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Abstract

Efficient design and implementation of Haar wavelet packet modulation based differential chaos shift keying (HWPM -
DCSK) using field programmable gate array (FPGA) platform was proposed. A fast algorithm for Haar wavelet packet
transform (FHWPT) was used to enhance the complexity of the wavelet packet modulation (WPM) system. The HWPM-
DCSK system uses sixteen points of FHWPT and inverse fast Haar wavelet packet transform (IFHWPT) with spreading
factor about eight for DCSK modulation. The suggested system was designed using a Xilinx system generator (XSG) tool.
Software tools used in this work include ISE 14.5. A Virtex-4 (xc4vfx100-12ff1152) board was used for the
implementation. The results are showing that the information bits are recovered successfully at the receiver side. The
system was routed successfully with the resources of 5% slice flip flop, 5% look-up table (LUT), 10% occupied slices and
70% digital signal processing (DSP) 48s numbers from the selected device. The XSG is more reliable, flexible, easier, and
gives the optimum design for the FPGA technicality via comparing with the conventional FPGA design. Also, the
hardware simulation results show that the proposed system is efficient in performance for the real time communication
system with low consuming power.

Keywords
Wavelet packet modulation, Haar wavelet filter, Fast wavelet transform, Differential chaos shift keying, Non-coherent
spread spectrum communication system, XSG, FPGA.

1.Introduction

The chaotic signals are described as random-like;
change its behavior with the initial condition. It’s
non-periodic and due to wide band property the
signal is suitable for the spread spectrum modulation.
A number of chaos based modulation has been
mentioned [1]. Without the need for channel
estimation and chaotic synchronization, non-coherent
chaos-based schemes have attached to a lot of
attention.  The differential chaos shift keying
(DCSK) system is considered as a kind of non-
coherent systems [2]. In DCSK system, the
information and the reference bearing signals are
separated by time slots and translated in the same
channel. The main drawback of DCSK systems is the
receiver requires a radio frequency (RF) delay line,
which is not simple to integrate in complementary
metal-oxide-semiconductor (CMOS) technology.
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Sending non-information bearing reference samples
spent half of bit duration, which leads to low data rate
and energy efficiency [2].

In recent years, the multicarrier techniques are
combined with DCSK to improve the data rate,
energy efficiency and RF delay line [3—10]. In [3]
and [4] the authors propose a multicarrier modulation
with  DCSK (MC-DCSK). In [5] orthogonal
frequency division multiplexing (OFDM) s
combined with DCSK system and named OFDM-
DCSK. While in [6] Hasan combines OFDM and
short reference quadrature chaos shift keying
(OFDM-SRQCSK) and study the analysis of the
system under additive white Gaussian noise (AWGN)
and multipath Rayleigh fading channels. Further
studies include a hybrid multicarrier DCSK and
multi-users, like a multiuser MC-DCSK (MU MC-
DCSK) [7], Analog network coding for MU MC-
DCSK [8] and multiuser OFDM-based DCSK (MU



