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Abstract

:

The increasing amount of space debris poses a significant threat to operational satellites and space-based services. This article updates the community on the current status of the development of ATLAS, a tracking radar that is part of the EUSST network and aims to detect space objects in low Earth orbits. This article focuses on the latest activities performed: calibration of the pointing system and initial observations of space objects. The calibration procedure consisted of cross-scanning the Solar disk and yielded great results, obtaining an offset of 5.3° in azimuth and 0.10° in elevation. The first observation campaign resulted in 33 range detections of the International Space Station (ISS) with a probability of false alarm of   10  − 9   . The observations were then used to readjust the radar equation to assess the real-world performance of the system.
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1. Introduction


Since the beginning of the Space Age in the 1950s, humanity has launched an increasing amount of objects into the Earth’s orbit [1]. A consequence of the unregulated launch of objects into orbit is the increasing amount of space debris—defunct, non-operational man-made objects and fragments that orbit the Earth. Many space-based assets are the backbone of an array of services essential for the progress and safety of economies and societies, such as communication, navigation, and Earth observation. Space debris poses a significant threat to these assets, as their presence can lead to collisions with active satellites.



To mitigate the risk of collision and ensure the long-term operation of current satellites, many organizations have created sensor networks comprising telescopes, radars, and lasers to monitor the orbits of space objects and warn satellite operators. This proactive approach is central to the field of Space Situational Awareness (SSA) and Space Surveillance and Tracking (SST) and is vital for safeguarding the interests of nations and upholding international agreements set forth by the United Nations for the peaceful use of outer space [2]. In this context, understanding and addressing the issue of space debris has become imperative for the safe and sustainable utilization of Earth’s near-space environment.



In the European effort, there are mainly two initiatives: the ESA SSA Programme and European Space Surveillance and Tracking (EUSST). The ESA SSA Programme is a multifaceted initiative with many objectives, including monitoring space weather, tracking near-Earth objects, cataloging space debris, and providing essential services like satellite collision avoidance [3]. EUSST is a support framework designed to establish an independent monitoring network dedicated to detecting and tracking space debris, as well as issuing alerts when preventative maneuvers may be required [4]. The primary objective of EUSST is to create an SST capability at the European level, ensuring a suitable degree of European self-sufficiency. Portugal is a participant in the EUSST program, actively developing expertise and capabilities in both optical and radar sensors to contribute to this initiative [5,6].



This paper updates the community on the current status of the development of ATLAS (rAdio TeLescope pAmpilhosa Serra), a monostatic tracking radar that is part of the EUSST network. Section 1 briefly explains the problem of space debris. Section 2.1 introduces ATLAS, explains how it has evolved since its infancy in 2020, and outlines its current operational status. Section 2.2 provides a technical summary of the transmitting and receiving chains. Section 2.3 explores the task of tracking space objects with ground-based radar, the main constraints and problems that arise, and how to approach them to perform successful observations. Section 2.4 is dedicated to explaining the procedure used in ATLAS to calibrate the pointing system. Section 2.5 explains the signal model assumed and used to develop the signal processing chain. Section 2.6 is dedicated to the signal processing chain: echo processing and detection. Section 3 showcases the results obtained during the calibration and first space object observations. Section 4 is dedicated to discussing the results and drawing conclusions from them. Section 5 concludes this article and reveals the next steps in the development of ATLAS.




2. Materials and Methods


2.1. ATLAS: Overview and Current Status


ATLAS was designed to consolidate national resources in preparation for the establishment of an SST sensor network. In 2019, Instituto de Telecomunicações initiated a major retrofit of its 9-m Cassegrain Antenna located in Pampilhosa da Serra Space Observatory (PASO), Portugal, to attach ATLAS, a complete radar system operating in the C-band (5.56 GHz) (Figure 1). A comprehensive technical overview of the system was presented in [5], accompanied by simulation studies on its expected operational performance. At the time of publication [5] in 2021, the generation and processing of the baseband signals were being thoroughly tested in a laboratory. These experiments led to several studies on the design of waveforms and signal processing chains for the system [5] (Section 4) [7]. The studies culminated in the first real-life scenario tests, where the whole system (except the antenna and power amplifiers) was tested in a setup with a major reflector at a well-defined distance [8].



