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ABSTRACT 

 

In this paper results are presented from an orbit determination study fitting short-arc optical and laser tracking data 

from the Space Debris Tracking System located at Mount Stromlo, Australia.  

 

Fifteen low-Earth orbit debris objects were considered in the study with perigee altitudes in the range 550–850 km. 

In most cases, a 2-day orbit determination was considered using 2 passes of optical and 2 passes of laser tracking 

data. A total of 68 orbit determinations were performed fitting 3-dimensioal observational data (angles and range) 

and orbit prediction residuals were calculated by comparing the orbit predictions with subsequent tracking data. A 

comparison was made between the orbit prediction accuracies for 2 orbit determination variants: (1) Entire passes 

(~2–3 minutes each) were fitted during the orbit determination process; (2) Only 5 seconds was fitted from the 

beginning of each pass.   

 

Overall, the short-arc orbit determination results in (slightly) worse orbit predictions when compared to using the 

full observation arcs; however, the savings in tracking load outweighs the reduction in accuracy. If the optical data 

was left out of the short-arc orbit determination process (i.e., only fitting short-arc range observations) then most 

cases diverged. If the laser data was left out (i.e. only fitting short-arc angular observations) then the orbit prediction 

accuracy reduced significantly. This shows the importance of 3-dimenional positioning. Two-line element data was 

used to help constrain the orbit determination process in the 1-dimensional and 2-dimensional fitting, resulting in 

better convergence rates and improving the orbit prediction accuracy but failed to meet the accuracy of fitting 3-

dimensional observational data.  

 

The results have important implications for an optical and laser debris tracking network by reducing the tracking 

load.  

 

 

1. INTRODUCTION 

 

Due to the large number of objects, particularly in the low-Earth orbit (LEO) environment, providing reliable orbital 

information is a challenging task. The most comprehensive, publicly accessible source of orbital data is in the form 

of two-line element (TLE) sets available through Space-Track.org (www.space-track.org) which currently contains 

                                                           
* This paper is based on an article “An analysis of very short-arc orbit determination for low-Earth objects using 

sparse optical and laser tracking data” submitted to Advances in Space Research, under review. 

 

http://www.space-track.org/


data for over 17,000 on-orbit objects. Orbital information is imperative for space situational awareness, particularly 

for conjunction assessments. The requirement to routinely track potentially damaging, uncontrolled objects is a 

difficult task requiring international efforts to protect space assets and preserve space. 

 

The debris laser tracking system located at EOS Space Systems on top of Mount Stromlo, Canberra, can track space 

debris using optical and laser tracking methods and delivers 3-dimensional observations. The system operation is 

limited to two terminator sessions per day due to the need for the debris target to be sun-illuminated and visible from 

the ground station. The azimuth and elevation data collected from the optical tracking system has been shown to 

have approximately 1.5 arc-second root-mean-square (RMS) error. The debris laser ranging system range accuracy 

is better than 1.5 metres RMS error [1, 2]. 

 

Optimally tasking the laser tracking station is a well-constrained problem involving pass duration, geometry, the 

number of objects to track, telescope slew time, etc. There are multiple ways to optimise an individual tracking 

session based on specific campaign needs, for example, different priority for different targets. If the requirement for 

the pass duration can be minimised, the number of objects that can be tracked during a session increases.  

 

The focus here is to investigate the effects of reducing the tracking data used in an orbit determination (OD) 

procedure rather than optimising a tracking session operation. The goal is to reduce the tracking data requirements 

without too much loss of orbit prediction (OP) accuracy in a data sparse situation (i.e. 2 passes) for low LEO debris 

objects – where atmospheric drag effects are the dominant source of orbit perturbations. The authors have 

extensively investigated the OP accuracy achievable from an OD fitting sparse optical and laser tracking data [3-5]. 

This paper investigates the notion that fitting the full pass data adds little to the OP accuracy since the separation of 

the observation arcs (at least 24 hours in this paper) provides the dominant geometrical constraint to the OD and 

very short-arc observation arcs would suffice.  

 

In what follows, the optical and laser tracking data distribution is presented, followed by a description the OD/OP 

analyses to determine: 

(1) If accurate OPs result from fitting very short-arc 3D observational data collected on 2 nights; 

(2) If so, whether accurate OPs result from fitting very short-arc 2D or 1D observations;  

(3) Whether TLE data can be used to improve the cases where convergence is not achieved or OP accuracy is 

poor. 

Then the results of the study are presented and finally some conclusions are drawn.   

 

 

2. TRACKING DATA DISTRIBUTION 

 

During April/May 2013, EOS Space Systems performed a debris laser tracking campaign targeting low-Earth orbit 

debris objects. Several objects were successfully tracked and the short-term OP accuracy generated by fitting this 

data as well as data from other campaigns can be found in [6]. The data distribution of the tracked objects selected 

for the short-arc analysis is shown in Table 1. 

