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17 Merging gated Frequency-Modulated Continuous-Wave Mars2020 RIMFAX GPR data

18

19

20 ABSTRACT

21

22 The integration of GPR data at various frequencies, collected with different antennas or with the 

23 use of swept-frequency radars opens up interesting perspectives in the study of the subsurface at 

24 different resolutions. The proposed methodology is a semi-supervised DL algorithm based on Bi-

25 Directional Long-Short Term Memory to automatically merge varying numbers of data sets at 

26 different frequencies. Neural Network training is done directly on the inference data by 

27 minimizing a custom loss function based on the L2 norm of all the input data, weighted on the 

28 custom merging area and the single output trace. The inference of the trained Neural Network is 

29 applied to the same data. The proposed algorithm is tested on synthetic data simulating the Mars 

30 conditions and on RIMFAX radar data collected in the Jezero crater during the Mars2020 

31 mission of Perseverance rover, showing successful performances and robustness. 

32

33

34

35

36
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37 INTRODUCTION

38 Based on the spatial decay rate of EM waves propagating through lossy dielectrics, higher 

39 frequency Ground Penetrating Radar signals allow for higher resolution but lower overall 

40 penetration and vice-versa for lower-frequency data. With the increasing availability of 

41 instruments offering multi-frequency capabilities, such as the swept-frequency radar RIMFAX 

42 (Hamran et al., 2020) adopted during Mars2020 NASA mission or the dual-frequency radar 

43 mounted under the Yutu-2 rover in mission Chang E4 (Li et al., 2021) a fast, robust and 

44 computationally efficient data fusion methodology is essential to combine and exploit all 

45 available information and to overcome the trade-off between penetration and resolution.

46 At the state of the art, GPR data fusion approaches integrate data at different frequencies 

47 performing semi-automatic merging based on statistical methods and probabilistic techniques, in 

48 time or frequency (Booth et al., 2009; Bi et al., 2020). Other methods rely on the 2-D wavelet 

49 transform to derive a dynamic fusion weighted scheme (Lu et al., 2020) or exploit genetic 

50 algorithms adapting the weight of different combined data (Zhao et al., 2020). De Coster and 

51 Lambot (2018) proposed a method applied after removing the specific effects of antennas from 

52 GPR data, while Soldovieri and Orlando, 2009 suggested a strategy based on tomographic 

53 inversions then combined between partially overlapping frequency bands. Interestingly, data 

54 fusion approaches have also been proposed and tested to combine different data from non-

55 destructive techniques (e.g. Scott et al., 2004; Kohl et al., 2005) as well as in different other 

56 topics such as the detection of cracks based on eddy currents (Efremov et al., 2022).

57 Although important advances have been achieved in most of the proposed approaches, it is 

58 difficult to obtain a smooth transition in the sections obtained by merging different frequency 

59 profiles. Indeed, data fusion procedures often require non-physical amplitude equalization and 
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Geophysics 4

60 amplitude balance (De Coster and Lambot, 2018) and arbitrary window selections to optimize 

61 the output because fusion results typically have unwanted “cut and paste” effects between the 

62 different combined windows.

63 We propose a new approach that uses a Recurrent Neural Network (Rumelhart et al., 1986), in 

64 particular a Long-Short Term Memory - LSTM (Hochreiter and Schmidhuber, 1997), to 

65 automatically merge variable numbers of data sets at different frequencies, without specific 

66 requirements and limitations of input data. The introduction of a user-defined merging area can 

67 provide the analyst with additional control over the final merged profile, but the algorithm can 

68 also handle different merging areas. RIMFAX data are collected in three different and partially 

69 overlapping windows (reported as “Surface”, “Shallow” and “Deep” modes, respectively, 

70 Hamran et al., 2020, Fig. 18 therein), having three different bandwidths (equal in free space to 

71 1050, 750 and 450 MHz, respectively, Hamran et al., 2020, Table 5 therein).