After completing the preliminary functional tests in the lab and the field, we proceeded to the deployment phase. The deployment consisted of connecting the output of the power amplifier to the antenna feed through a polarizer. The polarizer underwent a matching procedure to maximize the isolation between the input/output ports and minimize reflections [9]. As part of the developments in 2022, we also presented the ATLAS Cloud Service API (ACSA) in [9]. ACSA enables monitoring and controlling of the radar through a web-based API, allowing the system to be accessed by multiple clients remotely. PASO houses many other sensors and systems [6,10], allowing ATLAS to act as a complete SST ground station with the following features:




	
Monitoring and prediction of weather and sky conditions [11];



	
Generation of schedules for optimal observation of a given catalog of space objects;



	
Data fusion of optical and radar observations [12];









2.2. ATLAS: Technical Summary


ATLAS is divided into a transmitting part and a receiving part. The transmitter, illustrated in a simplified depiction in Figure 2, is the subsystem responsible for generating and outputting the RF signal. Signal generation commences with a frequency synthesizer that generates the carrier frequency set at 5.56 GHz. This carrier signal is subsequently directed into a PIN modulator, which modulates the carrier in amplitude. The PIN modulator is controlled by a user-defined pulse shape. Following modulation, the signal proceeds to the power amplifier, where its peak power is adjustable within a range spanning from 155 W to 2 kW, facilitating versatile power configurations. For the observations shown in this article, the peak power was set to 1.6 kW. Table 1 summarizes all relevant parameters of the transmitter chain.



The receiver, depicted in Figure 3, includes an analog chain that is responsible for the demodulation and amplification of the received echoes. It starts with a low-noise amplifier (LNA), followed by a downconversion to a 400 MHz intermediate frequency (IF) and filtering (80 MHz of bandwidth). The local oscillator is provided by the same reference signal from the transmitter, guaranteeing a coherent conversion. The IQ detector converts the signal to a baseband and separates it into the I/Q components, which are then digitized at a maximum sample rate of 100 MS/s and stored in a computer for further processing. Table 2 summarizes all relevant parameters of the receiver chain.




2.3. Space Object Tracking in LEO: Error Sources and Observation Strategy


Observing space objects in low Earth orbit (LEO) with a monostatic tracking radar is no trivial task due to the dynamics between the radar and the space objects and because of the multiple sources of error that arise. Tracking radars feature narrow beamwidths to increase the resolution and signal-to-noise ratio (SNR). On the other hand, objects in LEO have very high velocities [13]. These two facts make the window of opportunity for observation very short. Errors in both the pointing system and the orbit prediction can easily lead to missing objects.



The most complete source of orbital information is the US Two-Line Element (TLE) catalog. Given the sheer number of objects present in this catalog and the speed at which the orbital information is updated, the majority of SST stations, including ours, use it to perform predictions of the objects to observe.



The correct method for propagating TLE orbital data is by using an SGP propagator, with the most popular one being the SGP4 [14]. Although using TLE+SGP4 is a fast, convenient, and sufficient approach for other use cases, our experience suggests that it is less than ideal for uncooperative tracking in LEO given the errors associated with the usage of mean elements and simplified propagation models. Accuracy depends on sensor quality, data quantity, and space conditions, none of which are disclosed by the US Space Surveillance Network. ESA published a notable article, where it was estimated that TLE orbit errors in LEO were around 0.102 km (radial), 0.471 km (along-track), and 0.126 km (out-of-plane) [14]. These errors increase as we propagate further from the epoch, but it is difficult to quantify how much. TLE data do not include any information related to maneuvers, making it very difficult to predict a satellite’s position after one. The history of the TLE sets of a given object can be used to understand whether it has undergone maneuvers, which can be useful information when dealing with uncooperative satellites [15].



Inaccurate geo-referencing of the antenna homing system may lead to biases in the azimuth and elevation measurements. Once the homing system is correctly geo-referenced, a finer calibration can be performed using celestial sources like the Sun/Moon to further decrease the offset errors [16]. Periodic calibration routines involving celestial sources should be performed to ensure the pointing system remains accurate.



