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High Resolution Bistatic ISAR Images on Airliners

ISAR (Inverse Synthetic Aperture Radar) is a technique consisting in illuminating a moving target with a radar system. The motion of the target is used to form a precise image that can provide information on the signature of the target for characterization or identification purposes. ISAR processing is usually done in a monostatic configuration but complementary information can also be brought by bistatic configurations since they allow imaging the same object with different projection planes. This paper presents the results of a high-resolution S-band bistatic imaging measurement campaign of airliners and preliminary analyses of monostatic and bistatic ISAR images obtained from these radar experiments using the covariance matrix on the images' point cloud.

Introduction

ISAR (Inverse Synthetic Aperture Radar) imaging provides high-resolution images of targets from their motion. These images allow extracting dimensions of targets, or determining geometric characteristics of aircrafts, such as wings or reactors [START_REF] Titin-Schnaider | Full-polarimetric analysis of MERIC air targets data[END_REF]. This is of prime interest for target identification or classification. In order to provide additional information about selected targets: in the context of Space Situational Awareness, ISAR imaging can bring information about the presence of details (e.g. antenna, cavities, solar panels…) of orbiting satellites that can be difficult to grasp on optical pictures. This technique requires a radar capable of emitting a high power over a wide frequency bandwidth. Few radar systems present such characteristics; among them are the TIRA [START_REF] Rosebrock | Modified Phase Gradient Algorithm for ISAR Image Autofocus with Large Apertures[END_REF] and the HUSIR [START_REF] Czerwinski | Development of the Haystack Ultrawideband Satellite Imaging Radar[END_REF]. Active ISAR imaging is mainly used in a monostatic configuration, while bistatic ISAR imaging is usually performed in a passive configuration: The signal is emitted by an non cooperative illuminator to generate an ISAR image. This configuration presents advantages since it requires only extra receivers (which are less expensive than emitters) and it is less affected by electromagnetic countermeasures. The bistatic configuration affects the geometry of the image, the radar processing and introduces synchronization errors between the transmission and the reception, as pointed out in several references [START_REF] Martorella | Theoretical foundation of passive bistatic ISAR imaging[END_REF], to [START_REF] Abiven | FM passive bistatic radar imaging of airplanes in a real configuration[END_REF]. Several experiments were reported, mainly with television or radio signals on airliners [START_REF] Garry | Passive ISAR part II: narrowband imaging[END_REF], [START_REF] Samczynski | Air Target Imaging in Multichannel and Multistatic Passive Radars[END_REF] and ships [START_REF] Martorella | Theoretical foundation of passive bistatic ISAR imaging[END_REF]. These examples show the ability of bistatic receivers to produce images of naval or airborne targets. Nevertheless, the experiments carried out use transmitters with a narrow frequency bandwidth (from 6 to 24 MHz in [START_REF] Martorella | Theoretical foundation of passive bistatic ISAR imaging[END_REF], [START_REF] Garry | Passive ISAR part II: narrowband imaging[END_REF], [START_REF] Samczynski | Air Target Imaging in Multichannel and Multistatic Passive Radars[END_REF]), which limits the resolution of the images. This article reports an experimental campaign designed to generate high-resolution (200MHz bandwidth) S-band ISAR images of airliners in a bistatic configuration, and to compare simultaneous monostatic and bistatic images of the same target. To our knowledge, these results are the first to be published at this resolution level. The article is divided into three sections. Section 2 highlights the main differences between the monostatic and bistatic configurations, namely the geometrical distortion of the image and the different projection planes. Section 3 presents the experimental campaign conducted on the Orly airport airliners and the experimental protocol to track aircrafts. The influence of time and oscillator synchronisation on signal processing is also discussed. Section 4 analyses the experimental data by comparing simultaneous monostatic and bistatic ISAR images of an airplane. We use the covariance matrix of the scattering cloud associated to the images to determine the rotation between the two images and superimpose them on a common frame.

