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Abstract--In this paper a novel recognition algorithm which exploits the linear regression characteristics of 

time-frequency curve(TFC) based on instantaneous frequency estimation(IFE) by short time Fourier 

transform(STFT) and maximum likelihood method to distinguish the common intrapulse modulation signals 

such as e.g. NS, LFM, BPSK, QPSK, etc is discussed. A Time Frequency algorithm has been implemented to 

recognize the intrapulse modulation. The TFC and linear regression of the four modulation types are plotted 

based on the instantaneous frequencies. The  LFM signal is distinguished out of NS,BPSK,QPSK modulated 

signals by testing the lack of fit i.e. the linear regression function is a good fit for the TFC data or not. The 

Rankit maps were used to evaluate the normality of a specific signal. 
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__________________________________________________________________
I. INTRODUCTION 

Modulation recognition plays an important role in communications and radar applications such as signal 

confirmation, interference identification, monitoring, surveillance and counterwork. To obtain a rapid report of the 

modulation type of a received signal, an automatic modulation classification becomes essential. Automatic 

modulation classification (AMC) is an intermediate step between signal detection and demodulation, and plays a key 

role in various civilian and military applications. [1] [2]. Implementation of advanced information services 

and systems for military applications, in a crowded electromagnetic spectrum, is a challenging task for 

communication engineers. Friendly signals should be securely transmitted and received, whereas hostile signals 

must be located, identified and jammed. The spectrum of these signals may range from high frequency (HF) to 
millimeter frequency band and their format can vary from simple narrowband modulations to wideband schemes. 

Under such conditions, advanced techniques are required for real-time signal interception and processing, which are 

vital for decisions involving electronic warfare operations and other tactical actions. In radar electronic 

surveillances, Intrapulse modulation recognition is a very important task in that determining the character of the 

intrapulse modulation will gives valuable insight into the radar's function and design. 

Automatic intrapulse modulation recognition for radar signals have received increased interest recently. In 

[4], an approach based on phase unwrapping and overlapping phase difference of the analytic signal to discriminate 

among normal signal(NS),linear frequency modulation (LFM), binary phase shift keying(BPSK),and quadrate 

phase-shift keying(QPSK) types is developed. In [5], the recognition is similar to [4] except for the procedure to 

obtain the phase difference. The performances of the above two phase difference based methods are worsen 

dramatically when the signal- to -noise ratio (SNR) is less than 6dB. An intrapulse recognition method based on the 

features extracted from digital instantaneous frequency measurement (DIFM) has been proposed in [6].But the 
threshold used in [6] is not so robust because it is depended on large amounts of simulation. 

In [7], an improved recognition method depending on the features of Wigner and Choi-Wiliams time and 

frequency distribution and multilayer perception (MLP) networks is proposed. But the feature extraction operation 

in this paper is very complex. It also required a certain numbers of training pluses before realistic recognition which 

seems a little bit impractical in electronic warfare or uncooperative background.  

In this paper, we proposed a novel recognition algorithm, which exploits linear regression characteristics of 

time frequency curve(TFC) based on instantaneous frequency estimation(IFE) by short time Fourier 

transformation(STFT) and Maximal likelihood method, to distinguish the common intrapulse modulation signals 

mentioned in [4] . 
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II. SIGNAL MODEL 

 

The received signal r (n) is given as 

 

r (n) = s (n) +w(n), 0 ≤ n ≤ N-1         (1) 

 

where s(n) is the signal component and N is the length of the observing samples. Furthermore, s (n) can be 

expressed as 

 

s (n) = Aexp 𝑗 2𝜋𝑓𝑐𝑛𝑇 + 𝜑 𝑛 + 𝜃     (2) 

 

in which A is the amplitude, e is the initial phase, 𝑓𝑐  is the carrier frequency and T represents the sampling 

frequency, the observing period of the signal. The component w (n) is zero-mean complex white Gaussian noise 

with the variance and uncorrelated with the signal s (n). 

The task of this paper is to distinguish among four categories: NS, LFM, BPSK and QPSK, which are the 

typical modulations encountered in radar systems. The signal s (n) can be further expressed in different phase 

function 𝜑(n) depending on the modulation type. 

 

For a NS signal, 𝜑(n) = 0 .It is a pulsed sinusoid without any phase and frequency modulation. 

 

For a LFM signal, 𝜑(n) is given as 
 

 𝜑(n) = πk 𝑛𝑇 2                                (3) 
 

where k is the frequency modulation coefficience. 

 

For a BPSK signal, 𝜑(n) can be expressed as 

 

 𝜑(n) = π𝑑2(𝑛)                                 (4) 

 

where 𝑑2(𝑛) are binary coding series, i.e., 0,or 1, with the code width T,  
 

For a QPSK signal, 𝜑(n) is given by 

 

            𝜑(n) = 
𝜋

2
𝑑4(𝑛)                                  (5) 

 

where 𝑑4(𝑛) are quaternary coding series,i.e.,0,1 ,2 or 3,with the code width T. 