72 The application of the proposed algorithm on RIMFAX radar data is here critically evaluated, 

73 analyzed and discussed, demonstrating that the merged results are robust, the bandwidth is 

74 expanded and, in turn, the overall resolution is increased allowing a better interpretation of such 

75 a unique GPR dataset.
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Geophysics 5

76 METHODS

77 The proposed methodology is based on the training and inference of a Neural Network (NN) 

78 trained on a small portion (typically 10%) of the analyzed dataset. This approach can be 

79 classified as a semi-unsupervised DL procedure and exploits a fully 1-D approach, i.e. is made 

80 trace by trace. To merge datasets characterized by different frequency bands and by different 

81 time windows location and lengths as for RIMFAX data, we use typical tools implemented for 

82 NN training, such as the Gradient Descent optimizations algorithms, and the power given by a 

83 custom transformation based only on a few neuron weights.

84 The basis of this approach is that the fusion should be performed by 3 layers of a Bi-Directional 

85 LSTM (Schuster and Paliwal, 1997), with 4, 2 and 1 Bi-Directional layers and a single LSTM 

86 neuron for the output, trying to minimize the custom loss function with a single prediction from 

87 both input data. Using a few parameters for all data, as a consequence of using a very small NN, 

88 offers a robust method for outliers and even for variations of noise and amplitude between 

89 adjacent traces, which typically affect the analyzed dataset. A graphical representation of this 

90 training scheme is provided in Figure 1. In addition, the user can set an optional input parameter, 

91 hereafter referred to as "merging interval". This parameter,  in the following equations, is val   k
[0, 1]

92 introduced into the algorithm directly in the loss function and should limit the NN to not consider 

93 as input areas lacking useful information, such as typically near the end of some recording 

94 windows where the signal-to-noise ratio is very low.

95

96

97 Figure 1
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Geophysics 6

98 The loss function is expressed by the equation:

99 𝑙𝑜𝑠𝑠 =  
𝑛

∑
𝑘 = 1

𝜆𝑘𝑙𝑜𝑠𝑠𝑘#(1)

100 where n is equal to 3 for RIMFAX data and  is defined as: 𝑙𝑜𝑠𝑠𝑘

101 𝑙𝑜𝑠𝑠𝑘 = ‖𝑡𝑎𝑟𝑔𝑒𝑡𝑘 ― 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛‖2
2 #(2)

102

103 where the merged prediction is compared to the , while  is defined as a piece-wise k𝑡ℎ
[1,2] 𝜆𝑘

104 function:

105 𝜆𝑘(𝑡) = {0                      t < valk
0  

1       𝑣𝑎𝑙𝑘
0 < 𝑡 < 𝑣𝑎𝑙𝑘

1 
0                      t > valk

1  

#(3)

106

107 in which  and  are the lower and the upper boundary of the  data, respectively, as valn
0 valn

1 kth

108 shown in Figure 1. 

109

110 At first, we tested such a method on synthetic data simulating the expected subsurface of Mars 

111 (Figure 2).

112

113 Figure 2
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Geophysics 7

114 We defined a random 1-D model, as shown in Figure 2-a, defining 2 main layers, i.e. 10m of 

115 sedimentary cover with 8 and a bedrock with 8, as proposed by Hamran et al., 2020. 𝜖 = 2. 𝜖 = 7.

116 In order to make the merging more meaningful we introduced a vertical variability in the 

117 sediments randomizing within the range 8 ± 1 and generating a random model with 4 layers 𝜖 2.

118 in the first 2 meters and a layer per meter until the bedrock. We set a constant electrical 

119 conductivity  to see how the merging algorithm would deal with amplitude 𝜎 = 0.002𝑊𝑚

120 attenuation. 

121 The modeling is performed with GprMax (Warren et al., 2016) and as source we used a Ricker 

122 wavelet with the central frequencies reported in Hamran et al., 2020  for Surface, Shallow and 

123 Deep acquisition modes. In order to simulate our target acquisition, we deleted data outside from 

124 the receiver window for each specific frequency as summarized in Hamran et al., 2020 – Figure 

125 18 therein. 

126 The merged results (Figure 2-e) are very accurate in time as compared with "Surface", "Shallow" 

127 and "Deep" traces (Figure 2-b, c, d, respectively) and well balanced in amplitude. For instance, 

128 the reflection at about 45ns appears properly reconstructed with a mix between Shallow and 

129 Deep modes. In addition, the procedure does not have any specific problem and does not 

130 introduce artifacts when abrupt velocity changes or velocity inversions are present.

