledge, this is one
of the first works that investigates RIS-aided non-coherent
chaotic communication systems.

The main contributions of this paper are summarized as
follows:

1) We propose a non-coherent RIS-JIK-MDCSK system,
where an RIS-aided joint index keying mechanism is
devised to achieve high throughput and superior BER
performance, and the transmitted reference structure of
the proposed system enables the receiver to recover
information bits without requiring expensive channel
estimation.

2) We propose an effective joint index keying detection
algorithm to retrieve the information bits transmitted
by the state indices of the reference signal, RIS ele-
ments, and information-bearing subcarriers, and phys-
ically modulated M -ary phase shift keying (M -PSK)
symbols.

3) We derive the error probability of the information bits
transmitted by the modulated M -PSK symbols, the
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Fig. 1. Block diagram of the proposed RIS-JIK-MDCSK transmitter.

probabilities of correct reference keying, RIS keying,
and carrier keying detections. Also, the BER perfor-
mance, throughput, spectral efficiency, and system com-
plexity of the proposed RIS-JIK-MDCSK system are
analyzed.

4) We carry out BER performance simulations for
RIS-JIK-MDCSK to verify the correctness of the pro-
posed analytical BER expressions. We also compare the
throughput, spectral efficiency, and BER performance
of the proposed RIS-JIK-MDCSK system against other
benchmark systems to evaluate the superiority of RIS-
JIK-MDCSK.

The rest of this paper are organized as follows. The system
model of the proposed RIS-JIK-MDCSK system and the
proposed joint index keying detection algorithm are introduced
in Section II. The BER performance analysis of RIS-JIK-
MDCSK is given in Section III. Then, the throughput, spectral
efficiency, and system complexity of RIS-JIK-MDCSK are
analyzed in Section IV. Furthermore, numerical results and
discussions are presented in Section V. Finally, Section VI
concludes the paper.

II. THE PROPOSED RIS-JIK-MDCSK SYSTEM

In this section, we present the proposed RIS-JIK-MDCSK
transmitter and receiver, and elaborate their operating princi-
ples. Furthermore, the proposed joint index keying detection
algorithm is presented in this section.

A. The Proposed RIS-JIK-MDCSK Transmitter

Fig. 1 shows the block diagram of the RIS-JIK-MDCSK
transmitter. The input bits are split into four parts, including
one reference keying bit, nc RIS keying bits, mc carrier keying
bits, and Un physically modulated bits, where U is the number
of activated information-bearing carriers and n = log2M is
the number of information bits carried by an M -PSK symbol.
Therefore, the total number of transmitted bits by an RIS-JIK-
MDCSK symbol is given by ∂ = 1 + nc +mc + Un.

At the transmitter, we propose a multi-stream chaotic
generator to generate different chaotic signals. The block
diagram of the proposed multi-stream chaotic generator is
shown in Fig. 2. The initial normalized chaotic signal

Fig. 2. Block diagram of the proposed multi-stream chaotic generator.

c1 = [c1,1, c1,2, . . . , c1,β ] is generated by a chaotic genera-
tor, where the second-order Chebyshev polynomial function,
i.e., ck = 2c2k−1 − 1, k = 1, 2, . . . , β, is used [46], [47].
Since c1 is a length-β normalized chaotic signal, it holds
c1(c1)T = 1. The chaotic signal c1 is arranged to generate
pair-orthogonal signals by performing the discrete Hilbert
transform several times, as shown in Fig. 2. Thus, the i-th
chaotic signal ci is given by

ci = Hi−1(c1), i = 2, 3, 4, (1)

where Hi−1(·) denotes the discrete Hilbert transforma-
tion [48], which is performed for (i − 1) times. It is worth
mentioning that only c1, c2, and c4 are used at the RIS-
JIK-MDCSK transmitter. The chaotic signal c1 and its Hilbert
transform H(c1), i.e., c2, are orthogonal to each other. There-
fore, we have c1(H(c1))T = c1(c2)T = 0. In addition,
by utilizing the inversion property of the discrete Hilbert
transform, i.e., H(H(c1)) = −c1, we obtain

c1(c4)T = c1[H3(c1)]T = c1[H(H(H(c1)))]T

= c1[−H(c1)]T = −c1(c2)T = 0. (2)

The proof for the inversion property of the discrete Hilbert
transform can be given as

F(H(H(c1))) = [−ȷsgn(ω)]F(H(c1))
= [−ȷsgn(ω)][−ȷsgn(ω)]F(c1)

= ȷ2[sgn(ω)]2F(c1)
= −F(c1) = F(−c1), (3)

where F(·) denotes the discrete Fourier transform (DFT)
operation, ȷ is the imaginary unit, and sgn(·) denotes the
sign function. According to (3), H(H(c1)) and −c1 have the
same discrete Fourier transform, and thus we can conclude
H(H(c1)) = −c1.

Generally, the operation at the RIS-JIK-MDCSK transmitter
can be divided into four parts, including reference keying
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Fig. 3. Block diagram of the proposed RIS-JIK-MDCSK receiver.

modulation, carrier keying modulation, chaos-based M -PSK
modulation, and RIS keying modulation, respectively. The
operation of each component is elaborated as follows.

1) Reference Keying Modulation: Differently from con-
ventional DCSK-based systems, where the reference signal
does not transmit information bits, we propose a reference
keying mechanism for the RIS-JIK-MDCSK system, which
transmits one information bit by selecting the desired reference
signal. Note that one reference keying bit, denoted by dr,
is transmitted such that only two orthogonal chaotic signals
are required. In this case, the reference keying modulation
can be formulated as

cR =
{

c1, dr = 1
c4, dr = 0 , (4)

where cR is the resultant reference signal. Then, the discrete
signal cR is transformed into an analog signal by a pulse shap-
ing filter with sampling duration Tc, and the corresponding
analog signal is given by

cR (t) =
β∑
p=1

cR,pℏ (t− pTc) , (5)

where cR,p is the p-th element of cR and ℏ(t) denotes the
normalized impulse response of the shaping filter.

2) Carrier Keying Modulation: There are MT + 1 subcar-
riers in RIS-JIK-MDCSK, where one of them is arranged to
transmit the reference signal and MT subcarriers are used to
carry the information-bearing signals. Note that only U out
of MT information-bearing subcarriers are activated and the
remaining MT −U carriers are idle. Accordingly, the number
of carrier keying bits is mc = ⌊log2C

U
MT
⌋, where CUMT

=
MT !

U !(MT−U)! is the binomial coefficient and ⌊·⌋ denotes the floor
function. Generally, lookup tables and combinatorial methods
can be applied in the carrier keying selection [49]. The carrier
keying vector is defined as w = [w1, w2, . . . , wMT

], where
U elements of w are equal to 1, which correspond to the
U information-bearing activated subcarriers, and MT − U
elements are equal to 0, which correspond to the inactivated
subcarriers.

3) Chaos-Based M -PSK Modulation: The Un physically
modulated bits, expressed in a vector form as [d1,d2, . . . ,dU ],
can be divided into U sub-blocks with each sub-block contain-
ing n modulated bits. When the u-th sub-block of modulated
bits is mapped onto the M -ary constellation, it gives su =
au + ȷbu, where au and bu denote the real and imaginary

parts of the M -PSK symbol su, respectively. After modulation,
the chaotic signals c1 and c2 are exploited to carry the u-th
M -PSK symbol, yielding

cIu
= auc1 + ȷbuc2, u = 1, 2, . . . , U, (6)

where cIu
is the resultant u-th information-bearing signal.

Using the pulse shaping filter, the discrete information-bearing
signals are converted into analog signals as follows

cℜIu
(t) =

β∑
p=1

(cIu,p)ℜℏ (t− pTc) , (7)

cℑIu
(t) =

β∑
p=1

(cIu,p)ℑℏ (t− pTc) , (8)

where (·)ℜ and (·)ℑ denote the real and imaginary operations,
respectively. cIu,p is the p-th element of cIu

. The analog
reference and information-bearing signals are transmitted by
different subcarriers with the aid of the carrier keying vec-
tor w. Therefore, the signal transmitted from the transmit
antenna to the RIS can be formulated as

cT (t) = cR(t) cos(2πf0 + ι0)

+
MT∑
u=1

wu
[
cℜIu

(t) cos(2πfu + ιu)

+ cℑIu
(t) sin(2πfu + ιu)

]
, (9)

where fu and ιu are the frequency and initial phase of the
u-th subcarrier, respectively.

