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Signal modulation identification is of high interest for applications in military communications, but is not limited only to this specific field. Some possible applications are related to spectrum surveillance, electronic warfare, quality services, and cognitive radio. Distinguishing between multi-carrier signals, such as orthogonal frequency division multiplexing (OFDM) signals, and single-carrier signals is very important in several applications. Conventional methods face a stalemate in which the classification accuracy process is limited, and, therefore, new descriptors are needed to complement the existing methods. Another drawback is that some features cannot be extracted using conventional feature extraction techniques in practical OFDM systems. This paper introduces a new signal detection algorithm based on the phase diagram characterization. First, the proposed algorithm is described and implemented for simulated signals in MATLAB. Second, the algorithm performance is verified in an experimental scenario by using long-term evolution OFDM signals over a software-defined radio (SDR) frequency testbed. Our findings suggest that the algorithm provides good detection performance in realistic noisy environments.
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1 INTRODUCTION
The last few years have brought huge development in wireless communication systems. With technology development, multiple-input and multiple-output (MIMO) systems have become more widely used. The advantages of this technology are based on the increased data capacity, which leads to reaching effective multiple parallel spatial data streams to increase the number of users and enhance the transmission quality.
With the development of these systems, the types of modulation used in data transmission have also become an important topic. Therefore, OFDM data transmission represents one of the most important techniques in advanced wireless communications.
The limited availability of spectrum resources places constraints on the development of wireless systems as the demand for wireless services continues to increase. To address this challenge, wireless systems are moving toward incorporating more embedded intelligence. The cognitive radio (CR) concept appears as a key solution to the problem of making different systems coexist in the same frequency band. CR terminals possess the capability to reconfigure themselves, adjusting parameters such as modulation, carrier frequency, and power based on the surrounding radio environment and spectrum policy. Therefore, spectrum sensing and especially system identification is a crucial step toward radio environment awareness (H. Mahmoud et al., 2009). Thus, identification of OFDM signals is highly important for adaptive receiver algorithms and signal identification applications.
As a brief introduction, OFDM is based on the concept of the inverse fast Fourier transform (IFFT), which requires the simultaneous transmission of parallel data streams over mutually orthogonal sub-carriers with overlapping frequency bands (Singh et al., 2022). Each subcarrier may be modulated with a conventional digital modulation scheme (such as binary phase-shift keying (BPSK) and quadrature phase-shift keying (QPSK)), at a lower symbol rate (Lin et al., 2002) than traditional single carrier modulations.
The documented automatic modulation classifier methods for OFDM systems include conventional spectral analysis (Jafar et al., 2021), deep learning-based methods (Huynh-The et al., 2022), and maximum a posteriori-based algorithms (Bahrani et al., 2016). The automatic recognition of this type of modulation is rather complicated with classical signal analysis techniques like spectral analysis, time-frequency analysis, wavelet analysis, or high-order statistics (Hassan et al., 2012).
In Park et al. (2021), the authors propose a deep learning-based automatic modulation classification system to classify higher-order OFDM modulations, 64 OFDM to 512 OFDM, at an SNR value of 20 dB. The results obtained are quite low in a classic deep learning manner, as the authors also showed, obtaining an accuracy below 30%. For this reason, they combine this approach with a CNN model operating on the fast Fourier transformation window bank to extract the useful symbol length in OFDM, which represents the identification of each OFDM-based wireless communication technology, thus managing to increase the accuracy by over 90%. However, the proposed model required a longer input sample length and high SNR value, and the accuracy result depends on the value of the thresholds used for FFT window length.
A maximum a posteriori-based automatic modulation classification for adaptive OFDM systems is presented in Haring et al. (2013), where the authors show that the joint probabilities of the transmit and receive subcarrier bandwidth efficiencies must be precisely known to be able to use this approach. The numerical results show that the approach can be used only at high values of SNR. Above 20 dB, this method provides over 90% results for the identification of OFDM. However, at a value of 10 dB, the accuracy is 0%.
