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Abstract: In this paper we describe the design and Field Programmable Gate Array (FPGA)
implementation of a baseband spread spectrum communication system using pseudo-chaotic
sequences (PCS) for spreading digital data. The sequence generator and the DS-SS for a single user is implemented in FPGA as a prototype. The generated pseudo-chaotic sequences are
investigated for autocorrelation, cross correlation and balance properties. The Bit error rate
(BER) performance of the system is evaluated in multi-user environment under AWGN and
reveal that the DS-SS system using pseudo-chaotic sequences as spreading sequences significantly outperforms the conventional PN sequences.
Keywords: chaos; chaotic map; chaotic function; spread spectrum communication

1 Introduction
Spread spectrum techniques for digital communication were originally developed for military applications
because of their high security and their susceptibility to interference from other parties [1]. Now a day
spread spectrum techniques are being used in variety of commercial applications such as mobile and wireless
communication. In order to spread the bandwidth of the transmitting signals, the binary pseudo-noise (PN)
sequences have been used extensively in spread spectrum (SS) communication systems. One of the most
commonly used PN sequences in DS-SS is maximal length sequences (m-sequences) [2], [3] and [4]. The
length of m-sequences depends on the number of shift registers. Good correlation properties can be achieved
with m-sequences. The ability to predict future sequence is nevertheless possible though difficult. Therefore
transmission is not completely secured [5]. The number of sequences generated by Linear Feedback Shift
Registers (LFSR) may be insufficient for wideband DS-SS with a very large number of users. In addition,
LFSR techniques provide limited flexibility in incorporating security into multiple user systems [6]. The use
of chaotic sequences as spreading sequences has been proposed in the literature because of its sensitivity
to initial conditions and has characteristics similar to random noise. However reliable electronic hardware
implementations of chaos-based PN sequence generators based on recursion of maps realized by piecewise
linear analogue functions and output quantization have not been possible due to manufacturing process
variations among different integrated circuit production lots, transistor mismatches and electronic noise [6].
The pseudo-chaotic sequence generator presented in this paper is the modified version of the generator
presented in [6]. The pseudo-chaotic sequence generators presented in [6] and [7] are in the class of Non
Linear Feedback Shift Registers (NLFSR). Many authors have shown that chaotic spreading sequence can
be used as an inexpensive alternative to the LFSR sequences such as m-sequences and Gold sequences [8].
The remaining sections of this paper are organized as follows. In section II the generation of pseudochaotic sequences and their suitability in multiple access is described. The FPGA implementation of DS-SS
system along with PCS generator is presented in section III. In section IV a detailed discussion of the
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performance of the proposed scheme and some experimental results are presented. The paper is concluded
with some remarks in section V.

2

Generation of pseudo-chaotic sequences and their suitability in multiple
access

Pseudo noise (PN) is defined as a coded sequence of 1’s and 0’s with certain auto-correlation properties [1].
The class of sequences used in spread spectrum communication are usually periodic in that a sequence of 1’s
and 0’s repeats itself exactly with a known period. The m-sequence represents a commonly used periodic
PN sequence. Such sequences have long periods and require simple instrumentation in the form of a LFSR.
Indeed, they possess the longest possible period for this method of generation. A shift register of length
m consists of m flip-flops (two state memory stages) regulated by a single timing clock. At each pulse of
the clock, the state of each flip-flop is shifted to the next one down the line. In a feedback shift register
of the linear type, the feedback function is obtained using modulo-2 addition of the outputs of the various
flips-flops. The generated m-sequence is always periodic with a period of N=2𝑚 -1 where m is the length of
the shift register.
The highlight of this paper is the PCS Generator, which generates a pseudo-chaotic PN sequence with
good cross-correlation and auto-correlation properties that is well suited for DS-SS system. Because of long
periodicity, it provides very high security and is capable of handling many users. It consists of a cascade
of four basic cells with two 8-bit programmable registers each. The output of the last cell i.e. each bit of
the last cell output are XORed together to obtain pseudo-chaotic sequence and also this bit is fed back to
the system to maintain nonlinearity. By increasing number of cells and size of the registers, we can further
increase the number of users and period of the sequence. Since the number of implementation possibilities
are very high due to initial condition programmability, this new class of sequence is inherently more difficult
to intercept [6].

