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Abstract - In this paper, we study the performance of a correlation-delay-shift-keying (CDSK) system for low data-rate applications in wireless communications. The low-rate data modulates the chaotic spreading sequence by means of a CDSK modulator at baseband. By using a RF modulator, the baseband CDSK-modulated signal is up-converted into a RF passband signal which is then transmitted on the antenna. These modulators allow the transmitter to be able to adjust flexibly the chip period compared with bit duration and locate the transmitted signal at a desired or allocated RF band. The receiver performs in turn the corresponding RF and CDSK demodulations to recover the data. A wireless channel affected by noise, fading, multipath, and delay-spread in the context of low-rate and short-range transmission of the chaotic spread-spectrum signals is described. Schemes for the transmitter and receiver under the impact of the wireless channel are then developed. Simulated results are shown to evaluate the effect of the spreading factor, modulation delay, and the number of transmission paths on the system performance. Our findings show that the low-rate CDSK system can exploit the multipath nature of wireless channels for improving the BER performance.
Key words – Chaos; Chaos-based Communications; Correlation-delay-shift-keying; CDSK; Low-rate transmission; Wireless communications.

Tóm tắt – Bài báo nghiên cứu hiệu năng của một hệ thống khóa-dịch-trễ-tương quan (CDSK) cho các ứng dụng tốc độ thấp trong truyền thông vô tuyến. Dữ liệu vào được điều chế bởi chuỗi hỗn loạn sử dụng bộ điều chế CDSK ở băng cơ sở. Tín hiệu điều chế băng cơ sở sau đó được đổi tần lên một băng tần RF và phát lên ăng-ten. Các bộ điều chế này cho phép máy phát có thể điều chỉnh linh hoạt tốc độ chip so với tốc độ bit, đồng thời đặt phổ của tín hiệu phát ở băng tần mong muốn. Máy thu thực hiện lần lượt giải điều chế RF và CDSK để khôi phục lại dữ liệu. Một kênh truyền vô tuyến dưới tác động của nhiễu, fading và trải trễ đa đường trong ngữ cảnh truyền dẫn tốc độ thấp và cự ly ngắn được mô tả. Các sơ đồ cho máy phát và máy thu được đề xuất. Các kết quả mô phỏng số chỉ ra rằng hệ thống CDSK tốc độ thấp có thể tận dụng đặc tính đa đường của kênh truyền vô tuyến để cải thiện hiệu năng BER. 

Từ khóa – Hỗn loạn; Truyền thông hỗn loạn; Khóa dịch trễ tương quan; CDSK; truyền dẫn tốc độ thấp; truyền thông vô tuyến.


Introduction
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Chaotic signals with random noise-like behavior and broadband spectrum have been proposed as a secure alternative of pseudo-noise sequences in spread-spectrum communications [1]. Owing to robust performance in multipath fading channels, non-coherent chaos-based systems were proposed for wireless communications [2]. The most widely studied system is differential chaos shift keying (DCSK), where a reference chaotic sequence is sent, followed by the same sequence modulated by the binary data [3]. The application of the existing wireless techniques such as FM, MIMO, OFDM, UWB to the DCSK system has been recently investigated [4][6]. Beside the DCSK-based systems, another non-coherent system, i.e., Correlation-delay-shift-keying (CDSK), has been also studied significantly [7]. In CDSK, the reference sequence and the data-bearing sequence after a certain time delay are added together. As a result, the reference and data-bearing sequences are simultaneously transmitted in each bit duration. Since no individual reference signal is sent, the bandwidth efficiency of CDSK is improved in comparison with that of DCSK. In addition, by replacing the switch in DCSK by the adder, CDSK allows a continuous operation of the transmitter, in other words, the transmitted signal is never repeated. This feature helps to improve the confidentiality of the CDSK system. However, because the sum of two chaotic sequences is sent in the same time, more interference is created after the correlation process at the receiving side. Owing to this reason, CDSK performs worse than DCSK. In order to improve the performance of CDSK, there have been several extended CDSK-based systems proposed such as Generalized CDSK (GCDSK), Frequency-modulated CDSK, Correlation multi-delay-shift-keying, Single-input multiple-output CDSK [8]-[11]. However, the price that the extended systems have to pay is the complexity of implementation. Furthermore, the channels used in the investigation of these systems are quite simple, just noisy or fading channels. The performance over a wireless channel affected by noise, fading, multipath with delay spread has not studied so far.
In this paper, we study the BER performance of a low-rate CDSK system over wireless channels. It is well-known that the short-range wireless applications with low data-rate become increasingly more popular in our daily lives today, e.g., automation and control at home, factory, warehouse; monitoring in safety, health, environment; situational awareness and precision asset location in military actions, firefighter operations, autonomous manifesting, and real-time tracking of inventory; and entertainment with learning games, interactive toys [12]. In the transmitter, the low-rate binary data is spectrum-spread by a discrete chaotic signal through CDSK modulation at baseband frequency. The baseband signal is then up-converted into a radio frequency (RF) passband by means of a conventional RF modulation technique. The implementation of the CDSK modulation at baseband and the RF band conversion before transmitting allows the transmitter not only to adjust flexibly the chip period compared with bit duration but also to locate the transmitted signal at the desired or allocated RF range. In the receiver, the RF signal after passing a wireless channel is demodulated to down-convert into the baseband again. The CDSK demodulation is then used to recover the original data. Interestingly, the numerically-simulated performance points out that with the simple architecture, the CDSK system can still exploit the low-rate characteristic of wireless channels in order to improve the system performance.
The rest of this paper is structured as follows: Section II describes the model of a wireless channel in the context of low-rate spread-spectrum signals. Description of the proposed CDSK system is presented in Section III. Simulation results are shown in comparison with the analyzed ones in Section IV. Finally, our conclusion is given in Section V.
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(b)
Wireless channel with low data-rate transmission of chaotic spreading signals: (a) Hypothetical propagation scenario, and (b) Channel model with one direct path and L−1 delay paths.

