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Abstract: As a first step toward creating a simple evaluation system for table sliding and peg movements in upper limb 
rehabilitation, experiments were conducted using STMicroelectronics' micro electro mechanical system (MEMS) board, its 
evaluation kit, and SensorTile.box. The experiment is conducted from two perspectives, including horizontal movement on 
the desk corresponding to the table slide and three-dimensional movement away from the table corresponding to the 
rehabilitation peg. UNICO was employed to assess the operation; software from STMicroelectronics was used to classify idle 
states, left-right motion states, and forward/backward motion utilizing decision trees. A sensor on a cloth detected features of 
the table slide during left-right motion, with three different speeds set: fast, slow, and stopped. To address the limitations of 
the USB cable connection imposed by the geometry and experimental setup, we also utilized SensorTile.box, which connects 
via Bluetooth and stores data for analysis on the built-in micro SD card. An accelerometer and a gyro sensor were used for the 
measurements. The results of the confusion matrix differed depending on whether both accelerometers and gyros were 
employed. A comparison of the accuracy of feature detection by machine learning cores created solely from various 
accelerometers revealed that the peak-to-peak core was more accurate. Sensor trajectories were obtained from the calculations. 
It was observed that once stationary, movements back to the origin did not calculate accurately at slow speeds due to errors in 
trajectory calculations, although repetitive movements were confirmed. However, repetitive movements were confirmed. 
 
Keywords: MEMS sensor, Upper limb rehabilitation, UNICO, Table slide exercise, Machine learning, Decision tree, 
Imufusion. 
 

 
 

1. Introduction 
 
The accurate assessment of a patient's condition is 

crucial for providing appropriate medical support. 
Similarly, an accurate assessment of rehabilitation 
effectiveness is necessary for occupational and 
physical therapists. Assessing whether therapy and 
exercises are tailored to a patient's condition and level, 
as well as objectively measuring the degree of 
recovery, can effectively support medical 
rehabilitation and healthcare [1-6]. Practicing table 
slides, which reduce the weight on the upper limbs, is 

part of upper limb rehabilitation. This exercise does 
not require the patient to lift the upper limb, thus 
encouraging movement without excessive tension on 
or around the shoulders. Depending on the patient’s 
condition, the below-elbow was placed on a towel or a 
skateboard and moved accordingly. Motion analysis 
using motion markers is effective but requires special 
equipment, making it expensive. Consequently, Leap 
Motion and Kinect are primarily used to recognize 
hand gestures [7-13]. However, ordinary medical 
professionals find it challenging to adjust program 
settings and movement ranges to match the 

http://www.sensorsportal.com/p_3349.html 
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rehabilitation level required by the patient. We believe 
that rehabilitation efficiency can be improved using a 
system that employs inexpensive accelerometers, 
which can be easily attached, detached, and evaluated 
based on an individual's activity level [14]. 

In this paper, the experiment is conducted from 
two perspectives, including horizontal movement on 
the desk corresponding to the table slide and  
three-dimensional movement away from the table 
corresponding to the rehabilitation peg. We examined 
the possibility of using a micro electro mechanical 
system (MEMS) sensor with user-friendly software 
for upper limb rehabilitation and demonstrated its 
potential for use in rehabilitation settings using a 
Bluetooth-connected model. We also verified the  
free-movement trajectory, which is an advantage of 
not requiring a connected USB cable. 

 
 

2. Experiments 
 
An MK109V3 from STMicroelectronics [15] was 

combined with a MEMS board (LSM6DSOX) to 
evaluate the motion of sliding a towel on a desk as a 
test experiment. Fig. 1 shows the MK109V3 
connected to a PC via USB. It measures 5 cm square 
with a maximum thickness of 1.5 cm due to the 
expansion board being inserted into a pin header 
socket. UNICO was used as the evaluation software 
provided by the company. 

 
 

 
 

Fig. 1. MK109V3 connected to a PC through a USB cable. 
 
 
A photograph of the Sensortil.box [16] is shown in 

Fig. 2. The box connects to a smartphone via 
Bluetooth, eliminating the need for cables. In addition, 
the side of the rectangular sensor facing up can be 
displayed on a smartphone screen in real time. As the 
swipe action in this study involves two directions, as 
illustrated in Fig. 3, investigating its feasibility would 
be straightforward. A compact version of the 
quaternion data used for this display can be obtained 
and the measurement data can also be sent as an 
attachment file following measurement. Values from 
other sensors, such as accelerometers and gyroscopes, 
are stored as comma separated value (CSV) files on a 
micro SD card and can be transferred to a PC These 
data were used to calculate the trajectories. 

The accelerometer sensitivity was set to 2 [g], 
where g is the acceleration of gravity, based on 

instructions displayed on the PC screen by the UNICO 
software, assuming sensitive three-dimensional 
motion. In the MK109V3 experiment, the sampling 
frequency was set to 26 [Hz] for horizontal and 
vertical movement during the table swipe experiment. 
For experiments with different slide speeds, the 
sampling frequency was set to 12.5 [Hz] to limit data 
quantity. A frequency of 100 [Hz] was used for the 
experiments with SensorTile.box. 

 
 

 
 

Fig. 2. Photograph of Sensortile.Box. 
 
 

 
 

Fig. 3. Defining swiping direction. 
 
 

Participants were two males in their 60s (A) and 
40s (B). Approval for this study was obtained from the 
Ethics Committee of Teikyo University of Science. 

 
 

3. Results 
 

3.1. MEMS Board Connected to PC 
 

Fig. 4 illustrates an example of the acceleration and 
gyroscopic display from the MEMS sensor during 
reference data training. The waveform at the top of the 
screen represents that of the acceleration sensor. When 
the reference data was created, the measurement range 
was set to ±2[g], and the gyro sensor was set to  
±125 [deg/sec]. As shown in the figure, the sensor was 
placed on cloth to simulate motion analysis conditions. 
The horizontal and vertical directions of sensor 
movement are shown in the figure. When stable, a 
value of 1[g] corresponding to gravity was obtained in 
the Z-axis direction. For testing, the sensor was 
manually lifted and swung repeatedly from left to 
right. Acceleration and gyroscopic signals 
corresponding to the z-axis direction and right-left 
movement in response to lifting were recorded. The 
signal from the acceleration sensor is intuitive, 
whereas that from the gyro sensor is complex. 



Sensors & Transducers, Vol. 267, Issue 4, December 2024, pp. 1-8 

 3

Therefore, it is necessary to consider that when the 
sensor attached to the cloth was slid, the RAW data 
measured not only the acceleration in the XYZ 
directions but also the rotational component measured 
by the gyro sensor. 

Table 1 presents an example of acceleration and 
gyro data during learning. For Subject A, the 
accelerations on the z, x, and y axes were 1004 [mg],  
-38.796 [mg], and 14.762 [mg], respectively. The  
x- and y-axis accelerations were not zero because the 
board was placed on a desk connected to a USB cable, 
which may have caused a slight tilt. The z axis 
represents approximately 1 [g]. 

 
 

 
 

Fig. 4. Example of the display of acceleration  
from the MEMS sensor. 

 
 

Table 1. Acceleration example. 
 