 

For each laser pass indicated by an asterisk, there was also an associated angular pass collected by the optical 

tracking system. Each of the angular and range observation full passes are ~2–3 minutes.    

 

 

3. ORBIT DETERMINATION AND PREDICTION 

 

Using the available tracking data from the April/May tracking campaign, a series of OD/OP computations are 

performed. The OD is set to contain tracking data from 2 nights with a maximum OD length set to 3 days. Most of 

the ODs are 2-days containing 2 passes. For example, Object 1430 was tracked on the 24th and 25th of April and an 

OD is set to start at beginning of the 24th of April (at midnight) and span 2 days. In this case there is data available 

for predictions for 1, 2, 6, and 7 days after the OD (neglecting OPs longer than 7 days). Similarly, Object 2125 was 

tracked on the 25th and 27th of April and an OD is set to start on the 25th of April and span 3 days. In this case there 

is data available for determining OP accuracy 4 and 5 days after the OD (neglecting OPs longer than 7 days), and so 

on. These two examples are shown in Table 1. This results in a total of 68 OD computations. The number of OD 

cases with data available for each OP prediction period is detailed in Table 2.  



Table 1: Data distribution for the April/May 2013 tracking campaign. A “*” denotes a laser pass was collected on 

the associated date. The perigee and apogee are in km. Two of the 68 OD windows considered are indicated in red.  

 April May  

NORAD ID  23 24 25 26 27 28 1 2 4 5 6 7 8 9 10 Perigee Apogee 

1430  * * * *  * *  * *  *  * 720 799 

2125   *  *  * *  *  ** * * * 596 821 

2621 * * *   *  *  * *    * 587 677 

2980   *  *   *  * * *  *  628 772 

5557  *  * **   * * *   *  * 767 840 

6275  * * * *  * * *  *  * * * 775 828 

8956  * *  * * * * * * *   *  639 683 

11060    * *   *     *   824 841 

13923  *    * * * * * ** *   ** 786 810 

17122     * * * * *    * * * 663 676 

23606   * * * * *  * *   *  * 599 607 

25475  * ** *  * **  *  *  * * * 787 791 

26121 * * *    *  * * *  * *  561 657 

26702  *   *   * * * * *  * * 565 571 

26703    * *    * *   * * * 587 590 

 

 

Table 2. The number of ODs with data available x-days after the end of the OD used to create the OP summary 

results.  

OP period # of passes for OP RMS calculation  

1-day 33 

2-day 26 

3-day 25 

4-day 25 

5-day 22 

6-day 20 

7-day 16 

 

A batch least squares OD fitting procedure is used with the Earth gravitational effect modelled using a EIGEN-

GL05C gravity model [7], truncated to degree and order 100. The ocean tidal effects are included through the CSR 

3.0 ocean tidal model [8], and the solid Earth tidal force is computed using the specification given in [9, Ch. 6]. 

Third body gravitational forces are computed using the DE200 planetary ephemeris. The area-to-mass ratio of the 

object is assumed to be 𝐴 𝑚⁄ =  𝐵𝑐 𝐶𝐷⁄ =  𝐵𝑐 2.2⁄ , where 𝐴 is the unknown cross sectional area in the direction of 

motion in m2, 𝑚 is the mass in kg, also unknown, 𝐵𝑐 is the object's ballistic coefficient estimated using the method 

in [10], and 𝐶𝐷 is the drag coefficient (assumed to be 2.2 here). The 𝐵𝑐 values are shown in Table 3 for the objects in 

Table 1. When computing the radiation pressure forces, the solar radiation pressure coefficient is fixed at 1.1 and the 

area-to-mass ratio is taken as 𝐴 𝑚⁄  obtained above. The density model used is the NRLMSISE-00 model [11]. In 

each case the initial state for the OD process is provided by the first available TLE immediately before the OD 

window. Apart from the 𝐵𝑐, gathered from the long-term TLE data, no other object information is provided in the 

OD. It is also assumed that all of the objects are spherical. 

 

 

 

 

 



Table 3: Ballistic coefficients determined from long term TLE data using the method described in [10]. 

NORAD ID 𝑩𝒄 (m2/kg) 

1430 0.017358 

2125 0.020766 

2621 0.013053 

2980 0.021077 

5557 0.032186 

6275 0.044729 

8956 0.039599 

11060 0.029047 

13923 0.027836 

17122 0.048064 

23606 0.035207 

25475 0.107778 

26121 0.038221 

26702 0.025941 

26703 0.015281 

 

Two OD variants are considered to determine the reduction in OP accuracy when dealing with very short-arc 

observations:  

(1) A least squares OD procedure is used to fit the full pass data;  

(2) The OD process is repeated but with only 5 seconds of data from the beginning of each pass.  