Bistatic theory

Bistatic geometry aims at describing an object illuminated by a transmitter that is not collocated with the receptor. Typical geometrical quantities emerge in this description such as the bistatic angle or the equivalent bistatic radar [START_REF] Martorella | Theoretical foundation of passive bistatic ISAR imaging[END_REF], [START_REF] Garry | Passive ISAR part II: narrowband imaging[END_REF], which describes the relative position of the transmitter, the receiver and the target. the respective line of sight vectors, and β = �𝑆𝑆𝐴𝐴 �����⃗ , 𝑆𝑆𝐵𝐵 �����⃗ � the bistatic angle. The formula giving the distance travelled by a ray reflecting on the point M is detailed in [START_REF] Chen | Marco Martorella Inverse synthetic aperture radar imaging: principles, algorithms, and applications[END_REF].

r x � ��⃗ (t) = �AM ������⃗ � + �MB ������⃗ � r x � ��⃗ (t) ≅ r(t) + K(t)ı(t) ������⃗ . x(t) �������⃗ (1) 
We call r(t) = 

K(t) = � ı A ����⃗(t)+ı B ����⃗(t) 2 � = cos � β(t)
2 � the cosine of the half-bistatic angle.

We define the equivalent bistatic radar as a monostatic radar located on the bisector of the bistatic angle, at a distance 𝒓𝒓(𝒕𝒕) from the target, with a line of sight 𝒊𝒊(𝒕𝒕) �������⃗ . The difference with the monostatic case lies in the term K(t), which distorts the target geometry and its reflectivity.

After a compensation of the translational motion of the target over time, only the rotational motion of the object remains. As in the monostatic case, the rotational motion enables to form the ISAR image. We note 𝑓𝑓 0 = 𝑓𝑓(𝑡𝑡 = 0), and Ω I AB S ��������⃗ the apparent rotation of the target with respect to the equivalent bistatic radar. A Taylor expansion around 𝑡𝑡 = 0 up to the order 1 of (2) allows rewriting this rotational motion r � x �⃗ (t) = r x � ��⃗ (t) -r(t) as:

r � x �⃗ (t) = K 0 ı ⃗ 0 x �⃗ + K 0 �Ω I AB S ��������⃗ ∧ ı 0 S ��⃗ � . x �⃗ t + dK 0 dt ı 0 S . ���⃗ x �⃗ t (2) 
A quasi-monostatic approximation supposes that the bistatic angle variation is small compared with the typical speed resolution Δ𝑣𝑣 of the Doppler effect:

𝑑𝑑𝐾𝐾 0 𝑑𝑑𝑡𝑡 𝑙𝑙 ≪ Δ𝑣𝑣 (3) 
Here, 𝑙𝑙 is the length of the target, Δ𝑣𝑣 = 𝑐𝑐 2𝑓𝑓 𝑐𝑐 𝑇𝑇 𝑜𝑜𝑜𝑜𝑜𝑜 , with 𝑓𝑓 𝑐𝑐 the central frequency of the radar and 𝑇𝑇 𝑜𝑜𝑜𝑜𝑜𝑜 the acquisition time. In this approximation, the bistatic configuration is equivalent to a monostatic configuration, with the image contracted by a factor 𝐾𝐾 0 .

Bistatic experiments

To perform the experiments on airliners, we steered two S-band radars using plane trajectories provided by Automatic Dependant Surveillance-Broadcast (ADS-B) data. We tackle time synchronization of the data with a specific protocol detailed in the following, and we model the reference clock of the processing chains to address oscillator synchronization. The experiments were carried out using the HYCAM radar [START_REF] Brouard | A new S band surface radar testbed[END_REF] as a monostatic radar and the MEDYCIS radar [START_REF] Fabbro | Measurements of Sea Clutter at Low Grazing Angle in Mediterranean Coastal Environment[END_REF] as a passive receiver. The HYCAM radar is an S-band radar designed to perform polarimetric radar signature measurements in narrow or large bandwidth and to test multifunctional radar modes. The MEDYCIS radar is an S-band radar placed on a trailer. The experiments were conducted on a common central frequency 𝑓𝑓 𝑐𝑐 = 3 𝐺𝐺𝐺𝐺𝐺𝐺, with a bandwidth 𝐵𝐵 = 200𝑆𝑆𝐺𝐺𝐺𝐺.

