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Abstract 

Recently, when forming radar video frames for surface mapping, group-interacting compact onboard 

radar systems (CORS) are increasingly being utilized. In this context, for the cooperative functioning 

of the group, each compact radar should use its own unique marked signal as the probing signal. 

This signal must be distinguishable in the common channel and should not destructively affect the 

probing signals emitted by other radars within the group. This organization allows for associating 

the marked signals reflected from the underlying surface with specific CORS in the group. This 

requirement arises from the fact that each compact onboard radar in the group emits a single probing 

signal and then receives all the reflected signals from the surface that were emitted by the other CORS 

in the group. Such an organization of the group-based system of technical vision requires the search 

for and study of specialized marked code structures used for phase modulation of probing signals to 

identify them in the shared radar channel. The study focuses on the search for new complex M-

sequences with lower sidelobe levels of the normalized autocorrelation function compared to 

traditional M-sequences. This is achieved by replacing the traditional alphabet of positive and 

negative ones with an asymmetric set consisting of complex numbers. Using numerical methods and 

computer simulations, optimal complex values of the sequence with a minimum level of sidelobes in 

the autocorrelation function are determined. In addition to correlation properties, the phase-

modulated signals generated based on the new marked sequences are also investigated. The results 

obtained open up new possibilities for the construction of a group-based technical vision system, 

enabling cooperative surface probing with each CORS in the interacting group. 

Keywords: aperiodic autocorrelation function; periodic autocorrelation function; sidelobes; phase 

modulation; complex M-sequence; compact on-board radar system; multi-position system; marked 

probing signal; aviation systems; cooperative probing 

 

1. Introduction 

Currently, M-sequences are widely used in radar systems [1,2], where they generate probing 

signals. These signals improve the accuracy of distance measurement to objects and ensure reliable 

detection by distinguishing the useful echo signal from noise. In communication systems, they serve 

to encode data in order to provide reliable synchronization between transmitting and receiving 

communication equipment. M-sequences also play an important role in the design of multi-position 

onboard control systems used in remote sensing aviation equipment [3–11]. 

In order to form radar situational awareness using networks of small aerial vehicles equipped 

with compact on-board radar stations (CORS), it is necessary for each station to emit a unique phase-

coded probing signal. This requirement arises from the need for unambiguous identification of CORS 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2026 doi:10.20944/preprints202601.0116.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0116.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 17 

 

emission sources in a common radio channel and accurate determination of the reflection of signals 

from corresponding transmitting-receiving positions in the system. 

High levels of side lobes (SL) in the autocorrelation function (ACF) can negatively affect the 

proper functioning of CORS detection systems [12–14]. Therefore, the current task is to find new 

complex sequences that have lower SL levels in the normalized autocorrelation function (NACF) 

while maintaining the same structure for the positions of positive and negative elements as 

traditional M-sequences. This reduction in the side lobe levels of NACF is achieved by searching for 

new complex values in the sequence structure by replacing the traditional symmetric alphabet of 

positive and negative ones with an asymmetric one. 

The goal of this study is to search for new complex M-sequences where the SL of the NACF are 

lower than those of the traditional M-sequences, but with the same structure of positive and negative 

element positions. This reduction in side lobes is achieved by finding new complex values in the 

sequence structure through replacing the conventional symmetric alphabet of positive and negative 

ones with an asymmetric one. 

To achieve the stated goal, the paper considers two cases of element substitution in the 

traditional sequence. In the first case, only the negative one is replaced with the sought-after complex 

number. In the second case, both the negative and positive ones in the M-sequence structure are 

replaced. Within this study, it is necessary to analyze how the SL of the NACF change and identify 

the complex values at which the side lobes of the NACF will be minimized for the new complex M-

sequences. 

Numerical methods are employed to search for complex values of sequences for both cases. 

Computer experiments are conducted to evaluate the SL of the NACF. These experiments are based 

on the analysis of the expressions obtained that describe how each side lobe of the NACF changes as 

a function of the complex value assigned to the code element. Furthermore, phase modulation of the 

signal with the generated complex sequence is studied, and the correlation properties of the resulting 

signals are analyzed. 

