
ANALYZING ANOMALOUS ARTEFACTS IN TDS-1 DELAY DOPPLER MAPS 

Changjiang Hu,*1 Craig Benson,1 Hyuk Park,2 Adriano Camps3 Li Qiao,1 and Chris Rizos4 
 

1School of Engineering and Information Technology, UNSW, Canberra, Australia 
2Department of Physics, Universitat Politecnica de Catalunya, Spain 

3Department of Signal Theory and Communications, Universitat Politecnica de Catalunya and 

IEEC/UPC, Spain 
4School of Civil and Environmental Engineering, UNSW, Sydney, Australia 

*Corresponding author: changjiang.hu@student.adfa.edu.au 
 

ABSTRACT 

 

Global Navigation Satellite System Reflectometry (GNSS-

R) uses the GNSS reflected signals to study parameters of 

the Earth’s surface such as ocean surface height, wind 

speed, soil moisture, sea surface target detection. In this 

paper fourteen DDMs (Delay Doppler Maps) of 

TechDemoSat-1 (TDS-1) containing anomalous artefacts 

are presented and analyzed. Anomalous artefacts are not 

caused by the reflection from Earth surface targets, 

occultation, nor the leakages of direct signals, but likely - 

according to their delays- from reflection of targets above 

the Earth’s surface (either airborne or spaceborne).  

 

Index Terms— GNSS, GNSS-R, DDMs 

 

1. INTRODUCTION 
 

The use of reflected global navigation signals for Earth 

observation (known today as GNSS-R) was first proposed 

in 1988 [1]. Since then a number of applications have been 

proposed and evaluated. It is found that GNSS-R can be 

applied to study a range of parameters of the Earth’s 

surface, including ocean surface height [2], wind speed [3], 

soil moisture [4, 5], snow depth [6], ice detection [7], sea 

surface target detection [8], oil spill mapping [9], and 

ionospheric monitoring [10]. In recent years space-based 

GNSS-R, where receivers are fixed on LEO (Low Earth 

Orbit) satellites, has attracted greater attention in the GNSS 

community. Several missions carrying onboard GNSS-R 

instruments have been launched or are in preparation [11-

18]. TDS-1 and CYGNSS are two missions are providing 

data for GNSS-R research. 

This paper found that some TDS-1 DDMs contain 

anomalous artefacts which are different from normal 

DDMs. Possible reasons are considered in this paper. 

Results suggest that the anomalous artefacts are the 

reflections from targets not on the Earth’s surface, but in 

the air or in space. This study suggests a new application of 

the GNSS-R; i.e. target detection above the Earth’s surface, 

when the geometry is suitable. 

 

2. DATA INTRODUCTION 

 

This paper uses fourteen DDMs of TDS-1 collected on 14 

and 15 September 2018, as shown in Fig. 1. Each DDM is 

referred to as an event. The location of the specular point 

of each event is shown in Fig. 2, which is marked by a red 

star. It can be seen from Fig. 2 that the reflecting bodies of 

the fourteen events include water and land. Water 

reflection usually produces a clear “horseshoe” pattern in 

DDMs, such as the DDMs of Events 11 and 14 of Fig. 1; 

whereas land reflections usually do not exhibit such clear 

“horseshoe” pattern (i.e. coherent scattering dominates), 

such as the DDMs of Events 5 and 13 of Fig. 1. The 

anomalous artefacts discussed in this paper are the bright 

points in the red circles of Fig. 1. Table I lists the main 

information concerning the fourteen DDMs, which is used 

in the following analyses. More details about TDS-1 data 

product can be found in [19]. 

 
3. METHODOLOGY 

 

For normal DDMs, the bright points of Fig. 1 are 

unexpected. There are four possible causes for the bright 

points: 1) reflection from an Earth’s surface target, 2) 

GNSS radio-occultation, 3) leakage of GNSS direct signals, 

or 4) reflection from targets above the Earth’s surface. The 

following analyses discuss the first three causes and 

conclude that they are unlikely. 

 

3.1. Reflection from an Earth’s surface target 

 

It can be seen from Fig. 1 that the bright points are located 

in delay bins before the “horseshoe” pattern, i.e. before the 

specular reflection from the Earth’s surface arrives. These 

regions are often called the “forbidden zone” of the DDM 

because they correspond to delays shorter than the delay 

associated with the points over the Earth’s surface. 

Therefore the bright points of Fig. 1 are not caused by 

reflections from an Earth surface target. 
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3.2. Occultation 

 

The elevation angles of the fourteen events are listed in 

Table I. It can be seen that the elevation angles are greater 

59°, which precludes radio-occultation from happening.  

 

3.3. Leakage of direct signal 

 

The upper delay window of the DDM of TDS-1 is defined 

as: 

                           𝐿𝑠𝑝 − 𝐿𝑥 < 𝐷𝑝 ∙ 𝐷𝑟 ∙ 𝑐 ∙ 𝜂                    (1)                                                                              

where 𝐿𝑠𝑝 is the reflected path length through the specular 

point, 𝐿𝑥 is the reflected path length via any point, 𝐷𝑝 is 

the number of delay pixels (128 for TDS-1 DDMs), 𝐷𝑟 is 

the delay resolution of DDM (244 ns), c is the speed of light, 

and 𝜂 is the ratio between the number of pixels above the 

specular point and the number of delay pixels. The upper 

delay window is the necessary and insufficient condition 

that a reflected signal is above the “horseshoe”. Given that 

the specular point is basically located in the mid delay axis 

of the DDMs, 𝜂 is set to 0.5 in this paper. Therefore the 

upper delay window is less than 4682m, e.g. 𝐿𝑠𝑝 − 𝐿𝑥 <

4682𝑚. 

