
 

  

Abstract—In this study, the chaotic binary codes generated 

by quantum logistic map were adopted to modulate the phase of 

the orthogonal frequency division multiplexing (OFDM) 

signal，thus further designing a multicarrier chaotic phase 

coded radar waveform. Both the ambiguity function and the 

expression of the pulse compression of this waveform were 

deduced. In addition, pulse compression is performed on the 

signal using the segmented fast Fourier transform (FFT) 

method, which is compared with conventional pulse 

compression method accordingly. Simulation results suggest 

that by introducing multicarrier and chaotic phase modulation, 

the waveform can be improved in terms of complexity, 

randomness and coding agility. The signal designed in this study 

exhibits its easy accessibility in terms of signal receiving and 

processing due to the adopted FFT method, which is proven to 

be an effective low probability of interception (LPI) stealth 

radar waveform. 

 
Index Terms—multicarrier, chaos, radar signal, pulse 

compression 

 

I. INTRODUCTION 

ERFORMING as one of the prioritized duties in realizing 

low probability of interception (LPI) technology and 

radio-frequency (RF) stealth, the philosophy of designing 

radar waveform takes into consideration studying or 

choosing certain waveforms to achieve stealth, to which the 

requirement for radar echo involves carrying target 

information while preventing from being intercepted, as well 

as minimizing possibilities of being attacked by precision 

guided weapons or anti-radiation missiles. 

 In order to realize stealth for radar waveforms, certain 

properties ought to be prioritized ab initio [1], of which 

include but not limited to maximum signal uncertainty, 

waveform complexity, coding agility, instantaneous 

bandwidth with wideness and uniformity, thumbtack-shaped 

ambiguity, large compression ratio, low sidelobe level, etc.           
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Moreover, additional requirements are also necessary to 

facilitate stealth, which involves using minimum peak power 

to realize large detection range and ensuring easy 

accessibility in signal receiving and processing. 

In recent years, radar waveform designing becomes a 

hotspot in radar research field [2-7], in which multicarrier 

radar owes its emergence to the prospering of multicarrier 

technology in communications. With respect to power 

consumption, Reference [8] took into account robust OFDM 

radar waveform design based on the philosophy of 

minimizing power consumption. Furthermore, in response to 

delay-Doppler radar applications, Reference [9] broadened 

OFDM waveform through embedding communication codes 

into OFDM chirp waveforms. Ultra-wideband OFDM radar 

has also been applied to earth observation and imaging 

[10,11]. In addition, the multi-input multi-output (MIMO) 

radar system [12] also referred to the technology developed 

for OFDM radar. In order to ensure convergence and 

coexisting of radio frequency (RF), Reference [13] designed 

a multicarrier radar-communications waveform. 

The characteristics of multicarrier phase coded (MCPC) 

radar signal [14-15] are featured by introducing phase-coding 

to all carriers based on OFDM signals, to which certain 

advantages owe their emergence. The characteristics of 

multicarrier contribute to the advantage of MCPC signal with 

respect to expanded bandwidth by using narrow-band, easy 

operation and fast generation. In addition, the characteristics 

of phase-coding enables the profile of approximate ideal 

ambiguity function for MCPC radar signal, thereby ensuring 

its high resolution and outstanding anti-interference 

performance. 

Reference [16] proposed a complementary block coding 

method to design a MCPC signal with low peak-to-mean 

envelope power ratio (PMEPR). Reference [17] designed a 

MCPC signal with low sidelobe power and PMEPR using 

Zad-off Chu phase sequence. 

Although the above researches have designed multicarrier 

radar waveform from different perspectives, few articles 

focused on stealth radar waveform design using agility of 

multicarrier signal. In this study, we discussed designing an 

MCPC stealth radar waveform that is on the basis of chaotic 

phase modulation is discussed, upon which not only is the 

designed signal's ambiguity function analyzed, but also the 

method of signal pulse compression is studied. 