Figure 1: Basic NLFSR cell structure
Fig.1 shows a basic NLFSR cell, each cell consists of two 8-bit registers and a XOR function block.
Initial conditions are set to both the registers. The contents of the two registers are XORed to obtain 8bit output Cell out, which is used as input to the upper register of the next cell. The contents of the two
registers are altered for the next iterations by shifting the contents of the lower register towards left. The
most significant bit that shifts out of the register is loaded into the least significant bit place of the feedback
register of the previous cell. Similarly, the shifted bit from the next cell is moved into most significant bit
place of the lower (feedback) register. The contents of the upper register are replaced by the 8-bit output
of the previous cell. The PCS generator used in this paper consists of four such cells connected in series as
shown in Fig.2.
Several chaotic trajectory pairs were generated. These trajectories have one bit differences (ranging
from LSB to MSB) in their initial conditions. The 8-bit output of last cell in Fig. 2 is displayed in Fig.3 for
a sample space of 32 iterations for the set of the initial conditions shown in Table 1.
The two trajectories with very close initial condition have been observed to diverge quickly and remain
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Figure 2: Pseudo-chaotic sequence generator

1𝑠𝑡 set
of initial
values
2𝑛𝑑 set
of initial
values

Table 1: Two sets of initial values with one bit LSB difference in register 𝑅8
R1
R2
R3
R4
R5
R6
R7
R8
11111110 11111101 11111100 11111011 11111010 11111001 11111000 11110111

11111110 11111101 11111100 11111011 11111010 11111001 11111000 11110110

that way for large number of iterations, indicating the sensitive dependence on initial conditions. Next, to
assess the performance of the PCS generator, the output sequences have been characterized with respect to
their auto-correlation, cross-correlation and balance properties.

Figure 3: Plots obtained from the four cell architecture Figure 4: Normalized Hamming Auto corwith one LSB bit difference in initial condition
relation function

Auto correlation is measure of how well a signal can differentiate between itself and every time-shifted
variant of it self. The normalized hamming auto correlation function of a sequence is defined in equation
(1),
𝑅𝑥𝑥 (𝜏 ) = (𝑛𝜏 − 𝑑𝜏 )/𝑁, 0 ≤ 𝜏 ≤ 𝑁 − 1

(1)

where n𝜏 and d𝜏 are number of agreements and disagreements respectively to a N length sequence for any
correlative distance 𝜏 . Fig. 4 shows the normalized hamming autocorrelation plot for the set of initial values
shown in Table 2.
IJNS homepage:http://www.nonlinearscience.org.uk/
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Set
of
initial
values

Table 2: Set of initial values to 8 registers
R1
R2
R3
R4
R5
R6
R7
R8
11111110 11111101 11111100 11111011 11111010 11111001 11111000 11110110

Cross-correlation is defined as the correlation between two different signals. Cross-correlation is also
calculated by subtracting the disagreements from the agreements, between two different sequences as opposed to the time-shifted replicas of the same signal. The normalized hamming cross correlation function
of a pair of sequences is defined in equation (2),
𝑅𝑥𝑦 (𝜏 ) = (𝑛𝜏 − 𝑑𝜏 )/𝑁, 0 ≤ 𝜏 ≤ 𝑁 − 1

(2)

Fig. 5 shows the normalized hamming cross correlation plot for the initial values given in Table 1.

Figure 5: Normalized Hamming Cross correlation
function

Figure 6: Histogram

Fig. 6 depicts the Histogram plot for the sequences generated by this architecture with initial values
given in Table 2. An exhaustive search was conducted to characterize the length of the sequences generated
by the pseudo-chaotic finite state machines. In particular, the four stage cascaded structure in Fig. 2 was
studied. The PCS generator contains eight 8-bit registers. These registers provide a total of 64 binary
memory elements. Therefore, the PCS generator can be viewed as a sequential state machine with at most
264 possible states. The initial values to these registers can be initialized individually.

3 FPGA implementation of DS-SS system along with PCS generator
In this paper, we have replaced the conventional PN sequence by PCS for a DS-SS system. The block
diagram of the implemented DS-SS system with transmitter and receiver, and inter connection between
them is shown in Fig 7. It shows that channel is the only connection between transmitter and receiver;
assuming clock has been synchronized and channel is ideal.

