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Satellite laser ranging (SLR) had been operated at a pulse repetition frequency (PRF) from ∼10 Hz to 10 kHz; the ultra-high PRF of SLR (UH-SLR) is a trend of development. In this study, an alternate working mode of laser firing and gated pulse bursts is proposed to solve the problem of laser echo interference by laser backscattering. Through an ultra-high PRF of 200-kHz picosecond green laser with single-pulse energy of 80 μJ and a pulse width of 10 ps and a ranging gate device, UH-SLR has been built by an aperture of the 60-cm SLR system in the Shanghai Astronomical Observatory. By this UH-SLR, low-orbit to high-orbit and geostationary orbit satellites are measured night and day and also for low-orbit and medium-orbit satellites in the daytime. The normal point (NP) accuracy is ∼30 μm for low-orbit satellites and ∼100 μm for high-orbit satellites, which provides an effective method for the development of ultra-high PRF and high-precision space target laser ranging.
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INTRODUCTION
Satellite laser ranging (SLR) is applied to acquire the distance from satellites to ground stations with the time-of-flight measurement [1–4]. Its ranging accuracy is up to a millimeter or even more, which is a key source of information for satellite geodes [5–10]. A precise orbit determination (POD) can be obtained by SLR [6]; it is an original contribution to testing and verifying relativistic physics [11]. The post-fit root-mean-square residuals of the POD were 8.81 cm with 49 normal points (NPs) for Quasi-Zenith Satellite 1, and also, the corresponding three-dimensional orbital overlap error for 4 days was 160.564 m [10]. At present, the picosecond laser plays an important role in SLR. The pulse repetition frequency (PRF) of the kilohertz (kHz) picosecond laser was more widely used to provide more ranging measurement data and higher ranging accuracy [3, 6, 9]. The high PRF of laser ranging has the characteristic of a fast target search; it can increase the number of echoes within the ranging measurement NPs to obtain higher precision, so it has been rapidly developed [2, 3, 12–17]. In 2018, the Shanghai Astronomical Observatory (SHAO) analyzed the ranging data to show that the NP ranging accuracy at a PRF of 4 kHz was about 2.62 times higher than that of 1 kHz [12]. In the following year, the 10-kHz laser ranging from a low orbit to a geostationary orbit was realized by upgrading the laser and distance gate device [3].
The ultra-high PRF (above 100 kHz) of SLR (UH-SLR) is mainly realized by pulse bursts and the single-photon detector (SPAD). A small fiber nanosecond laser was used to achieve a PRF of 100 kHz UH-SLR, whose measured range was up to 20,000 km, and the NP ranging accuracy was 5∼15 mm; this ranging system size was only 1.8 × 1.2 × 1.6 m with a weight of 200 kg [14, 15]. At the Global Technology Conference organized by the International Laser Ranging Service (ILRS) in Stuttgart, D. Dequal analyzed the NP ranging accuracy at a PRF of 100 kHz. UH-SLR was expected to be at a sub-millimeter level [16]; after a few years, they had realized 100 kHz UH-SLR [17]. The SLR station in Graze reported a PRF of 500 kHz UL-SLR, and a few years later, they achieved a PRF of 1 MHz UH-SLR in 2021 [2]. A PRF of 100 kHz lunar laser ranging was built by Vladimir Zharov in Russia to obtain a sub-millimeter ranging accuracy. The aperture of the telescope was 2.5 m with 150 W in a PRF of 150 kHz pulse laser [18]. However, for UH-SLR, the laser backscattered (LBS) under laser transmission in the atmosphere very easily interferes with the laser echoes, which increases the difficulty of laser echo identification [19]. In this study, pulse bursts in the alternating mode are proposed to solve the question of the LBS, and also, the SPAD with low noise worked in the Geiger mode.
ANALYSIS OF THE SLR DETECTION ABILITY AND RANGING ACCURACY
The radar link equation is the basis of evaluating the measurement capability for the SLR system; the equation is as follows [20]:
[image: image]
where n0 is the average photo-electrons produced by laser echoes from satellites, λ is the wavelength of the laser, h is the Planck’s constant, c is light velocity, ηq is the quantum efficiency of the SPAD, Et is single-pulse laser energy, Ar is the effective receiving area of the telescope, AS is the reflection area of the reflector, T is the laser transmission efficiency in the atmosphere, Kt is the efficiency of the transmitting optical telescope, Kr is the efficiency of the receiving optical telescope, α is the attenuation factor, θt is the divergence of the laser beam, θt is the reflector divergence angle on satellites, and R is the distance from ground stations to satellites. When the SPAD detects background and dark noise, the laser echoes from satellites will not be detected, so the detection probability of the laser echoes from the satellite is as follows:
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where n1 is the background photon noise and n2 is the dark photon noise by the SPAD. It can be seen from the aforementioned formula that in order to improve the detection probability of n0, n1 and n2 should be reduced. Under the PRF of f and combined with the radar link (1), the average number of laser echo points N per unit of time is as follows:
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From the aforementioned formula, in order to increase the average number of laser echo points N, the PRF of laser ranging should be increased. At the same time, supposing N is constant, increasing the PRF can reduce the single-pulse energy of the laser or the effective receiving area of the system, so a small-aperture telescope and a low-pulse energy laser with a high PRF can be used for SLR, like the minimal SLR system in [14].
The single-ranging accuracy of the SLR system is estimated as follows [14–17]:
[image: image]
σL is the time deviation caused by the pulse width of the laser, σD1 is the deviation of opening time with the SPAD gate, σD2 is the deviation of SPAD closing time of the gate, σET is the event timer response deviation, and σs is the impulse response deviation of the ranging target. At present, the ILRS uses NPs to reflect the ranging accuracy, and the calculation formula is as follows [12, 17, 20]:
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where N is the number of data points in the NP duration time, which is defined by the ILRS (https://ilrs.gsfc.nasa.gov/data_and_products/data/npt/index.html). From Eq. 5, it is observed that the PRF of raised SLR can increase the number of echoes in N so that a higher NP ranging accuracy can be obtained.
SYSTEM CONSTRUCTION OF UH-SLR AND THE RESULT
