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5 THE IMPROVED SIMULATOR  

5.1 Introduction 

SMIGOL SimV1 laid the basis to the processing needed to retrieve soil moisture 

and implemented the initials steps to create soil moisture and topography maps. However, 

it required human intervention to adjust some parameters editing the code. Making a 

simulation required a lot of effort and too much time. Also, the achieved results were not 

accurate enough. The algorithm applied to find the notch position was based on fixed 

window sizes. In order to achieve good processing of the different patterns from different 

measures it has to be changed manually, searching the correct value for each pattern. 

Moreover, the method used to obtain the theoretical envelope was only a first 

approximation of the correct one, which needs to be improved using a well-thought 

methodology. 

The objective of this PFC was to develop a new simulator which would be capable 

of automating the whole soil moisture retrieval process as well as build up topography data 

and use this data to create maps, requiring minimum human intervention.  SMIGOL 

SimV2 was created in this context. It takes up the core objectives of the older simulator 

and builds around it a new architecture to improve speed, accuracy and productivity. 

In this chapter, the new algorithms implemented are detailed step by step as we go 

through the soil moisture retrieval process. When necessary, comparisons will be made to 

make more evident why certain methods or algorithms were chosen over another. At the 

end of the chapter, the reader should gain an overall understanding of the simulator and a 

good comprehension of the new algorithms. 

 



Chapter 5 The improved simulator 
 
 

41 
 

5.2 SMIGOL SimV2 Architecture 

5.2.1 Functional blocks 

SMIGOL SimV2 consists of functional blocks. These blocks are linked to each 

other by a dataflow, i.e. results produced by one block are fed as input to another block. As 

a result, blocks are linked to each other to form a chain. This chain is called the dataflow 

chain. However, this does not mean that the dataflow chain is continuous in time, i.e. the 

whole chain does not have to be covered in one execution. This concept of time-

independence is realised by the storage of results, produced by each functional block, on 

disk. Hence, execution can be stopped after a functional block if the results that are needed 

for analysis is provided by an intermediate block. It has been introduced in the simulator 

particularly for the batch production of topography data, requiring the processing of data 

from multiple satellites on an observation date. The diagram below, in Figure 5-1, gives a 

scheme of the dataflow in the simulator and the different processes involved. 

 

The main function blocks of SMIGOL SimV2 are: 

• Pre-processing – prepare the data retrieved from the SMIGOL Reflectometer and 

the satellite visibility software for processing with the simulator. 

• Soil moisture retrieval – applies the notch position search algorithm, from which 

the soil moisture can be found. Also creates the theoretical signal through a number 

of iterations by varying the physical parameters (height, gain, SM) and comparing 

with the measured Interference Pattern. The topography retrieval is also achieved 

while computing the soil moisture. 

• Maps – creates, from the physical parameters calculated for several satellites for an 

observation date, the soil moisture and topography maps of the site monitored by 

SMIGOL Reflectometer. 

 

As shown in Figure 5-1, data linking each functional block is stored on disk. This 

allows asynchronous, though not concurrent (parallel), execution of the blocks. Thus the 

pre-processing block can transforms all the acquisition files for later processing in one go. 

Whenever the soil moisture needs to be retrieved, the pre-processed file, which has been 

stored previously, is opened and the algorithm run. Similarly, when topography of a site is 

needed, the topography data files are selected from disk. Moreover, it is adapted to the one-
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to-many relation between soil moisture retrieval block execution and topography block 

execution respectively. Indeed, topography block required data from several satellites to 

provide an accurate map, but the soil moisture block can only be run for one satellite. 

Hence, the architecture is adapted for this kind of relationship. 
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Figure 5-1 SMIGOL SimV2 architecture - functional blocks 
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5.3 Pre-processing  

The purpose of the block is to prepare data retrieved from the reflectometer for 

processing by the simulator, in a structured and organized way. In the old version, 

SMIGOL Sim v1, the pre-processing block had to be executed each time for each 

measurement acquisition file. In the SMIGOL SimV2, batch processing has been 

introduced so that multiple acquisition files can be processed in one execution. 