4) RIS Keying Modulation: An RIS equipped with N nearly
passive reflecting elements is deployed at the transmitter,
and the reflection phase matrix of the RIS is represented as
Φ = diag{ϕ1, ϕ2, . . . , ϕN}, where ϕk denotes the phase of the
k-th RIS element that lies in the set (0, 2π). It is assumed that
the radio frequency (RF) signals reflected by each element
of the RIS are independent of each other, and therefore the
electromagnetic mutual coupling among the RIS elements can
be ignored. The RIS is deployed as a part of the transmitter
such that the transmit antenna is close enough to it. Therefore,
the channel fading between the transmit antenna and the RIS
can be ignored [8]. In the proposed RIS-JIK-MDCSK system,
NR receive antennas are used at the receiver, and the received
signal is maximized at only one of the NR receive antennas,
depending on the nc = ⌊log2NR⌋ bits. Therefore, the nc
bits depend on the number of available receive antennas.
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Specifically, the maximum SNR at the desired receive antenna
is obtained by adjusting the phases of the RIS elements to be
equal to the channel phases, where the channel is the one
between the RIS and the desired receive antenna. From this
perspective, the phases of the RIS depend on the nc RIS keying
bits that maximize the received SNR at the desired receive
antenna. Therefore, the RF signal reflected from the RIS is
expressed as

xk (t) = gkcT (t) = αke
ȷϕkcT (t) , (10)

where gk = αke
ȷϕk is the reflection coefficient of the k-th RIS

element, and αk and ϕk are the amplitude and phase of the
k-th RIS element, respectively. It is assumed that the reflection
coefficient of RIS elements is normalized, i.e., αk = 1, for
simplicity.

B. The Proposed RIS-JIK-MDCSK Receiver

The block diagram of the RIS-JIK-MDCSK receiver is
illustrated in Fig. 3. At the receiver, NR antennas are available,
and the received signal at the i-th antenna can be represented
as

yi (t) =
N∑
k=1

[hi,k (t) ∗ xk (t)] + ni (t) , (11)

where ∗ denotes the convolution operation, hi,k(t) is the
impulse response of the fading channel, whose discrete
counterpart is expressed as hi,k = χi,ke

−ȷψi,k , i =
1, 2, . . . , NR, k = 1, 2, . . . , N . Here, χi,k and ψi,k denote
the channel coefficient and phase between the i-th receive
antenna and the k-th RIS element, respectively. Moreover, hi,k
follows a complex Gaussian distribution CN (0, σ2) and ψi,k
is uniformly distributed in (0, 2π). Furthermore, ni(t) is the
complex additive white Gaussian noise (AWGN) with zero
mean and N0 variance.

To retrieve the ∂ information bits, the RIS-JIK-MDCSK
system first needs to estimate the reference signal that is used
for the reference keying and the phase shift of the RIS by
identifying the receive antenna where the SNR is maximized.
Therefore, one reference keying bit and nc RIS keying bits are
recovered by identifying the indices of the reference keying
and RIS keying modulation, respectively. Following the first
step, the carrier keying bits can be first recovered by the
carrier sequencing unit that determines the indices of the
activated subcarriers, and then the physically transmitted bits
carried by the activated subcarriers can be demodulated by the
M -PSK demodulator. Since the NR receive antennas operate
independently of each other, we only describe the information
recovery process of the received signal for the i-th receive
antenna for simplicity.

For the i-th receive antenna, the synchronized orthogonal
subcarriers are exploited to demodulate the reference and
information-bearing signals. The resultant analog signals are
processed by the matched filters and samplers to obtain the
corresponding discrete signals. Generally, the discrete refer-
ence signal and the u-th discrete information-bearing signal

Algorithm 1 Joint Index Keying Detection Algorithm

1 Input: yi,R,p, ỹi,R,p, and yi,Iu,p;
2 for i = 1, 2, . . . , NR do
3 for u = 1, 2, . . . ,MT do
4 Dℜ =

∑β
p=1 (yi,R,p)ℜ(yi,Iu,p)ℜ;

5 Dℑ =
∑β
p=1 (ỹi,R,p)ℜ(yi,Iu,p)ℑ;

6 Di,u = Dℜ + ȷDℑ;
7 Gℜ =

∑β
p=1 (ỹi,R,p)ℜ(yi,Iu,p)ℜ;

8 Gℑ =
∑β
p=1 (yi,R,p)ℜ(yi,Iu,p)ℑ;

9 Gi,u = Gℜ + ȷGℑ;
10 end
11 end
12 Obtain the maximum of |Di,u|, i.e., Dm, and record

the row index IDr and column index IDc of Dm;
13 Obtain the maximum of |Gi,u|, i.e., Gm, and record

the row index IGr and column index IGc of Gm;
14 if Dm > Gm then
15 Estimate the reference keying bit as dr = 1;
16 Estimate the RIS keying index that maximizes the

SNR of the î-th receive antenna, i.e., î = IDr;
17 Obtain the decision variables for carrier keying

detection by K = DIDr,u, u = 1, 2, . . . ,MT ;
18 else
19 Estimate the reference keying bit as dr = 0;
20 Estimate the RIS keying index that maximizes the

SNR of the î-th receive antenna, i.e., î = IGr;
21 Obtain the decision variables for carrier keying

detection by K = GIGr,u, u = 1, 2, . . . ,MT ;
22 end
23 Convert the estimated RIS keying index, î− 1, into

binary numbers and retrieve nc RIS keying bits;
24 Find the U maximum values of |K| and sort the

indices of these maximum values in a descend
sequence to estimate {υU , υU−1, . . . , υ1},
υU > υU−1 > . . . > υ1;

25 Convert J into binary numbers and retrieve mc

carrier keying bits, where J =
∑U
u=1 C

u
υu

;
26 for u = 1, 2, . . . , U do
27 Perform the M -PSK demodulation based on

K̂(υu) and recover the u-th sub-block of
modulated bits;

28 end
29 Combine the U sub-block of modulated bits to

estimate all Un modulated bits;
30 Output: One reference keying bit, nc RIS keying

bits, mc carrier keying bits, and Un physically
modulated bits.

are formulated as

yi,R,p =
N∑
k=1

hi,ke
ȷϕkcR,p + nR,p, (12)

yi,Iu,p =
N∑
k=1

hi,ke
ȷϕkcIu,p + nIu,p, (13)
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where nR,p and nIu,p denote the discrete complex AWGN,
imposed on the reference signal and the u-th information-
bearing signal, respectively. The orthogonal signal of the
reference signal is obtained by performing the discrete Hilbert
transformation on yi,R,p, yielding

ỹi,R,p = H1 (yi,R,p) =
N∑
k=1

hi,ke
ȷϕk c̃R,p + ñR,p, (14)

where c̃R,p and ñR,p are the orthogonal versions of cR,p
and nR,p, respectively. In (14), we use the operation H1(·)
to obtain the orthogonal signal of yi,R,p, rather than H3(·),
because H1(·) only needs to perform the discrete Hilbert
transform once, while H3(·) needs to perform the discrete
Hilbert transform three times. In this case, the complexity of
H1(·) is generally lower than that of H3(·).

Generally, maximum likelihood (ML) detection can be
applied to retrieve the reference keying bit and RIS keying bits,
but the performance of this approach is severely dependent on
the quality of channel estimation. In addition, the searching
process of ML detection for all combinations of the receive
antennas, reference signals, activated subcarriers, and M -PSK
symbols suffers from overwhelming computational complexity
especially in the case of a larger number of RIS elements,
subcarriers, and antennas. Therefore, a practical non-coherent
joint index keying detection algorithm is developed to ease the
computational complexity of ML detection. It is worth noting
that the proposed joint index keying detection algorithm is a
correlation-based detection method, where the information bits
can be retrieved by using the correlation between the reference
and information-bearing signals, thereby avoiding the use of
channel estimation at the RIS-JIK-MDCSK receiver.