Three data scenarios are considered to investigate the change in OP accuracy when only optical (2-dimensional) or 

only range (1-dimensional) observations are available for the OD fitting. In each OD variant above the tracking data 

observations can be taken as: 

(a) 1D – debris laser ranging (DLR) observations are considered only;  

(b) 2D – optical angles observations are considered only; and,  

(c) 3D – DLR and angles observations are both considered. 

For example, an OD fitting 3D full pass data is denoted as OD variant (1c). Similarly, and OD fitting only 1D 5 

second passes is denoted as OD variant (2a), and so on. 

  

Obtaining reliable OPs from sparse tracking observations is difficult and in some cases the OD will diverge. In these 

circumstances other information is needed to provide reliable results. The TLE data sets are an excellent source of 

information and can be used to aid OD convergence. In the 1D and 2D data cases, convergence of the very short-arc 

ODs is assisted using TLE pseudo-observations generated using the SGP4 propagator [12] from TLEs that fall 

within the OD period. This leads to improved convergence rates and OP accuracy. 

 

In the absence of “true” orbits to determine the error of the OPs, the residual is calculated from each subsequent 

tracking observation not considered in the OD. The telescope pointing errors are calculated in the along and cross 

track directions to give an idea of the chance of reacquiring the target. The range difference is also determined but is 

less important for the purposes of reacquisition. The overall OP accuracy is calculated as the RMS of these 

differences. 

 

To determine the potential loss of accuracy when using only a very small fraction of each pass, the OP results from 

OD variants (1c) and (2c) are compared. Due to the (2c) results being accurate, OD variant (2c) is then compared 

with the OP results from (2a) and (2b) to determine the importance of 3D positioning in very short-arc OD. The use 

of TLE-generated supplemental observations is investigated in (2a) and (2b) and the optimal relative weighting 

factor against the angular and range observations is provided that achieves the best OP accuracy. 



 

In the next section, the results from the OD/OP analyses are presented. 

 

 

ORBIT PREDICTION RESULTS 

 

In this section the results are presented from the OD/OP study. Initially, the 1-7 day OP results are presented for the 

3D data fitting cases, followed by the 1-day OP results from fitting 2D data, and finally the 1-day OP results fitting 

1D data.  

 

3.1 OP results for very short-arc and full arc ODs fitting 3D observations 

 

Fig. 1 shows boxplot summaries for the 1–7 day OP results from the OD variant (1c) – fitting full pass 3D 

observations. Similarly Fig. 2 shows the boxplots from the OD variant (2c) – fitting very short-arc 3D observations. 

Errors in the telescope pointing are shown in the along and cross track directions, and the range residuals determined 

from the ranging system observations are also provided.     

 

 

 
(a) Along track error 

 

 
(a) Along track error 

 
(b) Cross track error 

 

 
(b) Cross track error 

 
(c) Range error 

 

Fig. 1. 1-7 day OP results fitting 3D full pass 

observations. Note the logarithmic scale of the error. 

 

 
(c)   Range error 

 

Fig. 2. 1-7 day OP results fitting 3D 5 second pass 

observations. Note the logarithmic scale of the error. 



Fig. 1 and Fig. 2 show that the loss in accuracy is not extensive considering the large reduction in observational data 

for the very short-arc case. Due to the 24 hour separation between the fitted passes there is not much extra 

information gained by considering the full pass data. As the prediction period grows, the effect of fitting the data 

reduces and the error is dependent on the modelling of the forces. Using full pass data gives better OP accuracy but 

for reacquisition in a tracking operation, short-arc data is sufficient and has a large tracking load savings.  

 

 

3.2 OP results for very short-arc ODs comparing fitting 3D observations with fitting 2D observations 

 

In this Section the OD variant (2b) is compared with (2c) to determine the range information contribution to the OP 

accuracy and if the same accuracy can be achieved in a purely optical tracking network. 

 

Fig. 3. shows the results comparing the 2D case with the 3D results from the previous section for the 1-day OP 

errors. 

  

 
(a) Along track error 

 

 
(b) Cross track error 

   

 
(c) Range error 

 

Fig. 3. 1-day OP results comparing OD variants (2b) and (2c). Note the logarithmic scale of the error. 

 

Fig. 3 shows that a purely optical system would result in much worse OPs than an optical and laser tracking system. 

There is a significant growth in the error in the along, cross track directions as well as the range. The 1-day OP 

median RMS error is approximately four times larger in the 2D short-arc fitting than the 3D short-arc fitting. Also, 

one of the OD cases failed to converge in the (2b) OD variant. For reliable short-arc observation fitting 3D 

observations are preferred. 