 
 
 

There are 12 different types of movements that can 
be performed with a machine learning core  
(MLC)-embedded MEMS sensor. Table sliding 
involves simple horizontal and vertical motions rather 
than lifting a load that adds stress to the shoulders. In 
this study, the motion involved moving a cloth. As this 
was a basic experiment, the sensor unit was placed on 
a cloth. The forward, backward, left, and right 
movements were straightforward. However, because 
of the likely shaking of the sensor itself, it was 
considered suitable to use both the acceleration and 
gyro sensors. The features to be used in the MLC were 
also examined. 

 

 Mean: 
ଵௐ௅ ∑ ଴	ୀ	௄ௐ௅ିଵ௄ܫ , (1) 

 

 Var: ൬∑ ூమ಼ೈಽషభ಼స బௐ௅ ൰ െ ൬∑ ூ಼ೈಽషభ಼	స	బௐ௅ ൰ଶ (2) 

 

Fig. 5 shows an example of an Unico 
Configuration file (ucf) automatically created by the 
software. In the figure, 0 is “idle” for stop, 4 is “RL” 
for horizontal movement, and 8 is “Updown” for 
vertical movement. 

 
 

 
 

Fig. 5. Unico configuration file using UNICO. 
 
 

The accuracy as compared using the confusion 
matrix with the selected features is presented in  
Table 2. Based on the initial experimental results and 
feature values commonly used in inertial measurement 
sensors, we considered as meaningful indicators the 
mean (Mean) and variance (Var) shown in the 
following equations along with the amplitude and 
magnitude of acceleration in the vertical and 
horizontal directions. Peak amplitude (PP) and peak 
detection (P) were added to the measurements. In the 
table, the acceleration value is denoted as ACC, and 
the gyro value is denoted as GY. 

 
 

Table 2. Accuracy comparison using selected features form 
the confusion matrix. 

 

 
 
 

Fig. 6 shows Unico configuration file created using 
the UNICO software. This figure shows the training 
class for the three patterns: idle, RL, and Updown. 
 
 

 
 

Fig. 6. Unico configuration file created using UNICO. 
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Fig. 7 shows the features used for classification in 
the decision tree. The features used in this case were 
the MEAN and VAR of the accelerations x, y, and z. 

 
 

 
 

Fig. 7. Features used for classification. 
 
 

Fig. 8 shows actual decision trees created for the 
accelerometer case. This is an example of how the 
features used in the classification are displayed in a 
file. The selected features are mean and variation. 
 
 

 
 

Fig. 8. Decision tree formed using features mean and 
validity. 

 
 

Fig. 9 shows another example of the features used 
for classification in the decision tree. The features used 
in this case were the peak-to-peak accelerations in the 
x, y, and z directions. 

 
 

 
 

Fig. 9. Features used for classification. 
 
 

Fig. 10 shows the actual decision trees created for 
the accelerometer. This is an example of how the 

features used in the classification are displayed in a 
file. The selected features are mean and variation. 

 
 

 
 

Fig. 10. Decision tree formed using feature is peak-peak. 
 
 

When the initial experiments were conducted 
under conditions that achieved high accuracy with the 
confusion matrix extracted as a feature quantity, false 
positives were occasionally recorded when the 
direction of motion changed while using a gyro sensor. 
Table 3 summarizes the results. 
 
 
Table 3. Accuracy dependence of feature value and state. 

 

 
 
 

In the table sliding experiments, the speed and 
distance of sliding are important. We attempted to 
determine the movement of the table slide by learning 
three horizontal movement speeds: stationary, slow, 
and normal. The movement speed and trajectory were 
also calculated. 

F5_VAR_on_ACC_X <= 2.26533e-005
|   F1_MEAN_on_ACC_X <= -0.0404968: idle (180.0)
|   F1_MEAN_on_ACC_X > -0.0404968
|   |   F1_MEAN_on_ACC_X <= -0.000855923: RL (6.0)
|   |   F1_MEAN_on_ACC_X > -0.000855923: Updown (1.0)
F5_VAR_on_ACC_X > 2.26533e-005
|   F5_VAR_on_ACC_X <= 0.00227706
|   |   F6_VAR_on_ACC_Y <= 0.000582436
|   |   |   F2_MEAN_on_ACC_Y <= 0.0077095: Updown (5.0)
|   |   |   F2_MEAN_on_ACC_Y > 0.0077095
|   |   |   |   F1_MEAN_on_ACC_X <= -0.0310669
|   |   |   |   |   F1_MEAN_on_ACC_X <= -0.0350037: RL (1.0)
|   |   |   |   |   F1_MEAN_on_ACC_X > -0.0350037: Updown (1.0)
|   |   |   |   F1_MEAN_on_ACC_X > -0.0310669: RL (18.0)
|   |   F6_VAR_on_ACC_Y > 0.000582436: Updown (148.0)
|   F5_VAR_on_ACC_X > 0.00227706
|   |   F6_VAR_on_ACC_Y <= 0.00146479: RL (155.0)
|   |   F6_VAR_on_ACC_Y > 0.00146479
|   |   |   F5_VAR_on_ACC_X <= 0.00579834
|   |   |   |   F6_VAR_on_ACC_Y <= 0.00180817
|   |   |   |   |   F6_VAR_on_ACC_Y <= 0.00162315: Updown (2.0)
|   |   |   |   |   F6_VAR_on_ACC_Y > 0.00162315: RL (2.0)
|   |   |   |   F6_VAR_on_ACC_Y > 0.00180817: Updown (24.0)
|   |   |   F5_VAR_on_ACC_X > 0.00579834: RL (5.0)

Number of Leaves  : 13
Size of the tree : 25

F2_PeakToPeak_on_ACC_Y <= 0.0178518
|   F1_PeakToPeak_on_ACC_X <= 0.0250092: idle (180.0/6.0)
|   F1_PeakToPeak_on_ACC_X > 0.0250092: RL (1.0)
F2_PeakToPeak_on_ACC_Y > 0.0178518
|   F1_PeakToPeak_on_ACC_X <= 0.228087
|   |   F2_PeakToPeak_on_ACC_Y <= 0.118364
|   |   |   F1_PeakToPeak_on_ACC_X <= 0.146729: Updown (25.0/5.0)
|   |   |   F1_PeakToPeak_on_ACC_X > 0.146729
|   |   |   |   F3_PeakToPeak_on_ACC_Z <= 0.0375977: RL (21.0)
|   |   |   |   F3_PeakToPeak_on_ACC_Z > 0.0375977
|   |   |   |   |   F1_PeakToPeak_on_ACC_X <= 0.175781: Updown (4.0)
|   |   |   |   |   F1_PeakToPeak_on_ACC_X > 0.175781
|   |   |   |   |   |   F2_PeakToPeak_on_ACC_Y <= 0.109558: RL (9.0)
|   |   |   |   |   |   F2_PeakToPeak_on_ACC_Y > 0.109558: Updown (1.0)
|   |   F2_PeakToPeak_on_ACC_Y > 0.118364: Updown (128.0/3.0)
|   F1_PeakToPeak_on_ACC_X > 0.228087
|   |   F2_PeakToPeak_on_ACC_Y <= 0.163949: RL (131.0)
|   |   F2_PeakToPeak_on_ACC_Y > 0.163949
|   |   |   F1_PeakToPeak_on_ACC_X <= 0.328857: Updown (20.0/1.0)
|   |   |   F1_PeakToPeak_on_ACC_X > 0.328857
|   |   |   |   F2_PeakToPeak_on_ACC_Y <= 0.279785
|   |   |   |   |   F3_PeakToPeak_on_ACC_Z <= 0.10791: RL (9.0)
|   |   |   |   |   F3_PeakToPeak_on_ACC_Z > 0.10791
|   |   |   |   |   |   F1_PeakToPeak_on_ACC_X <= 0.395508: Updown (1.0)
|   |   |   |   |   |   F1_PeakToPeak_on_ACC_X > 0.395508: RL (1.0)
|   |   |   |   F2_PeakToPeak_on_ACC_Y > 0.279785: Updown (2.0)

Number of Leaves  : 14
Size of the tree : 27
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The results of constructing a decision tree with 
horizontal acceleration based on learning the 
horizontal motion in stationary, slow, and normal 
speed are states shown in Fig. 11. 
 
