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1.

INTRODUCTION
Differential chaos shift keying (DCSK) is an attractive technique that preferred among a number of
chaotic modulation schemes due to its robustness to multipath fading environments and non-coherent ability
of implementation and simple transceiver requirement. In DCSK system every bit duration is split into two
equal slots and a reference chaotic sequence is transmitted within the first time duration. According to the
value of the bit to be sent, the reference signal is either copied or inverted and sent within the second time
slot [1-3]. Many DCSK systems have been studied to evaluate its performance under different scenarios. In
fact, the primary defect of the DCSK is that half of the bit’s time slot in this system is employed for bearing
reference signals so it is spent sending no-data. This can be considered as a significant data rate reducer and
energy-inefficient for transmission [4-10].
The high efficiency HE-DCSK has been proposed in [4], as a new non-coherent system to overcome
this defect and to improve the DCSK system performance partially also M-DCSK differentially DDCSK and
reference modulated RM-DCSK, are new systems proposed to improve DCSK system, but they add
complexity to the system and they are difficult to implement [5-7]. A code-shifted DCSK (CS-DCSK) system
is presented in which a Walsh code sequences are used to separate the reference and information sequences
instead of time delay lines. Then the modified version of this system is offered in [8-9] in which different
chaotic sequences displaced the Walsh codes but, at the receiver in these two approaches it demands the
generation of Walsh or chaotic codes that impacts the non-coherent behavior of the DCSK communication
system. A new DCSK based on orthogonal chaotic vectors is presented in [10], in which Gram-Schmidt
process is applied to produce orthogonal chaotic signals. To increase the data rate and improve the spectral
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efficiencies and total system energy the authors in [11] presented a new DCSK scheme that combines code
index modulation with DCSK referred to as CIM-DCSK.
A multicarrier DCSK (MC-DCSK) system have proposed in [12, 13], the system was developed to
support multi-access ability that was enhanced the conventional of the DCSK system. This system provides
better data rates, enhances the energy efficiency, however it spends bandwidth and requires using parallel
matched filters. In other words, orthogonal frequency division multiplexing (OFDM) is the more dominant
multicarrier for discrete signals in nowadays technology [14, 15]. OFDM-DCSK system is suggested to
combine the advantages of OFDM and DCSK system, decrease the complexity of the multicarrier DCSK
system and offer better spectral efficiency compared to conventional DCSK systems [16-18].
In [19] the authors presented the multi-user OFDM-DCSK to support multi-user communication.
Although this system enhances the spectral and energy efficiency, it increases multiple access interference
(MAI). The nonlinear multi-user OFDM-DCSK communication system is studied and presented in [20]
which considering the nonlinearity of power amplifiers distortion that degrades the BER performance of the
system. Many power allocation schemes were introduced to enhance the overall performance and achieve
different purposes such as maximizing the throughput, and ensure the Quality of Service demand for the
primary and secondary users [21-23]. To enhance the performance in Multi Carrier DCSK and multi carrier
QCSK systems over AWGN channel, power allocated to the references and information-bearing sequences
are proposed as in [24, 25], although the poor channel conditions have not been taken into consideration for
the two systems. Power optimization in the multi-user OFDM based DCSK over multipath fading channels
have been proposed in [26].
In this paper, a MU OFDM-OCVSK system with subcarriers power allocation is proposed. The
optimization trouble of subcarriers power allocation is determined using convex optimization and the BER
expression of MU OFDM-OCVSK is derived with subcarriers power allocation based on the proposed
model. The performance comparison between conventional MU OFDM-DCSK, a multi-user OFDM
employed for orthogonal chaotic vector shift keying (MU-OFDM-OCVSK) and optimal power allocated
counterpart system are also introduced.
The rest of the paper is arranged as the following, in section 2, the subcarriers power allocated MUOFDM-OCVSK system model is illustrated. The system performance is investigated, and analytical BER is
derived in section 3. Section 4 illustrates the simulation results with the discussions. The conclusions are
presented is depicted in section 5.

2.

SYSTEM MODEL
The structure of the transmitter for the u th user in MU-OFDM- OCVSK system with power
allocation strategy on subcarriers for Np=1 is shown in Figure 1.