In Section 2, the aperiodic and periodic ACFs of traditional M-sequences are analyzed. The 

process for deriving expressions for the lobes is presented, from which graphs describing the sidelobe 

levels as a function of the introduced parameter are built for both the aperiodic and periodic ACFs in 

further research. 

In Section 3, dependencies of the side lobe levels of the periodic and aperiodic NACFs of the 

complex M-sequences are studied in relation to the new alphabet: {1; –exp(φi)} in the first case, and 

{exp(φ1i); –exp(φ2i)} in the second case. The values of the parameter φ vary in the range from 0° to 

360°. Graphs illustrating the dependencies of the side lobes of the NACF on the parameter φ are 

provided. The minimal possible level of the side lobes of the NACF for the investigated M-sequences 

is identified. 

In Section 4, phase modulation of the probing signal with the generated complex M-sequences 

is carried out. Graphs of the NACF of the resulting signal are constructed. The minimum side lobe 

level of the NACF for the signal, corresponding to the minimum side lobe level of the complex M-

sequence, is found, confirming proper phase modulation of the probing signal. 

In Section 5, the obtained results are discussed, further development recommendations are 

formulated, and areas for further application of the results in various fields are identified. 

In Section 6, the findings of the research are summarized, and the scientific and technical novelty 

of the results is highlighted. 

2. Autocorrelation Function of the M-Sequences 

One of the reasons for the demand for M-sequences in radar systems is their correlation 

characteristics [15–19]. When selecting sequences, preference is often given to those with the lowest 

SL in the NACF. For M-sequences, the maximum value of the ACF occurs only at a zero shift, while 

for any other shifts, the correlation approaches zero. 
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The ACF of the sequence x(n) is denoted as R(k) and is computed using expression (1) for the 

periodic ACF (PACF) of sequences, and expression (2) for the aperiodic ACF (AACF) [20]. 

It should be noted that for constructing a multi-position CORS system, code-modulated signals 

are used, both when selecting the probing signal and when selecting the synchronizing signal used 

in the frame preamble, which is necessary for organizing communication channels between the group 

of CORS, as well as for their management [21–26]. 

Therefore, both the properties of the AACF and PACF need to be studied. The AACF should be 

analyzed for implementing earth’s surface probing modes, including group modes where modulated 

signals are used. The PACF should be studied when organizing communication channels between 

elements of the group, i.e., when combining several CORS into an interacting group. 

For the PACF calculation: 

Rp(k) = ∑x(n)*x(n+k), (1) 

where n varies from 0 to N-1, and x(n+k) is the sequence element shifted by k positions. If the 

sequence element with index n+k goes beyond the sequence length, periodic continuation of the 

sequence is used. 

For the calculation of the AACF: 

Ra(k) = ∑x(n)*x(n+k), (2) 

where k varies from 0 to N-1, and n varies from 0 to N-k-1. In this case, the summation is performed 

only over those n indices for which n+k remains within the sequence length N. 

In general form, the process of obtaining expressions describing the sidelobes of the AACF and 

PACF is presented in Tables 1 and 2, respectively. This example is presented for an M-sequence of 

length N = 4. The number of sidelobes of the ACF can be calculated using expression (3): 

(N-1)/2 (3) 

Table 1. Process of obtaining expressions for the sidelobes of the AACF. 

 a1 a2 a3 a4    

m –3 –2 –1 0 1 2 3 

a4* a1* a4* a2* a4* a3* a4* a4* a4*    

a3*  a1* a3* a2* a3* a3* a3* a4* a3*   

a2*   a1* a2* a2* a2* a3* a2* a4* a2*  

a1*    a1* a1* a2* a1* a3* a1* a4* a1* 

 a1* a4* a2* a4* + a1* a3* 
a3* a4* + a2* a3* + 

a1* a2* 

a4* a4* + a3* a3* + a2* a2* + 

a1* a1* 

a4* a3* + a3* a2* 

+ a2* a1* 
a4* a2* + a3* a1* a4* a1* 

Table 2. Process of obtaining expressions for the sidelobes of the PACF. 

