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ABSTRACT: Periodic binary sequences with good autocorrelation properties are widely used in
communications and continuous wave (CW) pulse compression radar systems. To achieve high range-
resolution in pulse compression radar systems, long binary sequences are required. This paper presents the
construction of perfect periodic binary sequences with larger lengths and higher energy efficiency. The
applications and suitability of such sequences for pulse compression radars are demonstrated. Both
amplitude-symmetrical and asymmetrical sequences up to lengths N=149 are presented. This construction
method can be extended even for higher lengths also.

Keywords: Perfect periodic autocorrelation, pulse compression, radar, Legendre sequences, on-off keying, energy
efficiency.

Abbreviations: PACF, periodic autocorrelation function; CW, continuous wave; SNR, signal to noise ratio; AACF,
aperiodic autocorrelation function; NCPC, Non-coherent Pulse Compression; OOK, on-off keying; PPAC, perfect

periodic autocorrelation; ZCZ, zero-correlation zone.
I. INTRODUCTION

Signals with impulse-like autocorrelation function, which
can disappear off-peak sidelobes in between main
peaks are called perfect periodic sequences [1-2].
Perfect periodic sequences find applications in many
areas of engineering. Some of the applications are

synchronization, transform coding, channel coding,
synthetic aperture imaging, communications,
measurements and radars. In radar systems, to

enhance the signal to noise ratio (SNR) and range
resolution, the transmitted pulse is modulated either in
phase or frequency and received signal is correlated
with the replica of transmitted signal using matched
filter. Improved SNR and high resolution are achieved at
the cost of sidelobes at the output of matched filter,
which are undesirable. This needs a continuous search
for the design of optimum radar signals. Due to ease of
implementation, binary or ternary sequences are widely
used for modulation of transmitted signal in pulse
compression radar systems. The important parameter
for the design of pulse compression sequences is that
the sequences must have good auto correlation
property. In addition to good autocorrelation property,
for the detection of targets at longer ranges the reflected
echo signal must have sufficient energy. Therefore, for
radar applications we need the signals that exhibit both
the properties. Generally, sequences with ideal
aperiodic autocorrelation function (AACF) do not exist
[2]. On the other hand, construction of perfect periodic
sequences is possible, which can be extensively used in
continuous wave (CW) radars [3-4]. The properties and
suitability of such signals are studied in [5-8]. Therefore,
the focus of the work is to design the binary or biphase
sequences which have higher energy efficiency and
perfect periodic autocorrelation. The construction
method is based on the modification of Legendre and
M-sequences. Such sequences are referred as
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‘synthesized sequences’ and can be designed for all
prime numbers with some modifications which is
explained in section Ill.

Il. PROPERTIES OF PERIODIC SEQUENCES
Let si (n) be a real sequences of length N and its
periodic repetition with period N is represented by §i(n).

The autocorrelation and cross-correlation functions of
such periodic sequences can be given by:
N-1

Ry(M) = si(m)§ (n+71) (€Y)

R;(M) =X0Zsi(m)§" (n+1) 2)
E, fort=0

Ri(7) = {O, for =0 ()

Intheregion 0 <T<N,
where §i (n + 1) = si((n + 1) mod N), and T = mt, is time
delay and t, is duration of single bit. Eqn. (1) is
representing the autocorrelation function and Egn. (2)
gives the cross-correlation function of such periodic
sequences. Eqgn. (1) describes that P number of
received pulses are correlated with Q number of
reference pulse where P > Q. (In all correlation figs. In
this paper P =5, and Q = 1, considered).
The energy associated with the sequence is given by

E =3¥N55sim) (4)
Luke proposed the methods of synthesizing perfect
periodic autocorrelation sequences. It is also shown that
such sequences have good energy efficiency. The
techniques used to synthesize these sequences are
computer search, modifying binary sequences, ternary
sequences, M-sequences, Legendre sequences and
product of two synthesized sequences [2]. By taking
advantage of one of the important properties that is the
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magnitude of the perfect sequences is constant and it is
given by

Si(k) = ¥N-1 8 (n)exp (—j2mnk/N)0 < k < N (5)
By setting 'k’ to zero, Eqgn. (5) becomes
|80 = IZN=dsi (|2 = E (6)