 

II. DESIGN OF MULTICARRIER CHAOTIC PHASE CODED 

WAVEFORM 

The mathematical expression for multicarrier chaotic 

phase coded signal [11] with carrier number N and phase 

modulated bits M is written as 
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where ( ) 1s t   for 0 bt t   and zero elsewhere, 

,

,
n mj

n ma e


=  is the m-th element of the sequence modulating 

carrier n, n,m is the m-th phase element of the n-th sequence. 
nj

n n e
 =  denotes the complex weight corresponding to 

the n-th carrier, 
n  denotes the frequency weighted 

amplitude, 
n is the frequency weighted phase being referred 

to as initial phase. Supposing that the frequency difference 

existing between neighboring two carriers ∆f equals to the bit 
duration inverse tb, we therefore obtain the OFDM. 

For a conventional MCPC signal, its subcarrier encoding 

sequences usually involve Barker, P4 and Huffman codes, to 

which these commonly used encoding methods displays 

certain disadvantages in terms of encoding form and 

randomness. 

In order to enhance the MCPC signal's agility and 

randomness, a chaotic sequence is adopted, of which is 

featured with high sensitivity to initial value, easy operability 

and identified reproducibility, thereby obtaining multicarrier 

chaotic phase-coded signal by introducing the quantum 

logistic map generated chaotic sequence [18-20] into phase 

modulation of the MCPC signal. 

In this study, the aforementioned chaotic sequence being 

generated by quantum logistic mapping can be expressed as 

follows: 
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In the above Equation (2),   6 is the dissipative parameter, 

the adjustable parameter is (0,4)  . f, p, q represent 

complex numbers with f* functioning as complex conjugate 

of f and as similarly of q. Here, the initial values are set to be 

real numbers, (0) (0,1)f  , (0) (0,0.1)p  , (0) (0,0.2)q  , 

and then f*= f, q*= q. Accordingly, the quantum chaotic 

mapping possesses stronger randomness and higher 

aperiodicity. 

The chaotic sequence generated by quantum logistic map 

is binarized as a set of MCPC signal chaotic phase 

modulation sequences, which is expected to have good 

autocorrelation performance. The maximum sidelobe value 

of correlation function being referred to as peak sidelobe 

level (PSLL) is adopted in evaluating autocorrelation 

performance of the chaotic sequences, to which smaller value 

indicates better performance, thereby further validating its 

higher independence and randomness. 

Here, the iteration number (sequence length) that is 

composed of N steps begins from 1000 to 50000 with a unit 

step of 2000. Figure 1 is the diagram showing relationships in 

between the PSLL of sequence autocorrelation, iteration 

number and initial value of the binary quantum logistic 

chaotic sequence. 
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Fig. 1. Diagram showing relationships in between PSLL, iteration number 

and initial value. 

 

As shown in the above figure, the autocorrelation 

performance of the binary quantum logistic chaotic 

sequences remains stable as the iteration number and initial 

value vary. The excellent autocorrelation performance still 

remains when the required long code length is not needed in 

practical applications. 

The quantum logistic mapping is used to generate 

L=M×N chaotic biphase codes that can be expressed in the 
form of the set {c1, c2, c3, …cL}. Using with Eq. (3), each 

carrier's phase in the MCPC signal can therefore be 

modulated. Hence, the multicarrier chaotic phase coded 

waveform based on binary quantum logistic mapping is 

obtained, which is denoted here as MCPC_QL, 

, ( 1)n m M n mc − +=
.                           

(3) 

Supposing that, t=ntb/N, i.e., then N sampling points exist in a 

symbol duration. The length of the sampled MCPC_QL 

signal is MN. 

By discretising the gate function s(t), we obtain 

b
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Therefore, 
b b( / )s nt N mt−  can be written as ( )s n mN− . 

The expression for the MCPC_QL sampling derived from Eq. 

(1) is 
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So the MCPC_QL signal can be obtained by conducting 

inverse discrete Fourier transform (IDFT) with respect to the 

symbol matrix [kak,m]NM multiplied by N. Therefore, the 

generation of the MCPC_QL signal can be accomplished 
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through conducting inverse fast Fourier transform (IFFT) 

operation to shorten the operation time. A flowchart showing  

 the generation of the MCPC_QL signal using the IFFT is 

shown in Fig.2. 
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Fig. 2. Flowchart showing the generation of the MCPC_QL signal. 