The pseudo-code of the proposed algorithm is shown in
Algorithm 1, which is initialized by yi,R,p, ỹi,R,p, and yi,Iu,p,
i = 1, 2, . . . , NR, u = 1, 2, . . . , U . From Line 4 to Line 6,
the reference signal and its discrete Hilbert transform signal
are correlated with the information-bearing signals, and the
resultant decision variable is given by (15), as shown at the

bottom of the page. Similarly, when the correlation order is
changed reversely, another decision variable Gi,u is obtained
in (16), as shown at the bottom of the page. Note that the two
decision variables are obtained by means of different reference
signals such that the reference keying bit can be estimated
based on the magnitude of Dm and Gm as shown in Lines 15
and 19. Furthermore, if Dm > Gm, the RIS keying index
that maximizes the received SNR of the î-th receive antenna
is estimated as î = IDr, otherwise it is estimated as î =
IGr. Then, nc RIS keying bits can be recovered by converting
the estimated index î− 1 into bits. In Line 24, the algorithm
searches for U maximum values out of |K| and the indices of
these maxima are used to recover the mc carrier keying bits
as shown in Line 25. Note that Cuvu

in Line 25 is the binomial
coefficient, i.e., Cuvu

= vu!
u!(vu−u)! . The physically modulated

bits are estimated based on K̂(υu), where K̂ is a modified
version of K, given by

K̂ =

{
(K)ℜ + ȷ(K)ℑ, dr = 1
(K)ℜ − ȷ(K)ℑ, dr = 0

. (17)

Then, the transmitted M -PSK symbol can be estimated by
the minimum distance decision criterion, given by ŝu =
arg min(|K̂−su|2), su ∈ S, u = 1, 2, . . . , U , where S denotes
the M -PSK constellation symbol set and su is the u-th
M -PSK constellation symbol in the set S. After converting the
estimated M -PSK symbol ŝu into binary bits, the u-th sub-
block of physically modulated bits is retrieved. Finally, the
Un physically modulated bits can be obtained by combining
U sub-blocks of modulated bits in Line 29.

Remark 1: As shown in Algorithm 1, the proposed detection
algorithm retrieves the reference keying bit first, followed by
the RIS keying bits, the carrier keying bits, and finally the
physically modulated bits. Therefore, an incorrect reference
keying detection would result in an incorrect RIS keying detec-
tion and an incorrect carrier keying detection. Furthermore,
an incorrect RIS keying detection would lead to an incorrect
carrier keying detection.

Di,u =
β∑
p=1

(yi,R,p)ℜ(yi,Iu,p)ℜ + ȷ

β∑
p=1

(ỹi,R,p)ℜ(yi,Iu,p)ℑ

=
β∑
p=1

[
N∑
k=1

hi,ke
ȷϕkcR,p + nR,p

]
ℜ

[
N∑
k=1

hi,ke
ȷϕk (auc1,p + ȷbuc2,p) + nIu,p

]
ℜ

+ȷ
β∑
p=1

[
N∑
k=1

hi,ke
ȷϕk c̃R,p + ñR,p

]
ℜ

[
N∑
k=1

hi,ke
ȷϕk (auc1,p + ȷbuc2,p) + nIu,p

]
ℑ

. (15)

Gi,u =
β∑
p=1

(ỹi,R,p)ℜ(yi,Iu,p)ℜ + ȷ

β∑
p=1

(yi,R,p)ℜ(yi,Iu,p)ℑ

=
β∑
p=1

[
N∑
k=1

hi,ke
ȷϕk c̃R,p + ñR,p

]
ℜ

[
N∑
k=1

hi,ke
ȷϕk (auc1,p + ȷbuc2,p) + nIu,p

]
ℜ

+ȷ
β∑
p=1

[
N∑
k=1

hi,ke
ȷϕkcR,p + nR,p

]
ℜ

[
N∑
k=1

hi,ke
ȷϕk (auc1,p + ȷbuc2,p) + nIu,p

]
ℑ

. (16)
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TABLE I
DIFFERENT EVENTS, THE CORRESPONDING MEANINGS, AND

THEIR OCCURRENCE PROBABILITIES

III. BER PERFORMANCE ANALYSIS

In this section, we analyze the BER performance of the pro-
posed RIS-JIK-MDCSK system. Since the RIS-JIK-MDCSK
receiver includes reference keying detection, RIS keying detec-
tion, and carrier keying detection, their detection probabilities
are analyzed. For the convenience of analysis, Table I shows
different detection events and the corresponding probabilities.
For example, the event that the reference keying is detected
correctly is termed as A and its occurrence probability is
PA, and the opposite event is denoted by A′ with occurrence
probability PA′ . Therefore, under the condition that events A,
B, and C occur, we define Pcm as the BER of physically
modulated bits.

A. The BER of Modulated Bits Under the Condition That
Events A, B, and C Occur

When the events A, B, and C occur, the reference keying,
RIS keying, and carrier keying are correctly detected such that
the phase shift of the RIS is set to ϕk = ψî,k to maximize
the received SNR of the î-th receive antenna. Without loss of
generality, it is assumed that c1 is transmitted as the reference
signal, i.e., cR = c1. Therefore, the decision variable obtained
from (15) can be simplified as (18), as shown at the bottom
of the page. In (18), nℜIu,p

and nℑIu,p
denote the real and

imaginary parts of nIu,p, respectively. In addition, c̃R,p can
be obtained by computing the discrete Hilbert transform for
once on c1,p, which yields c̃R,p = c2,p. Note that χî,k is a
Rayleigh-distributed variable with mean

√
π

2 and variance 4−π
4 .

According to the central limit theorem, the variable
∑N
k=1 χî,k

has a Gaussian distribution N (N
√
π

2 , N(4−π)
4 ) for large values

of N [50].
The real part of Dî,u, i.e., Dℜ

î,u
, is rewritten as

Dℜ
î,u

= au

N∑
k=1

χî,k

N∑
k=1

χî,k

β∑
p=1

c21,p +
β∑
p=1

N∑
k=1

χî,kauc1,pn
ℜ
R,p

+
β∑
p=1

N∑
k=1

χî,kc1,pn
ℜ
Iu,p +

β∑
p=1

nℜR,pn
ℜ
Iu,p. (19)

If two random variables X and Y are independent,
we have Var[XY ] = Var[X]Var[Y ] + (E[X])2Var[Y ] +
Var[X](E[Y ])2, where E[·] and Var[·] stand for the mean and
variance operators, respectively. As a consequence, the mean
and variance of Dℜ

î,u
can be calculated as

E[Dℜ
î,u

] = au
N2πEs
4(1+U)

= µ1, (20)

Var[Dℜ
î,u

] = (1 + a2
u)

[N(4− π) +N2π]EsN0

8(1+U)
+ β

N2
0

4
= σ2

1 ,

(21)

where Es = (1+U)
∑β
p=1 E[c21,p] = (1+U)

∑β
p=1 E[c22,p] is

the symbol energy of RIS-JIK-MDCSK. Using the symmetry
property, the mean and variance of Dℑ

î,u
are obtained as

E[Dℑ
î,u

] = bu
N2πEs
4(1+U)

= µ2, (22)

Var[Dℑ
î,u

] = (1 + b2u)
[N(4− π) +N2π]EsN0

8(1+U)
+ β

N2
0

4
= σ2

2 ,

(23)

Since Dℜ
î,u

and Dℑ
î,u

are independent of each other, their
joint probability density function (PDF) can be expressed as

pDℜ
î,u
,Dℑ

î,u
(x, y) =

1
2πσ1σ2

e
−
[

(x−µ1)2

2σ2
1

+
(y−µ2)2

2σ2
2

]
. (24)

Also, the polar coordinates transformations of (Dℜ
î,u
, Dℑ

î,u
) are

introduced to ease the analysis, i.e.,

R =
√

(Dℜ
î,u

)2 + (Dℑ
î,u

)2, (25)

Θ = arctan
Dℑ
î,u

Dℜ
î,u

. (26)

Therefore, the joint PDF of R and Θ is given by

pR,Θ(r, θ) =
r

2πσ1σ2
e
−
[

(r cos θ−µ1)2

2σ2
1

+
(r sin θ−µ2)2

2σ2
2

]
. (27)