Figure 1. The power allocated MU OFDM-OCVSK transmitter
For the MU-OFDM-OCVSK, the reference vectors of various users 𝑥𝑢 (𝑡) are sent over predefined
frequencies that are used for both as reference signals and code for spreading the data bits M of user u while
M bit stream si={+1,−1} are multiplied by the orthogonal chaotic spreading code 𝑥𝑢 (𝑡) in time domain.
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𝑥𝑢 (𝑡) =

∑𝛽𝑘=1 𝑥𝑢,𝑘 𝑔(𝑡 − 𝑘𝑇𝑐 )

(1)

where g(t) is a rectangular shaping filter, 𝛽 is the spreading factor and Tc is the chip duration and its assumed
that Tc=1 for simplicity. So, the transmitted signal of the uth user of OFDM-OCVSK system is given by:
𝛽
𝛽
2𝜋𝑗𝑓𝑖 (𝑡−𝑘𝑇𝑐 ) 𝑔(𝑡 − 𝑘𝑇 )
𝑆𝑢 (𝑡) = ∑𝑘=1 𝑥𝑘,𝑢 𝑒 2𝜋𝑗𝑓𝑜 (𝑡−𝑘𝑇𝑐 ) 𝑔(𝑡 − 𝑘𝑇𝑐 ) + ∑𝑈+𝑀
𝑐
𝑖=𝑈+1 ∑𝑘=1 𝑥𝑘,𝑢 𝑑𝑖,𝑢 𝑒

(2)

where 𝑆𝑢 (𝑡) is the OFDM symbol transmitted by user u, u ∈ {1, … , U} and 𝑓𝑜 is its uth private frequency
used for transmitting the chaotic reference signal 𝑥𝑘,𝑢 , and 𝑓𝑖 is the ith public sharing frequency.
Inspired by the comb-type pattern in OFDM system The frame for the proposed MU OFDM-DCSK
consist of U users each user has a number 𝑁𝑝 of predefined subcarrier used for sending their reference signals
with total number of 𝑁𝑝 U subcarriers out of total N subcarriers and the rest Ns=N−𝑁𝑝 U subcarriers are
shared by all users used for transmitting their data. The chaotic generator generates carriers using a secondorder Chebyshev polynomial function (CPF) [19]:
𝑥𝑘+1 = 1 − 2𝑥𝑘2

(3)

Figure 2 illustrates MU-OFDM-OCVSK structure at receiver side. The receiver structure allowing
us to carry out our proposed power allocation technique without providing the frequency diversity and leads
to a correct detection using a simple FFT operation replace the parallel matched filters used in [11] to reduce
complexity which is one of the objectives of the design.

Figure 2. Block diagram for U𝑡ℎ user of MU OFDM-OCVSK receiver

3.

BER DERIVATION AND POWER OTIMIZATION ON SUBCARRIERS
In this section, the analytic BER of MU-OFDM-OCVSK with power allocation strategy on
subcarriers is investigated. Define P=[P0, P1, ..., PM] as the power vector of the reference and data bearing
sequences for each user of OFDM-OCVSK system. In (2) can be rewritten as:
𝑆𝑢 (𝑡) =

𝛽
𝛽
2𝜋𝑗𝑓𝑖 (𝑡−𝑘𝑇𝑐 )
𝑔(𝑡 − 𝑘𝑇𝑐 )
√𝑃0 ∑𝑘=1 𝑥𝑘,𝑢 𝑒2𝜋𝑗𝑓𝑜 (𝑡−𝑘𝑇𝑐) 𝑔(𝑡 − 𝑘𝑇𝑐 ) + ∑𝑈+𝑀
𝑖=1+𝑈 ∑𝑘=1 √𝑃𝑖 𝑥𝑘,𝑢 𝑑𝑖,𝑢 𝑒

(4)

The bit energy required to transmit one OFDM-DCSK bit can be written as [16]:
𝐸𝐵 = 𝐸𝑑𝑎𝑡𝑎 +

𝑁𝑝 𝐸𝑟𝑒𝑓
𝑀

=

𝑁𝑝 +𝑀
𝑀

∑𝛽𝑘=1 𝑥2𝑘

(5)

By applying power allocation strategy on subcarriers 𝐸𝐵 will be,
𝐸𝐵 =

1
𝑀

𝑀+𝑁

∑𝑚=1 𝑝 𝑃𝑚 ∑𝛽𝑘=1 𝑥𝑘2

(6)