The integration of cyclostationary spectrum sensing detection with an OFDM system is implemented and analyzed in Kumar et al. (2019). This approach, although simple from a computational point of view, manages to highlight features necessary to be able to identify OFDM modulation. In the cases studied by the authors, the results obtained are satisfactory and can identify the modulation at an SNR value of 5 dB with a probability of 90%.
In Gorcin et al. (2015), an OFDM signal identification method that employs estimates of higher-order cumulants and their covariance is proposed. Using this approach, the OFDM modulation can be identified with a probability of 80% at an SNR value of 5 dB. However, the identification performance is affected under low SNR because of the time-domain Gaussianity of the OFDM signals.
As we have seen, identifying the OFDM modulation is not an easy task. There are different ways of approaching the problem, and no unanimously accepted method will provide the desired results. In the case of most approaches, the biggest impediment is the low SNR value. Otherwise, the more complex the approach, the more factors involved in the identification process that must be estimated. This leads to the impossibility of using the blind identification of the modulation, which is preferable in the case of real systems.
Therefore, our proposal is to combine the iterative filter bank decomposition with the phase diagram analysis, a data-driven technique, applied in each frequency sub-band to address the detection of the OFDM modulations. This approach allows us to identify the single carrier in a given sub-band and, for all the signal’s bandwidth, to determine the sub-bands containing each individual orthogonal carrier.
This paper is organized as follows: Section 2 presents the theoretical aspects of the analyzed signal model, phase diagram, and its characteristics used in the modulation recognition process. In Section 3, we analyze the results obtained after the implementation of the detection and characterization algorithm. Finally, in Section 4, we present the conclusions and some future perspectives of our work.
2 MATERIALS AND METHODS
2.1 Theoretical aspects
2.1.1 OFDM signal model
In general, an OFDM signal can be defined as follows:
[image: image]
where [image: image] represents the number of OFDM subcarriers and [image: image] are the amplitude, frequency, and phase of the [image: image] subcarrier. For an OFDM signal with BPSK subcarriers, the phase can be defined by:
[image: image]
where [image: image] represents the total number of symbols transmitted through the [image: image] subcarrier, [image: image] is the symbol period, [image: image] stands for the Heaviside step function, and [image: image] depending on the transmitted bit.
2.1.2 Phase diagram
The phase diagram is a way of analyzing nonlinear data based on a new representation domain of an analyzed time series. In this new representation space, different characteristics can be highlighted, bringing new information about the analyzed time series (Marwan et al., 2007). The transition to this new representation space of the time series is performed based on the phase space vectors, according to Eq. 3:
[image: image]
In the construction of the phase space vectors, we can observe the introduction of two new parameters: the time delay [image: image] between the samples of a signal’s vector and encapsulation dimension [image: image]—the number of samples in the vectors; that is, the vectors’ projections on the axis are the samples of the signal. Most often, these two parameters can be determined through the mutual information method and the false nearest neighbor method, respectively (Digulescu et al., 2016).
One of the major advantages of this analysis method is that each analyzed signal has a specific representation in the phase diagram. Figure 1 shows the phase diagram representation of a BPSK signal, defined as in Eq. 4:
[image: image]
where [image: image] are the amplitude, frequency, and phase of the signal.
[image: Figure 1]FIGURE 1 | BPSK signal (left) and its phase diagram representation (right).
Figure 1 shows that the phase diagram of a BPSK signal consists of one ellipse with two distinct branches. These branches correspond to the moments when the transition from one phase to another happens in the analyzed signal.
2.1.3 The angle of the trajectory in the phase diagram
In this paper, we use the angle extracted from the phase diagram for the OFDM signal detection and its subcarrier characterizations. The extraction of this angle is based on the analysis of the points that build the trajectory of the series analyzed in the phase diagram (Scripcaru et al., 2020).