Define ℘ = (r cos θ−µ1)
2

2σ2
1

+ (r sin θ−µ2)
2

2σ2
2

. The variable ℘ can be
further simplified as

℘ =

[
σ2

2cos2θ + σ2
1sin2θ

]
r2 − 2

[
µ1σ

2
2 cos θ + µ2σ

2
1 sin θ

]
r

2σ2
1σ

2
2

+
µ2

2σ
2
1 + µ2

1σ
2
2

2σ2
1σ

2
2

=
r2 − 2[µ1σ

2
2 cos θ+µ2σ

2
1 sin θ]r

σ2
2cos2θ+σ2

1sin2θ
+ µ2

2σ
2
1+µ2

1σ
2
2

σ2
2cos2θ+σ2

1sin2θ

2σ2
1σ

2
2

σ2
2cos2θ+σ2

1sin2θ

=

(
r − µ1σ

2
2 cos θ+µ2σ

2
1 sin θ

σ2
2cos2θ+σ2

1sin2θ

)2

2σ2
1σ

2
2

σ2
2cos2θ+σ2

1sin2θ

Dî,u =
β∑
p=1

[
N∑
k=1

χî,kc1,p + nℜR,p

][
N∑
k=1

χî,kauc1,p + nℜIu,p

]
+ ȷ

β∑
p=1

[
N∑
k=1

χî,kc2,p + ñℜR,p

][
N∑
k=1

χî,kbuc2,p + nℑIu,p

]
, (18)
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+

µ2
2σ

2
1+µ2

1σ
2
2

σ2
2cos2θ+σ2

1sin2θ
−
(
µ1σ

2
2 cos θ+µ2σ

2
1 sin θ

σ2
2cos2θ+σ2

1sin2θ

)2

2σ2
1σ

2
2

σ2
2cos2θ+σ2

1sin2θ

=
(r − µs)

2

2σ2
s

+ ℘s. (28)

where

µs =
µ1σ

2
2 cos θ + µ2σ

2
1 sin θ

σ2
2cos2θ + σ2

1sin2θ
, (29)

σ2
s =

σ2
1σ

2
2

σ2
2cos2θ + σ2

1sin2θ
, (30)

℘s =
(µ1 sin θ − µ2 cos θ)2

2
[
σ2

2cos2θ + σ2
1sin2θ

] . (31)

Substituting (28) into (27), the joint PDF of R and Θ can be
rewritten as

pR,Θ(r, θ) =
r

2πσ1σ2
e
−
[

(r−µs)2

2σ2
s

+℘s

]

=e−℘s
r

2πσ1σ2
e
− (r−µs)2

2σ2
s . (32)

Integrating pR,Θ(r, θ) over r, we derive the marginal PDF of
θ as

p (θ) =
e−℘s

2πσ1σ2

∫ ∞

0

re
− (r−µs)2

2σ2
s dr︸ ︷︷ ︸

ϖs

, (33)

where

ϖs =
∫ ∞

0

re
− (r−µs)2

2σ2
s dr

=
∫ ∞

0

(r − µs) e
− (r−µs)2

2σ2
s dr + µs

∫ ∞

0

e
− (r−µs)2

2σ2
s dr

=σ2
se
− µ2

s
2σ2

s +
√

2πσsµsQ
(
−µs
σs

)
. (34)

In (34), Q(x) = 1√
2π

∫ +∞
x

e−
t2
2 dt denotes the Q-function.

Therefore, the PDF of θ can be obtained by putting (34)
into (33). When the modulation order of the M -ary constella-
tion is greater than 2, i.e., M > 2, the BER of the physically
modulated bits, under the condition that the events A, B, and
C occur, can be computed as

Pcm ≈ 1
log2M

{
1−

∫ 2π
M

0

p (θ) dθ

}

=
1

log2M

{
1− ϖs

2πσ1σ2

∫ 2π
M

0

e−℘sdθ

}
. (35)

Particularly, considering a binary constellation, i.e., M = 2,
only the in-phase component exists. The mean and vari-
ance of Dî,u are E[Dî,u] = N2πEs

4(1+U) and Var[Dî,u] =
[N(4−π)+N2π]EsN0

4(1+U) +β
N2

0
4 , respectively. In this case, the BER

of the modulated bits, under the condition that the events A,
B, and C occur, is

Pcm =Q

 E[Dî,u]√
Var[Dî,u]



=Q

(√
N4π2∂2γ2

b

4(1 + U)[N(4− π)+N2π]∂γb+4β(1 + U)2

)
,

(36)

where γb = γs

∂ = Es

∂N0
is the bit SNR and γs = Es

N0
is the

symbol SNR.

B. The Probability of Correct Reference Keying Detection PA
When the signal c1 is transmitted as the reference signal

and is erroneously detected as the signal c4, the reference
keying detection is incorrect. To achieve correct reference
keying detection, the condition Dm > Gm needs to hold.
Generally, there are four different cases for Gm and one case
for Dm that would lead to Dm > Gm. The four events for Gm
are X1 = A′ ∩B ∩C, X2 = A′ ∩B ∩C ′, X3 = A′ ∩B′ ∩C,
and X4 = A′ ∩ B′ ∩ C ′, where ∩ denotes the intersection
operation. Furthermore, Y = A∩B ∩C is the event for Dm.

The decision variable corresponding to the event Y is

DYi,u =
β∑
p=1

[
N∑
k=1

χi,kc1,p + nR,p

]
ℜ

[
N∑
k=1

χi,kcIu,p + nIu,p

]
ℜ

+ȷ
β∑
p=1

[
N∑
k=1

χi,kc2,p+ ñR,p

]
ℜ

[
N∑
k=1

χi,kcIu,p+ nIu,p

]
ℑ

.

(37)

The means and variances of (DYi,u)ℜ and (DYi,u)ℑ are

E[(DYi,u)ℜ] =

{
N2πEs

4(1+U) = µ3, M = 2

au
N2πEs

4(1+U) = µ1, M > 2
, (38)

E[(DYi,u)ℑ] =

{
0, M = 2
bu

N2πEs

4(1+U) = µ2, M > 2 , (39)

Var[(DYi,u)ℜ] ≈Var[(DYi,u)ℑ]

≈

{
[N(4−π)+N2π]EsN0

4(1+U) + β
N2

0
4 = σ2

3 , M= 2
3[N(4−π)+N2π]EsN0

16(1+U) + β
N2

0
4 = σ2

4 , M > 2
.

(40)

Furthermore, the decision variables corresponding to the
events X1, X2, X3, and X4 are tabulated in Table II, where
the means and variances of their real and imaginary parts are
also presented.

Let Ai denote the event DYm > GXi
m , i ∈ {1, 2, 3, 4}, where

DYm = |DYi,u| and GXi
m = |GXi

i,u|, and therefore the event A
is composed of four sub-events i.e., A1, A2, A3, and A4.
According to the law of total probability, the probability of
correct reference keying detection PA can be formulated as

PA =
U

NRMT
PA1 +

MT − U

NRMT
PA2 +

(NR − 1)U
NRMT

PA3

+
(NR − 1) (MT − U)

NRMT
PA4 , (41)

where PAi
denotes the occurrence probability of the event Ai.

As for the event A1, i.e., DYm > GX1
m , we obtain

PA1 = Pr
{
DYm > GX1

m

}
= Pr

{∣∣DYi,u∣∣ > ∣∣∣GX1
i,u

∣∣∣}
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TABLE II
THE DECISION VARIABLES BASED ON EVENTS X1 , X2 , X3 , AND X4 , AND THEIR MEANS AND VARIANCES

=
∫ +∞

0

F∣∣∣GX1
i,u

∣∣∣ (x)f|DYi,u| (x) dx, (42)

where F|GX1
i,u|

(x) and f|DYi,u|
(x) are the cumulative distribution

function (CDF) of |GX1
i,u| and the PDF of |DYi,u|, respec-

tively. Note that (GX1
i,u)ℜ, (GX1

i,u)ℑ, (DYi,u)ℜ, and (DYi,u)ℑ
are Gaussian random variables for a large spreading factor.
Therefore, when M = 2, the variables |GX1

i,u| and |DYi,u|
are distributed according to the half normal distribution and
folded normal distribution, respectively. Furthermore, when
M > 2, the variables |GX1

i,u| =
√

(GX1
i,u)

2
ℜ + (GX1

i,u)
2
ℑ and

|DYi,u| =
√

(DYi,u)
2
ℜ + (DYi,u)

2
ℑ follow the Rayleigh and Rician

distributions, respectively. As a result, the CDF of |GX1
i,u|

and the PDF of |DYi,u| can be expressed as (43) and (44),
respectively, as shown at the bottom of the page. In (44),
µ0 =

√
µ2

1 + µ2
2 and I0(·) denotes the modified Bessel

function of the first kind and order zero. As a consequence,
the probability PA1 can be obtained by putting (43) and (44)
into (42). In addition, PA2 , PA3 and PA4 can be obtained
in a similar manner, and therefore the probability of correct
reference keying detection PA can eventually be obtained.