The experiment aims at comparing monostatic and bistatic images obtained simultaneously on a flying airliner. The geographical setup of the experiment is presented in Figure 2: the HYCAM radar lies in Palaiseau, 10km west from Orly airport (Figure 2). The MEDYCIS radar is placed at Brétigny-sur-Orge (Figure 2), in accordance with the following geometrical constraints:

• The aircraft must be observable from the transmitter and receiver. The receiver must have a clear view on the two main air corridors (in red on the diagram Figure 2). • For analysis purposes, the images must be comparable, therefore with a similar crossrange resolution. Therefore we considered portions of flight trajectories where the airplane apparent rotation speed is of the same order of magnitude for the monosatic and bistatic receivers. The targeted airliners fly at cruising altitude, at a distance of the order of magnitude of 30km from both the transmitter and the receiver. We use a chirp with a pulse duration τ = 100μs, a pulse repetition interval of PRI = 800μs, which yields a monostatic blind distance of 15km and an ambiguous distance of 120km. We use H polarization in emission and reception to have comparable images. H polarization only depends on the antenna azimuth values, which are close for the emitter and receiver for small bistatic angles.

To track the aircrafts, we use the (ADS-B) live data provided by OpenSky [START_REF] Schäfer | Bringing Up OpenSky: A Large-scale ADS-B Sensor Network for Research[END_REF], in a similar protocol that the one reported in [START_REF] Rozel | Construction of a Radar Cross-Section Database Using ADS-B Data from the OpenSky Network[END_REF]. ADS-B data provides an estimation of the plane motion. Those data are linearly interpolated and transmitted to the radars so that they can steer towards the targets. These data are accurate enough to keep the aircrafts in the middle of the antenna main lobes (4°× 4° in the experiments). ADS-B data also allows the estimation of the bistatic angle or the apparent angular velocity of the plane with respect to the radar by yielding a ground truth of the trajectory of the targets.

Comparing both monostatic and bistatic images requires a common time reference for the two radars, which is obtained using the following protocol. First, a target is designated and tracked using the ADS-B data. When the two radars are steered towards the target, the passive receiver starts data acquisition before the emitter begins to transmit. The appearance of the signal in the receiver data defines the timestamp of the beginning of the monostatic acquisition within an accuracy of one pulse repetition interval. The two radars continuously record the data during the whole acquisition, so that the return signal of the plane only occupies a fraction of the monostatic and bistatic data. The extraction of the plane signature from the data is explained in Section 4. If no signal is found in the receiver data, then the acquisition is discarded.

Synchronization between different parts of a bistatic system can be a challenge for the construction of ISAR images. Indeed, it is difficult to share the same reference clock in a distributed system. Since this reference clock generates all the frequencies of the subsequent system, the two parts of the system have different actual sampling frequencies. In our experiments, the transmitter and the receiver are separated by 15km and cannot share the same reference clock. The frequency provided by the reference clock is shifted from the actual frequency by a quantity we call oscillator error in the following, modelled using a dimensionless frequency offset 𝜀𝜀 and a phase noise 𝜙𝜙(𝑡𝑡). If 𝑓𝑓 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 is the target frequency of the clock, the phase of the signal writes 𝜙𝜙 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 (𝑡𝑡) = 𝑓𝑓 𝑐𝑐𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 (1 -𝜀𝜀)𝑡𝑡 + 𝜙𝜙(𝑡𝑡), as outlined in [START_REF] Rutman | Characterization of frequency stability in precision frequency sources[END_REF]. The reference clocks used in the experiments are Oven Controlled Crystal Oscillator (OCXO). They have a frequency offset of the order of 10 -8 and a phase noise varying at most by 0.01 radians over 20 seconds. Since this oscillator is very stable, the phase noise is neglected from now on. We assume that the oscillator error only affects the receiving chain and thus the digitalization of the signal. The signal is sampled at the frequency 𝑓𝑓 𝑒𝑒 ′ = 𝑓𝑓 𝑒𝑒 (1 -𝜀𝜀), with 𝑓𝑓 𝑒𝑒 the theoretical sampling frequency. The real sampling step then writes 𝑡𝑡 𝑒𝑒 ′ = 𝑡𝑡 𝑒𝑒 (1 + 𝜀𝜀). This temporal distortion of the received signal is analogous to a Doppler shift and a spatial drift of a target moving at 𝑣𝑣 𝑜𝑜𝑠𝑠𝑠𝑠 = (𝑐𝑐 𝜀𝜀) 2 . The effects of these drifts and Doppler shifts on the radar signal cumulate with the effects of the actual motion of the target in the reference frame of the receiver. [START_REF] Azcueta | Non-Cooperative Bistatic SAR Clock Drift Compensation for Tomographic Acquisitions[END_REF] outlines an analogous reasoning in the context of Synthetic Aperture Radar (SAR) imaging.

