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A Joint SAR-Communication System using Continuous Phase Frequency Shift Keying Codes and Mismatched Filtering Compression

The continuous growth of communication applications, in combination with the limited possibilities of bandwidth allocation, congests the electromagnetic spectrum. Joint radar-communication systems are thus attracting attention as they can alleviate the frequency spectrum by using the same bandwidth to perform both applications. To design such a system, continuous phase frequency-shift keying (CPFSK) codes are chosen, in order to transmit information and generate high resolution images from an airborne radar. However, the use of CPFSK codes requires sidelobe energy mitigation which is achieved by mismatched filters. The re-synthesized SAR images are created using a reconstruction algorithm from the aforementioned CPFSK codes and the mismatched filters, as well as from matched filters for the sake of analysis. These outputs are then compared using different evaluation criteria. Results of which show that the use of mismatched filtering and different messages embedded in the code phase, that maximize the data rate, provide enhanced image performance.

Continuous Phase Frequency-Shift

Keying (CPFSK) Codes

Introduction

The on-going growth of radio frequency applications gradually congests the electromagnetic spectrum. Concurrently, the need of alleviating the bandwidth occupation, adds up to the spectrum congestion problem [START_REF] Griffiths | Challenge problems in spectrum engineering and waveform diversity[END_REF]. To deal with this problem, two different applications of the electromagnetic spectrum can be combined together, such as radar and communications. Three different categories of joint radar-communications systems are presented in the literature; co-existence, cooperation and co-design [START_REF] Feng | Joint radar and communication: A survey[END_REF][START_REF] Ma | Joint radar-communication strategies for autonomous vehicles: Combining two key automotive technologies[END_REF]. Co-existence takes place when the radio-frequency applications are functioning autonomously and they consider the other system as interference that needs to be mitigated, for example in [START_REF] Han | Analysis for the BER of LTE system with the interference from radar[END_REF]. Cooperation occurs when there is a mutual operation between the two systems. For example, either using different signals for each application but optimizing their combined performance [START_REF] Chalise | Performance tradeoff in a unified passive radar and communications system[END_REF], or using communication signals to perform radar applications [START_REF] He | Performance gains from cooperative MIMO radar and MIMO communication systems[END_REF] or vice versa [START_REF] Sahin | A novel approach for embedding communication symbols into physical radar waveforms[END_REF]. Co-design consists in designing dual-function waveforms [START_REF] Liu | Toward dual-functional radarcommunication systems: Optimal waveform design[END_REF], that maximizes simultaneously the performance of both radio-frequency applications.

In this paper, a cooperative joint radar communications system is introduced, that uses communication codes, in order to perform an airborne radar application. A variety of communication codes exists, from which a broadly used code is the Orthogonal Frequency-Division Multiplexing (OFDM), due to their carrier orthogonality [START_REF] Ma | Joint radar-communication strategies for autonomous vehicles: Combining two key automotive technologies[END_REF]. Nevertheless, these codes have amplitude modulation, and the peakto-average power ratio (PAPR) is high [START_REF] Paredes | The problem of peak-to-average power ratio in OFDM systems[END_REF], which is costly for the radar hardware [START_REF] Ma | Joint radar-communication strategies for autonomous vehicles: Combining two key automotive technologies[END_REF]. In this paper, to tackle this issue, signals that embed information in their phase are considered. Phase modulated schemes, like phase shift keying or quadrature amplitude modulation, are avoided due to their brutal phase transitions that lead to out-band spectral energy. Thus, the waveform choice in this paper is Continuous Phase Modulated (CPM) codes, which have simultaneously constant envelop and better spectral efficiency thanks to phase continuity.

The radar framework of this paper is Synthetic Aperture Radar (SAR). In such framework, linear frequency modulated signals are mainly used due to their favorable properties and the matched filter is performed for range compression. However, when using other signals, the sidelobe level after compression is high. Hence, in order to assure good SAR image quality, mismatched filtering [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF][START_REF] De | Design of radar receive filters optimized according to L p -norm based criteria[END_REF][START_REF] Stoica | Transmit codes and receive filters for radar[END_REF] is used for range compression, which minimizes the level of sidelobes.