 

III. AMBIGUITY FUNCTION OF THE MCPC_QL 

 Following the principal of ambiguity function, 
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Therefore, by substituting Eq. (1) into Eq. (6), it is obtained 

that 
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Supposing that 
1 d( )n n f v F−  + = , 

1 b s( )m m t t + − = and 

b 't mt t− = , Eq. (7) can therefore be simplified as 
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where 
auto ( , )v  , which is called the auto-ambiguity 

function. This term is the result of ( , )v   when the 
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When 
1n n  and 

1m m , it can be obtained that 

cross 1( ,( ) )n n f v  −  + , which is called the cross-ambiguity 

function: 
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where 
cross 1( ,( ) )n n f v  −  +  has little influence on ( , )v  . 

Supposing that N=M=13, tb=10-6, the corresponding 

ambiguity function of the MCPC_QL is therefore illustrated 
in Fig. 3. Figure 4 depicts the ambiguity function of the 

MCPC signal based on P4 code. As shown in Figures 3 and 4, 

the ambiguity function of the MCPC_QL signal exhibits a 

thumbtack profile, displaying its high range and speed 

resolution, whereas the ambiguity function of the MCPC_P4 

exhibits higher autocorrelation sidelobes and large 

fluctuations in the Doppler axis, posing detrimental impacts 

on measuring speed and distance. 

 
Fig. 3. Ambiguity function of the MCPC_QL. 

 

 
Fig. 4. Ambiguity function of the MCPC_P4. 

 

The autocorrelation function's PSLL of the MCPC_QL 

varies with the carrier number N, and the symbol number M 

ranging from 3 to 51 with a step size of 2 is shown in Fig. 5, 

which means smaller N and M indicate degradation in the 

autocorrelation performance.  
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Fig. 5. Impact imposed by carrier number N and symbol number M on 

autocorrelation’s PSLL of MCPC_QL 

The PSLL's value decreases as the values of N and M 

increase, and that the fluctuation of the PSLL curve tends to 

be stable. 
 

IV. PULSE COMPRESSION OF THE MCPC_QL SIGNAL 

Being one of the most critical procedures in radar signal 

processing [21], pulse compression, upon which subsequent 

missions are depended, balances the detection ability of a 

radar with its distance resolution. In this study, through 

utilizing the multicarrier characteristics of the MCPC_QL 

signal, operations of pulse compression can be performed on 

corresponding signals adopting the FFT method. The impulse 

response of the matched filtering of the MCPC_QL signal f(t) 

is 
*

b( ) ( )h t f Mt t= − .                             (12) 

The sampling rate is 
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where L>1, meaning that each symbol sample of LN points 
can effectively avoid compression losses. After sampling the 

signal f(t), the sampled signal f(k) is therefore obtained: 
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The h(t) is sampled with the same sampling rate 
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By substituting f(k) and h(k) into Eq. (16), it can be obtained 

that 
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Therefore, the output of pulse compression can be 

expressed by Eq. (20). It can be seen from the generation of 

the MCPC_QL signal shown in Fig. 2 that the signal is  
substantially the discrete Fourier transform (DFT) of the 

symbol matrix 
,[ ]n n m N Ma 

 by columns: 

( )

 

 

1 1 1

1 1

1 1 1 1
* *
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0 0 0 0

1 1
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b
1 b
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exp j2π exp j2π( )
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n m n m

b

y k a a n M

k
n n n m
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F

kt
Mt m m t LN
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 
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 
 − − 

 

+ −
 − −

+ − − 

  

，

.       (20) 

Therefore, the DFT can be used to calculate the symbol 

matrix in a sliding way, and then it can be correlated with the 

conjugate of the encoding sequence to get the pulse pressure 

output. Fig. 6 demonstrates a DFT-based diagram of pulse 

compression of the MCPC_QL (N=M=7 is taken as an 

example). 