Results

This part sums up the signal processing steps used to compute the ISAR images from the raw data. Similar processing are performed on the monostatic and bistatic data, in order to be able to compare them. For a given image, we define the scattering cloud as the set of points of the image exceeding a certain threshold. For analysis purposes, the images are superimposed as best as possible. To do so, the eigenvectors of the covariance matrices of the scattering clouds allow finding the rotation between the two images.

Data Processing

Since the signal is continuously recorded during the acquisition, the aircraft signature occupies only a small part of the Range-Doppler (RD) space. To focus on the data related to the aircraft, we apply a window to the RD space [START_REF] Garry | Passive ISAR part II: narrowband imaging[END_REF]. In the monostatic configuration, ADS-B position and speed allows us to apply a window to the RD space at the plane location.

In the bistatic configuration, oscillator errors shift the plane to a different Range Doppler cell. To apply a window on all the data gathered, the plane has first to be manually found on the Doppler Range space, then tracked automatically during the whole acquisition, by finding for each Doppler Range map the closest (in terms of range and Doppler cells) local maximum to the previous Doppler Range maximum.

The images are obtained with a classical Range-Doppler processing, which consists in a translational motion compensation and a phase compensation. We use the quasi-monostatic approximation since the inequality of (3) holds:

dK 0 dt l ≈ 1.5 × 10 -4 ≪ Δv ≈ 1 × 10 -2 .
Translational motion is compensated using a maximum correlation method between successive profiles [START_REF] Chen | Target-Motion-Induced Radar Imaging[END_REF]. For low Signal to Noise Ratio (SNR) data (2-4dB on the range profiles), a modification of the realignment algorithm is implemented:

• Step 1: For each block of n range profiles, estimate the radial velocity of the target with a slow time Fourier Transform (FT). • Step 2: Realign each profile block with the radial velocity estimated in step 1 and sum the profile block coherently. This step increases the SNR.

• Step 3: Apply the maximum correlation algorithm on the new summed range profiles. Extrapolate the realignment instruction obtained with a second order polynomial fit to realign the profiles. The autofocus uses the Phase Gradient Algorithm (PGA) [START_REF] Wahl | Phase gradient autofocusa robust tool for high resolution SAR phase correction[END_REF] before performing a slow-time Fourier Transform. The monostatic and bistatic images are presented in Figure 3 with an oversampling factor of 4, on both range and Doppler directions. The two images are time synchronized, the bistatic angle is 𝛽𝛽 = 11.1°. The ADS-B instantaneous rotation of the aircraft with respect to the monostatic and bistatic radars enables to scale the cross range in meters. On the monostatic image, the energy is mainly distributed on a few points of the aircraft: the two engines and the root of the wing. These points have an intensity of 15dB higher than the rest of the aircraft, which has a uniform electromagnetic signature. On the bistatic image, the energy is more evenly distributed over the whole surface of the wings, while the engines and the tail are at 10dB above the wings. The front part of the plane is not very visible on the two images since the plane is illuminated from the back.

Image processing

To compare both images, we make the approximation that the apparent rotation of the target is contained in the plane defined by the two radars and the target (A S B on Figure 1). In this 2 Dimensional (2D) approximation, the monostatic and bistatic images are related by a rotation of angle 𝛽𝛽 2 . Based on this approximation, the following analysis aims at finding the most accurate rotation and translation that allows overlapping the two images in order to compare them.

To find the best rotation, we propose the following algorithm:

• For both ISAR images (monostatic and bistatic), determine all the pixels exceeding an intensity threshold. They represent the scatterers of the aircraft and form what we call the scattering cloud. • For both images, compute the covariance matrix of the resulting scattering cloud. The covariance matrix defines an ellipse whose major and minor axes directions are given by the eigenvectors of the matrix. The ellipse corresponds to the best Gaussian fit of the point cloud. This fit is coarse but should be consistent on both images and reflect geometric properties of the target U and V are respectively the eigenvector matrix of the covariance matrix of the monostatic and bistatic scattering cloud.