 
Figures 1(a)-(d), reveal the amplitude variations of modulation signals. 

 

 
 

Fig 1(a): BPSK Signal 
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Fig 1(b): LFM Signal 

 

 
 

Fig 1(c): QPSK Signal 

 

 
 

Fig 1(d): Single pulse Signal 

 

III. CHARACTERISTICS OF LINEAR REGRESSION FOR TIME FREQUENCY CURVE'S 
 

A. Instanteous Frequency Estimation by STFT and ML method 

 

The TFC of the observing signal can be obtained by instantaneous frequency estimation in several ways. Here we 

use the method combined with STFT and ML frequency estimation. The discrete version of STFT is defined as 
 

𝑆𝑇𝐹𝑇𝑠
 ℎ (𝑛, 𝑘) =  𝑠 𝑚 ℎ 𝑚 − 𝑛 𝑒−𝑗  

2𝜋𝑘

𝐿
 𝑚 ,

𝑛+(𝐿−1)
𝑚=𝑛  
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                                               k=0, 1… L-1   (6) 

 
where h(m) is the analysis window with the length of L points, r(m) represents the signal under analysis. Index n 

refers to the discrete time and k to the discrete frequency. Because the STFT method takes the Fourier 

transformation (FT) on a block by block basis, the resulting FT can be thought of as a signal's frequency behavior 

during the time period covered by the data block, which could be overlapped or disjointed. Supposing the signal is 

splitted into M disjointed block by the selected windows with the length of L), the instantaneous frequency of the i th 

block can be estimated using ML frequency method based on  𝑆𝑇𝐹𝑇𝑠
 ℎ (𝑖,𝑘)   . We use the linear regression model 

as follows, 

 

𝐹𝑖 =  𝑏𝑖𝑥𝑖+𝑏𝑜+𝑒𝑖, i= 1… M                  (7) 

 

where 𝑒𝑖 is the random error and 𝑏1(≠0), 𝑏𝑜  are parameters of the linear regression model respectively. Apparently, 

the linear regression of the estimated instantaneous frequency data 𝑓𝑖 ,i= 1... M, based on equation (5) and least 

squares method can be expressed by 

 

𝐹𝑖 , = 𝑏1
 𝑥𝑖,+ 𝑏0

 , 0 ≤ i≤M-1                                   (8) 

 

where 𝑏1
 , 𝑏0

  are the estimated linear parameters respectively. 
 

B. Aptness of linear regression model analysis 

 

The TFCs and their linear regressions of the four modulation types mentioned above are plotted in Fig. 2 (a)-

(d), in which the blue line stand for TFC and the red one represents its linear regression line. It should be pointed 

that the estimated instantaneous frequency data 1; is preprocessed to [-1, 1] by eliminating the mean value and 

normalization in Fig.2. From Fig.2, we can infer the following results: 

 

(1)The TFC of a NS is a random variable around and its mean values and the slope of the regression line is near 
O.So the TFC is not in accordance to the linear regression model defined as (7). 

 

(2) For a LFM signal, the regression line based on equation (7) is a good fit for its TFC. 

 

(3)For BPSK and QPSK signals, there are many jump points in their TFC because of the phase jump of their original 

signals. Apparently, the TFC is either not in accordance to the linear regression model defined as (7). 

 

Apparently, we can first distinguish the LFM signal out of NS, BPSK, QPSK modulated signals by testing 

the lack of fit, i.e. aptness, for the linear model defined in (7) ,which can be used to ascertain whether a linear 

regression function is a good fit for the related TFC data or not. The methods for testing lack of fit is mentioned in 

[11][12][13],and here we utilizes Shillington’s test. The brief procedure is presented as follows, 
 

Step1: Cluster the instantaneous frequency series 𝑓𝑖 , i= 1… M into C groups, and with the ith cluster containing 𝑃𝑘  

cases. 

 

Step2: Define three specific linear regression models as follows, 

 

A : 𝑓𝑘𝑗  = 𝑥𝑘𝑗 𝑏1+ 𝑏𝑜+𝑒𝑘𝑗  

 

B : 𝑓𝑘𝑗  = 𝑥𝑘   𝑏1+ 𝑏𝑜+𝑒𝑘𝑗                                   (9) 

 

C: 𝑓𝑘𝑗  = µ𝑖+𝑒𝑘𝑗  

Where k = 1,…,c, j= 1,… 𝑃𝑘  and 𝑥𝑘    is the mean value of the kth cluster data. 