131

132

133

134
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Geophysics 8

135 RESULTS AND DISCUSSIONS

136 After selecting data from the entire RIMFAX dataset (from SOL 072 to SOL 204) to avoid 

137 redundant data due to continuing data acquisition during rover stops based on the analysis of the 

138 amplitude of the raw data, we applied an exponential gain function to compensate for the 

139 observed amplitude decay. 

140 We then started the NN training after selecting one trace out of 10 (see 

141 (https://github.com/Giacomo-Roncoroni/merging_RIMFAX for the full code). We chose to 

142 perform the training on only the 10% of the dataset just for computational efficiency: in theory it 

143 would be possible to use the whole dataset, as we do not over fit the problem with this approach.

144 Since the entire dataset is quite long and contains a total of 23199 traces (after removing repeated 

145 ones as above described), (Figure S3 supplementary) we analyze two specific portions 

146 characterized by slightly different features and structures, namely: sub-horizontal layers with 

147 lenses (Figure 3) and monocline dipping reflectors (Figure 4). Merged results are in both cases 

148 quite good (see Figures S4, S7, S8 supplementary for the amplitude spectra). in particular, no 

149 artifacts are introduced and the continuity of reflectors is preserved. Moreover, merged data in 

150 Figure 3 clearly show the vertical sequence of layers, which is difficult to understand by 

151 separately analyzing the three RIMFAX acquisition modes (see also Figures S11 and S12 

152 supplementary for the interpretation). In fact, from about 20 and 55ns two separated sub-parallel 

153 reflectors are imaged, as well as two superimposed lenses. In Figure 4 the dipping reflectors are 

154 perfectly reconstructed with no vertical gaps from just a few ns down to 250 ns.

155 Abrupt lateral amplitude variations in the merged profiles are not introduced by the application 

156 of the fusion algorithm since they are present (and sometimes even more apparent) also on the 
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Geophysics 9

157 three single acquisition modes. In any case, they could be easily reduced by applying lateral 

158 trace balance or, for instance, f-x adaptive trace interpolation (e.g. Naghizadeh and Sacchi, 

159 2009). However, lateral phase continuity is high and no trace gaps like the above described "cut 

160 and paste" effects are introduced by the merging algorithm (Figures S9 and S10 supplementary); 

161 as a consequence, merged data can be further processed and analyzed (or even inverted) without 

162 losing information or the risk of introducing outliers, artifacts or coherent noise components. In 

163 Figure 5 we provide a comparison between the results obtained with the proposed procedure and 

164 the ones recently published by Hamran et al., 2022 where the "cut and paste" effect is apparent 

165 on all the traces (Figure 5c1 and 5d1) in which an abrupt frequency variation is present. This 

166 does not occur with the proposed procedure (Figure 5c2 and 5d2), obtaining a smoothed 

167 variation of the spectral content. Moreover some horizons (h labels) are clearer and show higher 

168 lateral continuity.

169 Figure 3 

170 Figure 4

171 Figure 5

172

173 Regarding the computation times over the entire dataset, a matrix with 23000 traces, 5000 time 

174 samples for the 3 modes, training time with 10% of the data, as described above, takes only 970s 

175 on a laptop with Intel(R) Core (TM) i7-10875H, 32Gb RAM and a Nvidia GeForce RTX 2070 

176 Super with 8Gb of memory. On the same laptop, prediction time for the entire dataset takes 24s. 

177
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Geophysics 10

178 CONCLUSION

179 We succeeded in creating a DL-based methodology able to merge RIMFAX multi frequency 

180 GPR data that is robust, fast and does not require particular data pre-processing and conditioning.

181 The introduction of specific user-defined merging windows, allows to make the methodology 

182 more accurate and controlled, according to the selection of those time windows in which the 

183 signal-to-noise ratio is higher.