3.1

Transmitter

The block diagram of the transmitter is shown in Fig 8. The structure of the transmitter mainly consists of
buffer, control circuit, multiplier and PCS generator.
IJNS email for contribution: editor@nonlinearscience.org.uk
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Figure 7: Block diagram of DS-SS with transmitter
and receiver
Figure 8: Block diagram of Transmitter
In this DS-SS system, we spread the data bits using PCS sequence which are generated using PCS
generator as mentioned in section 2. To generate PCS sequence, we need to initialize the 8 bit registers R1
to R8 of PCS generator. To load eight registers of the PCS generator set load = 1 and using 3 pins of sel reg
the corresponding registers R1 to R8 are selected. The 8 bit initial values to each of these 8 registers are
loaded using 8 pin Reg init. After loading the initial values to all the 8 registers, Ready out pin gives an
indication to the user. At the same time a signal ready is set to high which gives an indication to the control
circuit that it can start its operation. Initially before loading the initial values to the registers R1 to R8 , the
control circuit signals busy and done are not enabled i.e., busy = 1 & done = 0. As soon as ready = 1, then
the signal busy = 0. The tracking and synchronization of the receiver can be done easily by sending first 8
bit data as “11111111”. Under this condition, the massage source sends a signal in the form of reload signal
to the control circuit to indicate that it is ready to send the data. Once this happens the 8 bit data is sent
parallely and stored in a buffer register of control circuit in the next clock cycle.
After receiving the 8 bit data frame, the control circuit enables the PCS generator by setting the signal
run = 1, also enables the multiplier by setting enable = 1 and indicates the buffer that it is busy by setting
the signal busy = 1. During this time the PCS generator starts generating the 32-bits of PCS sequence. The
control circuit then transfers one bit at a time serially to the multiplier where it is multiplied by the 32-bits
of generated PCS sequence resulting in a 32-bits of spread sequence and the same is transmitted. After the
first data bit is spread by 32-bits of PCS sequence, the second data bit is received in the multiplier and is
multiplied by the next 32-bits of the PCS sequence. Hence the PCS generator generates a total of 256 bits to
spread all the 8-bits of data. After transmitting all the 256 bits with respect to one frame of data i.e., 8-bits
of data, the control circuit makes signal done = 1 and busy = 0. At this instant the control circuit is ready to
accept next frame of 8-bits of data. In this way the operation of the transmitter repeats and maintain the gap
between the two frames.

3.2

Receiver

The internal block diagram of the receiver is shown in Fig 9 and consists of detector, control circuit, PCS
generator and demodulator. The receiver works in 3 phases: the training phase, the detection phase, and
the despreading phase. Before the training phase, the 8 bit registers R1 to R8 are again initialized with the
same initial values used in the transmitter. This is indicated by setting ready = 1 by the PCS generator to the
control circuit.

During the training phase the control circuit keeps the signal ld = 1 and enable = 0 and run = 1. Now the
detector is initialized with a training sequence i.e., the first 256 bits of the PCS sequence are loaded into the
8 lower registers, each with 32-bits of the detector explained in section 3.3 .
IJNS homepage:http://www.nonlinearscience.org.uk/
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Figure 9: Block diagram of Receiver

Figure 10: 8-bit Correlator

In the detection phase, the control circuit resets ld = 0 and run = 0. During this phase the received data
of 256 bits are loaded into the upper 8 registers of detector, each register with 32-bits and is compared with
the bit pattern stored in the lower 8 registers of the detector. Upon reaching a certain threshold value, the
detector sends a signal lock = 1 which is sent to the control circuit. The occurrence of the lock = 1 marks the
end of the detection phase and start of the dispreading phase. The control circuit now sets the signal enable
= 1 and run = 1 by taking care upon the frame gap durations previously considered during the transmission.
The control therefore shifts from the detector to the despreader where the incoming wideband data stream is
multiplied by the sequence from the local PCS generator; the original narrow band data is recovered at the
demod data pin and fed to the DAC.