 

 
 

Fig. 11. Decision tree with horizontal acceleration. 
 
 

The confusion matrix is shown in Fig. 12; the 
accuracy obtained was 100 %, although a slight 
variation was observed in the number of states. 
 
 

 
 

Fig. 12. Confusion matrix. 
 
 

The trajectory obtained from the line when the 
sensor moved horizontally was calculated. The 
trajectory is computed using the imufusion Python 
package, which tracks the position of the sensors 
attached to the subject’s foot while walking. The 
Fusion algorithm obtains a measure of acceleration in 
the Earth’s coordinate system from the gyroscope and 
accelerometer data. The acceleration measurements  

are then combined to obtain velocity 
measurements. The velocity measurements are 
corrected for drift using a zero-velocity detection 
algorithm and then integrated to obtain the position 
measurement. The Attitude and Heading Reference 
System algorithm was not used in this study because 
the parameters have not been optimized. Therefore, 
the accuracy cannot be considered inadequate. 

Acceleration was used as the feature quantity for 
Subject A. The measurement results are shown in  
Fig. 13. It can be seen that slow (4) and normal (8) 
movement speeds are distinguished. A 0 value 
indicates a stationary state. 

Fig. 14 shows the classification results when 
stationary and slow-moving speed states are 
differentiated. Stationary and slow-moving speeds 
often resulted in misclassification of stationary 
conditions. 

 
 

Fig. 13. Classification results between slow and normal 
movement speeds. 

 
 

 
 

Fig. 14. Classification results between stationary  
and slow states. 

 
 

Next, we measured the participants who were not 
involved in the creation of the teacher data and found 
a wide variation in judgments for the three conditions. 
The results are shown in Fig. 15. 

 
 

 
 

Fig. 15. Classification results on subjects who were not 
involved in the creation of the teacher data. 

 
 

It is known that the actual speed and degree of 
movement are important in rehabilitation evaluation, 
and it is said to be important to obtain accurate 
trajectories [17-26]. The results of Subject A’s 
horizontal movements are shown in Fig. 16: stopped 
for 10 s, moved left and right for 30 s at normal speed, 
stopped for 10 s, and moved left and right at a slower 
speed, calculated using imufusion [27-28]. 

The trajectory also calculated using imufusion is 
shown in Fig. 17. Although the trajectory has been 
shifted left and right due to insufficient correction, the 
motion reflects movement at normal speed. A change 
in movement speed caused a significant shift in the 
left-right direction. 
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Fig. 16. Calculated velocity and position using acceleration 
with Subject A. 

 
 

 
 

Fig. 17. Calculated trajectory calculated using imufusion 
with Subject A. 

 
 

The results of the velocity and position 
calculations for Subject B are shown in Fig. 18. 

 
 

 
 
 

Fig. 18. Calculations of the velocity and position  
with Subject B. 

 
The results of the trajectory calculations for 

Subject B are shown in Fig. 19. The movement pattern 
was the same as that of Subject A. 

 
 

3.2. MEMS Board Connected via Bluetooth 
 

Fig. 20 shows an example of the relationship 
between the sensor’s face when facing up and the 
display on the smartphone screen. 

 
 

Fig. 19. Trajectory calculation by imufusion  
with Subject B. 

 
 

 
 

Fig. 20. Example indication of which side is facing up. 
 
 

As Fig. 20 shows, the screen display on the 
smartphone changes in response to the sensor’s 
orientation, allowing the rotational motion of the 
sensor to be viewed in real time. 

As Fig. 21 shows, the sensor box was lifted from 
rest for approximately 2 s and moved counter-
clockwise in a parabolic trajectory, with each 
movement being stationary for approximately 2 s and 
the highest point being approximately 0.3 m high. 

 
 

 
 

Fig. 21. Direction in which the sensor box was moved. 
 
 

 
 

Fig. 22. Calculated sensor box trajectory. 
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4. Discussion 
 
4.1. Reasons for Low Judgment  
       in USB-connected Sensors 

 
Accuracy was low when determining left-right 

movements, as shown in Table 3. This is believed to 
be due to the high accuracy from the confusion matrix 
resulting in large tree levels and sizes, enabling a more 
detailed classification. In the worst case, when only 
the peak values from the acceleration sensor were 
used, the accuracy was 52.2 %, with tree levels and 
sizes of (12, 23). By contrast, high accuracy was 
associated with larger tree levels and sizes. Accuracy 
was determined from a 10-s measurement. The higher 
accuracy obtained using only the accelerometer is 
thought to be due to the short measurement time of  
10 s, during which the signal detected by the gyro 
sensor was negatively affected. Figs. 23 and 24 
illustrate the change in judgment display over time 
from the starting point for left–right and up–down 
movements, respectively. The MEMS sensor detected 
three states: state 0, representing the idle state, state 4, 
representing the left/right horizontal movement, and 
state 8, representing the forward/backward vertical 
movement. We believe that the time required to 
achieve accurate detection immediately after the start 
of operation significantly affects accuracy. This is 
considered to be the reason for the occurrence of  
false readings. 

 
 

 
 

Fig. 23. RL states as a function of time. 
 
 

 
 

Fig. 24. Up and Down state as a function of time. 
 
 

4.2. Reasons for Low Judgment  
       in USB-connected Devices 

 
The upward and downward directions in Fig. 18 

correspond to the vertical direction, whereas the left 

and right directions correspond to the horizontal 
direction. As the swipe action in this study involved 
two directions, as illustrated in Fig. 2, investigating its 
feasibility was straightforward. The primary detection 
quantities were in the horizontal (left and right) and 
vertical (forward and backward) directions. The 
system was trained to detect an idle state where no 
movement occurred to determine whether it could 
accurately identify the actual movement states. 

 
 

4.3. Trajectory 
 
Numerous studies have been conducted on 

trajectory calculations. imufusion is said to provide 
accurate position information. However, in this study, 
errors accumulated, and large deviations occurred 
when the movement speed was slow. Because 
relatively accurate trajectories were obtained for the 
case shown in Fig. 22, where the movement speed was 
high, optimization of the parameters used in the 
calculation was considered necessary. 