Inspired by Figure 2, we consider any three points ([image: image] and [image: image]) of the representation. Thus, we aim to determine the angle between the plane determined by these three points and the [image: image] plane based on the following scalar product:
[image: image]
where [image: image] is the normal to the plane formed by the three points and [image: image]. The lower image in Figure 2 shows the variation of the [image: image] angle for the BPSK analyzed signal presented in the upper image in Figure 2. As can be seen, the variation of the extracted angle highlights the phase changes in the BPSK signal.
[image: Figure 2]FIGURE 2 | BPSK signal (up) and the variation of the α angle (down).
2.2 Phase-space-based OFDM recognition
In this subsection, we present the OFDM detection for two cases: with four and with eight subcarriers. The central idea of our work is the following: the detection process is based on the fact that each BPSK subcarrier of the OFDM signal has a specific characteristic in the field of the phase diagram. In this sense, using orthogonal filters, we decompose the analyzed frequency band, and, with the phase diagram representation, we characterize each signal extracted from its sub-band. Then, the characteristics of the extracted signals are compared with the specific BPSK phase diagram characteristics.
2.2.1 Analog OFDM signal with two BPSK subcarriers
We consider the case of an OFDM signal with a guard interval of 20% of the total length of the signal shown in Figure 3 composed of two orthogonal BPSK subcarriers with the following frequencies: [image: image], [image: image], and the sampling frequency of the signal [image: image].
[image: Figure 3]FIGURE 3 | OFDM signal and its subcarriers.
Figure 4 shows the spectrum and spectrogram of the OFDM signal from Figure 3. The individual characteristics of the subcarriers are not visible in these representation domains, and we cannot find any information on the type of modulation of the subcarriers.
[image: Figure 4]FIGURE 4 | Analog OFDM signal spectrum (left) and spectrogram (right).
To decompose the OFDM signal band, we use the set of orthogonal bandpass Chebyshev type II filters, as shown in Figure 5. The pass band of the filter is [image: image], where [image: image], [image: image] is the decomposition level, and [image: image] is the number of sub-band frequencies.
[image: Figure 5]FIGURE 5 | Set of filters and the OFDM subcarriers (red).
Three situations can occur in the filtered frequency domain: the presence of a single BPSK subcarrier, the presence of more than one BPSK carrier, or the absence of any subcarrier.
To illustrate these examples, we have used the following filtering bands: [image: image], [image: image] and [image: image]. The signals obtained after applying the filters are presented in Figure 6, where each signal (from left to right) represents the signal obtained after applying the bandpass filter at the [image: image] level in the [image: image] band.
[image: Figure 6]FIGURE 6 | Filtered signal: only one subcarrier present (left), two subcarriers present (middle), or no subcarrier present (left).
On the filtered signals, we extract the angle from the phase diagram. Its variation can be observed in Figure 7.
[image: Figure 7]FIGURE 7 | Variation of the angle [image: image] (blue) and the detected spikes (red) for the filtered signals: left—single carrier, middle—two subcarriers, and right—no subcarrier.
As it can be seen, depending on the case, the variation of the angle [image: image] may highlight a different number of peaks. To be able to decide about the existence of the BPSK subcarrier, we quantify these peaks using the information provided by the angle variation histogram, as shown in Figure 8. Therefore, we define the percentage of spikes ([image: image]) as in Eq. 6 to see if the number of samples, which are in the same bins as the spike’s samples, represent less than [image: image] of the total number of samples (Scripcaru et al., 2021). If [image: image] is higher than [image: image], we conclude that the filtered signal does not represent any BPSK subcarrier.
[image: Figure 8]FIGURE 8 | α angle’s histograms for the filtered signals: left—single carrier, middle—two subcarriers, and right—no subcarrier.
The definition of the [image: image] is as follows:
[image: image]
where [image: image] is the total number of samples and [image: image] is the number of bins that contain at least one spike.
The [image: image] values for the three filtered signals analyzed are: [image: image], [image: image], and [image: image]. [image: image] corresponds to a single subcarrier present, [image: image] corresponds to multiple subcarriers present, and [image: image] corresponds to the no subcarriers case.