3.3

Detector

The DS-SS system uses a technique called correlation for detection and synchronization of the system. The
device used is called correlator or detector. In this paper, we have used a modified version of conventional
detector at the receiver to detect the signal from the transmitter and to achieve synchronization between the
transmitter and receiver during the communication in DS-SS system that uses chaotic sequence.
The detection of signal from the intended transmitter at receiver and to achieve the synchronization
between them is very important in DS-SS system especially when the system uses pseudo-chaotic sequence.
When the control circuit of receiver sets ld = 1, the 32-bits of the PCS generator are loaded in to the Shift
Register1 of 32-bit correlator whose simplified 8-bit version is shown in Fig. 10. The detector consists of
8 such 32-bit correlators as shown in Fig. 11. Once all the 256 bits are loaded into Shift Register1 of eight
32-bit correlators, control circuit resets ld = 0, so that the received bits are started to load into the Shift
Register2.
As it receives each bit from channel, the detector multiplies each bit of shift register1 with the corresponding bits of shift register 2 and the summer sums up the output of the bit wise multiplier; if the sum
exceeds the threshold value, it decides that the received bit is 1 else 0. The cross-correlation and autocorrelation properties of the PCS sequence play a very important role in avoiding the false triggering during
the detection. The multiplication and summation takes at higher clock rate, so that we can use single multiplier and summer to multiply and add all 32-bits of each correlator. This reduces need of hardware by
detector significantly.
In this paper, the prototype is designed to use 32-bits of chaotic sequence to spread each data bit. Each
frame consists of 8-bits of data; hence a total of 256 (8*32) bits of wide band modulated sequence is
available for each frame. A frame of 8-bit data sequence (“11111111”) is used to begin the communication.
Since each data bit is spread using 32-bits of pseudo-chaotic sequence, a 32-bit corellator is needed to
identify each bit of data. As we have 8-bit data frames, we need eight such corellators connected in cascade
(detector) to identify the entire frame. During the load phase, control circuit of receiver sets the signal ld =
1 at the detector. 256 bits of pseudo-chaotic sequence are loaded to the eight shift registers (shift register1),
the same sequence is used by transmitter to transmit the each initial frame of data (“11111111”). Once
all 256 bits are loaded to the shift register1, load signal (ld) is switched to the low by control circuit. For
every clock (clk), received data bit (rxd data) from channel is shifted into shift register2. As it receives
IJNS email for contribution: editor@nonlinearscience.org.uk
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each bit from channel, the detector multiplies each bit of shift register1 with corresponding bit of shift
register2. The summer of each 32 bit detector sums up the output of the multiplier; if the sum exceeds the
threshold value (threshold1=12), a decision is made that the received bit is 1 else a decision is made that
the received bit is 0. The output bits (lki) of eight 32-bit correlator are summed up and compared with a
second threshold (threshold2=6), to determine that the intended transmitter has initiated its transmission and
it helps in synchronization between transmitter and receiver. At this stage the detector sets the signal lock
= 1 to the control circuit. An optimum value of threhold1 is taken as 12, because the maximum correlation
value of 32-bit PCS sequence is 0.3175. Threshold2 is taken as 6 out of the 8 output bits to sustain the error
during receiving.

Figure 11: Detector
If any invalid sequence is loaded into the shift register2, the detector will not trigger the lock signal by
virtue of the cross-correlation property that helps in prohibition of invalid sequence from interfering in the
communication. Even for any shifted version of the valid sequence the lock signal will not be triggered i.e.,
unless and until the complete sequence of 256 bit sequence of valid modulated output (rxd data) arrives,
auto-correlation property that helps in precise synchronization.
Once the synchronization is achieved with the first data frame corresponding to “11111111”, the next
256 bit received data is taken in to the demodulator. In the demodulator each bit is again multiplied by 32-bit
PCS sequence and compared with the threshold3. If threshold3 is greater than or equal to 12 then a decision
is made that the received bit is 1 else a decision is made that the received bit is 0.

4

Performance of the proposed scheme and experimental results

In this paper the prototype was designed and implemented for a spreading sequence of length 32 bits because
of hardware constraints. For practical applications the spreading sequence length can be increased to 1024
bits. Hence the performance of the system can be enhanced by increasing the length of the spreading
sequence.
Also in the detector, the number of bits considered for synchronizing transmitter and the receiver is
limited to 64 bits for ideal Laboratory conditions. For real-time applications, the synchronizing bits can be
further increased according to the performance requirements.
The maximum off-peak autocorrelation value and maximum cross correlation value decreases as the sequence length increases. Hence increasing the spreading sequence length from 32 bits to 1024 bits naturally
enhances the performance.
The BER performance of the PCS system is compared with the PN system in section 4.1. In section 4.2,
the autocorrelation properties and cross correlation properties of PCS are compared with the m-sequences.
The HDL synthesis report for the PCS generator is shown in section 4.3. Test results of the DS-SS system
using PCS is discussed in section 4.4.
IJNS homepage:http://www.nonlinearscience.org.uk/
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Bit Error Rate (BER) Performance

