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Abstract

This paper presents a study and developed simulation models for testing properties of pseudo-noise sequences. A gen-
eralized approach is considered while presenting the study of properties of pseudo-noise sequences. On the other hand
MATLAB SIMULINK which a commonly available computing platform is used to develop the simulation models for testing

the properties of pseudo-noise sequences.
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1. Introduction

Pseudo-Noise (PN) sequences whose terms depend in a
simple manner on their predecessors are of great impor-
tance for a variety of other applications. Such sequences
are easily generated by recursive procedures and hence
PN sequences have an advantageous feature from the
computational viewpoint, and they tend to have useful
structural properties. Due to only these structural prop-
erties, PN sequences have enormous applications like
Direct Sequence Spread Spectrum (DSSS), Built-in Self-
Test (BIST), Decryption-Encryption System (DES) error
detection and many more [1-12].

In these applications the systems use the basic hardware
named Linear Feedback Shift Register (LFSR) to generate
Pseudo-Noise (PN) sequence [1-13]. As shown in Figure
1, an LFSR is made up of two parts. These parts are a shift
register and a feedback function. The shift register is a chain
sequence of n-bits of D - type of Flip-Flops (FFs). Each
time a new bit is needed to load the first bit (D-FF ) of the
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chains of D — FFs. The all others of the bits in the shift regis-
ter are shifted one bit to the right. The feedback function is
simply the Exclusive-OR (EOR) operation logic of certain
bits of the register. The list of those bits which are involved
in EOR operation logic is called a feedback taps (C, C,
C,....C....C_, C). The new left most bits state (first bit of
D - flip-flop, D-FF)) is computed as a function of the exist-
ing feedback taps of LFSR. The output of the feedback shift
register is one bit at each clock, often the most significant bit
a clock before. The period p of a shift register is the length
of the output sequence before it starts repeating [1-13].

Linear feedback shift registers make extremely good PN
sequence generators of desired period length. A maximal
length of p = 2™-1 can be generated through an n-bit LFSR.
When the flip-flops are loaded with a seed (initial condi-
tion) value (any thing except all 0s, which would cause
the LFSR to produce all 0 patterns) and when the LFSR is
locked, it will generate a PN sequence of 1s and 0s. Note
that the only signal necessary to generate PN sequence is
the clock and initial loading of LFSR [1-13].



Table 1 shows the patterns produced by the LESR shown
in Figure 2, assuming that the pattern of 11111 was used as
an initial loading and feedback taps are taken from 3™ and
5% bits of the FFs.

The generated PN sequences outputted from FF,, FF,,
FF,, FF,, and FF1 are:

PN, =[1111100011011101010000100101100],

PN, =[1111000110111010100001001011001],

PN, =[1110001101110101000010010110011],

PN, =[110001101110101000010010110111], and

PN, =[1000110111010100001001011001111]  respec-

tively.

Each PN sequences has the same period p = 31. Also,
it is notable all the PN sequences are observing the same
properties for example total number of Is and total
number of 0s, groups of 1s and 0s and like many other
properties. These properties have been studied by many
researchers [1-26]. Through this paper we want to present
a tool along with study of some properties. The developed
tool is based on MATLAB SIMULINK [27-32] and easy
to modify.

2. Study of Properties of PN
Sequences

The properties of PN sequences are described in many ways
[1-31]. However, in this section we describe the properties
of PN sequences in a unique and generalized way.
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Figure 1. An n-bit LFSR structure.
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Property 1: P1

In every period (p = 2n-1) of PN sequence generated by an
n-bit LFSR, the sequence will contain the total number of
1s equal to 2n-1.

Property 2: P2

In every period (p = 2"-1) of PN sequence generated by an
n-bit LFSR, the sequence will contain the total number of
0s equal to 2™'-1.

Property 3: P3

In every period (p = 2"-1) of PN sequence generated by an
n-bit LESR, the sequence has an occurrence of n number of
Is in succession.

Table 1. The patterns of pn sequences produced by
the Ifsr of Figure 2
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Property 4: P4

In every period (p = 2"-1) of PN sequence generated by an
n-bit LFSR, the sequence does not have any occurrence of
total number of (n) Os in succession.

Property 5: P5

In every period (p = 2"-1) of PN sequence generated by an
n-bit LFSR, the sequence does not have any occurrence of
total number of (n-1) 1s in succession.

Property 6: P6

In every period (p = 2"-1) of PN sequence generated by an
n-bit LFSR, the sequence has an occurrence of total num-
ber of (n-1) Os in succession.

Property 7: P7

We define the term ‘run’ in a general way as a succession of
items of the same class. In a period of PN sequence the dis-
tribution of sequential occurrences of groups of 1s, and 0s
(runs property for1 <k <n-2), is governed by a rule and
we present this in the form of the following theorem.

THEOREM 1. In every period (p = 2"-1) of PN sequence
generated by an n-bit LFSR, the sequence will contain 25!
runs of (n -k - 1) 1s, as well as 0s, for 1<k <n-2.