 

Step 3: Calculate the statistics 𝐶1 with the F distributions as  
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𝐶1 = 
 𝑆𝑆𝐸 𝐵 −𝑆𝑆𝐸 𝐶  /[𝑑𝑓 𝐵 −𝑑𝑓 𝐶 ]

 𝑆𝑆𝐸  𝐴 −𝑆𝑆𝐸 𝐵 −𝑆𝑆𝐸 𝐶  /[𝑑𝑓 𝐴 −𝑑𝑓 𝐵 −𝑑𝑓 𝐶 ]
 

 

   = 
 𝑆𝑆𝐸  𝐵 −𝑆𝑆𝐸 𝐶  /(𝐶−2)

 𝑆𝑆𝐸 𝐴 −𝑆𝑆𝐸 𝐵 −𝑆𝑆𝐸 𝐶  /(𝑀−𝐶)
                    (10) 

 

Where SSE(.) is the sum of square for error in the assigned linear regression models and df(.) is the freedom of 

them. 

 

Step 4: The decision rule with this test statistic when 

controlling the level of significance at 𝛼 is : 

 

if 𝐶1 > 𝑃1 = F(1- 𝛼;c-2,M-c),lack of fit 

if 𝐶1 ≤ 𝑃1  = F(1- 𝛼;c-2,M-c),not lack of fit          (11) 

 

 
 

Fig 2:FFT and STFT of a LFM signal 

 

 
 

Figure 2. TFC of LFM signal and its linear regression of the signal (SNR=6dB.L=128.M=63, windows type is 

Hanning.) 

 

IV. INTRAPULSE MODULATION RECOGNITION ALGORITHM 

 

In brief, the whole proposed intrapulse modulation recognition algorithm is presented as follows: 

 

Step1: Obtain the TFC by estimating the instantaneous frequency series .J; i = I... M with the STFT and ML 

methods. 
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Step2: Regress the TFC using the linear model by equation (6). 

 

Step3: Calculate the test statistic 𝐶1  and the threshold p1:if 𝐶1 <𝑃1   , determinate the signal is a LFM signal . 
 

Step4: Calculate the test statistic 𝐶2  and the threshold P2, if 𝐶2  > 𝑃2, then determinate the signal is a NS. 

 

Step5: Square the received signal and repeat Step I and Step2, then compute the test statistic 𝐶2  and the threshold 

𝑃2  ,if 𝐶2  > 𝑃2 ,then determinate the signal is a BPSK signal ,otherwise it is a QPSK one.     

 

V. SIMULATION RESULTS 
A. Simulation Setup 

 

     In this section the performance of the proposed recognition method is analyzed using simulated data. For all 

received signals, the carrier frequency is 20.6MHz, the sampling frequency is 100MHz, the length of the signal is 

40.96us, and the initial phase is uniformly distributed over [-n, n]. For LFM signal, the frequency modulation 

coefficence k is 1.953MHz/us and for BPSK and QPSK signal, the code width is 640ns.For the two statistical tests, 

i.e. lack of fit and Normality ,the level of significance a are 0.01 which is used to calculate the threshold of the 

decisions rules. 

 

B. Recognition Performance 
 

    Recognition performance is measured as a function of the SNR. The probability of correct classification, denoted 

as  𝑃𝑑  of each modulation type is estimated base on 1000 Monte Carlo trials with the SNR varying from -3dB to 

10dB. 

   Fig.5 plots the recognition probabilities of versus SNR. For a SNR around 6dB,we can find that the correct 

recognition rates of all four modulation types are above 90%.It is noticed that recognition performance of LFM is 

the best among the four types, which can be above 90% even at SNR of -3dB and about 100% at SNR of OdB. For 

NS, the correct recognition rate is 100% at SNR of 4dB. For BPSK and QPSK, the performance is declined at the 

same SNR condition because the square operation used in the method make the accuracy of the instantaneous 

frequency estimation even worsens. 

 

 

 
 

 

Figure 3. Rankit map for original signals :(a)NS    (b)BPSK(c)QPSK 
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Figure 4. Rankit map for the squared BPSK and QPSK signals (a) BPSK (b) QPSK 
 

 

Fig.6 shows the average recognition performance contrast between LR(linear regression) and DP (derivate 

of phase) methods, where LR denoted the method in this paper and DP is the method used in [5]).As is shown in 

Fig.6,the average performance of LR is better than DP, especially when the value of SNR is low. 

 
Figure 5. FFT spectrum of the signal 

 

 

 
 

Fig.6 Linear FM 
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VI. CONCLUSION 
 

A novel method for automatic intrapulse modulation type identification of radar signals, based on linear regression 

characteristics of time frequency curve, is found to be effective in classifying the common intrapulse modulation 

radar signals. The method is especially suitable for the low input SNR and without the prior knowledge requirement. 
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