In a DS-CDMA system the average BER performance depends mainly on the correlation properties of the
spreading sequences assigned to the users. In order to have low interference between users it is necessary
to select sets of sequences that form a quasi-orthogonal set. This assumes desirable auto-correlation and
cross-correlation properties. Most DS-CDMA systems presented have used binary PN sequences including
Gold sequences and Kasami sequences that prove some quasi-orthogonality correlation properties.
A new family of spreading sequences is represented by pseudo-chaotic sequences, generated from the
orbits of some dynamical discrete systems. These sequences represent noise-like features that make them
good for DS-CDMA systems. The pseudo-chaotic systems generate long periodic sequences and their time
evolution (their orbit) depends totally on the initial state of the system. So, a single system, described by its
discrete chaotic map, can generate a very large number of distinct pseudo-chaotic sequences, each sequence
being uniquely specified by its initial value. This dependency on the initial state and the nonlinear character
of the discrete map make the DS-CDMA system using these sequences more secure.
Despite of their general process of generation, not all the chaotic sequences are good for spreading.
Like in the case of binary PN spreading sequences, it is necessary to select the sets of pseudo-chaotic PN
sequences with good correlation properties.
A simplified diagram of a CDMA system is presented in Fig. 12 [9]t[xy]. In the receiving part (the
base station for the uplink direction or a mobile station for the downlink direction) the received signal 𝑠𝑘 (𝑡),
originating from user 𝑘, is given by the expression
√
𝑆𝑘 (𝑡) = ( 2𝑃𝑘 )𝑚𝑘 (𝑡)𝑎𝑘 (𝑡)𝑐𝑜𝑠(𝜔0 𝑡 + Φ𝑘 )

(3)

where 𝑃𝑘 is the received power of user 𝑘, 𝑎𝑘 (t) is the spreading sequence, with the chip period 𝑇 𝑐 =
𝑇 /𝑁 , and 𝑚𝑘 (𝑡) is the data sequence for user 𝑘, both of them being binary sequences with values ±1. The
signal 𝑟(𝑡) at the input of a receiver is
𝑟(𝑡) =

𝐾
∑

𝑆𝑘 (𝑡) + 𝑛(𝑡)

(4)

𝑘=1

where 𝑛(𝑡) is additive white Gaussian noise with two-sided power spectral density N0/2. It is considered
that different user signals are in synchronism.

Figure 12: A simplified diagram of a CDMA system
(𝑘)

The correlator output 𝑍𝑖
(𝑘)
𝑍𝑖

for user 𝑘at the end of the 𝑖-th bit period 𝑇 is given by
∫

=

(𝑖+1)𝑇

𝑖𝑇

(𝑘)

𝑟(𝑡)𝑎𝑘 (𝑡) cos(𝜔0 𝑡 + Φ𝑘 )𝑑𝑡 = 𝐼𝑖

+ 𝜁𝑖 + 𝜂𝑖

(𝑘)

(5)

where 𝐼𝑖 is the useful component (the desired contribution from user 𝑘), 𝜁𝑖 is the multiple access inter(𝑘)
ference from the other (𝐾 − 1) users and 𝜂𝑖 is the noise contribution. The useful component 𝐼𝑖 is given
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by
(𝑘)
𝐼𝑖

∫
√
= ( 2𝑃𝑘 )𝑚𝑘,𝑖

√
𝑎2𝑘 (𝑡)𝑐𝑜𝑠2 (𝜔0 𝑡 + Φ𝑘 )𝑑𝑡 ≈ ( 𝑃 𝑘 /2)𝑚𝑘,𝑖 𝑇

(𝑖+1)𝑇

𝑖𝑇

(6)

As 𝑚𝑘,𝑖 = ±1, the desired component is
(𝑘)

𝐼𝑖

√
= ±( 𝑃 𝑘 /2)𝑇

(7)

𝑟(𝑡)𝑎𝑘 (𝑡) cos(𝜔0 𝑡 + Φ𝑘 )𝑑𝑡

(8)

The noise contribution is given by
∫
𝜂𝑖 =

(𝑖+1)𝑇

𝑖𝑇

The variance 𝜎𝜂2 of 𝜂𝑖 is given by [11]

𝜎𝜂2 ≈ (𝑁0 𝑇 /4)

The component 𝜁𝑖 is given by
𝜁𝑖 =

𝐾
∑

(9)

𝐼𝑗

(10)

𝑗

where 𝑗 ∕= 𝑘 and 𝐼𝑗 is given by
∫
√
𝐼𝑗 = ( 2𝑃𝑗 )