The selection of resident space objects (RSOs) to track during the calibration phase can also play an essential role in mitigating these sources of error. The International Space Station (ISS) serves as an ideal candidate for initial measurements due to its significantly large Radar Cross-Section (RCS), approximately 400 m2, and its ability to orbit within the lower LEO region (below 500 kilometers in altitude), resulting in the reception of higher-energy echoes compared to other RSOs. Position and velocity state vectors for the ISS are provided by NASA and are publicly available [17,18]. These vectors are listed at four-minute intervals over the last 15 days, and during maneuvers, the vectors are reported at two-second intervals [18]. The ephemeris files also contain other important information, such as the mass of the ISS, drag area, drag coefficient, solar radiation area, and solar radiation coefficient, allowing orbit propagation with special perturbation techniques [19].



Other LEO operational satellites such as CRYOSAT-2 and Jason-3 are equipped with telemetry and retroreflectors, which provide precise ephemeris information [20]. This information can be used for highly accurate predictions of their passages, offering valuable data for both calibration procedures and evaluating the performance of ground-based sensors [21]. Passive calibration satellites, like STELLA and STARLETTE, were designed to have high reflectivity and spherical shapes, ensuring that their RCS remains independent of the viewing angle [22]. They play a critical role in fine-tuning RCS measurements obtained by the sensors, as they provide a reliable reference point for RCS values.



In light of the foregoing discussion, the following are some key ideas that every SST ground station should be aware of:




	
Use the most recent TLE sets available to reduce propagation errors and unaccounted maneuvers;



	
Perform regular calibration routines using celestial sources;



	
Use well-behaved satellites that provide precise ephemeris information and/or constantly updated TLEs to refine the pointing system;








Finally, the observation strategy used can also help mitigate some of the aforementioned errors. We suggest implementing a semi-surveillance approach. This approach entails positioning the antenna at a predicted location in the sky for the target satellite and illuminating it both before and after the expected time of the object’s passage within the antenna’s beamwidth. By adopting this method, the likelihood of successfully capturing the target increases, and the resulting echoes yield valuable insights into how to rectify discrepancies in orbit predictions and offsets of the system. By assuming a symmetric illumination time before and after the expected time of passage, it is expected that the echoes will appear centered around the middle of the illumination time window. By assuming a range acquisition window centered on the object’s expected range, the echoes are expected to appear centered in the range window. Deviations from the center of the range-pulse map can be used to compensate for pointing, timing, and orbit prediction errors.




2.4. Calibration Procedure


Calibration of both the radar performance and the pointing system requires well-characterized and stable sources of electromagnetic energy, preferably located in the far-field region of the antenna. The far field of an antenna is the distance from the source necessary to approximate the electromagnetic wavefronts as approximately planar [23] (Chapter 1). This condition is met if the distance from the source to the aperture is at least    2  D 2   λ  . This approximation is typically used as a condition in the radar equation, so we need to ensure that targets are in this region. The far-field distance of ATLAS is approximately 3 km, so we consider all satellites in orbit and celestial bodies (including the Sun) to meet this criterion.



The use of EM energy from the Sun is a well-established method for checking antenna alignment and receiver sensitivity, and it is quite common for manufacturers to provide Sun calibration tools as part of their software packages. In [24], the authors presented a method for locating the Sun’s coordinates and determining the pointing offsets. A method for determining the true elevation of a target using observations of the Sun was introduced in [25]. In [26], the authors presented an improved method for pointing calibration with the Sun using operational weather radar scans made at very low elevation angles. When calibrating radar using the Sun, the radar is, in fact, used as a radiometer. The transmitter is not used since we expect no echo from the Sun due to its distance from the Earth [27]. Because of this, only the receiving chain can be calibrated using the Sun, and to calibrate the whole system, other techniques have to be used, such as the ones explained in Section 2.3.