• Estimate 𝜃𝜃 the angle of rotation between the images, with cos(𝜃𝜃) =

𝑡𝑡𝑡𝑡�𝑈𝑈𝑉𝑉 𝑇𝑇 � 2
, where 𝑡𝑡𝑟𝑟 is the trace operator.

In the case of the presented images, the rotation angle found is θ = 5.1° for a half bistatic angle 𝛽𝛽 2 = 5.5°, validating the 2D approximation and the use of covariance matrix to estimate the rotation. The translation connecting the two images is estimated by finding the maximal correlation between the two images.

The monostatic image (in blue) and the bistatic image (in red by transparency) are displayed in Figure 4, the purple pixels are those where the images overlap. This image points out that a point-to-point analysis is difficult because the points have different electromagnetic responses in monostatic and bistatic configurations, but it also showcases the complementarity of monostatic and bistatic information. The presence of this joint information allows a more exhaustive reconstruction of the target silhouette. This superimposition procedure also hints towards the limits of the 2D approximation: the right wing of the plane does not perfectly match between the red and blue points. 

Conclusion

This article reports a high resolution bistatic imaging campaign on aircrafts at cruising altitude. The monostatic and bistatic configurations differ by quantities such as the bistatic angle and the notion of Equivalent Bisatic radar yields a common framework to compute bistatic ISAR images. The experimental protocol includes the use of live ADS-B data provided by the aircraft for a reliable tracking, and proposes a method to time stamp the data. The desynchronization of the clocks can be assimilated to an additional speed of the target which does not disturb the ISAR processing. A comparative 2D analysis of the ISAR images is performed by superimposing them using the main direction of the images obtained with covariance matrices. The overlay of the images shows that the monostatic and bistatic electromagnetic signatures allow observing different parts of the aircraft and demonstrate the added value of a bistatic receiver to a monostatic radar. This additional information can be useful to improve the characterization of the aircraft. These results only feature small bistatic angle ISAR images; at higher bistatic angle, the backscatterers of the two images can be too different to allow using the superposition method proposed in this article. Clustering the image points might bring tools to characterize parts of the aircraft such as the wings, engines, or the airfoil seen under different projection planes. Since polarimetry differently behaves in monostatic and bistatic configurations, it may bring new information for geometric characterization and open new perspectives to this study.
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Figure 1 .

 1 Figure 1. diagram of the bistatic configuration

Figure 1

 1 Figure 1 sums up the geometry of the bistatic configuration. A is the transmitter, B is the passive receiver, and S is the moving target. The target motion breaks down into a translation and a rotation. Let 𝑥𝑥(𝑡𝑡) ��������⃗ = 𝑆𝑆𝑆𝑆 ������⃗ , with M a point fixed in the target frame of reference, 𝑟𝑟 𝐴𝐴 (𝑡𝑡) = 𝐴𝐴𝑆𝑆 (respectively 𝑟𝑟 𝐵𝐵 (𝑡𝑡) = 𝐵𝐵𝑆𝑆) the distances between the target and the transmitter (respectively the emitter), 𝚤𝚤 𝐴𝐴 ���⃗(𝑡𝑡) = 𝐴𝐴𝐴𝐴 �����⃗ 𝐴𝐴𝐴𝐴 , 𝚤𝚤 𝐵𝐵 ���⃗(𝑡𝑡) = 𝐵𝐵𝐴𝐴 �����⃗ 𝐵𝐵𝐴𝐴

Figure 2 .

 2 Figure 2. Diagram of the bistatic experiment with the position of the two radars and the air corridor in red

Figure 3 .

 3 Figure 3. Monostatic (left), and bistatic (right) ISAR image of an airliner, radial resolution : 0.75cm, crossrange resolution : 0.83cm, 0dB corresponds to the maximum intensity of the aircraft.

Figure 4 .

 4 Figure 4. Monostatic (blue) and bistatic (red) images superimposed
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