C. The Probability of Correct RIS Keying Detection PB
The correct RIS keying detection is based on the correct

reference keying detection, and therefore it is assumed that

the reference signal c1 is detected correctly. The RIS keying
modulation is intended to maximize the received SNR of the
î-th receive antenna. Denote Jc=|Dî,u| and Jr=|Di,u|, i =
1, 2, . . . , NR − 1, i ̸= î. Therefore, the RIS keying symbol
is correctly detected when Jc > max(Jr). There are two
different events for Jr, i.e., Z1 = A ∩ B′ ∩ C and Z2 =
A∩B′∩C ′, while one event for Jc, i.e., Y = A∩B∩C. The
decision variables corresponding to Z1 and Z2 are presented
in Table III.

Generally, the event B can be split into two sub-events
B1 and B2. Let Bi, i = 1, 2 denote the event JYc > max(JZi

r ),
where JYc =|DY

î,u
| and JZi

r = |DZi
i,u|. Note that DY

î,u
is

given in (37), while DZi
i,u can be obtained from Table III.

Furthermore, the probability of the event Bi is denoted by PBi
.

Taking the event B1 as an example, we derive its probability
as

PB1 = Pr
{
JYc > max

(
JZ1
r

)}
= Pr

{∣∣∣DY
î,u

∣∣∣ > max
i=1,2,...,NR−1,i̸=î

(∣∣∣DZ1
i,u

∣∣∣)}
=
∫ ∞

0

[
F∣∣∣DZ1

i,u

∣∣∣ (x)
]NR−1

f∣∣∣DY
î,u

∣∣∣ (x) dx, (45)

where F|DZ1
i,u|

(x) =
{
g1(x;σ

2
6),M=2

g2(x;σ2
6),M>2

is the CDF of |DZ1
i,u| and

f|DY
î,u
|(x) =

{
g3(x;µ3,σ

2
3),M=2

g4(x;µ0,σ2
4),M>2

is the PDF of |DY
î,u
|. When

F∣∣∣GX1
i,u

∣∣∣ (x) =


erf
(

x√
2σ2

3

)
= g1

(
x;σ2

3

)
, M = 2

1− e
− x2

2σ2
4 = g2

(
x;σ2

4

)
, M > 2

, (43)

f|DYi,u| (x) =


1√

2πσ2
3

[
e
− (x−µ3)2

2σ2
3 + e

− (x+µ3)2

2σ2
3

]
= g3

(
x;µ3, σ

2
3

)
, M = 2

x
σ2
4
e
− x2+µ2

0
2σ2

4 I0

(
xµ0
σ2
4

)
= g4

(
x;µ0, σ

2
4

)
, M > 2

, (44)
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TABLE III
THE DECISION VARIABLES BASED ON THE EVENTS Z1 AND Z2 , AND THEIR MEANS AND VARIANCES

σ2
6 in F|DZ1

i,u|
(x) is replaced by σ2

7 given in Table III, the
probability of the event B2 can be obtained. Therefore, the
occurrence probability of the event B is given by

PB =
U

MT
PB1 +

MT − U

MT
PB2 . (46)

D. The Probability of Correct Carrier Keying Detection PC
Define the index of the activated carrier as v. Assuming

correct reference keying detection and correct RIS keying
detection, when the activated carriers are correctly detected,
the corresponding decision variable, denoted by Dc

i,v, v =
1, 2, . . . , U , is the same as that in (37). In addition, when the
receiver detects the inactivated carriers (u ̸= v), the decision
variable De

i,u, u = 1, 2, . . . ,MT − U, u ̸= v is given by

De
i,u =

β∑
p=1

[
N∑
k=1

χi,kc1,p + nR,p

]
ℜ

[nIu,p]ℜ

+ ȷ

β∑
p=1

[
N∑
k=1

χi,kc2,p + ñR,p

]
ℜ

[nIu,p]ℑ, (47)

with E[(De
i,u)ℜ] = E[(De

i,u)ℑ] = 0 and Var[(De
i,u)ℜ] =

Var[(De
i,u)ℑ] = [N(4−π)+N2π]EsN0

4(1+U) + β
N2

0
4 = σ2

3 . Also, when
the minimum value of |Dc

i,v| is greater than the maximum
value of |De

i,u|, the activated carriers can be correctly detected.
Therefore, the probability of correct carrier keying detection
can be formulated as

PC = Pr
{

min
v=1,2,...,U

(
|Dc

i,v|
)
> max
u=1,2,...,MT−U,u̸=v

(
|De

i,u|
)}

=
∫ ∞

0

FMT−U
|De

i,u|
(x)U

[
1− F|Dc

i,v|(x)
]U−1

f|Dc
i,v|(x)dx,

(48)

where F|De
i,u|(x) =

{
g1(x;σ

2
3),M=2

g2(x;σ2
3),M>2

denotes the CDF of
|De

i,u|. In addition, f|Dc
i,v|(x) is the PDF of |Dc

i,v|, given by

f|Dc
i,v|(x) =

{
g3(x;µ3,σ

2
3),M=2

g4(x;µ0,σ2
4),M>2

, and F|Dc
i,v|(x) is the CDF of

|Dc
i,v|, given by

F|Dc
i,v|(x) =


1
2

[
erf
(
x+µ1√

2σ2
3

)
+ erf

(
x−µ1√

2σ2
3

)]
, M = 2

1−Q1

(
µ0
σ4
, xσ4

)
, M > 2

,

(49)

where Q1(·, ·) is the Marcum Q-function.

E. The Overall BER of the RIS-JIK-MDCSK System

The total information bits transmitted by an RIS-JIK-
MDCSK symbol include one reference keying bit, nc RIS key-
ing bits, mc carrier keying bits, and Un physically modulated
bits. Therefore, the overall bit error probability of RIS-JIK-
MDCSK is determined by the BERs of the reference keying
bit, RIS keying bits, carrier keying bits, and physically mod-
ulated bits, denoted by PJ1 , PJ2 , PJ3 , and PJ4 , respectively.
Therefore, the BER of the RIS-JIK-MDCSK system can be
derived according to the law of total probability, yielding

PJ =
1
∂
PJ1 +

nc
∂
PJ2 +

mc

∂
PJ3 +

Un

∂
PJ4 . (50)

Since only one reference keying bit is transmitted, the BER
of the reference keying bit is equal to the error probability of
the reference keying detection, i.e.,

PJ1 = PA′ . (51)

In addition, the BER of the RIS keying bits can be formulated
as

PJ2 = PA
2nc−1

2nc − 1
PB′ +

1
2
PA′ , (52)

where the first summand on the right side corresponds the
case that the reference keying detection is correct but the RIS
keying bits are erroneously recovered with error probability
2nc−1

2nc−1PB′ , while the second summand corresponds to the error
probability that the RIS keying bits are estimated based on the
incorrect reference keying detection. Similarly, the BER of the
carrier keying bits can be expressed as

PJ3 = PAPBηPC′ +
1
2
PAPB′ +

1
2
PA′ , (53)

where the coefficient η gives the relationship between the error
probabilities of carrier keying detection and the BER of carrier
keying bits, given by [25]

η =
2mc−1

[
2CUMT

− 2mc
]

CUMT
[CUMT

− 1]
. (54)

The BER of the physically modulated bits is obtained as

PJ4 = PAPBPCPcm +
1
2
PAPBPC′ +

1
2
PAPB′ +

1
2
PA′ .

(55)

Finally, the total bit error probability of the proposed RIS-
JIK-MDCSK system can be obtained by substituting (51),
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(52), (53), and (55) into (50). According to (51)–(55), we can
conclude that the BER of the reference keying bit PJ1 has the
greatest impact on the BER performance of RIS-JIK-MDCSK,
because PJ2 , PJ3 , and PJ4 depend on PA′ , where PA′ = PJ1 .
In other words, the reference keying detection has the greatest
effect on the BER performance of RIS-JIK-MDCSK.