The Sun is one of the preferred candidates for calibration because of the following:




	
It can be regularly observed from any point on Earth;



	
Its position in the sky can be precisely calculated at any time and location [26,28];



	
It radiates at all wavelengths, and the radiation is generally unpolarized [29];



	
The solar flux incident on the Earth’s surface varies between 100 and 300 solar flux units. The solar flux is measured constantly by many stations worldwide, and these measurements are public;








The diameter of the Sun in the visible wavelengths is approximately 695,700 km, as defined by the International Astronomical Union (IAU) [30], which results in an apparent arc of approximately 0.53°. At centimeter wavelengths, this value is different, and an effective RF diameter can be obtained [31]. For ATLAS’s operating frequency, the Sun can be considered a homogeneous disc with a diameter of approximately 0.57° [27] (and the references therein).



It is common to use the horizontal coordinate system [32] when working on a radar ground station. This system uses the station’s (observer’s) local horizon as the plane to define two angles: azimuth and elevation. Azimuth is the angle around the horizon; it starts at 0° at true north and increases eastward. Elevation is the angle above the horizon starting at 0° at the horizon and increasing until 90° at the zenith, for visible objects. The horizontal coordinate system is always referenced to the station position, which is the origin, so to obtain the position of the object referenced to the Earth, the location of the station on the Earth is necessary. The equations for the elevation and azimuth calculations of the Sun are:


   E l  =  sin  − 1    ( sin  θ  l a t   sin δ + cos  θ  l a t   cos δ cos  T 0  )  ,  T 0  =  (  t s  − 12 )  × 15 ° ,  



(1)






   A z  =  cos  − 1     sin  E l  sin  θ  l a t   − sin δ   cos  E l  cos  θ  l a t     ,  



(2)




where   E l   and   A z   are the elevation and azimuth of the Sun, respectively.  δ  is the declination of the Sun,   θ  l a t    is the latitude of the ground station, and   t s   is the hour angle of the Sun. The up-to-date declination and hour angle of the Sun are made public by many observatories. The elevation angle is affected by changes in the refractivity of the atmosphere with altitude. The authors of [28] provided an extensive explanation of the equations necessary for calculating the refractivity index and compensating for the apparent elevation obtained in (1). These equations usually require access to local meteorological parameters such as ambient temperature and pressure. The effect of refraction should be taken into account, especially when collecting data at low elevations (<10 deg [26]).



Measurement of solar noise is a relatively straightforward, accurate, reproducible, and convenient method for assessing receiver performance. It consists of measuring the ratio between the power received by the antenna when pointed at the Sun and when pointed at the cold sky [33]. This metric proves valuable in receiver optimization because a higher measured solar noise correlates with improved G/T, allowing for the detection of weaker signals.



The basic principle of pointing calibration with the Sun consists of scanning the azimuth/elevation positions around the predicted position of the Sun and measuring the received power [16]. When the antenna is pointing to the center of the solar disk, it will receive the maximum power. The difference between the sensor angle readings at the peak power and the predicted position of the Sun corresponds to the bias in the positioning system.



The cross-scanning routine consists of the following steps:




	1.

	
Define a vector of N offset angles    θ  o f s   =  [  θ 1  ,  θ 2  , …  θ N  ]   .




	2.

	
Define a vector of N time instants   T = [  t 1  ,  t 2  , …  t N  ]  .




	3.

	
Predict the azimuth positions of the Sun for the defined time instants:    A z    ( T )  = [   A z   (  t 1  )  ,      A z   (  t 2  )  , …  A z   (  t N  )   ]   .




	4.

	
Compute the scanning positions:   S =  A z  +  θ  o f s    .




	5.

	
Point the antenna to positions S at time instants T and compute the power received for each position.




	6.

	
Locate the peak power and update the offset with the new angle value.




	7.

	
Repeat for the elevation angle.









The scan should be performed by alternating between azimuth and elevation to avoid the coupling error of moving azimuth and elevation simultaneously and for several iterations until the obtained offsets converge within a given uncertainty. This routine ensures that the calculated positions compensate for the Sun’s movement during the scan. The operator should make sure the timestamps between points are long enough to be able to move the antenna and record the signal at the correct time.