In his work [2], Luke tabulated the perfect sequences up
to length 60 only, which in not enough for radar
applications. Further he suggested construction of
higher sequence lengths by using product of two
sequences. However, the efficiency of synthesized
sequences is degraded due to their non-uniform
amplitude. In case of taking product of two non-uniform
periodic sequences, the efficiency further decreases to
n= ninz, where n1 and ne are efficiencies two sequences.
Formula for calculating n is:

_ yN-1__S2(m)
n= ZTL:O 152(M) |l max (7)

When these synthesized sequences are used for pulse
compression radar applications, the energy efficiency of
the transmitted signals must be high for detection of
target present at long range and to achieve high range
resolution, sequence length must be large. Hence, this

paper is mainly focused on the design of sequences
with perfect periodic autocorrelation having larger length
and high energy efficiency.

lll. CONSTRUCTION OF PERFECT PERIODIC
BINARY SEQUENCES

M-sequences and Legendre sequences exhibit lowest
periodic autocorrelation function (PACF) equal to /Ri(t #
0) = 1/. The Ipatov code [9] is also a code pairs exhibits
perfect periodic autocorrelation (the cross correlation of
the code pair) with minimal mismatch loss. But the
construction method of reference code for Ipatov pair is
complicate. M-sequences are two valued binary codes
{1}, having code length N, which produces periodic
auto-correlation of peak value equal to N and uniform
sidelobes of value 1. Similarly, the Legendre codes also
demonstrate a similar property that is the off-peak
sidelobes are equal to 1. Fig. 1 shows the amplitude
and autocorrelation function of M-sequence/Legendre
sequence of code length 31. The ACF clearly show that
the magnitude of sidelobes other than peak is constant
and level is 1. Which is clearly revealed in Fig. 1 (b).
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Fig. 1. M-sequence N=31 (a) amplitude of transmitted signal (b) autocorrelation function (sidelobes =1).
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Fig. 2. Punctured M-sequence N=31 (a) amplitude of transmitted signal (b) cross-correlation function.
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Transmitted Signal:[1 0 0 1
01010001111
Reference: [T -1 -1 1 -1 -1 1 -1 -1 -1 -111
11111111111 1-111-111]

Fig. 2 shows that the amplitude of the transmitted
signal, where ‘0’ level shows no-transmission, and level
‘1’ is transmission of signal. There are 15 ‘0s’ and 16
‘1s’ in transmitted signal, represents that the duty cycle
of transmitted signal is nearly 50%. These signals are
commonly referred as punctured M-sequence or On-Off
keying (OOK) sequences. The applications of OOK
signals for non-coherent pulse compression (NCPC)
radar is explained in [10-12]. The process of changing
all -1s’ to ‘0’is called puncturing [13-15]. Therefore, the
energy efficiency of the transmitted signal N=31 is only
51. 6%. On the other hand, in Fig. 1(a) the amplitude of
transmitted signal is constant and it is equal to 1.
Hence, energy efficiency is 100%. Lei Xu and Qilian
Liang [13, 14] also demonstrated the construction of
punctured sequences which are similar to on-off keying
sequence. Fig. 2(b) shows that the sidelobes of
punctured M-sequence are zero. These zero sidelobes
are achieved at the cost of sacrificing energy in
transmitted signal. Another important point is that M-
sequences or Legendre sequences exhibit perfect
periodic autocorrelation property (all sidelobes equal to
zero) only when unipolar transmitted signal has ‘1’s
more than ‘0O’s by one element only. This verifies that
the energy efficiency of such sequences is slightly
greater than 50% and approaches 50% as sequences
length is exceptionally large. When such sequences are
used in radar applications, the probability of detection is
reduced. This problem is dealt by using variable
amplitude sequences, where in place of zero ‘0.739’ is
transmitted. Due to this, duty cycle in increased and in
turn energy efficiency is increased to 78%.

Two major issues which are important in the design of
waveforms for pulse compression radars are: (i) for

better detection probability, the received signal must
contain sufficient energy because matched filter is used
in radar receivers. The signal-to-noise ratio at the output
of the matched filter is given by 2E/N;,. In this
expression, E denotes the energy contained by received
signal. Therefore, it clearly shows that to detect the
desired target at long range, the reflected echo signal
must contain sufficient energy. To receive sufficient
energy in reflected echo signal, high energy signals are
to be transmitted.(ii) To achieve high range resolution,
compression ratio must be high which is directly
proportional to the sequence length N. In case of
biphase or polyphase sequences compression ratio is
equal to N, where N is number of bits in transmitted
pulse.