 
 

5. Conclusions 
 
The ability to accurately detect horizontal motion 

indicates that accelerometers can be effectively 
attached to towels or skateboards used in rehabilitation 
to measure the process's effectiveness. The best 
conditions for feature extraction when using 
accelerometers as the sole sensor are peak-to-peak, 
alone, or in combination with peak values. This is 
consistent with decision-tree machine learning, which 
suggests that the simplest conditions are optimal. In 
this study, using a sensor box with Bluetooth 
connectivity, we demonstrated that more complex 
movements are possible and that trajectories can be 
obtained, albeit under specific conditions including 
movements corresponding to the 3-dimensional 
direction away from the table corresponding to the 
peg. We believe that the proposed MEMS board-based 
system has the potential to enhance the accuracy of 
rehabilitation effectiveness assessment when more 
complex movements are considered and when the 
proposed setup with skeletal recognition techniques 
measured using video recording are integrated. 
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Abstract: A prototype insole sensor capable of measuring the gaits of both feet was developed. Feature analysis was performed 
using data acquired from simultaneous measurements of both feet. In addition, a dataset of peak values and rates of change 
was created from the acquired data and its application in machine learning was investigated. The results of the analysis using 
random forests showed that the rate of change was better at detecting detailed movements at the measurement points. The 
significance of the data obtained from the toes was confirmed. Therefore, we conducted an additional study using an insole 
sensor with more toe measurement points. Analysis of the rate of change showed the possibility of classification using toe-tip 
data. Therefore, random forest and principal component analyses were used. 

In this study, we demonstrated the usefulness of insoles for recording detailed individualized toe data. By accumulating 
and analyzing the data, we demonstrated the possibility of obtaining a guideline for the measurement location according to the 
subject's symptoms. 
 
Keywords: Pressure sensors, Insole, Health condition change, Arduino, Bluetooth, Classification. 
 

 
 

1. Introduction 
 

With the advent of the super-aging society, the 
importance of preventive technologies in nursing and 
medical care has increased. In Japan, efforts to 
promote prevention before serious diseases occur, 
such as screening for metabolic syndrome, are being 
actively implemented to control rising medical costs 
[1]. Walking is fundamental to maintaining good 
health. As an essential activity in daily living, walking 
has been the focus of research aimed at linking its 
assessment to activities of daily living [2]. Gait 

analysis is being studied as a noninvasive method for 
evaluation individuals [3]. It is used not only for gait 
training in rehabilitation, but also for treatment 
evaluation, for example in Parkinson's disease [4, 5]. 
Traditionally, video analysis based on videography 
has been widely used for gait analysis. Advances in 
sensor technology have led to the use of 3D motion 
analysis systems [6] and mat-type pressure-sensitive 
sensors [7]. However, these methods are expensive 
and require large installation spaces. The insole sensor 
provides a simple measurement method. The position 
can be sensed by placing the insole sensor inside the 

http://www.sensorsportal.com/p_3350.html 

https://sensorsportal.com/
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shoe. There are also research studies exploring the use 
of machine learning to estimate data from insole 
sensors [8]. In Japan, insole sensors that are 
inexpensive and easy to use are primarily designed for 
sports training, such as running and golf, rather than 
for rehabilitation purposes [9]. Some commercially 
available insole sensors are sized by cutting the entire 
insole at the same ratio for fine adjustments, while 
others are adjusted by cutting only the toe portion [10]. 
However, achieving uniform adjustments has proven 
challenging, with the proportions varying between the 
toe and heel sides. 

Although the heel tends to be considered important 
because of the large amount of weight placed on it, we 
considered data other than the heel to be important 
parameters in the detection of gait disorders. 

Therefore, we developed a prototype insole sensor 
that can perform measurements using an inexpensive 
general-purpose sensor and investigated the 
measurement points. We found that there were 
variations in the intensity of the measurement data 
other than at the heel, depending on the sensor 
position, confirming the importance of the sensor 
measurement point [11, 12]. 

Our previous system could not simultaneously 
measure both feet at the same time. We improved the 
system so that both feet could be measured 
simultaneously. Using the measurement data of both 
feet, we investigated the possibility of determining the 
sensor positions based on the characteristics of the 
subject's gait, symptoms, and treatment policy. Using 
the acquired data, we studied an analytical method for 
classifying the gait state using machine learning and 
presented the results at the recent SEIA 2024 
conference [13]. 

This study describes the results of a trial run using 
an improved insole sensor capable of measuring toe 
conditions, addressing a new problem identified 
during the conference presentation. 

The research was approved by the Ethics 
Committee of Teikyo University of Science. 
 
 

2. Experience 
 
2.1. Improvements to the Bilateral Gait  
       Measurement System 
 

An insole sensor that enables gait measurement of 
both feet is shown in Fig. 1. Four measurement 
locations were set up: toe, heel, outer, and inner. 

The toe, inner, and outer sensors were placed  
15 mm, 70 mm, and 80 mm from the toe, respectively. 
The heel sensor was placed 25 mm from the edge of 
the heel. The same insole sensors were used for the 
subjects measured in this study because their shoe 
sizes were 27 cm and 25 cm. An Arduino nano 
(hereinafter Arduino) was used as the microcomputer 
for control, and an FSR402 from Interlink electronics 
was used as the sensor device [14]. The transmitted 

data was sent using a recording Windows PC 
(hereafter PC) running a data recording program. 

A voltage of 5 V was applied to the pressure sensor 
to convert the resistance change of the sensor into a 
voltage change. The voltage converted signal was 
input to the analog port of the Arduino. Since the 
analog port is a 10-bit conversion, the input value was 
decomposed into 1024 steps. The decomposed data is 
converted to the maximum value of 256 by quartering 
it to match the data acquired in the past. 

Four sensors are measured in turn, and after the 
data from all the sensors are acquired, the data from 
the four sensors are sent to the computer as one data 
block with delimiters to improve the processing speed. 

The data sampling interval is estimated to be about 
50 milliseconds. The sampling frequency is estimated 
to be 20 Hz from the sampling interval. 

 
 

 
 

Fig. 1. Prototype insole sensor (bottom surface). 
 
 

The system configuration is shown in Fig. 2. 
 
 

 
 

Fig. 2. System configuration. 
 
 

A Bluetooth converter module acquires serial 
signals from the Arduino, which is placed on a  
72 mm × 42 mm board with a 6F22 9 V battery. 
System components are sized to fit inside an adult 
shoe. The data acquisition interval of the PC is 
estimated to be about 0.1 sec maximum for one side 
based on the processing time of the Arduino and the 
delay caused by Bluetooth; data is recorded when the 
PC receives data from both sides. The devices on both 
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sides are not synchronized and send data to the PC 
independently. 

The data received from the Arduino was recorded 
and stored in a Comma Separated Value (CSV) format 
file on the PC using a conversion program with 
processing. The elapsed time measured from the time 

of program operation on the PC was recorded in 
milliseconds, and the data was processed. The signals 
sent from the Arduino were recorded as one record in 
the CSV file as one set of data from both sides. An 
example of the data in the CSV file is shown in  
Table 1. 

 
 

Table 1. Examples of recorded data. 
 

 
 
 
2.2. Improvements to the System  
       with More Toe Measurement Points 
 

To further analyze the toe data, we modified the 
insole sensors to include an additional toe 
measurement point and conducted additional 
experiments. The system configuration was modified 
to include two additional toe measurement points. A 
diagram of the modified system configuration is 
shown in Fig. 3. 

 
 

 
 

Fig. 3. System configuration after modification. 
 
 

The Arduino used in this system comprised eight 
AD converters. As the number of measurement points 
increased to six, the port layout was changed to use six 
ports from A0 to A5. Because the assignment of the 
AD converters on the Arduino changed, the recording 
program running on the PC was also modified to 
correspond to the port assignment change. The circuit 
configuration, such as the sensor drive voltage, did not 
change. To avoid port-assignment errors when 
modifying the program, the elements in the raw data 

file were arranged in the same manner as in the AD 
conversion ports. An example of a modified data file 
is presented in Table 2. 