OFDM-DCSK) [9]. In addition, a multicarrier with
chaos shift keying (MC-CSK) is presented in [10]. In
recent years another type of multicarrier modulation
(MCM) is emerged named wavelet packet
modulation (WPM) [11]. WPM has been improved
compared to OFDM. The major core of WPM is the
wavelet packet transform (WPT) which needs real
arithmetic operation while the major core of OFDM
is the fast Fourier transform (FFT) which needs a
complex operation [11, 12]. WPM is shared all the
advantages of multicarrier technique and offered
more advantages like higher efficiency because
removal of Guard Interval (Gl). It has been
considered such as one of wavelet transforms which
have been well localized both in time and frequency
domain, whereas sinusoid waveforms have been only
localized in the frequency domain. WPM has been
additional fascinating merits patrimonial from the
wavelet packet [11] . Efficient realizations are needed
to implement DCSK and WPM systems. In
communication systems, the digital implementation
is more immune to the imperfections of real
electronic systems and due to the easiness of
encryption it's more secure and shows greater noise
immunity. Furthermore, they have consisted of
components to digital circuit which are inexpensive
and produced easily onto a single chip [13]. Field
programmable gate array (FPGA) technique is the
most flexible and efficient design with high clock
rates that can be used to realize digital
communication systems. In [14] efficient FPGA
design of DCSK system is proposed using the DSP
builder technique. The authors in [15] and [16]
proposed a fast algorithm to implement Haar WPM
system and then realized using FPGA technique. In
this paper, we combine Haar WPM and DCSK
(HWPM-DCSK) system in a sufficient way to
improve the performance of DCSK. The HWPM-
DCSK proposed system is implemented using a
Xilinx system generator (XSG) in FPGA. XSG is a
plug-in to Simulink that can design to improve high-
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performance digital signal processing (DSP) systems
for Xilinx FPGAs. The synthesizable hardware
description language (HDL) code can be mapped to
Xilinx pre-optimized algorithms will be created by
using this tool. This hardware description language
design can be then synthesized to implement on
Xilinx FPGAs [17, 18]. In this paper, a new
multicarrier based DCSK is called WPM-DCSK
system is introduced. This proposed system is a
development of the OFDM-DCSK system. All the
analysis and comparison of WPM-DCSK with
OFDM-DCSK are introduced in the previous paper.
Therefore, only the hardware implementation of the
proposed system in the FPGA is presented in this
paper. The proposed system is implemented using
XSG packages that offer a number of advantages
over the existing implementation platforms.

2.Fast Haar wavelet packet transform

The inverse fast Haar wavelet packet transform
(IFHWPT) and fast Haar wavelet packet transform
(FHWPT) are derived in detail in [14, 15]. The
signal flow graphs of IFHWPT and FHWPT for 8-
points are shown in Figure 1. To reconstruct the
exact received signal from the flow graph in Figure
1, the FHWPT output is normalized by the factor 2*,
where k is staged level. This normalization can be
achieved by shifting the results k times. The parallel
symbols x; ,i=1,..,8 are the input symbols of
IFHWPT and %; , i=1,.., 8 are the output symbols of
FHWPT. For higher numbers of subcarriers, the flow
graph of FHWPT and IFHWPT can be deduced in the
same manner. It can be seen that this algorithm don't
need for multiplication and division only need is
addition, subtraction and simple shifting operation.
FHWPT or IFHWPT requires k2* addition numbers
[14, 15]. For example in 8-points FHWPT there are 3
stages level and 24 addition numbers.
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3.HWPM-DCSK communication system
Figure 2 illustrates the architecture of the HWPM-
DCSK transmitter side. In the first, each stream bits
b; is mapped into d, symbol where d, €{1,-1} using
binary phase shift keying (BPSK) modulation. Then,
the u™ symbols are converted into parallel symbols
dup (p=L1,...., M) using serial to parallel converter.
The same chaotic reference signal for each u™ frame
has been multiplied by every p™ symbol in order to
obtain the pth information chaotic sequence, d,p Xux
for the u™ frame. In every M symbols, the single
chaotic reference sequence is used in order to get
better spectral efficiency and energy for every bit.
For B spreading factors there are f of IFHWPT
modulation obtained to get one symbol of HWPM-
DCSK system. The total frame length of HWPM-
DCSK is B (1+M) samples.

In this system, the second order Chebyshev
polynomial function (CPF) is used to generate the
chaotic signal [2].