Recall that there are two configurations in which acquisitions from SMIGOL 

Reflectometer are stored. In the first configuration, which was used at Palau d’Anglesola, 

the acquisition file and the satellite visibility files are generated independently of each 

other by two distinct processes. In second configuration, used in the GRAJO experiment 

after some improvements to the SMIGOL Reflectometer, the angular and time information 

is now synchronised with measurements with no possible errors. Therefore, a satellite 

visibility file does not need to be created by the planning software. 

In the case of the first configuration, the planning software creates a satellite 

visibility list for one whole week (visibility week), contained in a single file. Hence, only 

one visibility file is used for all the acquisition files done in the same week. For the second 

configuration, batch processing can occur with as many acquisition files as wanted, since it 

is not restrained to a visibility week. 

Also, the code no longer needs to be edited. GUI file browsers have been added for 

locating satellite visibility files and selecting acquisition files. The fact that the GUI file 

browser enables multiple file selection helps in the batch processing. Note that only files 

with the “SMPauBin” extension can be selected, which are files produced by SMIGOL 

reflectometer data logger. Figure 5-2 shows the different steps involved in pre-processing. 

 



Chapter 5 The improved simulator 
 
 

45 
 

 
(a) 

    
 (b) (c) 

 
Figure 5-2 Pre-processing steps: (a) Choice of visibility week (b) Choice of acquisition files for week (c) 

End of pre-processing 

 

At the end, all the pre-processed files are saved in a special folder named 

“Preprocessed_Data”, containing only the pre-processed data. These files are saved with 

the original names except for the extension which changes from “SMPauBin” to “pdat” 

which denotes pre-processed data. 
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5.4 Soil Moisture Retrieval 

Most of the improvements and algorithms implemented to create SMIGOL SimV2 

are in this functional block since it was the one which had the most manual interventions. 

5.4.1 Satellite Selection 

The first step to be improvements in the soil moisture retrieval block was the 

satellite selection process. In SMIGOL SimV1, the satellite data structures in the Matlab 

workspace had to be analyzed to know which satellites had been recorded by SMIGOL 

reflectometer in the acquisition file. Then, the Matlab code had to be modified to adapt the 

program a single satellite. This process must be done for each satellite that the user wanted 

to analyze. 

SMIGOL SimV2 changes the matlab code to automatically list up the visible 

satellites that the user can select. The algorithm works by scanning the Matlab workspace, 

after the pre-processed file is loaded, analyzing the satellite data structures and finding the 

satellite identities. The results are presented in an input dialog box where the user has to 

choose the desired satellite to analyze. Figure 5-3 shows the satellite selection process. 

 

 
(a) 
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 (b)  (c) 

 

Figure 5-3 Satellite selection steps: (a) Choose pre-processed file (b) Select satellite from given list       
(c) Select upper-layer roughess 

 

These interfaces all include error checking abilities to verify if the user entered a 

value in the allowed range. 

5.4.2 Notch position detection 

To find the notch position, SMIGOL SimV2 uses a completely different algorithm 

from its predecessor. In SMIGOM SimV1, the Interference Pattern curve was decomposed 

into windows and the algorithm operated inside each window independently. The new 

simulator explores the entire curve to find the notch. The given advantage of this is that the 

algorithm follows accurately the whole waveform pattern and avoids introducing border 

effects at the window edges, which could cut the notch into two (See figure 4-3 in the 

previous chapter), thereby losing information. The algorithm consists of the following 

steps: 

 

1) Smooth the Interference Pattern curve. 

2) Find local minima and maxima for the whole curve. 

3) Interpolate the minima points to make a lower bound curve and the maxima points 

to make an upper bound curve. 