This method should only be used when the beamdwith is larger than the diameter of the Sun. In cases where the beamwidth is larger, the scanning will return the beam pattern of the antenna, and we can confidently say that the maximum noise reading corresponds to the center of the Sun. However, if the beamwidth is smaller than the diameter of the Sun, there will be multiple maximum values when passing inside the solar disk, which will result in a beam pattern with a flat top instead of a peak.




2.5. Signal Model


Let us consider a radar system emitting a pulse with a carrier at frequency   f 0  , modulated with a complex baseband linear frequency modulation (LFM)


  u  ( t )  = rect   t  T p     e  j π  B  T p    t 2     e  j ( 2 π  f o  )   ,  



(3)




where   T p   is the pulse duration, t is the fast time, B is the signal bandwidth, and   j =   − 1    . Now let us assume that the radar is illuminating a target with a constant radial velocity, causing the range to change according to


  r  (  t s  )  =  r 0  +  v r   t s  ,  t s  ∈  [ 0 , CPI ]  ,  



(4)




where   t s   is the slow time,   r 0   is the initial range,   v r   is the radial velocity, and CPI is the coherent processing interval. The slow time can be written as dependent on the pulse number


   t s  = n  T r  , n ∈  [ 0 , 1 , 2 , … , M − 1 ]  ,  



(5)




where   T r   is the pulse repetition interval, and M is the number of pulses in a CPI.



If the radar emits a burst of identical pulses, given by (3), the received echoes after carrier demodulation are given by


      u r   ( t ,  t s  )  =  A r  rect    t − 2 r (  t s  ) / c   T p     e  j π  B  T p     ( t − 2 r  (  t s  )  / c )  2    ×  e  − j   4 π r (  t s  )  λ    + n  ( t )  ,     



(6)




where   A r   is the complex amplitude of the echo, c is the speed of light,   λ = c /  f 0   , and   n ( t )   is the additive noise term. The sources of noise arise from inside and outside a circuit: solar noise, cosmic and galactic noise, interference from other antennas, and instrumental noise. Different noise sources are modeled by different distributions, with the most predominant one being thermal noise [23] (Chapter 1), which is white and follows a normal distribution in amplitude. Given that the final noise signal is a byproduct of interference from potentially many different sources, the Central Limit Theorem can be applied, and it is reasonable to assume additive white Gaussian noise (AWGN) with a zero mean and a variance   σ 2  :   N ( 0 ,   σ 2  )  .



After passing the signal through a matched filter, the target’s echoes are given by


      u  p c    (  r i  ,  t s  )  =  A  p c    s i n c   π B   2 (  r i  −  r 0  −  v r   t s  )  c   ×  e  − j   4 π (  r 0  +  v r   t s  )  λ    + n  (  r i  )  ,     



(7)




where   A  p c    is the complex amplitude of the compressed echoes, and    r i  = c t / 2   is the range. Equation (7) contains a sinc term [23] (Chapter 20), which is centered at   r 0   and migrates during the CPI.



Real examples of the signal model in Equation (7) are presented in Figure 4 and Figure 5 (  r i   is the range axis, and   t s   is the Illumination time axis). These figures correspond to the squared magnitude of the pulse-compressed echoes received during the observation of two satellites. In both cases, it is possible to see a distinct line that corresponds to range migration during the illumination time.



The complex exponential term at the end of Equation (7) can be developed into


   e  − j   4 π (  r 0  +  v r   t s  )  λ    =  e  − j   4 π  r 0   λ     e  − j 2 π  f D   t s    ,  



(8)




where    f D  =   2  v r   λ    is the Doppler shift. The sequence of phase-change terms along the slow time forms a complex sinusoid at the Doppler frequency and is sometimes called the spatial Doppler signal.




2.6. Signal Processor


ATLAS uses an AM Chirp waveform with a bandwidth of 2 MHz and emits bursts of 100 pulses at a frequency of 33 Hz. This configuration results in a range resolution of 75 m after pulse compression and a Doppler resolution of 0.009 m/s. The maximum unambiguous range is 4545 km, and the maximum unambiguous velocity is 0.44 m/s. The signal processor is depicted in Figure 6. The raw data acquired by the ADCs for each pulse are stacked in a range-pulse complex matrix [34] (Chapter 3). The complex data are processed by a matched filter [34] (Chapter 4) and then split into two branches.