In order to provide realistic results, we will present resynthesized SAR images in this article. A real-data SAR image is taken into account, on which the impulse response of the communication codes is applied along with their associated matched or mismatched filters. Different evaluation criteria are presented in order to compare the results. This paper is organized in 4 sections. The introduction of the paper is presented in Section 1. Section 2 provides the definitions of the continuous phase frequency-shift keying codes and of the mismatched filter. These definitions are fundamental for Section 3, where the re-synthesized SAR images are presented, along with their reconstruction algorithm and their evaluation criteria. Finally, the conclusion of the paper is presented in Section 4.

Signal and Range Compression Technique Choice

In this section, we present the continuous phase modulated frequency-shift keying codes, along with the mismatched filter formulation for range compression.

In this subsection, we present a special category of continuous phase modulated signal, which has constant envelop and encodes the desired information continuously in the phase, to prevent spreading out of the spectral band. They are called continuous-phase frequency-shift keying (CPFSK) [START_REF] John B Anderson | Digital phase modulation[END_REF]. The embedded symbols I = [I 1 , I 2 , . . .] belong to the set {±1, ±3, ..., ±(M -1)}, with M the number of different possible symbols in the constellation. The constellation determines the number k of bits per symbol through the expression 2 k = M . The CPFSK signal can be formulated as s(t; I) = e jφ(t;I) , with the phase φ expressed as [START_REF] John B Anderson | Digital phase modulation[END_REF],

φ(t; I) = πh i<n I i + πh T (t-nT )I n , nT < t ≤ (n+1)T.
(1) The particularities of CPFSK signals are the constant modulation index h over the different symbols, and a rectangular phase smoothing function [START_REF] John B Anderson | Digital phase modulation[END_REF]. In the following, s is a N -length sampled CPFSK signal expressed as s = s 1 s 2 . . . s N T , where and . T is the transpose operator and s i = s(iT s ; I) with T s the sampling period.

Mismatched Filter

Range compression is essential for radar processing and it is usually performed by a matched filter. However, such a filter combined with CPFSK signals creates high sidelobes which can create unacceptable image contrast. Hence, the mismatched filter is presented, which is mostly defined as a solution to an optimization problem subject to certain constraints, and usually convex [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF][START_REF] De | Design of radar receive filters optimized according to L p -norm based criteria[END_REF][START_REF] Stoica | Transmit codes and receive filters for radar[END_REF]. In our framework, the filter is designed to minimize the sidelobe energy of the range-compressed CPFSK codes for the SAR image generation by using the Integrated Sidelobe Level (ISL) criterion.

The output signal after range compression can be expressed as [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF] 

y = Λ * K (s) q, (2) 
where . * is the complex conjugate, q = q 1 q 2 . . . q K T ∈ C K the mismatched filter, and Λ K is a correlation matrix of size (K + N -1) × K [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF]. The length K of q is K ≥ N . If the filter is chosen as q = s, then the classical matched filter is obtained. Extensive literature is available [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF][START_REF] De | Design of radar receive filters optimized according to L p -norm based criteria[END_REF][START_REF] Stoica | Transmit codes and receive filters for radar[END_REF][START_REF] Jm Baden | Optimal peak sidelobe filters for biphase pulse compression[END_REF] when optimizing the mismatched filter with respect to the Integrated Sidelobe Level. It has been shown that the corresponding optimization problem can be expressed as a L 2 -norm minimization problem, in order to consider the sidelobe energy [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF]:

min q ||F y|| 2 2 , s.t. s H q = s H s q H q ≤ 10 β 10 s H s (3)
where F is a diagonal matrix of ones except for some zero values which correspond to the indices of the mainlobe position, and β is a positive constant in dB that expresses the loss-in-processing gain.

As mentioned in [START_REF] Rabaste | Mismatched filter optimization for radar applications using quadratically constrained quadratic programs[END_REF], the first constraint allows to discard the trivial null solution and is convex because of its linearity and the second one enables to constraint the lossin-processing gain and is also convex as it is a positive semi-definite quadratic constraint. Globally, the optimization problem is thus convex, as the L 2 -norm is convex, with convex constraints. As a consequence, any local optimum of the optimization problem is necessarily a global optimum. We shown in article [START_REF] Chatzitheodoridi | Fast computation of the optimal integrated sidelobe level filter for large-scaled problems[END_REF] that the problem (3) can be solved very fast by considering the dual problem.