Fig. 4 shows an enlarged view of the toe portion of 
the prototype insole. The distance from the toe to the 
center of the sensor was set at 10, 30, and 50 mm, with 
the 10 mm point representing the top of the toe and the 
50 mm point representing the bottom of the toe. This 
configuration ensured that the pressure sensitive 
portions of the sensors did not overlap. If the same 
FSR402 was used, the flexible cable that received 
signals from the sensor and the sensor would overlap, 
and the pressure would not be applied correctly. 
Therefore, the FSR402 Shorttail, a model with the 
same sensing part but a shorter flexible cable, was 
used at the two additional locations. 

 
 

 
 

Fig. 4. Toe part improved on FSR402 (enlarged). 
 
 

Table 2. Example of raw data file after modification. 
 

 

tim e(s) R  toe R  out R  in R  heel  L toe L out L in L heel raw _R raw _L

2.098 0 0 0 0 8 74 135 8 0 0 0 0 8 74 135 8

2.207 0 30 54 69 0 19 85 80 0 30 54 69 0 19 85 80

2.251 0 30 55 71 0 19 86 81 0 30 55 71 0 19 86 81

2.302 0 30 55 72 0 20 86 83 0 30 55 72 0 20 86 83

2.367 0 30 55 72 0 19 86 82 0 30 55 72 0 19 86 82

tim e(s) R  toe R  out R  in R  heel  R  toe top R  toe bottoL toe L out L in L heel L toe top L toe bottoraw _R raw _L

0.831 3 26 90 140 0 9 0 0 25 2 0 0 3 26 90 1400 0 25 2 0 0

0.95 0 26 92 143 0 8 0 29 1 0 0 64 0 26 92 1430 29 1 0 0 6

1.027 0 21 87 142 0 6 0 29 6 0 0 67 0 21 87 1420 29 6 0 0 6

1.09 0 24 89 139 0 6 0 39 11 0 0 75 0 24 89 1390 39 11 0 0

1.167 0 25 95 120 0 10 0 47 18 0 0 79 0 25 95 1200 47 18 0 0
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3. Results 
 
3.1. Results of Bilateral Gait Measurements 

 
Results of the experiment using data from healthy 

subjects are shown. A graph generated from the raw 
data is shown in Fig. 5. The transition of the acquired 
data waveforms indicated the shift in the load  
on both feet. 

 
 

 
 

Fig. 5. Example of both feet (Right, Left) gait graph. 
 
 

Gait feature extraction was performed to analyze 
the obtained data. Data were compared between 
normal walking and walking with a supporter attached 
to the subject's right knee to simulate a gait disorder. 
The data obtained were smoothed for feature 
extraction. Examples of the data from the right lateral 
sensor of the right foot, from which large features were 
obtained, are shown in Figs. 6 and 7. The vertical axis 
represents the standardized rate of change, and the 
horizontal axis represents the standardized sensor 
output voltage. The plotted data were cleansed, with 
the mean of the acquired data set to 0 and the standard 
deviation set to 1. Fig. 6 illustrates the feature 
extraction data in the normal state, with the  
center magnified. 

 
 

 
 

Fig. 6. Feature extraction (normal state). 
 
 

Fig. 7 illustrates the feature extraction data in the 
right knee restriction state, with the center magnified. 

 
 

Fig. 7. Feature extraction (right knee restricted). 
 
 

A comparison of Fig. 6 and 7 revealed that the set 
of plots tended to be divided between the normal and 
restricted states. 
 
 
3.2. Increased Toe Measurement Results 

 
As described in Section 3.2 a portion of Subject B's 

normal gait measurement data was clipped to generate 
a graph of the time variation of the input values to the 
AD converter. The results of all sensors on the right 
side are shown in Fig. 8; the results of the three sensor 
locations on the right toe are shown in  
Fig. 9; the results of all sensors on the left side are 
shown in Fig. 10; the results of three sensor locations 
on the left toe are shown in Fig. 11; the results of all 
sensors on both sides are shown in Fig. 12; the results 
of the three sensor locations on both toes are shown  
in Fig. 13. 

 
 

 
 

Fig. 8. Right side measurement data after modification. 
 
 

 
 

Fig. 9. Right side measurement data after modification  
(only 3 toe locations). 
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Fig. 10. Left side measurement data after modification. 
 
 

 
 

Fig. 11. Left side measurement data after modification  
(only 3 toe locations). 

 
 

 
 

Fig. 12. Measurement data on both sides after modification. 
 
 

By increasing the number of toe measurement 
points to three, we were able to confirm that we could 
measure motion at the tip of the toe (toe-top in the 
figure), the conventional toe, and the rear end of the 
toe (toe-bottom in the figure). In addition, the 
measurement results at the three locations were not the 
same and measurement results for individual sensor 
positions could be obtained. 

 
 

4. Discussion 
 

The collected data were further examined for 
classification using machine learning. This study 

employed Random Forest analysis to discriminate 
between sensors that were expected to have specific 
characteristics. The data used were the peak values for 
each sensor extracted from the raw data of the sensor 
values via from two healthy subjects, and the data 
based on which the rate of change per hour was 
calculated for each sensor. 

 
 

 
 

Fig. 13. Measurement data on both sides after modification 
(only 3 toe locations). 

 
 

Herein, three measurement conditions were 
established. (1) normal gait data, (2) gait data with 
right knee restriction, and (3) gait data with left knee 
restriction. 

The analysis was performed in Python using an 
analysis program based on Scikit-learn [15], a 
machine-learning library. 

Elements with "-G" in the element names in the 
figures below indicate the rate of change (rate of 
change per hour). Elements without "-G" in their 
element names in the plots indicate the peak  
value data. 
 
 
4.1. Analysis by Peak Value and Rate  
       of Change 
 

The peak value and rate of change datasets for 
Conditions (1), (2), and (3) were analyzed for the two 
subjects. The results are shown in Fig. 14. 

The top eight elements were left heel, left  
inside-G, left heel-G, right heel, left toe-G, right  
heel-G, right outside, and right outside-G. There were 
four heel data points: one inside, one toe, and two 
outside the heel. 

It was confirmed that the order of appearance of 
the left foot components was high, regardless of the 
restricted foot. The toes considered important were 
ranked lower than expected. The reason for the high 
ranking of the heel data was considered to be that it 
was a location wherein a greater load was applied 
compared to the other three locations. 

The ratio of peak to rate of change for the top eight 
elements was 3 for the peak and 5 for the rate of 
change. Moreover, the ratio of the rate of change was 



Sensors & Transducers, Vol. 267, Issue 4, December 2024, pp. 9-19 

 14

slightly higher; however, the ratios were  
almost the same. 
 
 

 
 

Fig. 14. Results of peak value and rate of change analysis. 
 
 

4.2. Peak Value Analysis 
 

To examine the existence of a difference between 
the peak value and rate of change, analyses were 
performed separately for the rate of change and  
peak value. 