The first one computes the sample power and passes the signal through a cell-averaging constant false-alarm ratio (CA-CFAR) [34] (Chapter 6) detector with a probability of false alarm of   10  − 9   . At the end of this branch, a list of range detections is obtained. The second branch compensates for range migration and performs pulse-Doppler processing.



Range migration compensation is achieved using the Radon transform (RT) for line detection [35] and envelope cross-correlation for range alignment [36,37]. The RT of a function   f ( x , y )   is defined as [38]


  R  ( p , τ )  =  ∫  − ∞   + ∞   f  ( x , p x + τ )  d x ,  



(9)




where p is the slope of the line and  τ  is its intercept with the y-axis. So,   R ( p , τ )   is the line integral of   f ( x , y )   over the line defined by the parameters p and  τ . By applying the RT across a range of slopes and intercepts with the y-axis, we obtain the sinogram of   f ( x , y )  , which contains maximums for the pairs of   ( p , τ )   that define existing lines in the   ( x , y )   domain.



By combining (7) and (9), it is possible to obtain the RT of the received signal in terms of the range   r 0   and the radial velocity   v r  


     R  (  r 0  ,  v r  )  =  ∫  0   C P I    u  p c    (  r 0  +  v r    Δ  t s    Δ  r i     t s  ,  t s  )  d  t s  ,  r 0  ∈  [  r  m i n   ,  r  m a x   ]  ,     



(10)




where   Δ  t s    is the pulse repetition interval, and   Δ  r i    is the range resolution.



The radial velocity can also be defined as the anticlockwise angle from the slow time axis to the range walk line


   v r  = tan  ( θ )    Δ  r i    Δ  t s    , θ ∈  [ 0 , π ]  .  



(11)







If there is one line in   R (  r 0  ,  v r  )  , it can be detected using


   r  R T   ,  v  R T   = max  ( R  (  r 0  ,  v r   ( θ )  )   ,  r 0  ∈  [  r  m i n   ,  r  m a x   ]  , θ ∈  [ 0 , π ]  ,  



(12)




where   r  R T    and   v  R T    are estimates for the initial range and radial velocity computed with the RT. After detecting the line, we can filter out the rest of the components in the sinogram (by setting them to 0) and apply the inverse Radon transform (IRT), resulting in the detected line being isolated, denoted as   u  c l e a n   


   u  c l e a n   = IRT (      R (  r 0  ,  v r  )     if    (  r 0  ,  v r  )  =  (  r  R T   ,  v  R T   )        0   else     ) .  



(13)







Figure 7 showcases the line detection technique applied to the observation shown in Figure 5.



Applying the envelope cross-correlation to   u  c l e a n    estimates the range cell shift between the peaks in the line, which are then used to align the predominant scatterer within the same range bin, as depicted in Figure 8.



Now that the range alignment is completed, we need to correct for the Doppler term (Equation (8)). To do this, we can implement a filterbank, with each filter tuned to a different Doppler frequency. This can be obtained by applying the Fourier transform along the slow time, generating a range-Doppler map [34] (Chapter 5). Due to the usage of a low PRF, the Doppler velocity obtained is highly ambiguous. Unambiguous velocity estimation is obtained from the line parameters found with the RT.





3. Results


3.1. Calibration


The results from the last calibration procedure with cross-scanning using the Sun are depicted in Figure 9 and Figure 10. Figure 9 showcases some of the steps of scanning. Initially, an azimuth scan with an 8° searching angle yielded an offset estimate of 6°. Then, an elevation scan with a 4° searching angle provided an initial estimate of 1°. Subsequently, finer-resolution scans were conducted around these initial offsets, and the azimuth offset was corrected to 5.4°, and the elevation offset was corrected to 0.5°. The convergence was obtained after the offset in azimuth stabilized within an uncertainty of 0.2° and the offset in elevation stabilized within an uncertainty of 0.05°. The results in Figure 10 correspond to the last iteration on each axis after convergence was obtained.