(𝑖+1)𝑇

𝑖𝑇

𝑚𝑗 (𝑡)𝑎𝑗 (𝑡)𝑎𝑘 (𝑡)𝑐𝑜𝑠(𝜔0 𝑡 + Φ𝑗 )𝑐𝑜𝑠(𝜔0 𝑡 + Φ𝑘 )𝑑𝑡

𝑁
∑
√
𝐼𝑗 ≈ ( 𝑃 𝑗 /2)𝑚𝑗,𝑖 𝑐𝑜𝑠(Φ𝑗 − Φ𝑘 )𝑇𝑐
𝑎𝑗𝑙 𝑎𝑘𝑙

(11)

(12)

𝑖=1

where

𝑁
∑
𝑖=1

(𝑖)

(𝑖)

𝑎𝑗𝑙 𝑎𝑘𝑙 = 𝐶𝑗,𝑘 and 𝐶𝑗,𝑘 represents the cross-correlation function of the two sequences 𝑎𝑗 (𝑡) and

𝑎𝑘 (𝑡) on the 𝑖-th bit period. With this notation the contribution of the multiple access interference is given
by
𝐾 √
∑
(𝑖)
𝜁𝑖 = 𝑇 𝑐
( 𝑃 𝑗 /2)𝑚𝑗,𝑖 𝑐𝑜𝑠(Φ𝑗 − Φ𝑘 )𝐶𝑗,𝑘

(13)

𝑗=1

which represents a sum of (K-1) independent random variables. As no single user dominates the total
multiple access interference, the central limit theorem can be used to justify the approximation of 𝜁as a
Gaussian random variable with the mean zero and the variance 𝜎𝜁2 given by
𝜎𝜁2 = 𝐸[(𝑇𝑐

𝐾 √
𝐾
∑
∑
(𝑖)
(𝑖)
( 𝑃 𝑗 /2)𝑚𝑗,𝑖 𝑐𝑜𝑠(Φ𝑗 − Φ𝑘 )𝐶𝑗,𝑘 )2 ] = (𝑇𝑐2 /4)𝐸[(𝐶𝑗,𝑘 )2 ]
𝑃𝑗
𝑗=1

(14)

𝑗=1

where𝐸[𝑥]is the mean of 𝑥. If the set of power levels for the 𝐾 users are constant, that is P𝑗 = P𝑘 and
(𝑖)
𝐸[(𝐶𝑗,𝑘 )2 ] is denoted by 𝐶 2 then the variance of 𝜁 is given by
𝜎𝜁2 = ((𝐾 − 1)/4)𝑇𝑐2 𝐶 2 𝑃𝑘

(15)

The variance of the noise and interference sum, as Gaussian independent variables is
𝜎 2 = 𝜎𝜂2 + 𝜎𝜁2 = (𝑁0 𝑇 /4) + ((𝐾 − 1)/4)𝑇𝑐2 𝐶 2 𝑃𝑘

(16)

The average bit error probability because of noise and interference is given by [11],
𝑃𝑒 = 𝑄[𝐼𝑘 /𝜎]
IJNS homepage:http://www.nonlinearscience.org.uk/
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∫∞ √
The Q-function is given by 𝑄(𝑧) = 𝑧 (1/ 2𝜋)𝑒𝑥𝑝(−𝑦 2 /2)𝑑𝑦.
Substituting equations (7) and (16) in equation (17) we get
√
𝑃𝑒 = 𝑄(

𝑁0 𝑇
4

√
𝑃𝑒 = 𝑄(

1+

(𝑃𝑘 /2)𝑇 2
)
¯2 2
+ 𝐾−1
4 𝐶 𝑇𝑐 𝑃𝑘

(18)

2𝐸𝑏 /𝑁0
)
𝐾−1 ¯ 2
𝐶 𝐸𝑏 /𝑁0
𝑁2

(19)