 a1 a2 a3 a4    

m –3 –2 –1 0 1 2 3 

a4* a1* a4* a2* a4* a3* a4* a4* a4* a1* a4* a2* a4* a3* a4* 

a3* a4* a3* a1* a3* a2* a3* a3* a3* a4* a3* a1* a3* a2* a3* 

a2* a3* a2* a4* a2* a1* a2* a2* a2* a3* a2* a4* a2* a1* a2* 

a1* a2* a1* a3* a1* a4* a1* a1* a1* a2* a1* a3* a1* a4* a1* 

 

a1* a4* + a4* a3* 

+ a3* a2* + a2* 

a1* 

a2* a4* + a1* a3* 

+ a4* a2* + a3* 

a1* 

a3* a4* + a2* a3* + 

a1* a2* + a4* a1* 

a4* a4* + a3* a3* + 

a2* a2* + a1* a1* 

a1* a4* + a4* a3* + 

a3* a2* + a2* a1* 

a2* a4* + a1* a3* 

+ a4* a2* + a3* 

a1* 

a3* a4* + a2* a3* 

+ a1* a2* + a1* 

a1* 

For convenience, each sidelobe of the ACF is assigned an index m, with the main lobe having 

index 0, and the SL having indices –3, –2, –1, 1, 2, 3. As seen from Tables 1 and 2, there is a relationship 
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between the analytical expressions for the main lobe and the SL of the ACF, which can be expressed 

using equation (4): 

rp(m) = r(m) + r(m – N), (4) 

where m is the index of the autocorrelation function lobe. rp(m) is the value of the m-th SL of the 

PACF, r(m) is the value of the m-th SL of the AACF, and N is the sequence length. 

In this context, the CORS hardware is subject to specific requirements related to the choice of the 

probing signal, for which the levels of the SL of the AACF are directly influenced by the specifics of 

the task being solved [27–29]. For earth’s surface probing modes, the analysis of the AACF is of 

paramount importance. Its key advantage is a well-defined main lobe at zero shift combined with the 

minimal SL levels, which ensures high resolution in the range coordinate. 

For ensuring interference-resistant data exchange in wireless communication channels between 

CORS positions, the PACF should be analyzed. The PACF analysis will improve the survivability 

and fault tolerance of the data exchange system within the interacting group of CORS [30]. 

Thus, the analysis of the AACF properties is necessary for implementing group probing signal 

modes, while the corresponding analysis of the PACF is necessary for implementing communication 

channels. This will allow the creation of multi-position radar systems optimally combining location 

and information exchange functions within the interacting group. Such a combination will expand 

the functional capabilities of individual CORS units, and therefore, the search for new signal-code 

constructions, both for probing and data exchange, is a modern and relevant task. 

3. Search for New Complex M-Sequences 

When studying M-sequences, it is necessary to minimize the level of SL of the NACF. This can 

be achieved by searching for new values in its code structure [31]. This study proposes replacing the 

elements of the existing traditional symmetric alphabet {1; –1} in the M-sequence structure with an 

asymmetric alphabet that can consist of both real and complex values. In complex form, the 

exponential form of the code elements is used in the form exp(φi), where φ is the angle of the unit 

vector on the complex plane. φ can also be used as the initial phase for phase modulation of 

elementary pulses when forming a signal-code structure [32–36]. 

Next, traditional M-sequences of length N = 7, 15, 31, 63, 127, 255, 511 are examined as an 

example (see Table 3) illustrating the process of modifying code values to a complex version, using 

four M-sequences (two M-sequences of length 7 and 15). Table 3 lists the generator polynomials [37–

39] and the traditional sequences generated from them with a symmetric alphabet consisting of -1 

and +1. 

Table 3. M-sequences and the polynomials that generate them. 

№ Length Generating polynomial M-sequence 

1 7 x3 + x2 + 1 –1   –1   1   1   1   –1   1 

2 7 x3 + x + 1 1   1   –1   –1   1   –1   1 

3 15 x4 + x + 1 
1   –1   1   –1   1   1   1   1   –1   –1   –1   1   

–1   –1   1 

4 15 x4 + x3 + 1 
–1   –1   1   1   1   1   –1   1   –1   1   1   –1   

–1   1   –1 

In [40], optimal replacements of negative ones with the real element “a” in the structures of M-

sequences of length N = 15, 31, 63, 127, 255, 511 were determined. Below, two options for changing 

the traditional alphabet {1; –1} of M-sequences to: {1; –exp(φi)} and {exp(φ1i); –exp(φ2i)}, respectively, 

will be considered. 
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3.1. Replacing One Negative Element in the Alphabet of Traditional M-Sequences with a Complex Value 

In the first variant, the negative 1 in the code structure is replaced with a complex value – «–

exp(φi)», while the positive 1 remains in its place without changing its value. An example of such a 

replacement of the alphabet of sequences from Table 3 is presented in Table 4. 