3.2. Space Object Observations


The observations presented in this section resulted from the first campaign of observations performed with ATLAS in July 2023 and a second campaign during the last week of January 2024. The preferred candidate for observation was the ISS, as explained in Section 2.2. Figure 11 showcases one of the observations obtained. After applying the signal processing chain to the raw data, a streak of detections is visible. The object returned reflections from pulses 35 to 48 out of the 100 pulses emitted. Range migration is obvious given that the object moved to other range cells from pulse to pulse. Figure 12 depicts the range-Doppler map obtained for the observation in Figure 11.



A total of 35 range detections and 5 velocity detections were obtained from the campaign. Table 3 shows the complete data for some of the observations. The rest of the observations were used to assess the performance of the system, as explained in Section 4.2.





4. Discussion


4.1. Calibration


Figure 10 shows not only the offset of the main beam but also the shape of the main beam and sidelobes. The sidelobes of the antenna are not symmetric and require re-alignment. This is due to it being an old antenna that was moved and underwent several upgrades and repairs over the years. A 3D point cloud was recently obtained using LIDAR, showing that the feed and the secondary reflector are aligned, but some of the panels of the main reflector are misaligned, compromising the parabolic shape. This issue is currently being addressed.




4.2. Revisiting the Radar Equation


By adapting one of the many forms of the radar equation, the single pulse signal-to-noise ratio (  SNR p  ) after pulse compression is given by [39]:


   SNR p  =    P  p e a k    G 2   λ 2  σ τ β   4  π 3   R 4   k B  T  N F  B  L s     



(14)




where   P  p e a k    is the transmitted peak power (W), G is the antenna gain,  λ  is the operating wavelength (m),  σ  is the target radar cross-section (RCS) (  m 2  ),  τ  is the pulse width (s),  β  is the bandwidth of the waveform (  H z  ), R is the distance to the object (m),   N F   is the noise factor of the receiver, k is the Boltzmann constant (  J K  ), T is the receiver temperature (K), B is the bandwidth of the receiver (  H z  ), and   L s   accounts for all losses.



The loss term   L s   represents all the factors that are difficult to obtain/identify, e.g., system losses and atmospheric losses. While an educated guess can be a useful starting point to evaluate the future performance of a radar system, ideally, this term should be updated by performing measurements with the system. Figure 13 represents the theoretical curves obtained for ATLAS for different RCS values, represented as solid lines. Since we have now made observations of the ISS, we decided to use these to revisit the equation and improve it. To do this, we fixed the equation terms for an RCS of 400 m2 and fitted the loss term   L s   to the observations using a non-linear least-squares method. The fitting resulted in an   L s   of 15.94 dB with a variance of 6.09 dB. The fit curves are represented as dashed lines. The variance of the estimate is high due to the dispersion and number of measurements. We can see that for ranges around 500 km, the detections have variations of around 5 dB in the SNR, which can be due to many factors such as the scintillation of the object or variations in the gains of the system during pulse emission/reception. We are currently investigating the cause of these differences in the SNR for the same range and RCS. Currently, the number of observations is limited, and the objective is to gather more observations at different ranges and RCSs to obtain a better estimate of   L s  .





5. Conclusions and Future Work


After 4 years of development, testing, and validation, the ATLAS system has successfully achieved its first uncooperative observations of space objects. These results were only possible due to the efforts invested in creating an adequate observation strategy, implementing calibration techniques, and exploring the capabilities of the system in terms of baseband waveform generation and processing.



As of now, ATLAS is evolving to be not only a radar system but a fully-fledged SST ground station with the capacity for orbit prediction, schedule generation, and maintenance of an internal catalog. ATLAS is still a work in progress that is moving closer to being used in an operational scenario. Ongoing and future work comprises the following:




	
Obtain more observations of well-known objects at different ranges and RCSs to obtain a better estimate of the radar’s performance;



	
Compare range and range-rate measurements with precise ephemeris to correct unaccounted bias terms;



	
Increase the probability of detection by designing more sophisticated detectors. This includes exploring subspace detector design [40,41], multi-stage adaptive detectors [42,43], and machine learning-based detectors [44,45];



	
Address ambiguous Doppler velocity extraction using multiple PRFs [46,47];



	
Increase the peak power, bandwidth, and PRF of the system to increase the SNR, range resolution, and Doppler resolution.
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Figure 1. Antenna located in PASO, with the radar system inside the hub. 
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Figure 2. Functional diagram of the transmitter subsystem. 
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Figure 3. Functional diagram of the receiver subsystem. 
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Figure 4. NORAD ID: 25544, ISS. A streak is formed by the echoes received from the sattelite. 
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Figure 5. NORAD ID: 54216, CSS (MENGTIAN). A streak is formed by the echoes received from the sattelite. 