Xpp1 = 1— 227 (1)

The complete transmitted sequence of HWPM-DCSK
symbols at the u™ time will be expressed in the
following matrix O, € Ry11)xp as:

[ Xu,0 Xu1 Xu,p
d%xu,o d%xu,l }lxu,ﬁ
d%xu,o d%xu,l dgxu,ﬁ
G,=| : : : (2)
dy Xy dyxyq dyxup
_dgxu,o gxu,l dlglxu,ﬁ_

The IFHWPT process has been applied to every k™
column vector of G, matrix to obtain the transmitted
signal of the HWPM-DCSK system. The number of
the subcarriers of FHWPT is NFHWPT=M+1. The
u™ IFHWPT transmitted signal of the k™ column is
constructed as the sum of ¢,(v) waveform
individually modulated by the DCSK signal as
follows.
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sull,v) = TRy G (k) g (v —
v=0,..,N -1
NFWPT) ’ k — 0‘ ...’ﬂF_M/iT (3)

Where the G,(n, k) is the u™ frame of DCSK signal
of k" spreading and n™ samples, ¢, (v) is the Haar
wavelet filter reconstruction on the n' subband of V"

synthesis bank.

Figure 2 illustrates the receiving side of HWPM-
DCSK system. Firstly, FHWPT have been taken
through all the number of the subcarrier Ngywer to
the u™ received signalR,,. The u™ demodulated signal
of FHWPT at the k™ spreading and n™ sub-band has
been written like as [15].

r(k,n) = foig’”_l Ry, (v, k) Y (kNpwpr —
n= 0, ""NFWPT -1
v k=0,...5-1 ©

The 1, (v) refers to the Haar wavelet filter
decomposition of the n™ subband of V"
decomposition bank. The u™ received signal r,(k,n) is
rewritten as 7, (x4+mp) » M=0,1,.., M and k=0,..., 8 —
1, where for m=0 the signal represents the chaotic
reference sequence while for m=1 the signal
represents the first bit chaotic information sequence
at the receiver side and so on. To detect the m™ bit,
m=1,..,M, the correlation process is performed
between the m" bit and reference sequences are
taken according to:

L =Ty 2o TeTtesmp om=1,..,M  (5)

Then, the demapping process has been performed on
the output of the m™ correlator to get the m"
transmitted bit. At the end, the parallel M bits have
been converted to the serial bits using parallel to
serial converter. Figure 3 shows the HWPM-DCSK
receiver.
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Figure 3 HWPM-DCSK receiver

4. HWPM-DCSK implementation using a

Xilinx system generator

Figure 4 shows the block diagram of the HWPM-
DCSK transceiver system. Every block in the system
is designed using XSG where the period of the master
clock is 10 ns. At the transmitter side, the Bernoulli
binary signal generator can be used to generate the
random bit generator with a rate 100 Mbps. The
serial bits are converted into 8 parallel bits using
serial to parallel converter. The rate is changed to
12.5 Mbps.
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Each bit in the parallel sets is mapped into either +1
or -1 using the mapping function depends whether is
1 or 0 values respectively. Then, the symbol is spread
using DCSK system. After that, the DCSK sequence
is passed through the IFHWPT to produce the
multicarrier signal, and then the signal is corrupted
by AWGN channel. On the receiver side, the reverse
operations of transmitters have been performed to
recover the bits binary stream. The next subsections
include the descriptions in detail for each block.
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Table 1 shows the implementation parameters of the
proposed system.
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Figure 4 XSG block diagram of HWPM-DCSK transceiver system

Table 1 Implementation parameters of the HWPM-DCSK system

Input Data

Bernoulli binary signal generator

Format: Output data type is double

Chaos generator
Xpgr = 1 — 2x2

Chebyshev polynomial function

Format: fixed point signed 2's complemented

Format: fixed point signed 2's complemented

Mapping BPSK
Spreading factor(p) 4
Number of the subcarrier 16
Number of input bits 8
Channel model AWGN

4.1Transmitter section

In this section source input, chaos signal generator,
serial to parallel, mapping, spreading and zero
padding, IFHWPT and parallel to serial blocks are
presented. Each block is designed using XSG in
Simulink/Matlab program.