Table 4. M-sequences with alphabet {1; –exp(φi)}. 

№ Length M-sequence 

1 7 –exp(φi)    –exp(φi)    1    1    1    –exp(φi)    1 

2 7 1    1    –exp(φi)    –exp(φi)    1    –exp(φi)    1 

3 15 
1    –exp(φi)    1    –exp(φi)    1    1    1    1    –exp(φi)    –exp(φi)    –exp(φi)    1    

–exp(φi)    –exp(φi)    1 

4 15 
–exp(φi)    –exp(φi)    1    1    1    1    –exp(φi)    1      –exp(φi)    1    1    –

exp(φi)    –exp(φi)    1    –exp(φi) 

Next, it is necessary to find the optimal value of φ at which the SL of the NACF level is lowest. 

That is, to search for and determine the specific φ value from the 0-360° range at which the SL will 

have the minimum level. Graphical representation of the SL levels of the aperiodic NACF of M-

sequences from Table 4 with the alphabet {1; –exp(φi)} is shown in Figure 1. The horizontal axis shows 

the value of φ from the range 0-360°, the vertical axis shows the value of SL of the NACF in decibels. 

  
(a) (b) 

  
(c) (d) 

Figure 1. Dependence of the aperiodic NACF of a complex M-sequence on the parameter φ: (a) M-sequence №1; 

(b) M-sequence №2; (c) M-sequence №3; (d) M-sequence №4. 

As can be seen from Figure 1, for M-sequences of the same length, the optimal values of φ are 

the same initial phases: φ1 = 41.4° and φ2 = 318.6° for N = 7, φ1 = 28.95° and φ2 = 331.05° for N = 15. 

Figure 2 shows a comparison of the aperiodic NACF with traditional M-sequences. The horizontal 

axis shows the indices of the m petals, and the vertical axis shows the values of the petal levels of the 

NACF of the sequences in decibels. 
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(a) (b) 

  
(c) (d) 

Figure 2. Comparison of the level of aperiodic NACF of the traditional M-sequence and its complex version 

depending on the parameter φ: (a) M-sequence №1; (b) M-sequence №2; (c) M-sequence №3; (d) M-sequence 

№4. 

As can be seen from the graphs in Figure 2, certain values of the parameter φ make it possible 

to reduce the SL of the NACF of traditional M-sequences. Thus, for the traditional M-sequence of 

length 7, the SL of the NACF level is –10.88, and for the obtained complex M-sequences, the SL of the 

NACF level is –15.39, therefore, the difference between the values is 4.51. For M-sequences of length 

15, the difference between the values is 1.02 (–12.73 for the traditional sequence and –13.75 for the 

complex one). Similar to the studies carried out above for the aperiodic NACF, Figure 3 shows the 

change in the SL of the NACF level of the periodic M-sequence. Similar to Figure 1, on the horizontal 

axis of Figure 3 displays the value of φ, on the vertical line – the value of the SL of the NACF in 

decibels. 
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(a) 

 
(b) 

Figure 3. Dependence of the periodic NACF of a complex M-sequence on the parameter φ: (a) M-sequence of 

length N = 7; (b) M-sequence of length N = 15. 

As can be seen from Figure 3, for the periodic NACF, the optimal values are φ1 = 41.4° and φ2 = 

318.6° for the M-sequence with length N = 7 and φ1 = 28.95° and φ2 = 331.05° for the M-sequence with 

length N = 15. Thus, the optimal values for the periodic NACF coincide with the optimal values for 

the aperiodic NACF. Figure 4 shows a comparison of the BL level of the periodic NACF of the 

traditional and complex M-sequences. 