 

3.2.1 Including TLE pseudo-observations to the 2D OD fitting 

 

Including TLE pseudo-observations in OD variant (2b) improves the OP accuracy depending on the weighting factor 

given to the pseudo-observations relative to the angular observations. It was found that for best OP results the TLE 

pseudo-observations should be weighted as 10-16 relative to the angular observations that had unit weight. Fig. 4 



shows the 1-day OP RMS errors from OD variant (2c) (fitting short-arc 3D observation passes) to OD variant (2b) 

(fitting short-arc 2D observation passes and optimally weighted TLE pseudo-observations). 

 

 
(a) Along track error 

 

 
(b) Cross track error 

   

 
(c) Range error 

 

Fig. 4. 1-day OP RMS error for OD variants (2c) and (2b+TLE). Note the logarithmic scale of the error. 

 

This shows that including the optimally weighted TLE pseudo-observations improves the results significantly. The 

1-day OP averages are now less than double the OD variant (2c) results – compared to when no pseudo-

observations were included (previous section) where the average was at least 4 times greater.    

 

 

3.3 OP results for very short-arc ODs comparing fitting 3D observations with fitting 1D observations  

 

The convergence rate for OD variant (2a), i.e. fitting only the 1D DLR observations, was unacceptable with only 4 

of the 33 1-day OP cases converging. Clearly 1D short-arc observational data is insufficient for reliable OP and 

other information needs to be included, such as the TLE pseudo-observations in the OD fitting.  

 

 

3.3.1 Including TLE pseudo-observations to the 1D OD fitting 

 

Including TLE pseudo-observations in OD variant (2a) improves convergence rate dramatically with 28 of the 33 1-

day OP cases converging. The cases that didn’t converge had no TLEs falling in the OD window. Again the OP 

accuracy is dependent on the weighting factor given to the pseudo-observations relative to the DLR observations. It 

was found that for best OP results the TLE pseudo-observations should be weighted as 10-6 relative to the DLR 

observations with unit weight. Fig. 5 shows the 1-day OP RMS errors from OD variant (2c) (fitting short-arc 3D 

observation passes) to OD variant (2a) (fitting short-arc 1D observation passes and optimally weighted TLE pseudo-

observations). 

 



 
(a) Across track error 

 

 
(b) Cross track error 

   

 
(c) Range error 

 

Fig. 5. 1-day OP RMS error for OD variants (2c) and (2a+TLE). Note the logarithmic scale of the error. 

   

 

Fig. 5. shows that including the optimally weighted TLE pseudo-observations gives good 1-day OP results from OD 

variant (2a) (fitting short-arc 1D observations), nearing the results from OD variant (2c). The averages are less than 

double the OD variant (2c) results. Overall, the 1-day OP results from OD variant (2a+TLE) are better than OD 

variant (2D+TLE) showing the importance of accurate range observations.    

 

 

4. CONCLUSIONS 

 

The results in this paper indicate that for short term OP, there is little extra information in the long pass data. This 

will result in a reduced tracking load so more objects can be routinely tracked without much loss in OP accuracy. 

For the cases considered, TLE pseudo-observations are very useful to improve the accuracy when fitting short-arc 

2D and 1D observations – in fact it is a necessity for adequate OD convergence if considering short-arc 1D 

observations.  

 

The results rely on an accurate ballistic coefficient being available, accurate tracking data, and the availability of an 

initial state. The other important factor is the separation time between the very short-arc observation passes. If the 

two 5 second passes were close to each other, then the same accuracy would not be achieved. A TLE was used for 

the initial state to begin the OD process, therefore the results of this paper are applicable to objects that have been 

previously tracked and not for catalogue build-up, i.e., the short-arc observation data is used to correct a pre-existing 

state. The 5 seconds of data was selected from the beginning of the passes collected to be typical of what would 

result from current operational practices. Future analyses will extend this method to the whole LEO region. For this 

to be possible an accurate estimate of the area-to-mass ratio will need to be developed similar to the ballistic 

coefficient estimation method [10].  

 



The short-arc OP success is reliant on fitting 3D observational data. In a purely optical tracking scenario, the same 

accuracy cannot be achieved with such sparse, short-arc observations. With no angular data, i.e. fitting 1D range 

observations only, the OD diverges in most cases. This shows the importance of 3-dimensional positioning data. 

Including TLE pseudo-observations in the OD process improves the 1D and 2D results; however, it fails to reach the 

accuracy of the 3D fitting even with optimally weighted TLE pseudo-observations. 

 

Future research will investigate a taxonomy for debris objects that fuses all possible data from multiple tracking 

sensors to create a realistic representation of each object. The assumption of spherical objects will be relaxed. 

Ideally, the object characterisation should be dynamic and be a feature in the catalogue. This will be part of the 

focus of future studies to improve debris OP. 
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