Wireless Channel with Low-rate Spread-Spectrum




[bookmark: OLE_LINK43][bookmark: OLE_LINK44]A simplified mathematical model for wireless channels in the context of low data-rate and short-range transmission of chaotic spreading signals is described in this section. In chaos-based communication systems, the spread-spectrum process is carried out by multiplying the chaotic spreading sequence with the binary data. To expand the spectrum, the chip duration  of the chaotic sequence is generated to be much shorter than the bit duration  of the binary data. The ratio, , is the spreading factor which is the number of chips per bit. Suppose that the transmitted signal from the antenna of the transmitter comes to the antenna of the receiver after passing over a closed space with full of obstacles, e.g., tables, chairs, walls, and moving objects like people. Fig. 1(a) and Fig. 1(b) present a hypothetical scenario of the propagation in wireless channels and its model with one direct path and  delay paths, respectively. The signals after being reflected, refracted or diffracted, by the obstacles can reach the receiver with various delays, attenuation and from various paths. The path having a shortest transmission period is considered as the direct path and all others are the delay paths. With the assumption that the transmitter and receiver are stationary, the phase variations of the received signals in direct and delay paths can be ignored. The impulse response of the channel can be given by

	,                               (1)










[bookmark: MTBlankEqn]where  and  are corresponding to the time delay and fading coefficient of the path, and is the Dirac impulse [13]. The direct path has  and, while the delay paths have and  for. Here, the wireless channel is considered to have a slow fading characteristic. This means the fading coefficients  change after each bit period and vary randomly according to the Rayleigh distribution given by

	,                              (2)








with being the scale parameter of the distribution. It is notice that the mean and mean squared values of each fading coefficient are respectively determined by  and, where the condition, is  satisfied. In the context of low-rate transmission over short distance, the delays  are assumed to be shorter than the chip duration  of the chaotic sequence transmitted at baseband, satisfying the condition,  for. Under this condition, the output signal of the channel can be expressed by 


     (3)







where ∗ is the convolution operator,  and  are the transmitted and received signals, respectively,  is additive white Gaussian noise (AWGN) added by the channel. In the above parameters, the path delays , number of paths, and spreading factor β are constants, while the fading coefficient  and Gaussian noise, are independent random variables varying according to Rayleigh and Gaussian distributions, respectively.
Low-rate CDSK System
Having the wireless channel model aforementioned in mind, the block diagram of the low-rate CDSK communication system is presented in Fig. 2.
Transmitter

The chaotic reference sequence  at the output of the chaotic generator is produced by means of a chaotic map expressed by Chebysev polynomial function of order 2 [14],

	,	                    (4)


with the invariant probability density function (PDF) of, denoted by  being

 		       (5)



The values of,  , and are calculated as

 		              	(6)

,	                 	(7)

,	   		      (8)








We employ this chaotic maps because of its good correlation characteristic which leads to good system performance [15]. In the CDSK modulator at baseband, the data stream with the bit duration  is spread in the frequency domain by multiplying with a spreading sequence which is the reference sequence after a fixed time delay. Note that the modulation delay  is chosen with any positive and nonzero value. It is not necessary to be equal to as in DCSK modulation. The output signal  of the CDSK modulator is the sum of the reference and data-bearing sequences. The value of discrete samples in the resulting signal can be expressed as

	 ,					(9)













where is binary value of the  bit;, , and, are the values of the chip in the bit of the signals, , and, respectively. The CDSK modulated signal is then fed to a RF modulator. By means of the square-root-raised cosine filters with a roll-off factor, the spectrum of input signal is limited to a defined bandwidth satisfying Nyquist criterion, i.e.,. The filtered signal is modulated by a RF carrier. The goal of the RF modulation process is to up-convert the spectrum of the input signal from baseband into a RF band whose central frequency is the carrier frequency. The RF band signal  is finally transmitted on the wireless channel.