In the above figure, i is the count variable with an initial 
value of 1. The sampling rate is set as LN∆f, where L>1, and 

the LN points are sampled in the symbol. Due to the M 

symbols involved in the MCPC_QL signal, LMN points 

therefore exist. Hence, fd(n) is set as the expression of the 

MCPC_QL signal after being sampled. The method of pulse 

compression on the MCPC_QL signal based on the DFT is 

described as follows. 

Step 1.  LMN-1zeros are added at the tail of fd(n). 
Step 2.  fd(i) is set as the starting point, and data with length 

of LMN are divided into M segments with length of LN. 

Step 3.  Data of M points for each LN path are obtained by 

serial to parallel conversion. 

 

Step 4.  LN point FFT by columns is conducted on the 

parallel data M times. The first N points from the FFT result 

are taken to form N×M parallel data with N paths and M 
points for each path. 

Step 5.  N×M parallel data are correlated with the phase 

encoding of the MCPC_QL. 

Step 6.  The results of Step5 is added to get the i-th output of 

pulse compression. 

Step 7.  i=i+1. If i≤LMN, return to Step2 and repeat until 

i>LMN. 

Taking the MCPC_QL signal with N=M=7 as an example, 

the results of pulse compression based on the FFT and on 

conventional matched filtering methods are shown in Fig. 7, 

to which the result of FFT-based pulse compression is similar 
to that of the conventional matched filtering method. 

However, the calculation speed of the FFT-based pulse 

compression is therefore improved, to which the adopting of 

the FFT method can be primarily attributed. 

Throughout the pulse compression process performed on 

MCPC_QL signal using the FFT method, the symbols of 

each carrier and of each code element 
,[ ]n n m N Ma 

are 

therefore obtained, by which each carrier can be recovered, 

displaying the real part after performing pulse compression 

on each carrier of the signal as shown in Fig. 8. The result of 

the MCPC_QL pulse compression based on the FFT (the real 

part is not normalized) is shown in Fig .9. 

As can be seen from Fig.8, the spiky profile of each 

carrier occurs in same positions due to its equal pulse widths. 

The pulse pressure spikes of each carrier appear at the same 
position, and the resultant pulse compression output (Fig. 9) 

is the N (number of carriers) multiples of the pulse 

compression result of each carrier. 
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Fig. 6. Pulse compression of the MCPC_QL based on the DFT. 
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In specific, with respect to each subcarrier, the sidelobe 

fluctuations of each subcarrier's pulse compression result 

differ, to which adding these fluctuations together will cause 
either profile superposition or profile cancellation in sidelobe 

of pulse compression result. Consequently, the superposition 

leads to the sidelobe base elevating while the cancellation 

results in the sidelobe base lowering, thus further making the 

final pulse compression result being featured not only with its 

mainlobe exhibiting spiky profile but also with small 

fluctuating profile under low base of the sidelobe. 

 

 
Fig. 7. Comparison of the two pulse compression methods 

 

 
Fig. 8. Subcarrier pulse compression result 

 

 
Fig. 9. Pulse compression result of the the MCPC_QL signal 

 

V. CONCLUSION 

In this paper, a larger bandwidth was generated by the 

proposed designing of the MCPC_QL radar signal, thereby 
ensuring higher distance resolution. The orthogonal 

subcarrier structure of the designed signal not only ensures 

small interference in between the carrier frequencies, but also 

facilitates full utilization of the frequency band. The 

introducing of chaotic phase modulation features the 

waveform with lots of characteristics in terms of code agility, 

randomness, waveform diversity, and of a thumbtack 
ambiguity function, further enabling the designed waveform 

to meet the requirements of a stealth radar waveform. 

Despite the aforementioned research findings, certain 

factors are not taken into account in this paper, which may 

potentially impose advantageous effects or disadvantageous 

encumbrance on the performance of the stealth radar 

waveforms. For instance, the adaptability of radar waveform 

to environment is not considered. In order to lay solid 
theoretical foundations for designing stealth radar waveforms, 

our future research interest will be focusing on the above 

factor, paving way for implementing the proposed radar 

waveforms in practical applications of intelligent adaptive 

design. 
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