4) Calculate the difference in amplitude between the two curves at every point in the 

elevation range 14°-30°. 

5) Mark the position where the difference in amplitude is minimum as the notch 

position. 

 

The following subsections explain each of these steps, while providing the reasons 

for them and showing the results if possible. 
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5.4.2.1 Smoothing 

Smoothing is done so as to remove noise introduced by instrumentation in the 

Interference Pattern curve. The smoothing process results in a value which is better 

estimated than the original value. In Matlab, the smoothing is done by the “smooth” 

function in the Curve Fitting Toolbox. The function provides six smoothing methods as 

shown in Table 5-1, taken from Matlab documentation. 

 

 
 

Table 5-1 Smoothing methods (from Matlab documentation) 
 

The smoothing methods have been tested on a number of Interference Pattern (IP) 

curve so see which method would be best for notch. Figure 5-4 below shows the smoothing 

of an IP curve by each method, except rlowess and rloess. The robust methods have 

basically the same effect as their non-robust counterparts on the IP curves, except that they 

take longer to compute. 

 

(a) Moving average 

 

(b) Lowess 
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(c) Loess 

     

(d) Savitzky-Golay 

Figure 5-4 Comparison of smoothing methods 

 

Among the four methods, we can notice that the loess method is the one which 

removes the less noise; the peaks are not as pointed and well defined as in the three other 

methods. So, loess is discarded. 

Between the three remaining methods, we can see that the Savitzky-Golay method 

did not smooth well on the first peak, so that it appears as two peaks. The same can be said 

of the loess method. Hence, the Savitzky-Golay method is discarded too. 

There remain two methods to choose from namely lowess and moving average. In 

order to discriminate, we must look at the notch of both figures. It can be seen that the 

notch in the curve smoothed by the moving average filter is smaller than the one smoothed 

by the lowess method. It is important that the notch does not disappear by smoothing. If so, 

it will not be detected and another maxima or minima will be mistaken for the notch 

position. 

As a conclusion, the lowess method is the best. All the methods have been tested 

with other IP curves and the results are the same. As for the number of points of the filter, a 

trial and error experiment showed that 100 points were a good compromise. Figure 5-5 

below shows a comparison with the lowess filter with lengths of 50, 100 and 300. The 

original curve is too noisy to make any processing. A filtering with 50 points removes 

much noise but the peaks are not well defined. For example, if we look at Figure 5-5b, the 

first peak appears as a double peak. If the filter is too long as in Figure 5-5c with 300 

points, the notch disappears. 
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(a) Original 
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(b) 50 points 
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(c) 100 points 
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(d) 300 points 

Figure 5-5 Comparison of filter length on the smoothing of the inteference pattern curve 

 

5.4.2.2 Finding Local Maxima and Minima 

There is no function as such on Matlab which find the local minima and maxima of 

a curve. A good algorithm was found on the website of Eli Billauer [29]. It finds the local 

maxima and minima by scanning the whole curve and calculating the difference in 

amplitude between consecutives points. If the difference exceeds a certain threshold, the 

point at which the difference occurs is taken as a minima or maxima, depending on the sign 

of the result. The result of this algorithm on an Interference Pattern curve is shown in 

Figure 5-6. 
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Measured

Maxima

Minima

 
Figure 5-6 Result of maxima/minima search algorithm 

 

5.4.2.3 Interpolation 

Interpolation is required to create upper-bound and lower-bound curves which at 

the end will find the notch position. Matlab provides four types of interpolation method 

through the Curve Fitting Toolbox: 

 

• Linear interpolation 

• Nearest neighbour interpolation 

• Cubic spline interpolation 

• Shape-preserving (pchip) interpolation 

 

As a comparison test, the methods will all be applied on an Interference Pattern 

curve and the result commented. Figures 5-7 shows the results of this test. 
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(a) 
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(b) 
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(c) 
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(d) 

  

Figure 5-7 (a) Linear interpolation (b) Nearest neighbour interpolation (c) Cubic spline interpolation 
(d) Shape-preserving interpolation 

 

From the above interpolation results, the ones that have smooth gradients and take 

the shape of the waveform are the cubic spline interpolation and the shape-preserving 

interpolation. However, if a close look is taken at Figure 5-7 (c), it can be seen that the 

notch position would be wrongly calculated if the cube spline interpolation is chosen. This 

is because the difference of amplitude between the two curves is a minimum elsewhere 

than at the real notch position. The interpolation method creates a lower bound layer with 

too much curvature which would lead to a wrong detection. 