At the receiver side, the data of each user are detected by calculating the sign of the following decision
variable:
𝛽

𝐷𝑖,𝑢 = 𝑅𝑒{∑𝑘=1 𝑌(𝑘, 𝑖, 𝑓𝑠 ) . 𝑅(𝑘, 𝑓𝑃 )

∗

} , 𝑖 = 1, . . , 𝑀
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where 𝑅𝑒{.} is the real part of the signal, and 𝑅(𝑘, 𝑓𝑃 )∗ is the conjugate of the reference sequence 𝑅(𝑘, 𝑓𝑃 ).
And,
𝑌(𝑘, 𝑖, 𝑓𝑠 ) = ∑𝑈
𝑢=1 √𝑃𝑖 𝑑𝑖,𝑢 𝑥𝑘,𝑢 𝛼𝑢,𝑙 + 𝑁𝑠

(8)

𝑅(𝑘, 𝑓𝑃 ) = √𝑃0 𝑥𝑘,𝑢 𝛼𝑢,𝑙 + 𝑁𝑃

(9)

where 𝑁𝑠 , 𝑁𝑃 and 𝛼𝑢,𝑙 are independent zero mean AWGN and the channel coefficient response respectively.
The decision variable 𝐷𝑖,𝑢 may be expanded as:
2

𝐿

𝛽
𝑝
′ 2
𝐷𝑖,𝑢 = ℝ {√𝑃
⏟ 0 𝑃𝑖 𝑑𝑖,𝑢 ∑𝑙=1 ∑𝑘=1|𝛼𝑢,𝑙 | 𝑥𝑘,𝑢 +
𝐴
𝐿

𝑝
′
∗
∑𝑙=1
∑𝛽𝑘=1 𝑥𝑘,𝑢
∑𝛽𝑘=1 𝑁𝑠 𝑁𝑃∗ +
(√𝑃𝑖 𝑑𝑖,𝑢 𝛼𝑢,𝑙 𝑁𝑃∗ + √𝑃0 𝛼𝑢,𝑙
𝑁𝑠 ) + ⏟
⏟

𝑐

𝐵

∑𝑈𝑟=1 ∑𝐿′𝑟 ∑𝛽 √𝑃𝑖 𝛼𝑟,𝑙′ 𝑑𝑖,𝑟 𝑥𝑘,𝑟 𝑁𝑃∗ +
⏟ 𝑟≠𝑢 𝑙 =1 𝑘=1

(10)

𝐷
∗
′
∑𝐿𝑢 ∑𝑈𝑟=1 ∑𝐿′𝑟 ∑𝛽 √𝑃0 𝑃𝑖 𝛼𝑢,𝑙
𝛼𝑟,𝑙′ 𝑑𝑖,𝑟 𝑥𝑘,𝑢
𝑥𝑘,𝑟 }
⏟ 𝑙=1 𝑟≠𝑢 𝑙 =1 𝑘=1
𝐸

The first expression A represent the desired signal component while the expressions B and C
represent the interference caused by AWGN. The expressions D and E are related to the multiple access
interference (MAI) introduced in the decision variable. The orthogonality of the chaotic vectors makes
𝑥′𝑘,𝑢 𝑥′𝑘,𝑟 = 0, hence term E equals zero. Lu and 𝛼∗𝑢,𝑙 are the number of paths and the complex conjugate of the
channel coefficient for user u. Also, Lr and 𝛼∗𝑢,𝑟 are the number of paths and the complex conjugate of the
channel coefficient for user r, respectively. The Gaussian approximation is used in this paper for deriving the
analytic BER of the MU OFDM-OCVSK system. Hence, we can express the decision variable MU OFDMOCVSK system as:
𝐷𝑖,𝑢 =

√𝑃0 𝑃𝑖

𝑑𝑖,𝑢 𝑀
𝑀+𝑁
∑𝑚=1 𝑝 𝑃𝑚

2

𝜒

𝑢
𝑢
∑𝐿𝑙=1
∑𝑣=1
|𝛼𝑢,𝑙,𝑣 | 𝐸𝑏 + 𝐵 + 𝐶 + 𝐷, 𝑖 = 1, . . , 𝑀

(11)

where 𝜒𝑢 is the number of various channel coefficients through the MU-OFDM-DCSK symbol of user u. We
can express the mean of the decision variable as:
𝐸(𝐷𝑖,𝑢 ) =