 
(a) 
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(b) 

Figure 4. Comparison of the level of the periodic NACF of the traditional M-sequence and its complex version 

depending on the parameter φ: (a) M-sequence of length N = 7; (b) M-sequence of length N = 15. 

As can be seen from Figure 4, complex M-sequences can significantly reduce the level of SL of 

the NACF. For the traditional M-sequence of length N = 7, the SL of the NACF level is –16.90, and for 

the obtained complex M-sequences, the SL of the NACF level is –112.04, therefore, the difference 

between the values is 95.14. For M-sequences of length N = 15, the difference between the values is 

69.77 (the SL of the NACF level is –23.52 for the traditional sequence and –93.29 for the complex one). 

3.2. Replacing Two Elements in the Alphabet of Traditional M-Sequences with Complex Values 

The second variant of replacing the alphabet of M-sequences replaces the positive 1 with «–

exp(φ1i)» and the negative 1 with «exp(φ2i)». An example of replacing the alphabet of the previously 

discussed sequences is presented in Table 5. 

Table 5. M-sequences with alphabet {exp(φ1i); –exp(φ2i)}. 

№ Length M-sequence 

1 7 –exp(φ2i)    –exp(φ2i)    exp(φ1i)    exp(φ1i)    exp(φ1i)        –exp(φ2i)    exp(φ1i) 

2 7 exp(φ1i)    exp(φ1i)    –exp(φ2i)    –exp(φ2i)    exp(φ1i)        –exp(φ2i)    exp(φ1i) 

3 15 
exp(φ1i)    –exp(φ2i)    exp(φ1i)    –exp(φ2i)    exp(φ1i)    exp(φ1i)    exp(φ1i)    exp(φ1i)    

–exp(φ2i)    –exp(φ2i)        –exp(φ2i)    exp(φ1i)    –exp(φ2i)    –exp(φ2i)   exp(φ1i) 

4 15 
–exp(φ2i)    –exp(φ2i)    exp(φ1i)    exp(φ1i)    exp(φ1i)    exp(φ1i)    –exp(φ2i)   exp(φ1i)    

–exp(φ2i)    exp(φ1i)    exp(φ1i)    –exp(φ2i)    –exp(φ2i)    exp(φ1i)       –exp(φ2i) 

Similar to the variant with the replacement of one alphabet element, it is necessary to determine 

the optimal values of the pair {φ1 φ2} from the range 0-360°, at which the SL of the NACF level is the 

lowest. A graphical representation of the SL of the NACF level for M-sequences is shown in Figure 

5. The vertical axis shows the values of the SL of the NACF for φ1 and φ2. 
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(a) (b) 

  
(c) (d) 

Figure 5. Dependence of the aperiodic NACF of a complex M-sequence on the parameters φ1 and φ2: (a) M-

sequence №1; (b) M-sequence №2; (c) M-sequence №3; (d) M-sequence №4. 

When replacing two elements from the M-sequence alphabet, the optimal values of φ1 and φ2 

are significantly greater than when replacing a single element. Thus, for M-sequences of length N = 

7, the number of pairs { φ1, φ2} exceeds 700. An important pattern is observed: for all the resulting 

optimal pairs {φ1, φ2}, the difference between their values is, on average, 42, i.e., |φ1 - φ2| ≈ 42. To 

check the reduction of the SL of the NACF, the first found pairs {φ1 φ2} are used (Figure 6). 

  
(a) (b) 
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(c) (d) 

Figure 6. Comparison of the level of aperiodic NACF of the traditional M-sequence and its complex version 

depending on the parameters φ1 and φ2: (a) M-sequence №1; (b) M-sequence №2; (c) M-sequence №3; (d) M-

sequence №4. 

Figure 7 shows a comparison of the SL of the periodic NACF of a traditional and complex M-

sequence, depending on two parameters. 

 
(a) 

 
(b) 
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Figure 7. Comparison of the level of the periodic NACF of the traditional M-sequence and its complex version 

depending on the parameters φ1 and φ2: (a) M-sequence of length N = 7; (b) M-sequence of length N = 15. 