Considering these two factors, this paper proposes the
construction of amplitude-symmetrical binary sequences
and amplitude-asymmetrical binary sequences, which
have perfect periodic autocorrelation (PPAC) properties,
higher energy efficiency and large sequence lengths by
using Legendre sequences, modified Legendre
sequences and M-sequences. The major advantage of
using Legendre sequences is that these sequences can
be designed for all prime numbers. Whereas M-
sequences are designed on for the lengths N= 2"-1,
where n= 2, 3, .... For example; between sequence
lengths of 1000 and 10,000, only four M-sequences are
available (1023, 2047, 4095 and 8191). On the other
hand, there are 519 Legendre sequence between 1000
and 10,000 [10]. Fig. 3(a) depicts the amplitude of the
synthesized binary transmitted pulse whereas Fig. 3(b)
shows the autocorrelation function of the same. In this
case the transmitted and reference signals are same;
hence we refer it as autocorrelation function. To
demonstrate the resolution property of binary
synthesized sequences, the amplitude of the transmitted
signal and its autocorrelation function is shown in Fig. 4.

1
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Fig. 3. Synthesized binary sequence N=31 (a) amplitude of transmitted signal (b) Autocorrelation function.
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Table 1 shows the synthesized binary sequences up
lengths 149. This table includes, all prime numbers from
N=3 to N=149 and also includes lengths 4, 15 and 63
which are not prime. In case of all Legendre sequences,
which satisfy N = 3(mod4), and N is prime number, the
value of b’ can be calculated as:

b= —>% (8)

T+

The other Legendre sequences that satisfy the condition
N = 1(mod4), and N is prime number are referred as
‘modified Legendre sequences’. In such sequences zero
appears in leading edge. These sequences are modified
by using search method and modified in such a way that
these sequences have good periodic autocorrelation
property. It is observed that in all such sequences, given

in Table 1, the sidelobe suppression in zero correlation
zone (i.e. off-peak sidelobes) is better than-77dB.

Fig. 4(b) clearly shows that the impulse like
autocorrelation function will resolve closely spaced
targets and this resolution depends upon the
compression of the pulse. To enhance this resolution
capability, sequences with higher lengths must be used.
The resolution capability of sequence length N=149 can
be understood by comparing Fig. 3(b) and 4(b). The
width of the autocorrelation peak is like impulse in Fig.
4(b), whereas in Fig. 3(b) width of the autocorrelation
peak is more. Therefore, higher sequence lengths are
appropriate for high-resolution radar applications.
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Fig. 4. Synthesized binary sequence N=149 (a) amplitude of transmitted signal (b) Autocorrelation function.
Table 1.
N n (in Perfect periodic Binary Sequence with good Energy Efficiency n
%)
3 75 1 b 1 (b=-05)
4 100 11 1b (b=-1)
5 478 031 1 b b 1 (b=-0.382
7 71.8 1 b 1 b 1 1 (b=-0.586)
11 72.8 1 b1 bbbi1 1 1 b 1 (b=-0.634)
13 62 021 b 1 b b1 1 1 1 b b 1 b (b=-058)
15 74 bbb 1 b b 1 1 b 1 b 1 1 1 1 (b=-0.667)
17 648 (02 b b1 b 1 1 1 b b 1 1 1 b 1 b b (b=-061)
19 75 |1 b 1 1 b b b b 1 b 1 b 11 1 1 b b 1 (b=-0691)
23 76.3 1 bbbb1bi1bb11bb11bi1b1111 (b=-071)
o9 71 016 b 1 1 b b b b 1 b 1 1 1 b 1 1 b 1 1 1 b 1 b b b
1 1 b (b=-0.687)
31 781bb1bb1bbbb111b1b1bbb1111b1
b 1 1 (b=-0.739)
37 74O.14b1bb11b1bbbb111b1111b111
b b b 1 0 1 1 b b 1 b(=-072
41 748O.135bb1bb11bbb11111b1b1bb1b1b1
) 1 11 b b b1 1 b b 1 b b (b=-073
43 801b11b1b11bbb1bbbbb111b1bbb1
111 b1 1 1bb1bi1bb1(b=-0768)
47 8051bbbb1bbbb11b1b1bbb11b11bb1bb11
) b 1 b1 bbb 1111 b 111 1(b=-0776)
53 773 012 b1 1 b1 b b1 bbbt bt bbobi111111b b1 1bb.i
) 111 bb b1b1bbbi1bbi1bi1i1b(b=-0758)
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radar system. Additionally, the significant advantage of
the designed binary sequences is that sidelobes are as

IV. CONCLUSION

low as zero within the zero-correlation zone (ZCZ) that
is (N-1). Binary periodic sequences could be effectively
applied in multi-target scenario where small targets near
strong target goes undetected due to the presence of

sidelobes.