IV. THROUGHPUT, SPECTRAL EFFICIENCY, AND SYSTEM
COMPLEXITY ANALYSIS

A. Throughput and Spectral Efficiency Analysis

In this subsection, the throughput and spectral efficiency
are analyzed to verify the advantages of the proposed RIS-JIK-
MDCSK system. Furthermore, we compare the throughput and
spectral efficiency of the proposed system with other systems.

Generally, the throughput refers to the ratio of the number
of correctly recovered symbols to the required transmission
time [51], [52]. In RIS-JIK-MDCSK, ∂ information bits are
transmitted in a symbol, and the symbol is correctly retrieved
if and only if all ∂ bits are correctly recovered. Therefore, the
throughput of the proposed RIS-JIK-MDCSK system can be
formulated as

Ω1 =
Nsym (1− PJ)∂

(1 +MT )βTc
[symbols/sec], (56)

where Nsym is the number of transmitted symbols and Tc
is the chip duration of the chaotic sequence. Furthermore,
it is assumed that the RIS-JIK-MDCSK system and the other
systems have the same numbers of subcarriers and transmitted
symbols. According to the definition of throughput, the
throughputs of MC-DCSK [26], GCI-DCSK [35], CI-
MDCSK [36], and CIM-MC-MDCSK [37] systems are

Ω2 = Nsym(1−PMC)MT

(1+MT )βTc
, Ω3 = Nsym(1−PGCI)

⌊log2CU
MT

⌋+U

(1+MT )βTc
,

Ω4 = Nsym(1−PCI)⌊log2MT ⌋+n

(1+MT )βTc
, and Ω5 =

Nsym(1−PCIM )⌊log2Nw⌋+nNw

NwβTc
, respectively, where PMC ,

PGCI , PCI , and PCIM denote the BERs of MC-DCSK, GCI-
DCSK, CI-MDCSK, and CIM-MC-MDCSK, respectively.
In addition, Nw denotes the length of the Walsh codes in the
CIM-MC-MDCSK system.

The spectral efficiency is defined as the ratio of the total data
rate to the required bandwidth [53], [54], which provides the
number of bits per second that can be transmitted in a given
bandwidth. It is assumed that the bandwidth of each subcarrier
is Bw. The RIS-JIK-MDCSK system is capable of transmitting
∂ information bits in a symbol duration, and therefore the
spectral efficiency is obtained as

Ψ1 =
bit rate

total bandwidth
=

∂
βTc

(1 +MT )Bw
[bits/sec/Hz].

(57)

In addition, the spectral efficiencies of the MC-
DCSK [26], GCI-DCSK [35], CI-MDCSK [36], and
CIM-MC-MDCSK [37] systems can be calculated

as Ψ2 = MT

(1+MT )βTcBw
, Ψ3 =

⌊log2C
U
MT

⌋+U
(1+MT )βTcBw

,

Ψ4 = ⌊log2MT ⌋+n
(1+MT )βTcBw

, and Ψ5 = ⌊log2Nw⌋+nNw

NwβTcBw
, respectively.

Fig. 4. Computational complexity of the proposed RIS-JIK-MDCSK, MC-D-
CSK [26], GCI-DCSK [35], CI-MDCSK [36], and CIM-MC-MDCSK [37]
systems.

B. Analysis and Comparison of System Complexity

In this subsection, the system complexity of the proposed
RIS-JIK-MDCSK system is analyzed and compared to that of
the considered benchmark systems. At the RIS-JIK-MDCSK
transmitter, U out of MT subcarriers are activated to transmit
the M -ary information-bearing signals, and the remaining
MT − U subcarriers are inactivated. Furthermore, each M -
ary information-bearing signal requires 2β spreading opera-
tions. Consequently, the number of multiplications used at
the RIS-JIK-MDCSK transmitter is 2βU . As shown in the
proposed joint index keying detection algorithm, the RIS-JIK-
MDCSK receiver needs 4βNRMT multiplications to retrieve
all information bits. The number of multiplications required
for the transmission of one bit can be used to evaluate the
computational complexity. Therefore, the total computational
complexity of the proposed RIS-JIK-MDCSK system is given
by

O1 =
2βU + 4βNRMT

1 + nc +mc + Un

=
2β (U + 2NRMT )

1 + ⌊log2NR⌋+
⌊
log2C

U
MT

⌋
+ Un

. (58)

Similarly, the computational complexities of MC-
DCSK [26], GCI-DCSK [35], CI-MDCSK [36], and
CIM-MC-MDCSK [37] can be obtained as O2 = 2βMT

MT
,

O3 = β(U+MT )

⌊log2C
U
MT

⌋+U , O4 = 2β(1+MT )
⌊log2MT ⌋+n , and

O5 = 4βNw

⌊log2Nw⌋+nNw
, respectively. As shown in Fig. 4,

we compare the computational complexity of RIS-JIK-
MDCSK with that of the benchmark systems by assuming
U = 1, β = 50, NR = 2, and Nw = MT . As can be
seen from Fig. 4, the computational complexity of RIS-
JIK-MDCSK is higher than that of the benchmark systems.
In addition, the hardware complexity comparison between
the proposed RIS-JIK-MDCSK and other DCSK-based
systems is shown in Table IV. RIS-JIK-MDCSK has a higher
hardware complexity than the other systems, since three
Hilbert filters are used in the muti-stream chaotic generator,
and one Hilbert filter and NR receive antennas are used at the
RIS-JIK-MDCSK receiver. Therefore, the system complexity
of RIS-JIK-MDCSK, including the computational and
hardware complexities, is higher than the benchmark systems.
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TABLE IV
HARDWARE COMPLEXITY COMPARISON BETWEEN THE PROPOSED RIS-JIK-MDCSK AND BENCHMARK SYSTEMS

Fig. 5. BER of RIS-JIK-MDCSK as a function of NR over Rayleigh fading
channels.

However, in Section V, we will demonstrate that the proposed
RIS-JIK-MDCSK system outperforms the benchmark systems
in terms of throughput, spectral efficiency, and BER.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we carry out computer simulations to
evaluate the performance of the proposed RIS-JIK-MDCSK
system. The analytical results obtained by using the analytical
expressions of the BER are also presented to verify the
correctness of the performance analysis. First, we evaluate
the impact of different system parameters on the BER of the
proposed RIS-JIK-MDCSK system. Second, the throughput
and spectral efficiency of RIS-JIK-MDCSK are compared
against the benchmarks. Finally, the BER of the proposed
RIS-JIK-MDCSK system is compared with other RIS-aided
systems and non-coherent DCSK-based systems to obtain
some insightful findings.

A. Impact of Different System Parameters on the BER of
RIS-JIK-MDCSK

In Fig. 5, we study the BER of the proposed RIS-JIK-
MDCSK system with respect to the number of receive anten-
nas NR over Rayleigh fading channels. The simulation param-
eters are N = 200, MT = 4, U = 2, β = 100, and M = 2.
The performance gap between NR = 32 and NR = 4 is
more than 1.5 dB at BER = 10−5. The analytical BER is
in good agreement with the simulated BER, which verifies
the correctness of the performance analysis in Section III.

The BER of RIS-JIK-MDCSK as a function of the spreading
factors β is investigated in Fig. 6. The system parameters are
N = 200, MT = 4, U = 2, NR = 4, and M = 2. By increas-
ing β, we see that the proposed RIS-JIK-MDCSK system

Fig. 6. BER of RIS-JIK-MDCSK as a function of β over Rayleigh fading
channels.

Fig. 7. BER of RIS-JIK-MDCSK as a function of M over Rayleigh fading
channels.

suffers from some performance degradation. For example,
when BER = 10−5, the proposed RIS-JIK-MDCSK system
with β = 100 can achieve more than 3 dB performance gain
compared to that of β = 600 because the noise term in (18)
becomes more important for large β.