As can be seen from the study, the reduction in the SL of the NACF of M-sequences when 

replacing either one or two alphabet elements occurs by approximately the same values, which is also 

confirmed by the experimental results presented in Figures 2-7. Below is the average reduction in the 

SL level for M-sequences of length N = 31, 63, 127, 255, 511. Table 6 presents the studied M-sequences 

whose length exceeds 15, and Table 7 presents the reduction in the SL level of the NACF for all 

sequences. 

Table 6. M-sequences of length N = 31, 63, 127, 255, 511. 

Length Traditional M-sequence 

31 –1 1 1 –1 1 –1 –1 –1 –1 1 1 –1 –1 1 –1 –1 1 1 1 1 1 –1 1 1 1 –1 –1 –1 1 –1 1 

63 
–1 1 –1 –1 –1 1 1 1 –1 –1 1 –1 –1 1 –1 1 1 –1 1 1 1 –1 1 1 –1 –1 1 1 –1 1 –1 1 –1 1 1 1 1 1 1 –1 –1 –1 –1 –1 1 –1 –1 –

1 –1 1 1 –1 –1 –1 1 –1 1 –1 –1 1 1 1 1 

127 

–1 –1 1 –1 –1 –1 1 1 –1 1 –1 1 1 –1 –1 1 1 1 –1 –1 1 1 –1 –1 1 –1 1 1 1 1 –1 1 –1 1 –1 –1 1 –1 1 –1 1 –1 1 1 1 –1 –1 –

1 1 1 1 1 1 –1 1 1 1 1 1 1 1 –1 –1 1 –1 –1 1 –1 –1 –1 –1 1 1 –1 –1 –1 –1 –1 –1 1 –1 1 1 –1 1 1 –1 –1 –1 1 –1 1 –1 –1 –

1 –1 –1 1 1 1 –1 1 1 –1 1 –1 –1 1 1 1 1 –1 –1 –1 –1 1 –1 –1 1 1 –1 1 1 1 –1 1 –1  

255 

1 –1 –1 1 –1 –1 –1 1 –1 –1 –1 1 1 –1 1 1 –1 1 1 1 –1 –1 –1 1 –1 1 1 –1 –1 1 1 –1 –1 1 –1 1 1 –1 1 1 –1 –1 1 –1 –1 1 1 

1 –1 1 –1 1 –1 1 –1 1 1 1 –1 1 1 –1 1 –1 1 1 –1 1 –1 –1 1 1 1 1 1 1 1 1 –1 –1 1 1 –1 1 1 1 1 –1 1 1 1 –1 1 –1 –1 –1 –1 

–1 –1 –1 1 –1 1 –1 1 1 –1 –1 –1 1 1 –1 –1 1 1 1 –1 –1 –1 –1 –1 –1 1 1 1 1 1 –1 1 –1 –1 1 –1 1 –1 1 –1 –1 1 –1 –1 –1 –

1 –1 1 –1 –1 –1 –1 1 1 1 –1 1 1 1 1 1 1 –1 1 1 –1 –1 –1 –1 1 1 –1 –1 –1 1 –1 –1 1 1 –1 –1 –1 –1 –1 1 1 –1 1 –1 –1 –1 

1 –1 1 –1 –1 1 1 –1 1 –1 1 –1 –1 –1 –1 1 –1 1 1 1 –1 –1 1 1 1 1 –1 1 –1 1 1 1 1 1 –1 –1 –1 1 1 1 –1 –1 1 –1 1 –1 –1 –1 

1 1 1 1 –1 –1 –1 –1 1 –1 –1 1 –1 –1 1 –1 1 1 1 

511 

–1 1 –1 –1 1 –1 –1 –1 1 1 1 1 –1 –1 –1 –1 –1 –1 1 1 –1 1 1 1 –1 –1 1 –1 –1 –1 –1 1 1 –1 –1 1 1 1 –1 –1 1 1 –1 –1 1 1 

–1 1 1 1 1 1 –1 –1 –1 1 –1 –1 –1 1 1 –1 –1 1 –1 –1 1 –1 1 –1 –1 1 –1 –1 1 –1 –1 1 1 1 –1 1 1 1 1 –1 –1 –1 1 1 1 1 1 1 