We prove our stated properties (P1 to P6) and Theorem
1 by presenting an example as below.

Example 1. Let us consider a 4-bit LFSR initially loaded
with 0011 and has feedback taps from 3 and 4" FFs.
The generated PN sequence has its length p = 2*-1 = 15.

Table 2. The run counts / patterns of 1s and 0s in PN4

Number of Runs  Succession of Comment

1 4-1s >P3

0 4-0s > P4

0 3-1s > P5

1 3-0s > P6

1 2-1s - P7 / Theorem 1

1 2-0s > P7/ Theorem 1

2 1-1s - P7 / Theorem 1

2 1-0s > P7 / Theorem 1
Number of 1s = 8 >P1
Number of 0s = 7 > P2
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The sequence generated by this structure of LFSR is,
PN4 =[001101011110001].

The Properties P1 — P6 and Theorem 1 can be verified
by analysing the generated sequence PN4. For better expla-
nation the analysis result is presented below in the form of
the Table 2.

Property 8: P8

It is also interesting to note that the LFSR generates pulses
of different frequencies. The study also, reveals that the
pulse width and frequency of different pulses has defi-
nite relation with the others as shown in Figure 3. Table 3,
describes this property for a PN sequence generated by the
LFSR of Figure 2. The generated sequence has periodicity
p = 2°-1 with assumption that the clock pulse of LFSR has
time period T.

Property 9: P9 (The property of
auto-correlation)

To study the statistical property PN sequences, it is impor-
tant to analyse them through their correlation functions.
Correlation function of two sequences can be described as
the comparison of two sequences to see how much they
correspond with one another. Various parameters effect
the correlation of two sequences including the length of
sequence, phase between the sequences, and clock rate of
LESR. The act of correlating a signal through all variations

Figure 3. Waveform of the sequence generated by the LFSR
of Figure 2.
Table 3. Pulses generated by the LFSR of Figure 2
Number of pulses Pulse width  Nature of pulse
1 n*T Active high
1 (n-1)*T Active low
For 1< x<n-2; 2¢! (nx-1)*T  Active high
For |1Sx<n—-2; 2~ (n-x-1)*T  Active low
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of itself is known as autocorrelation. The autocorrelation
((s,.) =S5 S,...8,.....) function, AC (k) of an m-sequence
where, N = 1 to 2"-1 can be given for its k™ shift as:

N

1
AC(k) = stisHk;

i=1

0<k<N-1 (1)

where, s is the value of the i® - position of the PN
sequence.

THEOREM 2. The autocorrelation function of an m-
sequence reaches a maximum of 2"-1 at zero shifts.
Whereas, for other shifts (0<k <N —2) its value will be
equal to -1.

It can be visualized through Figure 4 that the peaks of
autocorrelation values (AC (k); Equation 1) are as 31 at zero
shifts, and for other shifts the values are -1, hence, verify-
ing the Theorem 2. Further, it can be seen that it repeats in
each cycle of the generated m-sequence. The result is sat-
isfying the autocorrelation property of the m-sequence as
given in Equation 1.

3. Simulation Models

We used the commonly available computing facility plat-
form to simulate the models of our studies. MATLAB
SIMULINK [32] is used to provide the models. Below are
the classifications of all the developed models.

3.1 Generation of PN Sequence and
Waveform Observation

Figure 5 depicts the simulation model in MATLAB
SIMULINK for the LESR of Figure 2. The output file of PN
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sequence in binary form is as given FF, in Table 1, whereas
the oscilloscope waveform is as shown in Figure 3.

3.2 Counting Number of 1s and 0s

To test a PN sequence for its property of sequence length
and number of 1s and 0s a simulated model is developed
as given Figure 6. In the model when the binary input
sequence is applied to the Relational Operator, it checks
the presence of ones and accordingly updates the Memory
(counter). Input 2 of Switch functions as a controller, if
it is TRUE, then it let’s to pass the output of the Sum 1
to Memory through input 1 of Switch. ELSE, Input 3 of
Switch becomes operative to feed the Memory. Since the
Digital Clock is responsible for counting the total num-
ber of bits of the sequence, thus, the subtraction of the
present status of the Memory from the Clock will exactly
represent the presence of the number of zeros in the
sequence.

3.3 Testing Run Lengths

The run lengths of generated PN sequence can be tested
with the simulated model shown in Figure 7. The logic of
this simulation model is that the first process in the sim-
ulation of run length is to keep track of transitions and
then to count the numbers in each of the transitions. In

XOR [¥

(Rlla]

m-sequence (binany form)

Scope(wave form of m-sequence

Figure 5. MATLAB SIMULINK model for the LESR of
Figure 2
a
Digital Clock Sama No. of zeros
2
input
No. of ones
Relational
Operator

Figure 4. Autocorrelation property of the sequence gen-
erated by the LFSR of Figure 2.
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Figure 6. MATLAB SIMULINK model for counting 1s and
0s of PN sequence.
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the figure, Subsystem block receives the binary sequence
and produces two outputs. Output 1 monitors the run
length property of the input sequence. The detailed
simulation model for block Output 1 is described in
Figure 8.