Fig. 7 shows the BER of RIS-JIK-MDCSK for different
modulation orders M over Rayleigh fading channels. The
system parameters are NR = 4, MT = 4, U = 2, β = 100,
and N = 200. RIS-JIK-MDCSK with M = 4 achieves the
best BER. When M is increased from 4 to 16, however,
the proposed RIS-JIK-MDCSK system has a declining BER
performance, because the distance between the adjacent con-
stellation points is reduced, thereby leading to a large error
probability for the MDCSK demodulation. The simulation
results for M = 8 have a slight disagreement with the
theoretical estimates, because Pcm in (35), Var[(DYi,u)ℜ] and
Var[(DYi,u)ℑ] in (40), and Var[(GX1

i,u)ℜ] and Var[(GX1
i,u)ℑ] in

Table II are approximated results.
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Fig. 8. BER of RIS-JIK-MDCSK as a function of N over Rayleigh fading
channels.

Fig. 9. The impact of MT on the BER of RIS-JIK-MDCSK over Rayleigh
fading channels.

As shown in Fig. 7, the curve for M = 16 crosses that for
M = 8. This phenomenon can be explained as follows. The
BER of the reference keying bit and the RIS keying bits for
M = 16 is lower than that for M = 8. This is because for a
given SNR and given energy of the transmitted signal, more
information bits can be transmitted by RIS-JIK-MDCSK when
M is increased from 8 to 16, which reduces the variance of
the noise and therefore decreases the BER of the reference
keying bit and the RIS keying bits. When −42dB < SNR <
−38dB, the BER of RIS-JIK-MDCSK mainly depends on the
BER of the reference keying bit and the RIS keying bits.
Therefore, RIS-JIK-MDCSK with M = 16 outperforms that
with M = 8 if −42dB < SNR < −38dB. However, when
the SNR increases, i.e., SNR > −38dB, the BER of the
physically modulated bits becomes the dominant part of the
BER of RIS-JIK-MDCSK. When M increases from 8 to 16,
the BER of the physically modulated bits increases rapidly,
because the distance between adjacent constellation symbols
is decreased. Therefore, when SNR > −38dB, the BER of
RIS-JIK-MDCSK for M = 16 is higher than that for M = 8.
Therefore, it is concluded that the curve for M = 16 crosses
that for M = 8. The reason why the curves for M = 8 and
M = 16 cross the counterparts for M = 2 and M = 4 is
similar.

The simulated and analytical BER of RIS-JIK-MDCSK as
a function of the numbers of RIS elements N over Rayleigh
fading channels are plotted in Fig. 8. The system parameters
are U = 2, NR = 4, MT = 4, M = 16, and β = 100.

Fig. 10. The impact of U on the BER of RIS-JIK-MDCSK over Rayleigh
fading channels.

Fig. 11. Throughput comparison between the proposed RIS-JIK-MDCSK,
MC-DCSK [26], GCI-DCSK [35], CI-MDCSK [36], and CIM-MC-MD-
CSK [37] systems.

The simulation results well match the corresponding analytical
results. In addition, when N is increased from 120 to 240,
the BER of RIS-JIK-MDCSK is decreased. For example,
at BER = 10−5, RIS-JIK-MDCSK with N = 240 outper-
forms that with N = 200 and N = 160 by about 1.5 dB and
3.5 dB, respectively.

Fig. 9 shows the impact of the number of information-
bearing subcarriers MT on the BER of RIS-JIK-MDCSK over
Rayleigh fading channels. The system parameters are M = 16,
NR = 4, and U = 3. As observed from Fig. 9, the BER of
the RIS-JIK-MDCSK system is decreases with the increase of
MT , because more carrier keying bits are transmitted and the
required SNR to achieve a specific BER is reduced. Therefore,
the parameter MT can be set as large as possible to obtain
superior BER performance. In addition, RIS-JIK-MDCSK can
achieve better performance by increasing N and decreasing β,
which is consistent with the observations in Figs. 6 and 8.

In Fig. 10, the impact of the number of activated
information-bearing subcarriers U on the BER performance
of the proposed RIS-JIK-MDCSK system is investigated. The
simulation parameters are N = 160, NR = 4, and β =
100. As shown in Fig. 10, the simulated BER curves are
in agreement with the analytical ones. Furthermore, the BER
of the proposed RIS-JIK-MDCSK system gets worse when
increasing U , because the inter-symbol interference increases
for large values of U . Therefore, we can configure RIS-JIK-
MDCSK with a small U to obtain better BER performance.
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Fig. 12. Spectral efficiency comparison between the proposed RIS-JIK-MD-
CSK, MC-DCSK [26], GCI-DCSK [35], CI-MDCSK [36], and CIM-MC-MD-
CSK [37] systems.

Remark 2: As shown in Figs. 5–10, when the modulation
order is M = 4, the proposed RIS-JIK-MDCSK system
exhibits better BER performance. Furthermore, large values
of NR, N , and MT contribute to the enhancement of the
BER performance of RIS-JIK-MDCSK, while small values
of β and U enable RIS-JIK-MDCSK to achieve better BER
performance. However, when the parameters NR, N , and MT

increase, the complexity of RIS-JIK-MDCSK also increases.
Therefore, there is a trade off between BER performance and
system complexity.

B. Throughput and Spectral Efficiency of RIS-JIK-MDCSK
Compared to Other DCSK-Based Systems

In this subsection, the throughput and spectral efficiency of
the proposed RIS-JIK-MDCSK system are compared against
other DCSK-based systems. The following systems are con-
sidered for benchmarking: MC-DCSK [26], GCI-DCSK [35],
CI-MDCSK [36], and CIM-MC-MDCSK [37].

In Fig. 11, we compare the throughput of RIS-JIK-MDCSK
against the benchmark systems, based on the analysis in Sub-
section IV-A. The system parameters are β = 200, Tc = 10 µs,
Nsym = 10, MT = 64, and M = 2. Furthermore, NR = 2 and
U = 1 are assumed for RIS-JIK-MDCSK. In CI-MDCSK,
one of the 64 information-bearing subcarriers is activated.
In addition, half of information-bearing subcarriers are acti-
vated in GCI-DCSK. The length of the Walsh codes in CIM-
MC-MDCSK is Nw = 64. As can be seen from Fig. 11,
the proposed RIS-JIK-MDCSK system equipped with 5 RIS
elements can achieve high a throughput when the SNR is
lower than 0 dB. With the increase of SNR, the throughput of
the proposed RIS-JIK-MDCSK system outperforms the other
DCSK-based systems. This is due to the low BER of RIS-JIK-
MDCSK, leading to a large number of correctly recovered
symbols, i.e., large value of Nsym(1− PJ)∂ in (56), for a
given Nsym. This, in turn, contributes to the high throughput
of RIS-JIK-MDCSK.

The spectral efficiency comparison between the RIS-JIK-
MDCSK, MC-DCSK, CI-MDCSK, GCI-DCSK, and CIM-
MC-MDCSK systems is shown in Fig. 12, where TcBw =
0.05, β = 100, and M = 2 are assumed. In addition,
NR = 32 is considered for RIS-JIK-MDCSK. The length of
the Walsh codes Nw used for the CIM-MC-MDCSK system is

Fig. 13. BER comparison between the proposed RIS-JIK-MDCSK system
and other systems assuming the same number of subcarriers.

Nw = 32. In Fig. 12, it is clearly observed that the proposed
RIS-JIK-MDCSK system provides the highest spectral effi-
ciency compared to the benchmark systems. The main reason
is that RIS-JIK-MDCSK capitalizes on the benefits of the
joint keying, i.e., additional information bits are implicitly
transmitted by the indices of the reference keying, RIS keying,
and carrier keying.

C. BER Comparison Between the Proposed RIS-JIK-MDCSK
System and the Benchmark Systems

In this subsection, we compare the BER of the pro-
posed RIS-JIK-MDCSK system, DCSK-based systems, and
RIS-aided index modulation systems. The benchmark systems
include RIS-SM [9], RIS-SSK [9], MC-DCSK [26], GCI-
DCSK [35], CI-MDCSK [36], and CIM-MC-MDCSK [37]
systems.