1 –1 –1 1 1 –1 1 –1 –1 –1 1 –1 1 –1 –1 1 1 1 –1 –1 –1 –1 1 –1 1 –1 –1 –1 –1 –1 –1 –1 1 –1 –1 1 –1 1 1 1 –1 –1 –1 –1 

–1 1 –1 –1 –1 1 –1 1 1 1 –1 1 1 1 –1 1 1 –1 1 –1 1 –1 –1 –1 –1 1 1 1 1 –1 1 1 1 –1 –1 –1 1 1 –1 –1 –1 1 1 1 –1 –1 –1 1 

–1 1 1 –1 1 –1 1 1 1 1 –1 1 –1 1 –1 1 –1 –1 –1 1 –1 –1 1 1 1 1 –1 –1 1 1 1 –1 1 –1 –1 –1 –1 –1 1 1 –1 –1 –1 –1 –1 –1 

–1 –1 1 1 1 –1 –1 1 –1 1 1 1 1 1 1 –1 –1 –1 –1 1 1 –1 1 –1 –1 1 –1 1 1 –1 1 1 –1 –1 1 1 1 1 1 –1 1 –1 1 1 –1 1 –1 –1 –

1 –1 1 –1 –1 –1 –1 1 –1 1 1 1 1 –1 –1 1 –1 –1 1 1 –1 1 –1 1 1 –1 –1 1 1 –1 –1 –1 –1 1 1 1 –1 1 –1 1 1 1 –1 1 –1 –1 1 1 

1 1 1 1 –1 1 1 1 1 1 1 1 1 1 –1 1 –1 –1 –1 1 1 –1 1 –1 1 –1 1 1 1 1 1 –1 1 1 –1 –1 –1 1 1 –1 1 1 –1 1 1 1 –1 1 –1 1 –1 –

1 1 1 –1 1 1 –1 –1 –1 –1 –1 1 1 1 1 1 –1 –1 1 –1 1 –1 –1 –1 1 1 1 –1 1 1 –1 –1 1 –1 –1 –1 1 –1 –1 –1 –1 –1 1 –1 1 1 –

1 –1 1 –1 1 1 –1 –1 –1 1 –1 1 –1 1 –1 –1 1 –1 1 –1 1 –1 1 –1 1 1 –1 –1 –1 –1 1 –1 –1 1 1 –1 –1 1 –1 1 –1 1 1 –1 1 1 1 

1 –1 1 1 –1 1 1 –1 1 –1 –1 1 1 –1 –1 –1 1 –1 –1 1 –1 –1 –1 –1 –1 –1 1 –1 1 –1 1 1 1 –1 –1 1 1 1 1 

Table 7. Comparison of SL of the NACF levels. 

Length 

Average level of NACF M-sequences, dB 

Aperiodic Periodic 

Traditional Complex Difference Traditional Complex Difference 

7 –10.88 –15.39 4.51 –16.90 –112.04 95.14 

15 –12.73 –13.75 1.02 –23.52 –93.29 69.77 

31 –15.85 –16.58 0.73 –29.82 –97.72 67.90 

63 –15.16 –15.85 0.69 –35.97 –95.65 69.68 

127 –19.16 –20.24 1.08 –42.05 –100.92 58.74 

255 –23.53 –23.82 0.29 –48.18 –102.73 54.55 

511 –26.94 –27.15 0.21 –53.98 –110.17 56.19 

An analysis of the numerical results in Table 7 shows that using certain complex M-sequences, 

it was possible to reduce the SL level of the normalized aperiodic and periodic ACF compared to the 

same level obtained using traditional representations of this code. 
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Therefore, for example, the greatest decrease in the maximum SL for the normalized AACF was 

4.51 dB, while for the normalized PACF it was 95.14 dB for an M-sequence of length N = 7. With an 

increase in the length of the M-sequence, the level of SL of the NACF decreases, which will increase 

the probability of correct signal detection for a given probability of false alarm, that is, against the 

background of internal noise of the receiving device. Based on this, it should be concluded that it is 

advisable to use new complex element values to modify M-sequences. 

4. Phase Modulation of a Signal by Complex M-Sequences 

In modern SSARS, one of the main requirements is to increase the range resolution. For this 

purpose, complex broad-spectrum probing signals are used in practice, which improves the accuracy 

and reliability of range estimation to ground targets [41–46]. 