Under UH-SLR, because the PRF is up to 100 kHz (the space-time of laser pulses is 10 μs), the space-time between the laser pulses is short. The LBS from the laser pulse transmission in the atmosphere is relatively strong, and also, the continuing time of the LBS would be more than 10 μs. If the SPAD is opened at the continuing time of the LBS, on one hand, it is easy to cause the SPAD to be saturated and damaged; on the other hand, the LBS will interfere with the laser echoes from satellites; when the SPAD detects photons from the LBS, photons from laser echoes cannot be detected, which will increase the identification difficulty for SLR [19]. The LBS will be avoided in our mode of alternating pulse bursts. The working mode is shown in Figure 1A. The laser outputs pulse bursts, and it stops from a ranging gate device (RGD). Since the output of the laser has stopped, the SPAD is turned on to collect laser echoes from satellites; therefore, it avoids the interference of the LBS. After the SPAD receives the laser echoes, it then stops working, while at this time, the laser would be emitted, so this cycle repeats again; it is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | Time sequence of the alternated working mode for laser emission and the SPAD triggered (A) and pulse burst periodic signal (B) by the RGD.
In Figure 1A, the maximum continuous working time of the trigger signal for pulse bursts is as follows:
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where c is the speed of light and L is the distance between the satellite and the SLR station, which varies with the azimuth and elevation of the satellite. The maximum number of pulses emitted from the laser is as follows:
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where T is the period of the laser PRF; at this time, there is no external trigger signal within △t2, so the laser pulse is not emitted; however, the SPAD is turned on by the gate pulse burst signal from the RGD. The continuous working time △t3 of the corresponding SPAD is equal to △t2, and △t2 is equal to △t1, so the pulse burst period TL of the laser output is as follows:
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For satellites with different orbital distances, the corresponding pulse burst periods can be obtained from Eq. 8. For example, for a satellite with a distance of 37,500 km from the SLR station, the pulse burst period TL will be 500 ms, the alternating frequency is 2 Hz, and the maximum time of pulse emission within the corresponding burst is 250 ms; for a PRF of 200 kHz, T is 5 μs, so the maximum number of pulses emitted from the laser is 50,000. In the actual ranging process, the satellite distance is changed, so TL would be changed. For different satellite orbit prediction distances, the repetition frequency of the pulse bursts and the number of pulses in the bursts can be calculated according to Eqs 7 and 8. We design an RGD for our UH-SLR using this. The pulse burst periodic signal of geostationary orbit satellites is generated by RGD, as shown in Figure 1B; waveform 1 is the pulse bursts of the laser ignition signal generated by Eq. 7, and waveform 2 is the SPAD trigger signal generated by Eq. 8; the interval between pulses for waveform 1 and 2 is 5 μs.
Taking the SLR system at the SHAO as a platform with the basic framework of laser ranging in [21], the block diagram of UH-SLR is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram for the UH-SLR system.
In Figure 2, the satellite orbit prediction parameters are downloaded to the controlling software of the computer, and it is converted to a controlling command for the servo system, which controls the telescope mount to track the satellite with an accurate feedback track from the grating encoder. The satellite would be monitored by the receiving system’s monitoring charge-coupled device (CCD). At this time, the laser is ignited by the burst fire of pulses from the RGD, through the coupé optics and transmitting system to the satellite, and also, the laser pulse is processed by using a photoelectric detector, and it is sent to the event timer (ET). The ET (USB, A033 origin Latvia) would start to record and send the start time of laser pulses t1 to the computer. Bursts of gate pulses from the RGD would be sent to the SPAD (by East China Normal University, China). Spectral filtering (0.15 nm) and spatial filtering are performed to reduce background noise. When the laser pulses are emitted, the SPAD is turned off, and when the SPAD is turned on, the laser pulse would be stopped; thus, it realizes the alternating mode of pulse burst sending and receiving. The laser echoes pass through the receiving system to the SPAD, and the return time t2 is obtained by the ET. Altogether, the RGD, computer, and ET are provided high precision time from the GNSS′ clock. Considering the delay of △t0 from the UH-SLR system, the range of satellite R is as follows:
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A PRF of the 200-kHz picosecond laser is used, the average output power of the laser is 16 W, the single-pulse energy is 80 uJ, and the pulse width is 10ps. Based on the aperture of the 60-cm SLR system at the SHAO (as shown in Figure 3A), the UH-SLR system is established; UH-SLR software is shown in Figure 3B. Under the coordinated universal time (UTC) in the SHAO, satellite measurement data processing with satellites Jason3 in the low orbit, Glonass105 in the high orbit, and Compassi5 in the geostationary orbit, Lageos2 is ∼6000 km away, as shown in Figure 4, respectively. The satellite Lageos2 (Figure 4D) is measured in the UTC time of 8:42:04; this is daytime for the SHAO in the east eight time zones. The laser echoes in Figure 3 show that the SPAD operates in an alternate way, and it reflects the alternate mode of sending and receiving pulse bursts.
[image: Figure 3]FIGURE 3 | SLR system: (A)aperture of 60 cm at the SHAO (mountain of SheShang in Shanghai city); (B) software for UH-SLR.
[image: Figure 4]FIGURE 4 | Measurement data processing for the satellite Jason3 (A), Glonass105 (B), Compassi5 (C), and Lageos2 (D) with UH-SLR at the SHAO.
Many satellites are measured during the night and daytime, as shown in Table 1; a part of the global navigation satellite system for Russia (Glonass), China (Beidou), and Europe (Galileo) is measured, especially the satellite Compassi5, which is about 37,000 km away. The single-ranging accuracy root mean square (RMS) is around 1 cm. The best NP ranging accuracy is 29 um with the satellite of Stella, and the satellite of Glonass132 is up to 113 μm. Compared with the NP ranging accuracy of the fiber nanosecond laser [15, 16], it achieves an order of magnitude improvement, which shows the advantages of a picosecond laser in UH-SLR.
TABLE 1 | Ranging data results for satellites from the UH-SLR system at the SHAO.
[image: Table 1]CONCLUSION
According to the radar link equation, the relationship between the average number of laser echoes, PRF, and the echo detection probability per unit of time is obtained. The SLR transmission time period with UH-SLR is separated from the laser echoes to solve the LBS interference; UH-SLR is achieved at the SHAO with a picosecond laser and RGD. Low- to high-orbit and geostationary orbits are measured night and day, and Lageos1 (about 6,000 km far away) is realized in the daytime. The NP ranging accuracy is up to 29 μm for low-orbit satellites and 113 μm for high-orbit satellites. Through the research and experiment in this study, pulse bursts in the alternating mode will become an effective method to realize UH-SLR, which strongly promotes the development and application of laser ranging technology.
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Num Satellite name Points RMS (cm) Num of NP Orbit
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1 Stella 21,532 069 4 0.029 Low