where 𝐸𝑏 = 𝑃𝑘 T is the signal energy per bit period, 𝐸𝑏 /𝑁0 is the signal-to-noise ratio, 𝐾 is number of
users, 𝐶¯ 2 is the mean square cross-correlation value and N is the length of the spreading sequence [9], [10]
and [12].
It can be seen that the average BER of a synchronous DS-CDMA system, the number of users K depends
on the Multiple Access Interference (MAI) term. The MAI contribution to BER grows with the number of
simultaneous users ‘K’ in the system. This MAI term depends proportionally on the mean square cross(𝑖)
correlation value 𝐶¯ 2 = 𝐸[(𝐶𝑗,𝑘 )2 ] of the spreading sequences’ set. Hence, in order to have lower BER
values one has to choose sets of spreading sequences with low mean square cross-correlation values.
First, the case of binary m-sequences with period N=7, N=15 and N=31 are considered. These sequences
are generated from a LFSR with primitive generator polynomials of degree n=3, n=4, and n=5 respectively,
where the period interval takes the maximum value N = 2𝑛 -1. It is known that for each of these polynomial
degrees n=3, n=4 and n=5, only two primitive polynomials exist. So, the sets of binary m-sequences of
period N=7, N=15 and N=31 have a dimension of two. We have generated many pseudo-chaotic sequences
using different initial condition and only those with better correlation properties were selected. We have
considered the pseudo-chaotic PN sequence having almost equal number of positive and negative sample
values in the interval of N=7, N=15 and N=31 with better cross-correlation properties. Table 3 shows
Pseudo-Chaotic PN sequence with better correlation properties than m-sequence.
Table 3: Pseudo-chaotic spreading sequences with better Correlation properties than m-sequences
m-sequence
Pseudo-chaotic sequence
No. of sequence
No. of sequence
N
N1 = K
𝐶¯ 2
N1 = K
𝐶¯ 2
7
2
7.85710
2
6
15
2
15.9333
2
13.8
31
2
31.9677
2
29
63
2
73.2500
2
69
127
2
168.375
2
112.5
255
2
263.688
2
223
Taking into consideration the results in the Table 3, the BER performances given by the equation (19)
for pseudo-chaotic PN sequences and m-sequences, are depicted in Fig. 13 for N=7 and in Fig. 14 for N=15
respectively. Fig. 15 shows the BER performance Vs number of users K for SNR=1 dB, SNR = 5 dB and
SNR = 10dB for sequences of length N = 15.

4.2

Auto Correlation and Cross Correlation properties

Table 4 shows the comparison of auto-correlation properties of the pseudo-chaotic sequences with initial
values given in Table 2 and m-sequences [9]. Table 5 shows the comparison of cross-correlation properties of
the pseudo-chaotic sequences for the initial values mentioned in Table 1 and m-sequences [9]. It shows that
the maximum off peak auto-correlation value and maximum cross-correlation value of pseudo-chaotic PN
sequences are less than that of m-sequences. It greatly helps in suppression of Multiple Access Interference
(MAI), suppression of multipath signal. It plays major role in reduction of BER of Pseudo-chaotic PN
sequence.
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Figure 13: BER performance of pseudo-chaotic PN sequence and m-sequence with period N=7

Figure 14: BER performance of pseudo-chaotic PN sequence and m- sequence with period N=15

Figure 15: BER vs number of users of PCS sequence and m- sequence with period N=15

4.3

Test results of PCS generator

Simulator outputs of PCS generator and PCS Waveforms with complete project set up is shown in Fig. 16
The PCS generator is designed and simulated using XilinxTM and ModelsimTM . It is implemented
on FPGA kit targeted to Xilinx’s Spartan2 device XC2s200-5pq208 and the results shown in the following
Table 6.
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Table 4: Comparison of auto-correlation properties (* from [6])
Pseudo-chaotic Sequence
Maximal length Sequence
(Max. off peak auto-correlation value) (Max. off peak auto-correlation value)
0.3175
0.2500
0.1875
0.1250
0.2815
0.2810 *
0.1563
0.0938
0.0859
0.1210 *
0.0234
0.0260 *

Number of
bits
32
64
128
256
1024
32768

Table 5: comparison of cross-correlation properties (** from [6])
Pseudo-chaotic Sequence
Maximal length Sequence [13]
(Max. cross correlation value)
(Max. cross correlation value)
0.3125
0.350
0.2831
0.360
0.2344
0.320 **
0.1875
0.370
0.1250
0.220
0.1016
0.136 **
0.0240
0.031 **

Number of
bits
32
64
128
256
512
1024
32768

HDL Synthesis Report
Macro Statistics:
# Registers: 27
8-bit register
12
1-bit register

15

# Counters : 1
4-bit
counter

up

1

# Xors : 5
8-bit xor2
1-bit xor8

Table 6: Test results of PCS generator
Device utilization summary
Timing report

Selected Device
Number of Slices
Number of Slice
Flip Flops
Number of 4 input LUTs
Number
of
bonded IOBs
Number
GCLKs

of

2s200pq208-5
112 out of 2352
4%
111 out of 4704
2%
195 out of 4704
4%
29 out of 144 20%