In this paper, binary periodic waveforms are studied for
the application of phase coded radar systems that

employs pulse train or CW waveforms. Majority of the
PPAC sequences are achieved by modifying Legendre

sequences and such sequences can be designed for all
prime numbers. The applications and appropriateness

of

pulse

for

periodic binary sequences

perfect

V. FUTURE SCOPE

radar is explained with the help of

compression

The performance of these sequences must be checked

in real time applications.

simulated results.

From Fig. 4, it can be understood that when we increase

the sequence

both energy efficiency and

length,

The author declares that he has

Conflict of interest:

compression ratio increase which in-turn improve the

no conflict of interest.

detection probability as well as range resolution of the

Bhatt

666

International Journal on Emerging Technologies 11(2): 662-667(2020)



REFERENCES

[1]. Sarwate, D. V., & Pursley, M. B. (1980). Cross-
correlation properties of pseudorandom and related
sequences. Proceedings of the IEEE, 68(5), 593—619.
[2]. Luke, H. D. (1998). Sequences and Arrays with
Perfect Periodic Correlation. IEEE Trans. on Aerospace
and Electronic Systems, 24(3), 287-294.

[3]- Saunders, W. K. (1990). CW and FM Radar. M. I
Skolnik, Radar Hand Book (2nd ed.). 14. New York,
McGraw Hill.

[4]. Levanon N., & Mozeson, E. (2004). Radar Signals,
Hoboken, NJ: Wiley.

[5]. Levanon, N., & Freedman, A. (1992). Periodic
ambiguity function of CW signals with perfect periodic
autocorrelation. /[EEE Trans. On Aerospace and
Electronic Systems, 28(2), 387-395.

[6]. Levanon, N. (1993). CW Alternatives to the
Coherent Pulse Train Signals and Processors. I[EEE
Trans. on Aerospace and Electronics Systems, 29(1),
250-254.

[7]. Freedman, A., & Levanon, N. (1994).Properties of
the Periodic Ambiguity Function. IEEE Trans. on
Aerospace and Electronic Systems., 30(3), 938-941.

[8]. Getz, B., & Levanon, N. (1995). Weight Effects on
the Periodic Ambiguity Function. IEEE Trans. on
Aerospace and Electronic Systems, 31(1), 182-193.

[9]. Ipatov, V. P. (1992). Periodic Discrete Signals with
Optimal Correlation Properties, Radio | Sviaz, Moscow.
[10]. Levanon, N., Cohen, I., Arbel, N., & Zadok A.
(2016). Non-coherent Pulse Compression- Aperiodic
and Periodic Waveforms. IET Radar Sonar Navig.10(1),
216-224.

[11]. Jahangir, K. K., & Hashmi, A. (2016). ANovel Non-
Coherent Radar Pulse Compression Technique Based
on Periodic M-sequences. Aerospace Science and
Technology: 188—193.

[12]. Suryanarayana, E. V., Siddaiah, P., & Bhatt, T. D.
(2019). Pulse Compression Waveforms: Applications to
Radar  Systems.  Proceeding of International
Conference on Emerging Trends in Engineering
(ICETE). Springer, 1, 61-68.

[13]. Lei, Xu., & Liang, Q. (2010). Optimized Punctured
ZCZ Sequence Pair Set: Design, Analysis and
Application to Radar System. EURASIP Journal on
Wireless Communication and Networking. |ID: 254837.
[14]. Lei, Xu. & Qilian, L. (2012). Zero Correlation Zone
Sequence Pair Sets for MIMO Radar. IEEE
Transactions on Aerospace and Electronic Systems,
48(3), 2100-2113.

[15]. Liang, Q. (2019).Sense-Through-Foliage Target
Detection Based on UWB Radar Sensor Networks.
Mission-Oriented Sensor Networks and Systems: Art
and Science, Springer Nature: 401-435.

How to cite this article: Bhatt, T. D. (2020). Construction of Perfect Periodic Binary Sequences for Radar
Applications. International Journal on Emerging Technologies, 11(2): 662—667.

Bhatt

International Journal on Emerging Technologies 11(2): 662-667(2020) 667