The peak value datasets for conditions (1), (2), and 
(3) were analyzed. The results of this analysis are 
shown in Fig. 15. Fig. 15 presents the results of the 
sensor peak value analysis in the following order of 
increasing values: left heel, right heel, right outside, 
left outside, right inside, left inside, right toe, and left 
toe. The results analyzed based on the peak values 
exhibited a higher ranking of heel values. 

Moreover, a relatively high load on the heel and 
low load on the toe influenced the order of appearance. 
This confirmed that a greater load applied to the heel 
influenced the magnitude of the sensor value. 
 
 

 
 

Fig. 15. Analysis results of sensor peak values. 
 
 

4.3. Analysis by Rate of Change 
 

The rate of change dataset for conditions (1), (2), 
and (3) was analyzed. The results are presented  
in Fig. 16. 

 
 

Fig. 16. Result of sensor rate of change analysis. 
 
 

Fig. 16 shows the results in the order of increasing 
value: left heel, right outside, left toe, left inside, left 
outside, right toe, right heel, and right inside. 
Independent of the restricted foot, the component 
values of the left heel, Left toe, and Left inside were 
high. In contrast to the peak value results, the toe 
component had a higher rank. By examining the rate 
of change, we determined that the toe data buried in 
the peak values could be detected. 
 
 
4.4. Subject Differences Analysis 
 

To confirm the subject differences, the peaks and 
rates of change of the data for conditions (1), (2), and 
(3) were analyzed separately for each subject. The 
results of the data analysis of Subject A (male in his 
40s, foot size 27 cm) are shown in Fig. 17. Fig. 17 
shows that the four highest values were for the left 
heel-G, left inside, left inside-G, and left heel. The 
component value of Left was large, regardless of the 
restricted foot. 
 
 

 
 

Fig. 17. Analysis results for Subject A. 
 
 

Fig. 18 shows the results of the data analysis for 
Subject B (male in his 60 s, foot size 25 cm). 

As evident, the top four highest values were for the 
right outside, left inside, left inside-G, and left toe. The 
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component values of the left and left toes were large, 
regardless of the restricted leg. 

 
 

 
 

Fig. 18. Analysis results for Subject B. 
 
 

A comparison of Figs. 17 and 18 revealed that the 
top four components were different, although the  
left-side value was high. Further, the composition ratio 
of the sensor values varied among subjects. In 
addition, it was possible for each subject to be 
authenticated according to its frequency of 
occurrence. 

 
 

4.5. After Modification 
 
From Section 4.5, the results of the improved toe 

measurement section will be discussed. 
 
 
4.5.1. Comparison Using Peak Values  
          at Three Toe Locations  
          after Modification 

 
Peak values were obtained from the data at the 

three toe locations. Fig. 19 shows the relationship 
between the sensor position and the average peak 
value, and Fig. 20 shows the relationship between the 
sensor position and the maximum peak value. The 
vertical axis of the graph represents the voltage of the 
sensor and the sensor position represents the distance 
from the tip to the center of the sensor, as shown  
in Fig. 4. 

From Figs. 19 and 20, a difference in output was 
observed at the tip of the toe depending on the limiting 
condition, with the output value being relatively high. 
The output value at the rear end of the toe(toe-bottom) 
was consistently high, but showed minimal variation 
across different limiting conditions. The central part of 
the toe showed the largest difference depending on the 
constraint state; however, the output values obtained 
were low. Therefore, we considered that data from the 
tip of the toe, which could not be measured previously, 
would be more suitable for analysis. 

 

 
 

Fig. 19. Relationship between sensor position and average 
peak value. 

 
 

 
 

Fig. 20. Relationship between sensor position  
and maximum peak value. 

 
 

4.5.2. Examining State Discrimination  
          by Rate of Change of Sensor Values 
 

Figs. 21 through 23 show examples of the rate of 
change of sensor values obtained at the six locations. 
Fig. 21 shows an example of a recording of a normal 
walk. Fig. 22 shows an example recording with the left 
leg restricted. Fig. 23 shows an example recording 
with the right leg restricted. This section describes the 
lines in the figures in Figs. 21-23. The blue line in the 
illustration indicates the heel, the purple line indicates 
the top of the toe, the red line indicates the toe, the 
green line indicates the bottom of the toe, the yellow 
line indicates the inside of the foot, and the  
yellow-green line indicates the outside of the foot. 

Fig. 21 is compared to Fig. 22 and Fig. 23. In  
Fig. 22, the left toe bottom (green in the figure) and 
right toe inside (yellow in the figure) were not 
synchronized in the unrestricted condition. In Fig. 23, 
near-synchronous movement between the right  
toe-bottom and right inside was evident. Although the 
sample size was is small, we observed a tendency for 
the toes and insides of the restricted foot to be 
misaligned in their timing of landing on the ground. 

 
 

4.5.3. Analysis with Toe Top Data 
 

Using the analysis results of the previous section, 
the toe data were converted to toe-top data (referred to 
as toe-top in the figure) and analyzed using a random 
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forest with the rate of change of the sensor. The results 
are presented in Fig. 24. 

 
 

 
 

Fig. 21. Percentage change variation of left and right loads 
for unrestricted measurements (top: left foot, bottom:  

right foot). 
 
 

 
 

Fig. 22. Variation in rate of change of left and right loads 
with restriction on the left foot (top: left foot, bottom:  

right foot). 
 
 

 
 

Fig. 23. Variation in rate of change of left and right loads 
with restriction on the right foot. (top: left foot, bottom: 

right foot). 

Fig. 24 shows the results in order of increasing 
values: right toe top-G(RttG), left heel-G(LhG), left 
toe top-G(LttG), right heel-G(RhG), left  
outside-G(LoG), right inside-G(RiG), right  
outside-G(RoG), left inside-G(LiG), and right  
outside-G(RoG), and left inside-G(LiG). Regardless 
of the restricted foot, the toe and heel component 
values were high on both feet. The analysis results of 
the sensor peak values are shown in Fig. 25. 
 
 

 
 

Fig. 24. Results of analysis of sensor change rate. 
 
 

 
 

Fig. 25. Analysis results of sensor peak values. 
 
 

Fig. 25 shows, in order of increasing value, right 
toe top (Rtt), left toe top (Ltt), left heel (Lh), right 
inside (Ri), left inside (Li), right outside (Ro), left 
outside (Lo), right heel (Rh). The top two toe 
component values for both feet were notably high. 

The toe-top component values were judged to be 
higher than those of the conventional toe from  
Figs. 29 and 30, suggesting that the toe-top data were 
useful for discrimination. 

 
 

4.5.4. Principal Component Analysis by Rate  
          of Change 
 

Principal component analysis was performed 
based on the results of the random forest analysis 
described in the previous section. The results of the 
principal component analysis using sensor change 
rates are shown in Figs. 26 to 29. 
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Fig. 26 shows that the first principal component 
was focused on the right toe (RttG), and the second 
principal component was focused on the left  
heel (LhG). 

Elements 1-8 are the same as those in Fig. 24. The 
top four elements in Fig. 27 have cumulative 
contribution ratios exceeding 0.9, which indicates that 
the toe and heel factors are significant. 

 
 

 
 

Fig. 26. Contribution of observables using sensor  
change ratio. 

 
 

 
 

Fig. 27. Contribution and cumulative contribution ratio 
using sensor rate of change. 

 
 

Fig. 28 shows the results of the principal 
component analysis on the supervised data. Although 
there were some errors, we can see that the three-factor 
classification was been implemented. Fig. 29 shows 
the results of classification using the test data. It can 
be observed that elements 2 and 3 were erroneous, but 
element 1 was successfully classified. 