Delay and Doppler are analyzed first to decide if the 

bright points in Fig. 1 are due to leakages of direct signals. 

The delay and Doppler are simulated using the TDS-1 orbit, 

precise orbit of transmitter, WGS-84 model, corrections of 

ionosphere and troposphere delay, and correction of mean 

sea surface height by the DTU13 model. Two parameters, 

𝜌𝑟𝑒𝑚 for the delay and 𝐷𝑑
𝑠 for the Doppler frequency, are 

obtained from the simulations: 

                       𝜌𝑟𝑒𝑚 = 𝐿𝑠𝑝 − 𝐿𝑑 − 𝑘 ∙ 𝜏 ∙ 𝑐                          (2)                                                                                                

 
        Event 1           Event 2              Event 3               Event 4             Event 5            Event 6             Event 7 

 
         Event 8            Event 9             Event 10           Event 11           Event 12            Event 13           Event 14 

Fig.1. Sample fourteen DDMs of TDS-1 containing anomalous artefacts (marked by red circles). 

 
Fig. 2. The distribution of specular points of the fourteen events. 

 

Table I. Information of the fourteen DDMs. 

 Elevation 

angle 

Column No. 

of bright point 

Direct Signal 

In DDM 

Event 1 71° 11 False 

Event 2 72° 11 False 

Event 3 73° 11 False 

Event 4 64° 17 False 

Event 5 85° 12 False 

Event 6 59° 8 False 

Event 7 67° 8 False 

Event 8 77° 11 False 

Event 9 76° 11 False 

Event 10 67° 11 False 

Event 11 61° 17 False 

Event 12 66° 20 False 

Event 13 73° 9 False 

Event 14 59° 8 False 
 



                               𝐷𝑑
𝑠 = 𝐷𝑑𝑖𝑟

𝑠 − 𝐷𝑟𝑒𝑓
𝑠                               (3) 

where 𝐿𝑑 is the path length of the direct signal, 𝜏 is the time 

period of the CA code (1ms), k is an integer ambiguity to 

make sure 𝜌𝑟𝑒𝑚 is between 0 and 𝜏 ∙ 𝑐 ≈ 300𝑘𝑚, 𝐷𝑑𝑖𝑟  and 

𝐷𝑟𝑒𝑓  are the simulated Doppler of the direct and reflected 

signals, respectively. In addition, the difference between 

the observed direct and reflected Doppler 𝐷𝑑
𝑜  can be 

obtained from DDMs [19]: 

                             𝐷𝑑
𝑜 = (𝑁 − 11) ∙ 𝐷𝑟𝑒                          (4)   

where N is the column number of the bright point, and 𝐷𝑟𝑒 

is the Doppler resolution (500Hz in TDS-1). The column 

numbers of the bright points are listed in Table I. The 

specular reflection (DDM peak) are set to be in the 11
th 

column in the TDS-1 DDM. A small difference between 

𝐷𝑑
𝑠  and 𝐷𝑑

𝑜  is a necessary condition if the anomalous 

signals were leakages of direct signals. 

The value of 𝜌𝑟𝑒𝑚 is used to decide whether the direct 

signal could be above the “horseshoe” of DDMs. In the 

case of the direct signal leakage, the delay difference 

between the two signals is less than 4682m (considering the 

repetition of the code). Therefore, 𝜌𝑟𝑒𝑚 should be less than 

4682m. 

Table II lists the values of 𝜌𝑟𝑒𝑚, 𝐷𝑟𝑒𝑓
𝑠 , 𝐷𝑑

𝑠 and 𝐷𝑑
𝑜  of 

the fourteen DDMs. It can be seen that the 𝜌𝑟𝑒𝑚 of DDMs 

range from 15.1km to 292.6km, which are considerably 

outside the upper delay window. Therefore direct signals 

cannot be above the “horseshoe” of the DDMs, despite the 

fact that some DDMs have small difference between 𝐷𝑑
𝑠 

and 𝐷𝑑
𝑜, such as Events 3, 7 and 13. Thus the bright points 

in Fig. 1 cannot be due to leakages of direct signals. 

In the L1b data product there is a system parameter 

called “DirectSignalInDDM” which indicates if a DDM 

contains direct signals [19]. Table I shows that the 

“DirectSignalInDDM” of the fourteen DDMs are “False”, 

which indicates that the DDMs do not contain direct signals. 

Thus, this system parameter confirms the analyses of the 

delay and Doppler. 

 

4. CONCLUSION 

 

This paper reports the findings of anomalous artefacts in 

fourteen DDMs from real satellite TDS-1 data. It is found 

that the anomalous artefacts are not due to reflections from 

Earth surface targets, nor occultations, nor leakages of 

direct signals. The apparent delay of the anomalous 
artefacts suggests that they are reflections from targets 

above the Earth’s surface, such as aircraft or spacecraft. It 

is also possible that other unknown reasons could lead to 

the anomalous artefacts. In this study, more than ten DDMs 

containing anomalous artefacts were found in the data over 

a period of less than two days. If the anomalous artefacts 

were due to reflections from targets above the Earth’s 

surface, GNSS-R could be a feasible technique for 

detecting targets above the Earth’s surface.  
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