The shape-preserving interpolation method would locate the notch correctly since it 

follows well the waveform without introducing excess curvature between the interpolation 

points. 

Real notch 

Found notch 
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5.4.2.4 Finding minimum difference to detect notch 

The notch is found where the difference between the upper-bound interpolated 

curve and the lower-bound interpolated curve have a minimum difference. However, this 

difference is only calculated in the 14°-30° range so as to keep between 0%-40% soil 

moisture.  

 

5.4.3 Soil Moisture Calculation 

The soil moisture is calculated using the same algorithm as SMIGOL SimV1 where 

the relationship between the notch position and moisture is found using a theoretical 

model.  

 

5.4.4 Map data generation 

5.4.4.1 Principles 

From the measured Interference Pattern and the calculated soil moisture, it is 

possible to create a theoretical envelope from the models described in chapter 3, so that the 

soil moisture and land relief height of the points over which the GPS signals have been 

reflected during the satellite passage over the monitored site can be known. This envelope 

has to fit as closely as possible the measured Interference Pattern curve for the land height 

and the soil moisture values to be accurate. 

To fit the theoretical envelope to the measured signal, four parameters are to be 

considered: 

• Soil moisture 

• Height of receiver with respect to land 

• Gain of receiving antenna 

• Soil roughness 

 

As we start to get away from the notch position, these four parameters start to vary. 

For the soil moisture, it varies around the computed value from the notch position. 

Computing the notch position, we have obtained the soil moisture value at the specular 

point of that reflection. This value is an orientative value from which we can retrieve the 

soil moisture values for the whole curve. Similarly, the relative distance from the antenna 
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height to where the specular reflection at each angle occurs varies since it depends on the 

relief of the land, the topography. The perceivable gain of the antenna also varies because 

the antenna pattern is function of the incidence angle of the received signal. Each of these 

parameters varies the theoretical envelope differently: 

 

• The soil moisture varies the amplitude of the theoretical curve and moves 

the notch position. 

• Height differences due to topography causes different elevation angle 

frequencies. Note that due to the satellites passage elevation angles have a 

direct translation to time, so in terms of time, height differences due to 

topography causes different signal periods. 

• Different antenna gain values moves the curves up or down, because of 

using dB units. 

 

Figure 5-8 shows the effects of these variations on a portion of the theoretical 

curve. 

       
 (a) (b) (c) 
 

Figure 5-8 Effects of (a) soil moisture, (b) height and (c) gain on theoretical curve 

5.4.4.2 Decomposition into windows 

Fitting the theoretical envelope requires decomposition of the measured signal into 

windows. In contrast with the fixed size windows in the previous version of the simulator, 

SMIGOL SimV2 makes use of dynamic windows. The windows intervals are given by the 

maximum and minimum positions. This is done using the algorithm finding local maxima 

and minima explained in the notch detection section. Figure 5-9 below gives an example of 

such window decomposition. The windows are presented in alternating shades of gray and 

white for a better visual interpretation. 
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Figure 5-9 Dynamic window decomposition in alternating shades of gray 

 

5.4.4.3 Parameter-Fit Algorithm 

The parameter-fit algorithm operates in each window, varying the parameters in a 

given range and finds the best value which traces a theoretical pattern which fits the 

original measured signal. The following subsections explain how the parameters are 

chosen to fit in each window. 