4.1.1Bernoulli binary signal generation

By using the Simulink block Bernoulli binary
generator the Bernoulli binary signal has been
generated. The proposed system performance is
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tested by using this binary data. The parameters of
this block are summarized as follows: the sample
time must be 1 and the type of the output data must
be doubled. The gateway-in can be used to set the
data to Boolean format that represents the source
input to HWPM-DCSK transceiver system.
4.1.2Chaos generator block

Figure 5 shows the XSG block diagram for the chaos
generator built in the XSG. The chaotic logistic map
has been implemented from Equationl that can be



used as spreading sequence. By single pulse is high
voltage only at the first cycle to enter the initial value
to the chaotic process and then becomes zero to select
the return signal by the multiplexer during the next
cycle. The type of the output data must be signed by
using 24 bits of word length with 23 bits for fraction
points.

4.1.3Serial to parallel converter block

The serial to parallel (S/P) block set is available in
XSG library. The number of bits in the slice block is
8 and the latency is 1. The output of S/P is symbol of
8 bits to convert it into parallel bits we need slice
block. The slice block is used to select a given range
of bits for each input sample. The bit number in each
slice is 1 and the type of the output data is unsigned.
Figure 6 shows the XSG block diagram of serial to
parallel converter.

4.1.4Mapping block

Each parallel bit is then mapped using mapping
block. This block contains eight ROM blocks. Each
bit of the parallel data is must be used as addresses in

outt
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the ROM block to choose one of the two phases {0°,
180°}, when the depth for each ROM block is [1 -1].
The type of the output data is signed. The fixed point
precision has 2 bits with 0 bits for the fraction point.
The delay is connected, to enable pin for each ROM
block for masking all the parallel bits until it is ready
for mapping. Figure 7 shows XSG block diagram of
the mapping function.

4.1.5Spreading and zero padding block

This block contains eight multipliers and the rest is
zero padding. The main function of the multiplier is
used for spreading by multiplying the chaotic
sequence with the mapping data. The parameters of
the multiplier block are summarized as follows: the
type of the output data is signed, the word length of
fixed point precision is 16 bits with 11 bits for the
fraction points. Figure 8 shows the XSG block
diagram of spreading and zero padding blocks.
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Corstart
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AddSub

Deday

Figure 5 XSG block diagram of the chaos generator
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Figuré 6 The XSG block diagram of serial to parallel converter
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4.1.6Inverse fast wavelet packet transform

The spread signal, then passing through IFHWPT to
produce the multicarrier modulated signal. IFHWPT
is implemented according to the same manner as
Figure 1 but for 16 points. Figure 9 shows the XSG
block diagram of IFHWPT for 16 subcarriers.
IFHWPT is used only adder and subtractor function
(multiplier-less). Therefore, it is an efficient design to
implement Haar WPT.

4.1.7Parallel to serial converter block

Each sample of the IFHWPT output is up-samples to
16 times using up-sampling block set. Up-sampling is
is referring to the whole process in order to increase
the sampling rate of multicarrier modulated signal by
adding zero samples or copy the original samples
between the samples to be ready used for the next
step in the conversion. After up-sampling process the
samples are held in latches flip flop. Linear-feedback
shift register (LFSR) block is used as control signal
to enable the 16 delay components. Every 16 cycles
are input into the latch flip-flop. The parallel
samples are then ready to enter to MUX block to
multiplex in one channel.
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Figure 10 shows the XSG block diagram of (dB), the bit number per symbol is 1, 1 for input
parallel/serial converter. signal power and 1 S for the symbol period. Figure

11 shows the Simulink and XSG blocks of AWGN
AWGN block in a Simulink/MATLAB library is channel.

used to test the performance of the system. The
parameters for this block are 0 dB to 20 dB for Eb/NO

oot

¢

houe

Figure 10 XSG block diagram of parallel to serial converter
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4.2Receiver section

In this section, serial to parallel converter, FHWPT,
dispreading, correlator and parallel to serial converter
block are presented and implemented using XSG
block sets.