In the Figure 8, the difference of previous and pres-
ent input bits is being fed to Relational operator 1. The
operator then checks whether transition between the bits
exists or not. The each difference value 0, 1 and -1 reflects
no transition, transition from 1 0, and transition from 0
> 1 respectively. The Memory keeps tracks of number of

transitions, which receives the data from Sum 1. Switch
1 and Switch 2 are feeding the block Sum 1. The purpose
of controller (Relational operator 2) of Switch 2 is just to
initialize the Memory. The function of Sum 2 is to keep
Memory updated with the counts of the changed transi-
tions. To demonstrate the discussed functional procedure
of the different simulated blocks, an example is presented
as below:

Example 2. Let the PN input sequence is 10100111. So that
the resulted number of transitions for the given sequence

Outl b Outl b
Out2 p Out2 p
Out3 p Owt3 p
Outd p Outd p
Outs b Outs b
Outé b Outé p
Ount? b oun? p
P Input 1
Output! P Input1 Outs b P Input 1 Ows p
) InputZ
Outd b Outd b
output 1 (run length) —— Chedk condition 1
Out10 p out1o p
.—b-1 Input
In1 Outil p Outil p
D Output 2
Out1z p outizp
Subsystem
Outi3 p outi3 p
Outid p Outid p
Out1s p Ooutis p
P Inputi 1-lengths 0-len gths
Output 1
P Input
Chedk condition O

Figure 7. Simulation model for run length test.

output 1 (run length)

Figure 8.
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Simulation model for subsystem (output 1) of Figure 7.
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is 1112123. The status of all the blocks of Figure 8 can be
visualized in Table 4.

The above-obtained result through the Output 1 of
the Subsystem block of Figure 7 is simultaneously fed to
the inputs of the blocks of Check condition 1 and Check
condition 0. The realized model of Check condition 1 and
Check condition 0 are given in Figs. 9 and 10 respectively.
The objectives of realizing these two blocks are only to dif-
ferentiate and/or to determine the sequential lengths of 1s
and Os in the transition counts. The Table 5 explains the
results of the outputs of the simulation models of Figures
9 and 10 for the above obtained transition counts 1112123
(from Example 2).

The outputs of the Check condition 1 and Check condi-
tion 0 are now inputted to 1-lengths and 0-lengths blocks,
respectively (see Figure 7). The purpose of simulating these
blocks is due to the reason that we are interested in count-
ing and displaying the runs of 1s and 0s. Outn (1 <n < 15)
describes the number of n 1s / 0s. The Figure 11 demon-
strates the simulation model of block Out 1.

3.4 Autocorrelation Test

The autocorrelation of the PN sequence can be computed
using the scripted MATLAB program given below.

Table 4.  Status of different blocks of Figure 8

Clock states 1 2 3 45 6 7 8
Inputs to Sum 0 1,0 0,1 1,0 0,0 0,1 1,1 1,1 x
Output from Sum 0 1 -1 1 0-1 0 0x
Status of controllerof Switthl 1 1 1 0 1 0 0 x
Output from Sum 2 1 00 0-1 0 -1x
Output from Switch 1 (either 1 0 0 1 -1 1 1 x
from input 1 or input 3)

Memory counter value o 11 1 2 1 23
Output from Relational 1 0 0 0 0 0x
operator 2

Output from Switch 2 (either 1 111 2 1 2x
from input 1 or input 3)

Output from Sum 1 1 1 1 2 1 2 3x
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3.5 Program (MATLAB Code)

function auto=auto_corr(seq)
m=length(seql);
seq=(seql-0.5)"2;
fori=1:m
auto(i)=seq'seq;
r=seq(1);
seq(1:m-1)=seq(2:m);
seq(m)=r;
end

4. Conclusions

We run the developed MATLAB-SIMULINK models for
various generated PN sequences. The results for the counts
of number of 1s and number of 0s as well as run lengths
are checked. The waveforms and autocorrelation of PN
sequences are studied through the developed models.

Thus, based on a systematic and procedural study of the
theory of PN sequences we developed a tool to facilitate the
practicing engineers to either generate PN sequences for its
application or to test PN sequences applied or both. Since
the security is a vital issue in this age of information tech-
nology, and finally, it seems that the security responsibility
has to come in any form on the shoulders of practicing
engineers of all fields to avoid the litigations.

Relational Opetator 1 | o I‘

Figure 10. Simulation model for check condition 0 block of

Figure 7.

|:D
CO—» __ s

+

Figure 9. Simulation model for check condition 1 block of
Figure 7.
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Input |Z|—b = No. of 1-1°s
Relational
Operator
Figure 11. Simulation model for out 1 blocks of Figures 9
and 10.
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Table 5.
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Results of the outputs of Figures 9 and 10

1112123

Outputs from Check condition 1 and
Check condition 0; in terms of Runs
of 1s and Os

Check conditionl 1 0 1 0 3
Check condition0 0 1 02 0

Input 1
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