SAR Image Generation and Different Evaluation Criteria

This section is dedicated to the presentation of different SAR images generated with different signals and by a reconstruction algorithm, as well as to the evaluation criteria applied on them in order to compare the outputs. These criteria consider different configurations for both high and low energy points. 

SAR Reconstruction Algorithm

A reconstruction algorithm that generates simulated SAR images, using CPSFK impulse responses, is applied in order to provide an insight of how actual CPFSK SAR images would be like. The SAR image reconstruction algorithm takes as input a real-data high resolution SAR image generated with classical chirp pulses, acquired using the SETHI airborne radar system [START_REF] Henrion | SETHI : Digital radar system for signal generation and acquisition[END_REF], and the impulse response of the CPFSK codes compressed in range and azimuth directions. The resolution of the generated image is degraded in comparison to the reference image, so that this latter roughly gives the ground reflectivity and prevents boundary spectral problems. Once the scene reflectivity is obtained, it is spectrally multiplied by the CPFSK impulse response spectrum, in order to create the output SAR im-age using these communication codes. The input impulse response is created by matched or mismatched filtering the CPFSK codes in the range direction, and then by performing an inverse Fourier transform for the azimuth direction.

Generated SAR Images

Different examples of re-synthesized images are generated using the reconstruction algorithm presented in subsection 3.1. Firstly, a synthesized chirp SAR image compressed with the matched filter is generated in order to provide a reference image, whose resolution is smaller than the realdata one. The rest of the images are created using CPFSK communication codes, either with matched (MF) or mismatched (MMF) filtering for range compression. Two different configurations are considered. Firstly, the impact of transmitting the same CPFSK code for all the pulses in the pulse train is analyzed, instead of one chirp. Afterwards, in order to maximize information transmission, CPFSK signals with different messages embedded in the phase are transmitted at each pulse.

The impulse response and the SAR image of the chirp pulse are illustrated in Figure 3. This reference case is compared with the CPFSK impulse responses and their associated generated SAR images, displayed in Figure 4.

The impulse response provides various information on the waveform, especially on its sidelobes which are evaluated in the sub-section 3.3. For the sake of clarity, for the simulated displayed impulse responses, no squint angle is applied, so that the sidelobes of the azimuth direction are not inclined over a different direction than the horizontal one, and the evaluation criteria presented in sub-section 3.3, are accurate. For the SAR images displayed in Figures 3 &4, the signals undergo a squint angle in order to follow the acquisition characteristics of the airborne platform.

In the following, different criteria are provided in order to be able to evaluate the images with quantitative criteria.

Evaluation Criteria on the SAR Images

To evaluate the generated images, different image characteristics are taken into account, such as sidelobe behaviour, image contrast, and image correlation.

Integrated Sidelobe Level Ratio (ISLR) and Peak-to-Sidelobe Level Ratio (PSLR)

The ISLR, defined as the ratio of the energy of all the sidelobes to the energy of the main lobe, and the PSLR, defined as the ratio between the intensity of the highest sidelobe and the intensity of the mainlobe, are two classical SAR image evaluation criteria [START_REF] Lu | Parameter assessment for SAR image quality evaluation system[END_REF].

Table 2 provides the PSLR and ISLR of the simulated impulse response and the corner reflector of the SAR image, in the range direction. The impulse response can be related to an ideal corner reflector, without the sidelobe influence of other scatterers. Thus, the exact sidelobe behaviour after range and azimuth compression is observed. The resulting values over the corner reflector of each SAR image are less satisfying, possibly due to sidelobe summation of neighbouring scatterers and to the undergoing squint angle, but it represents a more realistic configuration.

The images, that use the mismatched filter for the compression (Sub-figures 4c, 4d, 4g, 4h), provide better values for the PSLR and the ISLR compared to the matched filter (Sub-figures 4a, 4b, 4e, 4f). For the ISLR, this remark also validates the criterion of the optimization problem [START_REF] Ma | Joint radar-communication strategies for autonomous vehicles: Combining two key automotive technologies[END_REF] Table 2 Evaluation criteria for the impulse response (IR) and the corner reflector (CR) on each SAR image, both in the range direction.