Fig. 13 compares the BER of the proposed RIS-JIK-
MDCSK system and the DCSK-based systems, where the
number of subcarriers is identical and equal to 33. In addition,
the spreading factor β = 50 is used in all systems and the
modulation order for all MDCSK variants is M = 2. The
simulation parameters are as follows: NR = 2, MT = 32,
and U = 16 are applied in RIS-JIK-MDCSK, the number of
activated subcarriers in GCI-DCSK is the same as in RIS-JIK-
MDCSK. As shown in Fig. 13, the proposed RIS-JIK-MDCSK
system equipped with one-element RIS is capable of obtaining
better BER performance compared to other systems. When the
number of RIS elements is increased to N = 10, the RIS-JIK-
MDCSK system outperforms CI-MDCSK by more than 20 dB
at the BER level of 10−2. The BER performance gain offered
by RIS-JIK-MDCSK can be further expanded by increasing
the number of RIS elements.

As shown in Fig. 14, the BER of the proposed RIS-JIK-
MDCSK system is compared to that of other systems for the
same number of transmitted bits, i.e., ∂ = 24 and ∂ = 36.
Furthermore, all systems have the same spreading factor β =
100. When ∂ = 24, the parameters MT = 22 and U = 6 are
used in RIS-JIK-MDCSK, while MT = 25 and U = 12 are
used when ∂ = 36. Other parameters of RIS-JIK-MDCSK
are NR = 2 and M = 2. Moreover, in GCI-DCSK, 8 out of
20 information-bearing subcarriers are activated to transmit the
modulated bits. For the CIM-MC-MDCSK system, the length
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Fig. 14. BER comparison between the proposed RIS-JIK-MDCSK system
and other systems assuming the same number of transmitted bits.

Fig. 15. BER of the proposed RIS-JIK-MDCSK and RIS-SM [9] systems
assuming the same number of receive antennas.

of the Walsh codes and the modulation order of the M -ary
constellation are 16 and 4, respectively. It is apparent that
the proposed RIS-JIK-MDCSK system outperforms the other
DCSK-based systems for different ∂. Even for N = 1, the
performance gain achieved by RIS-JIK-MDCSK is better than
the other systems by about 2 dB. With a large N , the proposed
RIS-JIK-MDCSK system can obtain a higher performance
gain.

As shown in Figs. 13 and 14, the proposed RIS-JIK-
MDCSK system can achieve a significant BER performance
gain by increasing the number of RIS elements. The main
reason is that according to (20)–(23) and (36), a large value
of N leads to a large value of

E[Dî,u]√
Var[Dî,u]

. The Q-function is a

monotonically decreasing function. According to (36), when
N increases, the error probability Pcm decreases, leading to
a low BER for RIS-JIK-MDCSK. There are two reasons why
the proposed RIS-JIK-MDCSK system outperforms the other
DCSK-based systems. On the one hand, the proposed RIS-
JIK-MDCSK system is capable of adjusting the phases of RIS
elements to maximize the received SNR for the desired receive
antenna, therefore improving the BER. On the other hand, the
joint keying mechanism is exploited in RIS-JIK-MDCSK to
enhance the BER.

In Fig. 15, the BER of RIS-JIK-MDCSK is compared to
that of RIS-SM, where ML and GD denote the maximum
likelihood detection and greedy detection, respectively. The
system parameters are MT = 8, U = 2, and β = 100.
Moreover, the number of RIS elements and receive antennas

Fig. 16. BER of the proposed RIS-JIK-MDCSK and RIS-SM [9] systems
assuming the same number of transmitted bits.

Fig. 17. BER comparison between the proposed RIS-JIK-MDCSK,
RIS-SSK [9], and RIS-SM [9] systems.

for all systems is identical and equal to N = 64 and NR = 4,
respectively. As observed in Fig. 15, considering the BER level
of 10−5 and M = 4, the proposed RIS-JIK-MDCSK system
can offer about 2 dB and 3 dB performance gain compared to
RIS-SM equipped with ML and GD, respectively. When M is
increased to 16, the corresponding gain increases to 3 dB and
4 dB, respectively.

The BER of the RIS-JIK-MDCSK and RIS-SM systems
assuming the same number of transmitted bits, i.e., ∂ = 6,
is studied in Fig. 16. Both RIS-JIK-MDCSK and RIS-SM
possess an identical number of RIS elements and modulation
order, i.e., N = 128, 40 and M = 4. When N = 40, RIS-SM
with the ML detector can achieve similar BER performance
as RIS-JIK-MDCSK at BER = 10−5. However, RIS-SM with
GD suffers from about 3 dB loss in BER performance. When
N is increased to 128, the proposed RIS-JIK-MDCSK system
outperforms RIS-SM with both ML and GD by about 1 dB
and 2 dB, respectively. The improved BER performance of the
proposed RIS-JIK-MDCSK system over the RIS-SM system is
due to the utilization of all three keying mechanisms, including
reference keying, RIS keying, and carrier keying, in the RIS-
JIK-MDCSK system, whereas only RIS keying is utilized in
the RIS-SM system.

As shown in Fig. 17, we compare the BER of the proposed
RIS-JIK-MDCSK with perfect and imperfect initial phase
estimation (IPE), RIS-SSK with greedy detection, and RIS-SM
with imperfect CSI. The number of RIS elements is N =
64 and the number of transmitted bits per symbol is ∂ = 7 for
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all systems. Furthermore, NR = 4, MT = 4, U = 1, M = 4,
and β = 100 are assumed for RIS-JIK-MDCSK. NR = 128 is
considered for RIS-SSK. NR = 16 and M = 8 are set for RIS-
SM. When imperfect CSI is used for RIS-SM, the estimated
channel for RIS-SM is given by ĝesti,k = ĝi,k + ni,k, where
ĝesti,k and ĝi,k denote the estimated and real channels between
the k-th RIS element and the i-th receive antenna of RIS-SM,
respectively, and ni,k denotes a Gaussian random variable with
zero mean and δe variance. It is observed from Fig. 17 that
RIS-JIK-MDCSK with imperfect IPE has about 1 dB penalty
in BER performance in contrast to that with perfect IPE.
However, RIS-JIK-MDCSK with imperfect IPE outperforms
RIS-SSK and RIS-SM with perfect CSI by more than 3 dB
and 4 dB, respectively. Therefore, the proposed non-coherent
RIS-JIK-MDCSK system is more suitable for communication
scenarios where obtaining CSI and IPE is challenging, such
as high-speed mobile scenarios.

Remark 3: The RIS deployed at the transmitter enables the
proposed RIS-JIK-MDCSK system to achieve better BER per-
formance compared to other DCSK-based systems even under
the condition that the RIS has one element. When the number
of RIS elements, N , is large, the RIS-JIK-MDCSK system can
achieve a better BER performance. The proposed non-coherent
RIS-JIK-MDCSK system outperforms the coherent RIS-SM
system for different modulation orders and numbers of RIS
elements. If RIS-SM utilizes ML decoding, CSI is necessary
to find one of the combinations of different antennas and M -
PSK symbols to retrieve the information bits, which results in a
high computational complexity. In contrast, the proposed RIS-
JIK-MDCSK system performs non-coherent detection that
dispenses with the CSI, thus reducing the system complexity.

VI. CONCLUSION

To prevent the excessive system overhead of coherent
RIS-aided communication systems imposed by channel esti-
mation, we have proposed a non-coherent RIS-aided M -ary
differential chaos shift keying system to offer superior BER
performance without the need for CSI. In the proposed RIS-
JIK-MDCSK system, the reference signal is used to transmit
one information bit by using the index of the selected refer-
ence signal, therefore reducing the energy consumption and
increasing the data rate. Furthermore, the reference keying,
RIS keying, and carrier keying have been jointly designed to
achieve high-data-rate transmission, where extra information
bits are carried by the indices of these keying entities. In order
to recover the information bits transmitted by different keying
indices and the physically modulated M -ary constellation
symbol, we have proposed an effective joint index keying
algorithm. The BER performance, throughput, spectral effi-
ciency, and system complexity of RIS-JIK-MDCSK have been
analyzed and have been compared to relevant benchmark
systems. It has been demonstrated with the aid of simulations
that the proposed RIS-JIK-MDCSK system is capable of
achieving superior throughput, spectral efficiency, and BER
performance compared to other systems at the cost of an
increased system complexity. Specifically, the proposed non-
coherent RIS-JIK-MDCSK system can obtain comparable and

even superior BER performance compared to the coherent
RIS-SM system. Therefore, the proposed RIS-JIK-MDCSK
system is a promising non-coherent system for future wireless
communications. Our future efforts will be devoted to studying
mutiple RIS-assisted non-coherent communications.
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