1 out of 4 25%

Speed Grade
Minimum period

-5
7.081ns

Maximum Frequency

141.223MHz

Min.
input arrival
time before clock
Maximum
output
required time after
clock
Max. combinational
path delay

12.836ns

4
1
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Figure 16: PCS waveform with initial conditions all set to ’1’ with complete project setup

4.4

Test results of DS-SS system

The complexity of PCS based DS-SS system is more as compared to PN based DS-SS system because the
generation of PCS sequence is complex. Also the synchronization of transmitter and receiver to get back
the transmitted signal in case of PCS based DS-SS system is not so easy as compared to PN based DS-SS
system. The security of PCS based DS-SS system is better than the PN based DS-SS system.
DS-SS system with transmitter and receiver is designed for single user and implemented on FPGA kit
targeted to Xilinx’s Spartan2 device XC2S200-5pq208. The following Table 7 gives the test results of PCS
based DS-SS system.
Table 7: Test results of PCS based DS-SS system
HDL Synthesis Report: Macro Statistics
#Registers : 628
# Multiplexers : 17
# Adders/Subtractors :26
1-bit register
592
1-bit 32-to-1 multi- 16
6-bit adder
1
plexer
8-bit register
33
1-bit 8-to-1 multi- 1
9-bit adder
1
plexer
9-bit register
1
# Comparators : 9
7-bit adder
1
6-bit register
1
7-bit comparator
1
2-bit adder
9
7-bit register
1
8-bit comparator
8
8-bit addsub
8
# Counters : 9
# Xors : 11
3-bit adder carry out
1
5-bit up counter
2
1-bit xor2
1
1-bit adder carry out
1
4-bit up counter
5
8-bit xor2
8
2-bit adder carry out
1
3-bit up counter
2
1-bit xor8
2
3-bit adder
3

Device utilization summary
Selected Device
Number of Slices
Number of Slice Flip Flops
Number of 4 input LUTs

2s200pq208-5
779 out of 2352 33%
961out of 4704 20%
908out of 4704 19%

Number of bonded IOBs

40 out of 144 27%

Number of GCLKs

1 out of 4 25%

Timing Summary
Speed Grade
Minimum period
Maximum Frequency
Minimum input arrival time
before clock
Maximum output required
time after clock
Maximum
combinational
path delay

-5
15.417ns
64.863MHz
27.168ns
23.911ns
26.843ns

Simulation output of DS-SS system along with modulated output waveform and demodulated output
waveforms are shown in Fig. 17, Fig. 18 and Fig. 19 respectively.
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Figure 17: Timing diagram of DS-SS system using simulator

Figure 18: Modulated waveforms captured on the oscilloscope

Figure 19: Demodulated out put waveform captured on oscilloscope for transmitted data ”01101011”

5

Conclusion

The PCS generator discussed in this paper is based on the model discussed in [6]. The initial conditions of
the proposed sequence generators can be randomly selected to produce pseudo-chaotic sequence with good
correlation properties upon exhaustive comparison to be distinct sequences rather than phases of the same
sequence. The family of pseudo-chaotic PN sequences proved better correlation properties than conventional
m-sequences and hence can be used for DS-SS. Pseudo-chaotic sequence generation with its robust digital
implementation avoids many difficulties associated with analog chaotic circuits. The large set of system
parameters (initial conditions and internal configuration of cells and generators) and the non-linear nature
of the feedback generation circuitry lead to potential applications for programmable secure communication
systems. Tests have shown that simply using random selections of initial conditions can provide pseudochaotic PN sequences that are relatively long with good correlation properties. Based on these results it is
worth noting that the sequences based on quantized maps derive many of their statistical properties from
the specific architectures used to implement them. This flexibility provides an additional level of security
on top of the inherent low-probability of intercept characteristics of PN sequences due to the difficulty of
identifying the underlying structure. Since the number of implementation possibilities is very high due to
initial condition programmability, which can be made software controlled and this new class of sequences
is inherently more difficult to detect. We have implemented single user DS-SS system using pseudo-chaotic
sequence as spreading sequence in FPGA trainer kit targeted to Xilinx’s Spartan2 device XC2S200-5pq208.
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The system works satisfactorily under ideal condition for single user. Simulation was also carried out for
multiple user systems using C++ programs and found to have good results. However implementation of
multi user system on FPGA was not feasible due to hardware constraints. Since PCS has better correlation
properties than conventional m-sequences, the BER of PCS based DS-SS system is less than that of the
m-sequence based DS-SS system.
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