Pearson Correlation Coefficient

The Pearson correlation coefficients, also called coherence coefficients, of two signals or images provide the degree of resemblance of the inputs. More precisely, when the output values are converging to 1, the inputs have strong resemblance, and when the output values are converging to 0, then the images tend to be very different [START_REF] Hachemi | The interest of coherence from radar sar images in the follow-up of urban extensions of focşani city[END_REF]. In our framework, we want to compare the pixel energy of the generated images in order to provide the best combination of signal transmission and processing procedure. Let consider two images A, B and d the number of pixels of the image patch side, then the coherence coefficients between A and B are defined as follows [START_REF] Asamoah | Measuring the performance of image contrast enhancement technique[END_REF][START_REF] Jacob | Sentinel-1 insar coherence for land cover mapping: A comparison of multiple feature-based classifiers[END_REF],

ρ i,j = E A I -E [A I ] B I -E [B I ] V ar [A I ] V ar [B I ] , (4) 
where i, j are the current index positions, I = {i -d : i + d, j -d : j + d} is the set of indices considered for the computation of the pixel (i, j), and d = 5. Figures 1 & 2 illustrate the correlation between the SAR image generated using the chirp pulse, which is considered as the reference image, and the SAR images generated with CPFSK codes in different configurations, respectively for a corner reflector and a building. In both figures, the compression using the mismatched filter provides a high correlation with the reference image. However, the image generated with different CPFSK codes provides slightly better results. More precisely, the high energy pixel areas, have similar energy in both configurations, but when it comes to lower energy points as in the borders, the images generated with multiple signals and MMF compression have slightly higher values. These observations are also validated by Table 3, which displays the coherence coefficient computed over each sub-image. The highlighted purple values show the best results for the coherence which corresponds to the image generated with different CPFSK signals and compressed with mismatched filters, but it is also worth mentioning that even with one CPFSK and the mismatched filter, correlation is high. 

Signals

Structural Similarity (SSIM) Index

The authors in [START_REF] Wang | Image quality assessment: from error visibility to structural similarity[END_REF] propose a different comparative error estimator based on various characteristics of the selected images that need to be evaluated. Their motivation stems from the human eye precision and they show that structural information creates a satisfying error estimator when comparing similar images. Let us denote A, B the two images. The SSIM index can be mathematically expressed as [START_REF] Wang | Image quality assessment: from error visibility to structural similarity[END_REF][START_REF] Avanaki | Exact histogram specification optimized for structural similarity[END_REF],

SSIM(A, B) = (2µ A µ B + C 1 )(2σ AB + C 2 ) (µ 2 A + µ 2 B + C 1 )(σ 2 A + σ 2 B + C 2 )
where C 1 , C 2 are close to zero constants, µ • is the mean, σ • is the standard deviation of the image in question and σ AB is the covariance of A and B. The output of this formula is equal to 1 when the input images are identical. This method is compared to the mean square error (MSE) [START_REF] Asamoah | Measuring the performance of image contrast enhancement technique[END_REF][START_REF] James | An introduction to statistical learning[END_REF]. The MSE and the SSIM values are calculated over the two same areas of the image, as in the previous subsection 3.3.2. Table 4 displays the values of MSE and SSIM criteria for the two different zones. For the corner reflector, results closer to the reference image are obtained when transmitting a CPFSK code and compress it with its MMF. This means that the range and azimuth axes are closer to a sinus-cardinal as the chirp image and there is no sidelobe spreading out these axes as shown in its impulse response in figure 4c, contrary to the impulse response of multiple transmitted codes, shown in figure 4g. This spreading, created when using different codes, shown in sub-figures 4e, 4g, comes from the sidelobe summation during azimuth processing of the random messages. Thus, locally using one signal provides satisfying results, but in larger distance, where the sidelobe impact can be observed, as shown in the SAR image 4d, the sidelobes are higher, as shown also from the ISL value, and create a high energy line over the range axis. For the building area, the image created by multiple CPFSK codes and the MMF provides results closer to the chirp image, as shown in Table 4. This area combines high, medium and low energy pixels, so it is a good comparison reference, also mentioned in subsection 3.3.2.