Receiver
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	Block diagram of the low-rate CDSK communication system


















The received signal is put into a corresponding RF demodulator, where the RF-band signal is down-converted into the baseband one which is then demodulated by means of a matched filter. The output signal  is sampled at a sampling cycle. It means that there are λ samples in each chip duration. Let’s consider the samples in the duration of the  chip in the  bit. Each sample is the sum of three components, i.e., the signal  and its delayed parts with duration of, the delayed parts with duration  of the  chip, and white Gaussian noise. Owing to the same chip duration, the samples in the duration of  have the same value. With no loss of generality, the chip duration  and all channel delays are assumed to be equal to a multiple of the sampling cycle τ. For the sake of mathematical representation, we denote. The value of samples falling into the duration of is determined by

 		(10)




where  is the value of the  sample satisfying  in the  chip duration. The sampled signal after being delayed with the period of γ is correlated with itself by means of a multiplier and a sum calculator. The consecutive samples at the input are added together in each bit duration to 

          (11) 


where  and are the random functions given by

 		 (12)
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with  and  being the random variables determined by

 				(17)
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The binary value of the bit is finally recovered base on the sign of the decision value.
Simulation results 
















In this section, Monte Carlo simulations of the low-rate CDSK system for the above cases of the wireless channel are carried out. The different cases of the studied wireless channel are chosen as follows: one-path fading with, two-path fading with, , three-path fading with ,,,, , and four-path fading with  ,,,, ,.
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BER performance in different cases of the channel at β=64









The simulated performance with, in the different cases of the channel, i.e., AWGN, the number of path L increasing from 1 to 4, are shown in Fig. 4. It can be seen that the system in the case of AWGN performs better than in the cases of one-path fading and two-path fading for, while worse than in the case of three-path fading, four-path fading, and two-path fading for. In general, the system performance is significantly improved when the number of delay paths increases. For example, at the same value of, the BER values corresponding to  and  are, and. These results prove that the low-rate CDSK system can exploit the multipath characteristic to enhance the performance in wireless channels.
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BER values against the spreading factor β at Eb/N0=10dB
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BER values against the modulation delay γ at β=64, Eb/N0=10dB








For a fixed value, the dependence of BER values upon the spreading factor is evaluated in Fig. 5. It clearly appears that with a specific number of paths, there is an optimal value of the spreading factor at which the system performance is the best. Specifically, the optimal spreading factor for the cases of are  respectively. For greater than the optimal value,increasing leads to the increment of the BER, while for  less than the optimal value, the BER increases when  reduces.
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Performance comparison between CDSK and DCSK in the same conditions



To evaluate the effect of the modulation delay γ, we perform the numerical simulation for different values of. We can observe from Fig. 6 that the simulated BERs are almost constant and well matched to the analyzed ones for all the cases of. Beside the continuous variation without repeated signal, this feature can also help the CDSK system to improve the confidentiality. The transmitter and receiver can simultaneously change the value following a joint convention for each transmission instance.









The comparison of the simulated performance between two coherent systems, i.e., DCSK and CDSK, with the same spreading factor and in the same conditions of wireless channel is studied in Fig. 7. As aforementioned, owing to the sum of two chaotic sequences sent, more interference is created after the correlation process at the receiver. Therefore, the performance of CDSK is worse than that of DCSK. For example at the same, the BER values of CDSK and DCSK in the cases of are and ,respectively. This means that the CDSK system has to pay for the trade-off between the security and the performance compared with the DCSK one.
Conclusion
BER performance of a CDSK system for low-rate wireless communications has been investigated in this paper. The model of wireless channel and the structure of the studied system in the context of transmitting the low-rate chaotic spreading signal are described. The performance against the number of paths, spreading factor, and modulation delay, is evaluated by the simulated results. We can see from the achievements that the low-rate CDSK system can perform well in wireless channels, particularly the system performance is significantly enhanced when the number of delay paths increases. In addition, the studied system can improve the confidentiality compared with the DCSK system, meanwhile still keep a simple structure of the transmitter and receiver.
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