 
 

4.5.5. Principal Component Analysis  
          by Peak Values 
 

Similarly, Figs. 30-33 show the results of the 
principal component analysis using the peak value 
data. Elements 1-8 are the same as those shown  
in Fig. 25. 

 
 

Fig. 28. Classification results using supervised data  
with sensor change rate. 

 
 

 
 

Fig. 29. Classification results based on test data using 
sensor change rate. 

 
 

In Fig. 30 shows that the first principal component 
is focused on the left heel (Lh), and the second 
principal component is focused on the right toe (Rtt). 

Fig. 31, the cumulative contribution ratio exceeds 
0.8 for the top three factors, indicating that the toe and 
heel factors are significant. 

Fig. 32 shows the results of the principal 
component analysis on the supervised data. Although 
there were some errors, it is evident that the  
three-factor classification was implemented. 

Fig. 33 shows the results of classification using the 
test data. It can be observed that the classification of 
the three elements was performed without error. 

 
 

5. Conclusion 
 

Simultaneous measurement of both feet is now 
possible using this improved system. 

From the acquired data, it is now possible to 
perform an analysis using features based on the data 
from both feet. For example, differences in gait state 
were observed by comparing external measurement 
data. By obtaining and analyzing the rate of change 
and peak values from the acquired data, we 
investigated the possibility of extending the analysis 
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to machine learning. The results of the analysis using 
random forest revealed that the toe sensor output was 
small in this measurement, as shown in the waveform 
in Fig. 5. We believe that the sensor value has a 
significant impact on the results of the peak value 
analysis. It was necessary to investigate whether the 
toe sensor position was optimal. From the comparison 
of the data used in the analysis, it appears that the rate 
of change captures the change during walking, even 
though the value is small compared to the peak value. 
This suggests that analysis by the rate of change may 
lead to the analysis of more detailed information 
compared to peak values. The results of the first 
measurement at one location indicated that the toe 
sensor data might be useful. We then analyzed the data 
using an insole with additional toe measurement 
points and demonstrated the possibility of 
classification by principal component analysis using 
data from the tip of the toe and between the toes. 
Although the data presented in this study were from 
two subjects, the possibility of discriminating between 
the subjects was found. This finding may lead to an 
accurate analysis of subject’s gait characteristics. 

 
 

 
 

Fig. 30. Contribution of observables using peak values. 
 
 

 
 

Fig. 31. Contribution ratio and cumulative contribution 
ratio using peak values. 

 
 

In this study, we demonstrated the usefulness of 
insoles that can record detailed toe data tailored to 

each subject. Further study of the analysis method may 
enable the classification of the subject's gait condition 
and provide guidelines for measurement locations 
according to the subject's symptoms. 

 
 

 
 

Fig. 32. Classification results with supervised data using 
peak values. 

 
 

 
 

Fig. 33. Classification results from test data using  
peak values. 
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Abstract: Development and its expansion in dryland environments are experiencing climate warming and land-use/land cover 
change, impacting ecosystems and their sustainability and resiliency. Remote sensing (RS) and Geographic Information 
Systems (GIS) technologies provide opportunities to analyze land use/ landcover (LULC) change trends at local to regional 
scales over the past few decades. This study applied RS and GIS techniques to identify and measure land-use/ land-cover 
change in the Middle Rio Grande River Basin. A novel classification process is applied to assess land use and land-cover 
change between 1994 and 2015 in the Middle Rio Grande Region (MRGR) on the US- Mexico border, between San Antonio, 
New Mexico and Presidio, Texas, and Ojinaga, Chihuahua, which includes the cities of El Paso, Texas, Ciudad Juárez, 
Chihuahua, and Las Cruces, New Mexico. Results show that the native land cover has declined and is being replaced by urban 
development and agricultural expansion. Metropolitan areas across the region increased by 45 % from ~1.59 percent of the 
total study area in 1994 to more than 2.9 percent in 2015. The majority of expansion occurred around the major metropolitan 
areas of El Paso, Ciudad Juárez, and Las Cruces. Other land-use changes included a decrease in agricultural land cover and a 
loss of wetlands, possibly as a result of a reduction in streamflow. Possible impacts of these land-use/ land-cover changes on 
water resources include a shortage of water allocations for agriculture and ecosystems and the transfer of some water 
allocations to city land developers, as Hargrove et al. [1] demonstrated. Metropolitan planners, farmers, and other stakeholders 
will likely find the study valuable for planning water conservation measures, preparing for future water supply and treatment 
infrastructure growth, and monitoring groundwater availability and quality as urban populations grow. 
 
Keywords: Development, Sustainability, Resiliency, Infrastructure, Land use, Land cover. 
 

 
 

1. Introduction 
 

Land resources encounter severe challenges 
worldwide, especially in arid and semi-arid regions, 

which occupy about one-third of the global land [2, 3]. 
Landcover degradation, soil erosion, water depletion, 
and ecosystem deterioration are some land resource 
changes [4-13]. A range of change drivers influences 
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land resource changes at different space and time 
scales, such as population growth, human activities, 
and climate change. These drivers put massive 
pressure on land resources and create uncertainty in 
these resources ‘availability, long-term sustainability, 
and resiliency [14-18]. 

Land use and land cover (LULC) are two terms 
used separately to describe the earth’s surface features 
and human interactions with these [19-25]. While land 
use states how humans have used the land, land cover 
indicates the biophysical characteristics of the earth’s 
surface [19, 21-24, 26, 27]. The LULC change is 
possibly the most significant challenge to land 
resources and sometimes the most rapid in many 
places [28-31]. The LULC change carried various 
consequences on local, regional, and global scales. 
Amongst the intensive consequences of the LULC 
change is the extinction of native species when land 
use is changed from a comparatively undisturbed state 
to more intensive uses such as farming, livestock 
grazing, and selective tree harvesting [28, 29, 32-35]. 
The LULC changes result from the interaction of a 
wide variety of factors like human activities, 
agriculture, deforestation, animal grazing, and 
urbanization [32, 35-40]. Also, many indirect factors, 
such as technological, political, economic, cultural, 
demographic, and social factors, cause land use/ land 
cover change [36, 32, 37, 41]. Extensive data on the 
Earth’s surface is required to monitor and analyze land 
use/land cover changes. Earlier, this information was 
created worldwide, mostly by conventional land 
recognition methods such as field surveys and on-site 
human-made observations, which required time, cost, 
and effort [42-44]. 

Modern LULC change studies typically use 
remotely sensed imagery, which provides excellent 
data sources from which information about LULC can 
be extracted and analyzed with various techniques and 
data sets [15, 30, 45-47]. Chang et al. [48] and Mubako 
et al. [49] demonstrated that remote sensing data and 
geographic information systems are valuable 
transboundary information sources and can be used to 
implement proficient cross-border studies. Remote 
sensing and geographic information technologies can 
help stakeholders map where changes occur, 
understand development patterns and seasonal land 
changes over time, and assess current activities and 
policies. They can also help expect and plan for future 
changes. Zhang et al. [9] demonstrated that medium 
spatial resolution imagery such as Landsat images are 
still the most significant data sources for urban  
land-cover classification, especially considering the 
free availability of this imagery, suitable spectral 
resolutions, and swath extent. 