Conclusion

Our paper proposes a joint SAR-communications framework which uses CPFSK codes, a family of communications codes, and mismatched filtering to perform range compression. The use of different CPFSK pulses allows information transmission, as well as the maximization of the data rate, along with the use of the mismatched filters that improves the image contrast. Different criteria are applied on these configurations while using matched or mismatched filtering in order to evaluate the images. It is thus shown, both on a simple simulated impulse response as well as on re-synthesized images from real data, that when transmitting multiple codes and compress them with their mismatched filters, the proposed output provides better performance in terms of contrast and sidelobe energy. Besides, such results and their evaluation criteria resemble to the reference chirp case, for which information transmission is not possible. 

Figure 1

 1 Figure 1 Correlation coefficient on the corner reflector area. The reference image is considered the chirp one, which gives the correlation with rest of the images. The first column represents MF compression and the second column MMF compression. The first row illustrates the correlation between the chirp and the images created with one CPFSK signal, and the second row the images obtained using different CPFSK signals.

Figure 2

 2 Figure 2 Correlation coefficient images of the building area in the SAR image. The image order is the same as for Figure 1.

Figure 3

 3 Figure 3 Zero squint impulse response (left sub-figure) and generated SAR image using chirp pulse (right sub-figure).

Figure 4

 4 Figure 4 Zero squint impulse response and generated SAR images using communication codes.

( a )

 a One CPFSK signal with MF (b) One CPFSK signal with MF (c) One CPFSK signal with MMF (d) One CPFSK signal with MMF (e) Different CPFSK signals at each acquisition with MF (f) Different CPFSK signals at each acquisition with MF (g) Different CPFSK signals at each acquisition with MMF (h) Different CPFSK signals at each acquisition with MMF

Table 1

 1 presents different parameters used for the simulation results, associated either with the signal characteristics, the mismatched filtering or the SAR image processing.

	Parameter	Value
	Bandwidth B	305 MHz
	Constellation M	16
	Modulation Index h	0.4
	Pulse duration T p	4.8 µs
	Chip duration T	19.2 ns
	Sampling frequency f s	625 MHz
	Symbol Number	250
	Signal Length	3000
	Mismatched Filter Length	9000
	Allowed loss in processing gain β	2 dB
	Squint Angle	7.28 •
	Pulse Repetition Frequency	5000 Hz
	Number of transmitted signals	6522

Table 1

 1 Signal, mismatched filtering and SAR processing parameters used for the generation of the impulse responses and the SAR image generation displayed in Figures3 & 4.

  , that minimizes the integrated sidelobe energy. Observing table 2, the best PSLR values are given by the images generated with one communication code, even if the images with multiple codes have close PSLR values. The best ISLR values are provided by the images created with several transmitted signals. An important remark is that the transmission of multiple codes favors the ISLR values because of an average over the sidelobe energy due to different compressed signals whose points have different intensity levels, and thus the overall sidelobe level decreases. This effect can be also observed for the image with multiple signals and the matched filters, where the ISLR is better than expected.

	Signals	PSLR	IR	ISLR	PSLR	CR	ISLR
	Chirp-MF	-13.266 -10.05 -11.625 -8.890
	Diff CPFSK-MF	-14.84 -13.13 -13.07		-10.69
	Diff CPFSK-MMF	-15.23 -14.17 -13.484 -11.66
	One CPFSK-MF	-14.87 -2.865 -13.266	-5.97
	One CPFSK-MMF -15.805 -8.77	-14.03 -11.086

Table 3

 3 Pearson correlation coefficient for the corner reflector image and the building image.

		Pearson Coefficient
		Reflector Building
	Diff CPFSK-MF	0.913	0.969
	Diff CPFSK-MMF	0.964	0.974
	One CPFSK-MF	0.897	0.923
	One CPFSK-MMF	0.962	0.969

Table 4

 4 MSE and SSIM values for the corner reflector and the building in the SAR image.
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