4.2.1Serial to parallel converter

In this block the serial sequence is converted to
parallel samples using serial to parallel converter that
is implemented using shift registers and then each
sample is down sampled by 16 samples. Figure
12(a) and Figure 12(b) shows the XSG for the serial
/parallel block.

4.2.2Fast wavelet packet transform block

The parallel samples are then applied to FHWPT
block that is used only adder and subtracted
operations (multiplier-less). It is built according to
Figure 1 but instead of 8 inputs becomes 16 inputs.
Figure 13 shows the XSG for this block.
4.2.3Despreading

This block built from eight multipliers and the main
function of the despreading block is the reverse
function of the spreading block. The parameters of
the multiplier block are followed; the output data
type is signed, the fixed point precision with 16 bits
of integer and 11 bits for a binary point. Figure 14
shows the XSG for this block.

4.2.4Correlator block

The correlator block is used to perform the
correlation process between the data chaotic

Gateway In1

Out1

sequence and the chaotic reference signal. The
correlator block is built from 8 subsystems. Each
subsystem is built by using 8 shift registers and
relational Xilinx block. The output from each shift
register is input to add-sub block. In each subsystem
must be used 7 add-sub blocks. The enable bin in
add-sub block must be used to indicate for starting to
read the parallel data simultaneously. Then the signal
is obtained by parallel add-sub operations are
compared with the constant, when the constant value
is zero by using relational Xilinx block. The
relational block performs the demapping process for
the parallel data. Figures 15(a) and Figure 15(b)
show the correlator XSG block.

4.2.5Parallel to serial converter

It is used to convert the parallel demapping samples
to serial samples. This block isn't available in the
Simulink library. It is built from 16 flip-flops, delay,
pattern, counter and multiplexer Xilinx blocks. By
activating the enable pin the 16 samples have been
latched to the 16 flip-flops, and then the multiplexer
has been used to extract one sample at a time
depending on counter assignment. The delay here is
used for synchronization. The LFSR is used to make
a pattern for storing the complete sample. Figure 16
shows the XSG for parallel to serial converter.

Figure 12(a) XSG for serial/parallel block
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5.Xilinx system generator simulation

results and discussion

The result waveforms show the outputs of every part
of the WPM-DCSK system. It is performed by using
XSG. It has been plotted through MATLAB program.
In the WPM-DCSK system, the number of parallel
bits is 8 and the subcarrier number is 16. The
spreading factor (B) is 4. Figure 17 illustrated the
XSG waveform simulation of the serial to parallel
block. The bit rate for serial data entered to the serial
to parallel block is 100Mbps, when the data is output
parallel. The rate of the parallel data is decreased to
12.5Mbps. This means the signal contains 8 bits
cycle. This signal is named sample. The 8 slices are
used to output the 8 bits of each sample respectively.
In this figure the output of slice 1 is appeared only.

Figure 18 illustrated the XSG waveform simulation
of the mapping block. We have observed that the
parallel data (bl) are mapped when the enable
becomes one. The delay is connected, to enable pin
for each ROM block for masking all the parallel bits
until it is ready for mapping. Each 0 is mapped to -1
and each 1 is mapped to +1. Figure 19 illustrated the
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XSG waveform simulation of the spreading and zero
padding. In this figure, the reference chaotic signal is
multiplied by the data, and then the result of
multiplication is named have spread. Figure 20
illustrated the XSG waveform simulation of the
IHWPT for 16 subcarriers. Figure 21 illustrated the
XSG waveform simulation of the parallel to serial
block. In this block, the multiplexer is used as time-
division multiplexing (TDM). First, the parallel data
is up-sampled to 16 for increase sample rate for each
output sample. It has been used to extract one sample
at a time depending on counter assignment. The
LFSR is used to make a pattern for storing the
complete sample.