The choice of signal modulation type is also important, as it affects the range resolution when 

detecting ground targets. 

Next, we consider the process of generating and analyzing the correlation properties of signals 

phase-modulated by new complex M-sequences. The previously obtained initial phase values φ of 

the new sequences make it possible to generate phase-modulated signals with lower levels of SL of 

the NACF compared to traditional ones. As an example (Figure 8), complex M-sequences of length 

N = 7 with the alphabet {1; –exp(φi)} are used for signal modulation. The vertical axis shows the 

values of the SL of the NACF of the signals, and the horizontal axis shows the time samples. 

 
(a) 

 
(b) 
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Figure 8. Phase modulation of a signal by an aperiodic complex M-sequence: (a) M-sequence №1; (b) M-

sequence №2. 

Similar to Figure 8, complex M-sequences of length N = 15 with the alphabet {1; – exp(φi)} are 

considered below (Figure 9). 

 
(a) 

 
(b) 

Figure 9. Phase modulation of a signal by an aperiodic complex M-sequence: (a) M-sequence №3; (b) M-

sequence №4. 

Comparing Figures 2, 8, and 9, it is clear that the maximum level of the SL of the aperiodic NACF 

of the complex M-sequence and the phase-modulated signal based on it coincide within the 

computational error, indicating that the signals were generated correctly. 

4. Discussion 

In addition to low SL of the periodic and aperiodic ACF of complex M-sequences, it is also 

possible to achieve a fairly low level of the cross-correlation function (CCF) of complex M-sequences. 

In this regard, future research aims to find values of φ that would ensure not only low levels of 

sidelobes of the normalized autocorrelation function, but also the required low level of cross-

correlation lobes between several M-sequences of the same length, but formed by different generator 
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polynomials. A key requirement is maintaining a balance between these parameters to ensure the 

possibility of using multiple signals in a single radar channel. Therefore, further research may be 

directed toward searching for marked signal-code structures modulated simultaneously by several 

parameters (e.g., phase, frequency, and amplitude). In this case, the search should be carried out 

taking into account that these signal-code structures should have a low level of SL of the ACF and at 

the same time have a lobe level of the CCF, which will be lower than that of the ACF. Such an 

improvement can be used to implement an aviation swarm system of group interaction with SSARS. 

The approach presented in this paper for finding new values for M-sequence constructions can 

also be used as a direction for further research. This approach can be applied to finding new values 

for other types of sequences, such as pseudorandom sequences, both binary and with a larger number 

of parameters in their alphabet. 

In addition to communications, radar, and radio navigation, these signals can be used to 

implement group interactions between land-, sea-, and underwater-based swarms. Further research 

can be aimed at modifying the code structure to ensure both low SL of the NACF and low mutual 

interference in a single channel. 

5. Conclusions 

The study resulted in an assessment of the properties of the autocorrelation functions of complex 

M-sequences, including an analysis of their periodic and aperiodic components. An approach based 

on replacing the traditional sequence alphabet with an asymmetric complex one was developed, 

which significantly reduced the level of sidelobes in the autocorrelation function. 

The practical significance of the obtained results lies in their application to improving the quality 

of airborne radar and communication systems, where minimizing the level of SL of the NACF is a 

key requirement. The newly discovered complex M-sequences demonstrated high efficiency in 

computer experiments, which will further enable the generation of signal-code structures used in 

group systems for airborne monitoring of the earth’s surface. 

Thus, the use of complex M-sequences and signals modulated by them confirmed the 

improvement of their correlation properties by searching for new values in the structure of the M-

sequence by replacing the traditional alphabet {1; –1} with an asymmetric complex one. 

The obtained results are intended to stimulate research in the field of changing the algorithms 

for generating and processing signals, increasing the reliability of detecting a useful signal in 

conditions of interference in radar channels when implementing a swarm of SSARS, united in an 

interacting group. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

ACF Autocorrelation function 

AACF Aperiodic autocorrelation function 

NACF Normalized autocorrelation function 

CCF Cross-correlation function 

PACF Periodic autocorrelation function 

SL Side lobe 

SSARS Small-sized airborne radar systems 
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