Depending on the studied case, we have several possible interpretations of the histogram results. For a single carrier, the values of the samples are concentrated in a main bin or near a certain value. In the case of two subcarriers, the values are distributed in multiple bins, and in the case of no carrier, false peaks are introduced, and their distribution is similar to the previous case. Consequently, the algorithm must be completed with another condition.
It is necessary to check if the number of samples from the two most-populated bins represents more than [image: image] of the total number of samples. The two most-populated bins contain values close to the average value of the angle. We introduce the percentage of averages ([image: image]) parameter defined by Eq. 7.
[image: image]
If [image: image] is smaller than [image: image], then we decide that the filtered signal is not a BPSK subcarrier (Scripcaru et al., 2021). The [image: image] values for the three filtered signals analyzed are the following: [image: image], [image: image] and [image: image].
Therefore, the steps of the presented algorithm for the OFDM signal carrier detection and characterization are proposed in the diagram form shown in Figure 9.
[image: Figure 9]FIGURE 9 | Block diagram of the proposed algorithm.
Next, we aim to verify the efficiency of the proposed algorithm in the presence of noise. In addition, we have considered the cases with four BPSK subcarriers and eight BPSK subcarriers. The data are analyzed by reporting at two levels of the signal-to-noise ratio (SNR): [image: image] and [image: image]. The obtained results are shown in Table 1, Figure 10.
TABLE 1 | Results obtained with white Gaussian noise added.
[image: Table 1][image: Figure 10]FIGURE 10 | PoS and PoA results obtained with white Gaussian noise added.
We notice that the proposed algorithm successfully detects a single subcarrier of the multi-carrier signal for the two SNR values of the additive white Gaussian noise. Thus, the noise presence in the analyzed signal still allows the detection of the OFDM signal.
2.2.2 Digital OFDM signal with 4 BPSK subcarriers
In this case, we start from the characteristics of the IEEE 802.11a standard for WLAN [Wireless Local Access Network—(IEEE Std 802.11a-1999)] having a bandwidth [image: image] and the subcarrier spacing [image: image], modulation BPSK, and four subcarriers (Figure 11).
[image: Figure 11]FIGURE 11 | OFDM signal (left) and its corresponding amplitude spectrum (right).
Hereinafter, we present the evolution of the algorithm in the three possible situations discussed previously (one carrier in the filtered signal, more than one carrier in the filtered signal, or no carrier in the filtered signal). Figure 12 highlights the corresponding filtered signal for a single carrier present case.
[image: Figure 12]FIGURE 12 | Filtered signal with a single subcarrier present (left), the variation of the angle [image: image] (middle), and the histogram (right).
The corresponding angle variation and histogram of this signal with a single subcarrier are displayed in Figure 12. The results obtained for the two parameters required for detection are: [image: image] and [image: image] for the bandwidth [image: image].
The results obtained for the case in which we have two subcarriers present are shown in Figure 13. The results obtained for the two parameters required for detection are: [image: image] and [image: image] for the bandwidth [image: image].
[image: Figure 13]FIGURE 13 | Filtered signal with two subcarriers present (left), the variation of the angle [image: image] (middle), and the histogram (right).
The results obtained for the case in which no subcarrier is present are shown in Figure 14. The results obtained for the two parameters required for detection are: [image: image] and [image: image] for the bandwidth [image: image].
[image: Figure 14]FIGURE 14 | Filtered signal with no subcarrier present (left), the variation of the angle [image: image] (middle), and the histogram (right).
Based on these results, we can observe that, in the case of a single carrier present, the proposed algorithm provides the results in the imposed limits; see Figure 9. Furthermore, in the cases in which we do not have any subcarrier present or multiple carriers are present, the proposed algorithm corresponds to the chosen restrictions.