√𝑃0 𝑃𝑖

𝑆𝑖,𝑝 𝑀
𝑀+𝑁𝑝
∑𝑚=1 𝑃𝑚

𝜒

2

𝑢
𝑢
∑𝐿𝑙=1
∑𝑣=1
|𝛼𝑢,𝑙,𝑣 | 𝐸𝑏

(12)

Because of all the terms in (11) are independent and uncorrelated, assumed the sending bit is +1, the
conditional variance for an arbitrary ith bit of the decision variable is:
𝑉[𝐷𝑖 ] = 𝑉[𝐵] + 𝑉[𝐶] + 𝑉[𝐷]

(13)

where 𝑉[. ] indicates variance, the terms 𝑁𝑠 , 𝑁∗𝑃 and 𝑥′𝑘,𝑝 are independent and uncorrelated, and the channel
coefficients are also independent with zero mean variables. The conditional variance of the expression B can
be written as:
𝑉[𝐵] = (𝑃0 +𝑃𝑖 )

𝐸𝑏 𝑀
𝑀+𝑁𝑝

∑𝑚=1 𝑃𝑚

𝑁0
2

2

𝑢
𝑢
∑𝐿𝑙=1
∑𝜒𝑣=1
|𝛼𝑝,𝑙,𝑣 |

(14)

Likewise, the variance of C can be:
𝑉[𝐶] =

𝛽 𝑁02
4

(15)

At last, the conditional variance of D can be written as:
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𝑉[𝐷] = 𝑃𝑖

2

𝐸𝑏 𝑀𝑁0
𝑀+𝑁𝑝

2 ∑𝑚=1 𝑃𝑚

∑𝑈𝑟=1 ∑𝐿𝑙′𝑟=1 ∑𝜒𝑣′𝑟=1 𝐸 (|𝛼𝑢,𝑙′ ,𝑣′ | )

(16)

𝑟≠𝑢

The value of 𝐸𝐵 can be considered invariable and the output of the correlator considers as Gaussian
random variable. By using the Gaussian approximation, the BER of the 𝑢𝑡ℎ user can be calculated as [16]:
1
1
𝐵𝐸𝑅 = 𝑃𝑟(𝐷𝑖,𝑢 < 0|𝑑𝑖,𝑢 = +1) + 𝑃𝑟(𝐷𝑖,𝑢 > 0|𝑑𝑖,𝑢 = −1)
2
2
1
−

(17)

2𝑉(𝐷𝑖,𝑢 |𝑑𝑖,𝑢 = +1) 2
1
= 𝑒𝑟𝑓𝑐 ([
2] )
2
𝐸(𝐷 |𝑑 = +1)
𝑖,𝑢

𝑖,𝑢

where erfc (·) is the complementary error function can be expressed as 𝑒𝑟𝑓𝑐(𝑥) =

2 ∞ −𝑡 2
∫ 𝑒
√𝜋 𝑥

𝑑𝑡 [12]. By

using above expressions and (11)-(12), the BER for the MU OFDM-OCVSK system can be written as:
1

−2

𝑀+𝑁𝑝

(𝑃0 +𝑃𝑖 )(∑𝑚=1 𝑃𝑚 ) 𝑁0
𝐿

𝜒

2

+

2

2

𝑢 ∑ 𝑢 |𝛼
𝑃0 𝑃𝑖 𝑀 ∑𝑙=1
𝑣=1 𝑢,𝑙,𝑣 | 𝐸𝑏
2

𝑀+𝑁𝑝

𝛽(∑𝑚=1 𝑃𝑚 ) 𝑁02

1

𝐵𝐸𝑅 = 𝑒𝑟𝑓𝑐

𝐿

𝜒

𝑢 ∑ 𝑢 |𝛼
2 𝑃0 𝑃𝑖 (𝑀 ∑𝑙=1
𝑣=1 𝑢,𝑙,𝑣 | 𝐸𝑏 )