184 Merged data can be further analyzed, processed and potentially inverted since they do not suffer 

185 from possible introduction of amplitude/phase gaps or local/coherent artifacts. Another strength 

186 of the methodology is that it is completely data driven and can handle even very noisy data.

187 The application of the proposed strategy is definitely not limited to three windows and/or 

188 frequency components like in the case of RIMFAX dataset, but can be applied to merge any type 

189 of dataset with multiple spectral components and recording windows.

190
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252 LIST OF FIGURES

253 Figure 1:  Graphical representation of the training scheme: in the left side, i.e. input, we have the 

254 3 input data namely Surface, Shallow and Deep, respectively, with the merging interval marked 

255 with solid lines. Green lines represent  for each input, while the red lines represent  for valk
0 valk

1

256 each input (Equation-3). NN represents the LSTM neurons into a Bi-Directional wrapper and in 

257 Output we find the prediction i.e. the merged data.

258 Figure 2: Synthetic simulation and merging obtained on a random model. The model a) – and the 

259 Surface, Shallow and Deep simulation modes, b), c) and d), respectively are shown. We applied 

260 the same time windows imposed by RIMFAX Radar system and we merged the data with the 

261 proposed methodology obtaining the results in e). See text for further details.

262 Figure 3: SOL 113-116 RIMFAX data. From top to bottom: Surface, Shallow, Deep and Merged 

263 data, respectively.

264 Figure 4: SOL 200-203 RIMFAX data. From top to bottom: Surface, Shallow, Deep and Merged 

265 data, respectively.

266 Figure 5: Comparison between data published in  Hamran et al. 2022 (a), Figure 4B therein and 

267 the results of the proposed algorithm (b). c1, d1 are two close up of Hamran et al., 2022 figure, 

268 while c2, d2 shows the same portion of the data obtained with the proposed merging strategy. 

269 Vertical arrows highlight the cut and paste effect apparent on the Hamran et al., 2022, while “h” 

270 labels mark horizons made cleared on data merged with the new proposed procedure.

271
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Figure 1: Graphical representation of the training scheme: in the left side, i.e. input, we have the 3 input 
data namely Surface, Shallow and Deep, respectively, with the merging interval marked with solid lines. 

Green lines represent 〖val〗_0^k for each input, while the red lines represent 〖val〗_1^k for each input 
(Equation-3). NN represents the LSTM neurons into a Bi-Directional wrapper and in Output we find the 

prediction i.e. the merged data. 
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Figure 2: Synthetic simulation and merging obtained on a random model. The model a) – and the Surface, 
Shallow and Deep simulation modes, b), c) and d), respectively are shown. We applied the same time 
windows imposed by RIMFAX Radar system and we merged the data with the proposed methodology 

obtaining the results in e). See text for further details. 
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Figure 3: SOL 113-116 RIMFAX data. From top to bottom: Surface, Shallow, Deep and Merged data, 
respectively. 
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Figure 4: SOL 200-203 RIMFAX data. From top to bottom: Surface, Shallow, Deep and Merged data, 
respectively. 
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Figure 5: Comparison between data published in  Hamran et al. 2022 (a), Figure 4B therein and the results 
of the proposed algorithm (b). c1, d1 are two close up of Hamran et al., 2022 figure, while c2, d2 shows the 
same portion of the data obtained with the proposed merging strategy. Vertical arrows highlight the cut and 

paste effect apparent on the Hamran et al., 2022, while “h” labels mark horizons made cleared on data 
merged with the new proposed procedure. 

131x96mm (300 x 300 DPI) 

Page 19 of 19 GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 2023 Society of Exploration Geophysicists

D
ow

nl
oa

de
d 

11
/2

8/
22

 to
 1

40
.1

05
.1

67
.2

14
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

22
-0

46
6.

1



DATA AND MATERIALS AVAILABILITY

    Data associated with this research are available and can be accessed via the following URL:lt;brgt; Note: A
digital object identifier (DOI) linking to the data in a general or discipline-specific data repository is strongly
preferred.

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 2023 Society of Exploration Geophysicists

D
ow

nl
oa

de
d 

11
/2

8/
22

 to
 1

40
.1

05
.1

67
.2

14
. R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

22
-0

46
6.

1