3 RESULTS FOR EXPERIMENTAL LTE OFDM SIGNALS
In this section, we have performed an experimental setup using two B210 SDR boards connected with a VERT2450 antenna, as shown in Figure 15. The distance between the two boards is 0.8 m, and they are placed in an indoor location.
[image: Figure 15]FIGURE 15 | Experimental setup and illustration of the OFDM signal recording.
The transmitted signal is generated based on the downlink LTE-OFDM standard (Rumney, 2013) according to the “R.4” reference channel defined according to Annex A.3 of 3GPP TS 36.101 as presented in Table 2. Figure 16 presents the transmitted and received signals.
TABLE 2 | Parameters of the downlink LTE-OFDM signal.
[image: Table 2][image: Figure 16]FIGURE 16 | Transmitted (left) and received (right) downlink LTE-OFDM signals.
Next, we have applied the same algorithm for the previously considered cases:
• No subcarrier is present: filter bandwidth is [image: image].
• One subcarrier is present: filter bandwidth is [image: image].
• Multiple subcarriers are present:
○ For two subcarriers, the filter bandwidth is [image: image].
○ For three subcarriers, the filter bandwidth is [image: image].
○ For four subcarriers, the filter bandwidth is [image: image].
○ For five subcarriers, the filter bandwidth is [image: image].
○ For six subcarriers, the filter bandwidth is [image: image].
We have performed the measurements for five different scenarios depending on the gain of the receiver: [image: image]. Figures 17–19 present the results for the [image: image].
[image: Figure 17]FIGURE 17 | Downlink LTE-OFDM filtered signal with one subcarrier (left), the phase diagram angle variation (middle), and its corresponding histogram (right).
[image: Figure 18]FIGURE 18 | Downlink LTE-OFDM filtered signal with no subcarrier (left), the phase diagram angle variation (middle), and its corresponding histogram (right).
[image: Figure 19]FIGURE 19 | Downlink LTE-OFDM filtered signal with two subcarriers (left), the phase diagram angle variation (middle), and its corresponding histogram (right).
The recorded downlink LTE-OFDM signals are analyzed by reporting for all the noise scenarios and filtering cases. The obtained results are shown in Table 3 and Figure 20.
TABLE 3 | Results obtained for the experimental setup.
[image: Table 3][image: Figure 20]FIGURE 20 | PoS and PoA results obtained for the experimental setup.
From the aforementioned results, we can see that the restrictions for the PoS and PoA previously imposed are available for the cases of no subcarrier present or one subcarrier present, but for the case of multiple subcarriers present, the threshold should be higher than 0.5% for PoS and 99% for PoA.
4 CONCLUSION
This paper proposes a novel approach for the detection of the OFDM modulation. First, using a set of orthogonal bandpass filters, we perform the decomposition of an OFDM signal so that each sub-band is analyzed separately. Then, a phase diagram representation analysis is performed, and the angle of the phase diagram representation variation is obtained. The statistical distribution of the angle variation is further used to recognize an OFDM signal and characterize its subcarriers.
Based on the defined statistical interpretation of the angle variation, we implemented a subcarrier detection algorithm for BPSK-modulated subcarriers. This algorithm was successively applied to Gaussian noise-corrupted signals, 802.11a OFDM signals, and in an experimental scenario using a software-defined radio testbed to LTE signals. Our findings suggest that the algorithm provides good results even in cases involving a low SNR level.
With this paper, we propose to present a new approach for OFDM detection. In future work, we will improve these results by classifying different types of OFDM modulation (QPSK and quadrature amplitude modulation (QAM)) in real scenarios using machine learning algorithms that make use of the present features.
Hereby, the work presented in this paper will represent a starting point for the further step of automatic digital modulation classification. With our proposed algorithm, the separation of each subcarrier in the OFDM transmission will be performed. Then, using several machine learning algorithms, such as in Aslam et al. (2010), we will discriminate between each type of modulation on each subcarrier.
Furthermore, another next step is to use this approach for the THz domain in order to enhance the identification of illicit substances based on the different responses received on each acquired subcarrier.
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