2

𝑀+𝑁𝑝
𝐿𝑟
(∑𝑚=1 𝑃𝑚 ) 𝑁0 ∑𝑈
𝑟=1 ∑ ′

𝑙 =1

𝑟≠𝑢

(

𝐿

+

(18)
2

𝜒
∑ ′𝑟

𝑣 =1

𝐸(|𝛼𝑟,𝑙,𝑣′ | )

2 2

𝜒

𝑢 ∑ 𝑢 |𝛼
𝑃0 𝑀(∑𝑙=1
𝑣=1 𝑢,𝑙′ ,𝑣′ | ) 𝐸𝑏

[

]

)

From (18), it can be seen that the different strategies of power allocating depending on 𝑃0 ,
𝑀+𝑁𝑝

𝑃𝑖 (i=1,..,M) and the total power ∑𝑚=1 𝑃𝑚 will produce various values of BER performance. To find
optimal values of Pm, m=1,.., M+1 let define Φ(P) as:
𝑀+𝑁𝑝

𝑀+𝑁

Φ(P)=[

𝑝
(𝑃𝑖 +𝑃0 ) ∑𝑚=1 𝑃𝑚 𝑁0
𝐿

𝜒𝑝

2

𝑢 ∑
𝑃0 𝑃𝑖 𝑀 ∑𝑙=1
𝑣=1|𝛼𝑢,𝑙,𝑣 | 𝐸𝑏

+

2

𝛽(∑𝑚=1 𝑃𝑚 ) 𝑁02
𝜒𝑝

𝐿

2

𝑢 ∑
2𝑃0 𝑃𝑖 (𝑀 ∑𝑙=1
𝑣=1|𝛼𝑢,𝑙,𝑣 | 𝐸𝑏 )

2+

𝑀+𝑁𝑝
𝐿𝑟
𝑁0 ∑𝑚=1 𝑃𝑚 ∑𝑈
𝑟=1 ∑ ′
𝑟≠𝑢

𝐿

𝑙 =1

𝜒

𝜒
∑ ′𝑟

2

𝑣 =1

𝐸(|𝛼𝑟,𝑙,𝑣′ | )

2 2

]

𝑢 ∑ 𝑢 |𝛼
𝑃0 𝑀(∑𝑙=1
𝑣=1 𝑢,𝑙′,𝑣′ | ) 𝐸𝑏

(19)

Assume that all subcarriers have the same power, 𝑃𝑖 =P, and normalized the reference power 𝑃0 to
1, then Φ(P) can be rewritten as:

Φ(P)=[

𝑀+𝑁𝑝

𝑀+𝑁𝑝

(𝑃+1) ∑𝑚=1 𝑃𝑚
𝐿

𝜒𝑝

2 𝐸𝑏
𝑁0

𝑢 ∑
𝑃 𝑀 ∑𝑙=1
𝑣=1|𝛼𝑢,𝑙,𝑣 |

+

𝑀+𝑁

2

𝛽(∑𝑚=1 𝑃𝑚 )
𝐿

𝜒𝑝

2 𝐸𝑏 2
)
𝑁0

𝑢 ∑
2𝑃(𝑀 ∑𝑙=1
𝑣=1|𝛼𝑢,𝑙,𝑣 |

+

2
𝐿
𝜒𝑟
𝐸(|𝛼𝑟,𝑙,𝑣′ | )
′
𝑟≠𝑢 𝑙 =1 𝑣 =1
2 2𝐸
𝐿𝑢
𝜒𝑢
∑𝑣=1
𝑀(∑𝑙=1
|𝛼𝑢,𝑙′,𝑣′ | ) 𝑏
𝑁0

𝑟 ∑
∑𝑚=1 𝑝 𝑃𝑚 ∑𝑈
𝑟=1 ∑ ′

]

(20)

Since the erfc (x) is a monotonous increasing function hence, we consider Φ(P) is the cost function
and the BER will get the optimal value when Φ(P) approach the minimum value for given
factor β. Then the optimization trouble is written as:

𝐸𝑏
𝑁0

, M and spread

Minimize 𝑃𝑚
Subject to: Φ(P) ≤ 𝑘
∑𝑀
𝑚=1 𝑃𝑚 + 𝑁𝑝 ≤ 𝑃𝑇
𝑃𝑚 > 0
The function Φ(P) is a posynomial function, therefore a geometric programming (GP) problem [27]
with a convex optimization is used to find the minimum value of Φ(P) utilizing CVX software [28]. For
𝐸
example, when 𝑏 = 12 𝑑𝐵, and β=100 minimum values of Φ(P) are 0.2385, 0.1174, 0.1060 when M=24, 50,
𝑁0

64, respectively, and the corresponding power 𝑃𝑚 are 0.172403, 0.117368, 0.106044.’
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4.