With regard to the receiver side, Figure 22 illustrates
the XSG waveform simulation of the serial to parallel
block. The serial data is first read and latched in flip-
flop registers, when the pulse is coming to the sample
is read. Each sample consists of 16 bits. Then
downsampling on each read output samples to restore
the previous sample rate for each sample has been
performed.
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Figure 23 illustrated the XSG waveform simulation
of the despreading block. Figure 24 illustrated the
XSG waveform simulation of the correlator block.
Figure 25 illustrated the XSG waveform simulation
of the parallel to serial block. The multiplexer has
been used to extract one sample at a time depending
on counter assignment. The delay here is used for
synchronization. The output data is serial. Figure 26

illustrated the XSG waveform simulation of the
comparison between the transmitted signal and the
received signal. Table 2 illustrated the comparison
between the bit error rate (BER) simulation and BER
in FPGA, so the BER in the simulation is matched
roughly to the BER in FPGA.
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Figure 23 Xilinx system generated waveform simulation of the despreading block
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Input data of parallel
to serial
(do)

2
Simulink Time

Output of counter

2%
Simulink Time

serial

Output data from

g
20 5 10 15 20

2
Simulink Time

30

Figure 25 Xilinx system generated waveform simulation of the parallel to serial block on the receiver side
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Figure 26 Xilinx system generated waveform comparison between the transmitted and the received data

Table 2 The comparison between the BER in simulation and FPGA under AWGN channel

Signal-to-noise ratio (SNR) BER simulation BER FPGA
(dB)

0 0.2788 0.2679

1 0.2587 0.2379
2 0.2300 0.193

3 0.1863 0.1531
4 0.1363 0.1098
5 0.0737 0.07488
6 0.0688 0.04493
7 0.0187 0.02329
8 0.0125 0.009983
9 0.0037 0.004992
10 0 0.003328
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program as shown in Table 3. The minimum period is

6.Synthesis reports
3.365ns and the maximum frequency is 297.155MHz.

Bit stream file or VHDL code file has been generated
by Virtex 4 selections. Devices must be used for
building this system. It is illustrated by ISE 14.5

Table 3 Device utilization summary for the HWPM-DCSK system

Device utilization summary

Logic utilization Used Available Utilization
Number of slices flip-flops 4,990 84,352 5%
Number of 4 input LUTs 4,682 84,352 5%
Number of occupied slices 4,511 42,176 10%
Number of slices containing only related logic 4,511 4,511 100%
Number of slices containing unrelated logic 0 4,511 0%
Total number of 4 input LUTS 4974 84,352 5%
Number used as logic 4,581
Number used as a route-thru 292
Number used as shift registers 101
Number of bonded 10Bs 276 576 47%
Number of BUFG/BUFGCTRLS 1 32 3%
Number used as BUFGs 1
Number of FIFO16/RAMB16s 8 376 2%
Number used as RAMB16s 8
Number of DSP48s 113 160 70%
Average fanout of non-clock nets 1.82
7.Conclusion [3] Kaddoum G, Gagnon F, Richardson FD. Design of a
The HWPM-DCSK system has been designed and secure _multi-carr_ier DCSK system. In international
implemented successfully by using XSG. Software ‘Z‘ym%%iugg (I)EEvl\greless communication systems 2012
toe!s represented by Xilinx ISE version 14.5 and [4] lfzfddoum G, Richardson FD, Gagnon F. Design and
Xilinx Virtex 4 (xc4vfx100-12ff1152) board are used analysis of a multi-carrier differential chaos shift
in the implementation. The results that are obtained keying communication system. IEEE Transactions on
by the hardware simulation prove this system works Communications. 2013; 61(8):3281-91.
in correct form. The real time operations are [6] Li S, Zhao Y, Wu Z. Design and analysis of an
supported by the synthesis results. Furthermore, with OFDM-based differential ~ chaos shift keying
AWGN, the results show that the detected signal at ggTsm‘ig'(%@)‘“lOg”g 52365;9’“- Journal of Communications.
the receiving side is similar to that of the original ’ R )
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