 

5.4.4.3.1 Height retrieval 
The height fit algorithm operates in the following manner: 

• For each window 

o Vary the height from h_min metres to h_max metres 

� For each height, calculate the theoretical curve with given soil 

moisture and gain, which are not relevant for this approximation. 

� Find the maximum and minimum points of both the measured signal 

and the theoretical signal in the window 

� Calculate the difference between the positions of the maxima 
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between the two curves, ∆(maxima) 

� Calculate the difference between the positions of the minima between 

the two curves, ∆(minima) 

� Calculate the root mean square error by Eqn. 5.1. 

 22 )(max)(min imaimaerror ∆+∆=  (5-1) 

 

� Store the error in a matrix with current height 

o From the matrix, choose the height with the minimum error 

• Store the height for the given window 

 

The algorithm tries to minimize the distances between the two maxima points and 

between the two minima points so that these points coincide at the same positions. Figure 

5-10 below illustrates this. 

 
 

Figure 5-10 Height fit by minimizing distances between maxima and between minima 

5.4.4.3.2 Gain retrieval 
The gain parameter fit algorithm works in the following way: 

• For each window 

o Vary the gain from g_min metres to g_max metres 

� For each gain, calculate the theoretical curve with given height and 

soil moisture 

� Find the maximum and minimum points of the measured signal only 

� Calculate the difference between the maximum of the theoretical 

curve and the maximum of the measured signal 

� Calculate the difference between the minimum of the theoretical 

curve and the minimum of the measured signal 

� Calculate the root mean square error by Eqn. 5.1. 
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� Store the error in a matrix with current gain. 

o From the matrix, choose the gain with the minimum error 

• Store the gain for the given window 

 

The algorithm tries to minimize the distances between the two extrema on the 

theoretical curve and measured curve, so that the mean values of the two curves are 

approximately equal. Figure 5-11 below illustrates this. 

 

 
 

Figure 5-11 Gain fit by minimizing distances between extrema points on theoretical curve extrema 
points on measured signal 

 

5.4.4.3.3 Soil moisture retrieval 
The soil moisture parameter fit algorithm works in the following way: 

• For each window 

o Vary the soil moisture from 0% to 40% 

� For each soil moisture, calculate the theoretical curve with given 

height and gain 

� Find the maximum and minimum points of the measured signal only 

� Calculate the difference at the point where the maximum of the 

theoretical curve is found and the same point on the measured signal: 

• position(max_theoretical) = i 

• ∆(maxima) = | max_theoretical – measured (at point i) | 

� Calculate the difference at the point where the minimum of the 

theoretical curve is found and the same point on the measured signal: 

• position(min_theoretical) = i 

• ∆(minima) = | min_theoretical – measured (at point i) | 

� Calculate the root mean square error by Eqn. 5.1. 
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� Store the error in a matrix with current gain. 

o From the matrix, choose the gain with the minimum error 

• Store the height for the given window 

 

The algorithm tries to minimize the distances between the two extrema on the 

theoretical curve and measured curve, so that the amplitudes of the two curves are 

approximately equal. Figure 5-12 below illustrates this. 

 

∆(Maxima)

∆(Minima)
 

 
Figure 5-12 Soil moisture fit by minimizing distances between extrema points on theoretical curve and 

points at the same position on the measured curve 

 
The parameter-fit algorithms are applied in the same order as they appear in the 

chapter, i.e. height fit, gain fit and then soil moisture fit. The resulting envelope after the 

parameters fits is shown in Figure 5-13. 
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Notch 20.3229°, SM: 18.9422%

Measured

Theoretical

 
Figure 5-13Theoretical envelope after application of algorithm 

 

5.5 Conclusions 

In this chapter, the new algorithms have been implement in SMIGOL SimV2 to 

improve the simulations as well as to automate them have been explained. In the following 

chapter, the algorithms are going to be tested on real measurements data obtained from the 

field campaigns. 