RESULTS AND DISCUSSIONS
In this section, the analytic and the simulation of BER performance for MU-OFDM-OCVSK
proposed system with the subcarriers power allocation strategy are presented. The results are obtained with
different lengths of spreading factor β and different number of sub-carriers and, number of transmitted bits
M, assuming that the number of channel coefficients per OFDM-OCVSK symbol 𝜒 does not change during
each frame transmission for different number of users U.The parameters used in the simulations are M=(24,
50, 64), β=(40, 100, 150), PT=(5, 10, 20), with 1, 2, 3, and 6 users
Figure 3 shows the BER curves (20) for total number of subcarriers M=50, β=100, and compares the
performance for a 2, 3, and 6 users’ scenarios under equal power distribution, with that of the optimal power
for PT=20. The figure shows that the suggested method with power allocation enhances the performance
with each number of users. Further, the effect of the suggested system is more noticed when the number of
users is increased. In Figure 4, the impact of subcarriers power allocation on BER performance under
different number of subcarriers M=24 and 64 and for various number of users U=1, 3 and 6 users are studied.
The spreading factor β is set to 100, and the total power PT=20. Assuming that the bandwidth B is wide
enough to support any number of subcarriers M. an interesting result of performance improvement is shown
in this figure, there is a limited enhancement in the performance when the number of subcarriers is small, as
the number of M is increased, we have a visible performance improvement since more data bits can be sent
with the previous number of references.

Figure 3. BER performance comparison of the proposed power allocation (opt-pow) with the equal power
allocation (Equ. Pow) with PT=20, β=100, M=24, and for different number of users U=1, 3, and 6 users

Figure 4. BER performance comparison of the proposed power allocation (opt-pow) with the equal power
allocation (Equ. Pow) with PT=20, β=100, for different number of sub-carriers M=24, 64 and different
number of users U=1, 3, and 6 users.
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The effect of the total power PT on the performance of the proposed system is presented in Figure 5.
As referred before, the BER expression is a convex function with respect to P M and has an inflection point.
Thus, it can be seen from the figure that the BER increases as the total power PT exceeds a specific value.
When PT=10 we have the lowest BER for Eb/No=12 dB, β=40, M=24, and U=3 users.

Figure 5. 3-users BER vs. total power PT for Eb/No=12 dB, β=40 and M=24

In Figure 6, BER performance curves of the proposed method and traditional MU-OFDM-DCSK
system [19] and MU-OFDM based orthogonal chaotic vector shift keying MU-OFDM-OCVSK system are
compared in multipath Rayleigh fading channel with PT=20, M=50, β=150 , Lu=3 and for a 3 users scenario.
The proposed optimal power strategy outperforms the conventional MU-OFDM-DCSK and MU-OFDM base
orthogonal chaotic vector shift keying MU-OFDM-OCVSK system because of assigning more power to the
reference and information bearing subcarriers that make the proposed strategy has a clear performance
superiority in terms of BER.

Figure 6. BER performance comparison between the proposed system, MU-OFDM-OCVSK and, MUOFDM-DCSK [19] systems when PT=20, M 50, β=150 and U=3 users

5.

CONCLUSION
In this paper, the power allocation on subcarriers of MU-OFDM-OCVSK system over multipath
frequency selective fading channel is studied. Gaussian approximation is used to derive the BER expression
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and optimal power allocated on subcarriers is studied by convex optimization. The simulation results show
that the BER performance of the optimal power allocation technique is enhanced by increasing the number of
subcarriers. The results show also that the proper choosing of the total power value improves the BER
performance of the system. The BER performance of the proposed optimal power allocation MU-OFDMOCVSK system is plotted and compared with that of traditional MU-OFDM-DCSK and MU-OFDMOCVSK system. The results show an improvement in the performance of the suggested system in terms of bit
error rate compared to competitor systems.
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