Figure 5. NORAD ID: 54216, CSS (MENGTIAN). A streak is formed by the echoes received from the sattelite.
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Figure 6. ATLAS signal processor. The output of the signal processor consists of a list of detections containing range and velocity information. 
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Figure 7. Line detection based on the Radon transform applied to an observation of CSS (MENGTIAN). 
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Figure 8. Range alignment of the observation shown in Figure 7. 
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Figure 9. Example of the steps of the calibration procedure. In Step 1, an azimuth scan was performed with an 8° searching angle to obtain an initial guess of the offset, where a peak was obtained at 6°. In Step 2, the 6° offset in azimuth was fixed, and an elevation scan was performed with a 4° searching angle to obtain an initial guess of the offset, where a peak was obtained at 1°. Once an initial guess for both offsets was obtained, the same process was repeated but with finer resolution around the new offsets (Steps 3 and 4), where the azimuth offset was corrected to 5.4° and the elevation offset was corrected to 0.5°. The process converged in Steps 5 and 6, as detailed in Figure 10. The number of scans required until convergence may vary, and for illustration purposes, intermediary scans were omitted. 
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Figure 10. Offsets obtained for azimuth and elevation after convergence in the cross-scanning procedure. The azimuth offset is 5.3 ± 0.2°, where the mainlobe can be identified roughly in the region between 4.9° and 5.7°, the left sidelobe is visible between 3.5° and 4.5°, and the right sidelobe is between 6.5° and 7° (incomplete). The elevation offset is 0.10 ± 0.05°, where the mainlobe can be identified roughly in the region between −0.27° and 0.47°, and the right sidelobe is between 0.6° and 1° (incomplete). 
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Figure 11. Image on the left shows the absolute value of the complex raw data recorded by the ADCs. The image on the right shows the detections obtained. The detections cluster into a streak, a common pattern when observing space objects due to the effect of range migration. 
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Figure 12. Range-Doppler map with detection at 502.0 km of range and 0.014 m/s of Doppler velocity. 
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Figure 13. SNR dependence on the range for different RCSs. The theoretical curves (solid lines) were adjusted using the ISS observations to obtain a better estimate of the performance of ATLAS in real scenarios (dashed lines). 
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Table 1. ATLAS transmitter characteristics.






Table 1. ATLAS transmitter characteristics.





	Operating Frequency
	5.56 GHz



	Peak power
	1.6 kW



	Waveform
	AM Chirp [5] (Section 4)



	Pulse repetition frequency
	33 Hz



	Number of pulses
	100



	Emitter bandwidth
	2 MHz










 





Table 2. ATLAS receiver characteristics.
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	LNA noise figure (<15 °C) (   N f   )
	0.7 dB



	IF filter BW (B)
	80 MHz @ −3dB



	Maximum sample rate
	100 MS/s










 





Table 3. Some examples of observations.
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	NORAD ID
	Timestamp
	Azimuth (°)
	Elevation (°)
	Range (km)
	Doppler Velocity (m/s)
	Velocity (From Line Detection) (m/s)





	25544
	2023-07-04T 06:51:05
	91.94
	57.37
	502.0
	0.014
	623.115



	25544
	2023-07-06T 23:34:16
	258.87
	45.27
	589.5
	−0.105
	4407.915



	25544
	2023-07-13T 21:11:20
	27.68
	46.97
	573.5
	−0.040
	3931.333



	54216
	2024-01-31T 12:40:09
	287.22
	45.39
	541.5
	0.052
	4653.335



	25544
	2024-02-02T 18:44:46
	303.62
	45.84
	583.9
	0.037
	4593.325
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