2 Hy2b 522,403 0381 8 0.032 Low

3 CryoSat-2 513,359 09 8 0.036 Low

4 Starlette 358,812 097 5 0.036 Low

5 Geoik2 95,496 098 2 0.045 Low

7 Ajisai 203,465 159 2 0.050 Low

8 Hy2c 10,306 07 1 0.069 Low

9 Beacon 334,495 181 5 0.070 Low

10 Lageos2 60,077 101 4 0.082 Medium
1 Glonass132 6171 089 1 0113 High

12 Glonass106 9,786 131 1 0132 High

13 Galileo203 8,401 127 1 0139 High

14 Galileo210 4747 11 i 0.160 High

15 Jason3 22,649 107 7 0.188 Low

16 Glonass105 9,736 203 1 0.206 High

17 Lageosl 10,381 123 3 0.209 Medium
18 Glonass133 8,712 217 1 0232 High

19 Glonass128 2,267 12 1 0.252 High

20 Galileo218 5,154 098 8 0.386 High

21 TerraSAR-X 236 066 1 0.430 Low

2 Glonass134 539 278 1 1.197 High
23 Glonass121 334 184 2 1424 High
24 Compassi5 202 387 1 2723 Geostationary





OPS/images/math_1.gif
0






OPS/images/fphy-10-1036346-g003.gif





OPS/images/fphy-10-1036346-g004.gif





OPS/images/math_4.gif
ungle = \|} + 0y +Thy + Ty + 02 )





OPS/images/math_2.gif
P(O,ng) =e ™™ (] - (2)





OPS/images/math_3.gif
®





OPS/images/cover.jpg
& frontiers | Frontiers in Physics






OPS/images/fphy-10-1036346-g001.gif
= RIS SR
IS S S






OPS/images/fphy-10-1036346-g002.gif