The Middle Rio Grande Region (MRGR) is a 
dryland ecosystem situated in the southwestern  
US-Mexico borderlands (50-52]. This region covers 
the area from southern New Mexico to far west Texas 
in the US and northern Chihuahua in Mexico. This 
region encompasses the three fast-growing cities of 
Las Cruces, New Mexico, El Paso, Texas, and Ciudad 
Juarez, Chihuahua, and is populated by more than two 

million people [49, 53]. The Rio Grande region faces 
enormous challenges with its resources, which 
significantly pressure these resource uses because of 
competition between stakeholders in areas such as 
agriculture, livestock raising, municipalities, industry, 
and wildlife [54, 49]. The Rio Grande River is the 
fourth largest river in North America and runs through 
the region from north to south. This river starts as a 
snow-fed stream high in the San Juan Luis Valley in 
southern Colorado and ends in the Gulf of Mexico. 
The Rio Grande River comprises the main surface 
water reservoirs in southern New Mexico, the 
Elephant Butte Reservoir and Caballo Reservoir. The 
Rio Grande River is one of the most significant water 
sources in southern New Mexico, far west Texas in the 
US, and northern Chihuahua in Mexico. It provides 
intensive agriculture practices for their irrigation 
needs. It also supplies the human communities and the 
ecosystems throughout the basin with their water 
needs [51, 55-58]. 

This MRGR contains various land use/ land cover 
features and practices and experiences massive 
changes over time due to disruptive human activities 
and natural conditions [57]. Urbanization is one of the 
region's most influential contributors to land use/ land 
cover change. It continues to grow, especially near the 
urban centers of Las Cruces, New Mexico, El Paso, 
Texas, and Juárez, Mexico [55]. A study conducted by 
Mubako et al. [49] on 4288 km2 (1655 sq. miles) in the 
MRGR that included most areas of the three main 
cities in the region (Las Cruces, El Paso, and Ciudad 
Juarez) stated that the urban areas grew about 8 % in 
this area of interest in the 25 years 1990-2015 by 
taking important areas from agricultural lands and 
other vegetation. The agricultural lands and other 
vegetation areas decreased by about 11 % in  
this period. 

The central aim of this study is to identify and 
measure LULC change in the MRGR. The study uses  
Landsat-based remote sensing and land cover 
classification to measure changes in the land use 
practices and land cover features in this region for  
21 years from 1994 to 2015 (Fig. 1). 
 
 

2. Data and Methodology 
 
2.1. Study Area 

 
This study’s selected area of interest lies along the 

US – Mexico border. It includes the Middle Rio 
Grande basin from Magdalena and San Antonio, New 
Mexico, in the north to the entrance of the Rio 
Conchos from Mexico in the south. The area of 
interest is located between north latitudes 
34.06000000 and 29.38166667 and west longitudes 
107.85694444 and 104.21555556 (Fig. 1). The total 
study area is ~36,988 km2 (14281 sq. miles) and 
includes six water sub-basins. The study area consists 
of different terrain features. This region covers the 
area from southern New Mexico to far west Texas in 
the US and the northern Mexican state of Chihuahua. 
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The region encompasses the three fast-growing cities 
of Las Cruces, New Mexico; El Paso, Texas; and 
Ciudad Juarez, Chihuahua, with a population of more 
than two million [18, 49]. 
 
 

 
 

Fig. 1. The Study Area. 
 
 

2.2. Materials and Methods 
 
The following workflow is shown in Fig. 2 reflects 

the remote sensing and geographic information system 
procedures applied in this study to perform the work 
and get the best results. 

The processes started with downloading and 
preparing Landsat data. Atmospheric data correction 
is applied, imagery is clipped to the extent of the study 
area, and minimum noise fraction transforming is 
completed to reduce the inherent spectral 
dimensionality and noise within multispectral data. 
After data preparation processes had been 
accomplished, image classification was performed 
using several applications and tools. The classification 
was performed using ArcGIS 10.8.1, ArcGIS Online, 
ENVI 5.4, Microsoft Excel, and Google Earth 
Professional. 

 
 

2.2.1. Landsat Data Preparation 
 

Eight multispectral Landsat scenes cover the study 
area shown in Fig. 1. (Path/Row): 031/039, 031/040, 
032/038, 032/039, 033/037, 033/038, 034/036, and 
034/037. As shown in Fig. 1 these images were 
downloaded from the U.S. Geological Survey (USGS) 
GloVis website (http://GloVis.usgs.gov/) for 1994, 
2000, 2005, 2010, and 2015. Each scene had less than 
10 percent cloud cover. The scenes used for the study 
area were chosen from Landsat 5 Thematic Mapper 
(TM) and Landsat 8 Operational Land Imager (OLI), 
as shown in Appendix (1). In fact, Landsat 5 Thematic 
Mapper (TM) and Landsat 8 Operational Land Imager 
(OLI) collect data with a spatial resolution of  
30 meters in the visible, near-IR, and SWIR 
wavelength regions [59]. The scenes were acquired 
between the second half of May and the first week of 
July, considered the “leaf-on” season in this area  
[18, 49, 60-62]. Substantial procedures were 
performed on the scenes to prepare them for 
classification, including mosaicking the eight scenes 
in one image and clipping a final image to the study 
area boundaries. 

 
 
 

 
 

Fig. 2. The flowchart shows the RS&GIS proposed methods used in the study. 
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2.2.2. Atmospheric Correction 
 

Kumar et al. [63] tested log residuals, flat field 
correction, IARR (Internal average relative 
reflectance), QUAC (Quick atmospheric correction), 
and FLAASH (Fast Line-of-Sight Atmospheric 
Analysis of Spectral Hypercubes) atmospheric 
correction methods. The results showed that FLAASH 
is the most efficient atmospheric correction method 
compared to the other methods. 

Chakouri et al. [64] tested two physical 
atmospheric corrections, FLAASH and ATCOR 
(Atmospheric & Topographic Correction), compared 
to the DOS (Dark Object Subtraction) image-based 
method. The researchers found that the FLAASH 
provided the most accurate Bottom of Atmosphere 
BOA reflectance estimation. 

Mruthyunjaya et al. [65] applied ATCOR and 
FLAASH atmospheric correction modules. The 
FLAASH provided the most accurate Bottom of 
Atmosphere BOA reflectance estimation. They found 
that the variation in aerosol optical depth AOD using 
the FLAASH method did not impact the identification 
of bare soil pixels coverage, which corresponded to 
82.4 % of the study area, while a variation in water 
vapor using the ATCOR method provided a variation 
of bare soil pixels coverage from 75.04 to 84.04 %. 
They recommend using the FLAASH AC method to 
provide BOA reflectance values from Earth 
Observing-1 Hyperion Hyperspectral data before soil 
organic carbon mapping while using the ATCOR 
module needs careful selection of water vapor 
parameter before applying the method. 

Therefore, we have chosen the FLAASH method 
to perform the atmospheric corrections. Specific steps 
were implemented in the ENVI 5.4 application for the 
five years chosen for the study. These steps included 
radiometric calibration to determine reflectance at the 
top of the atmosphere, fast line-of-sight atmospheric 
analysis of spectral hypercubes (FLAASH) for water 
vapor, and moisture correction to determine surface 
reflectance. 

 
 

2.2.3. Minimum Noise Fraction Transform 
 

To reduce the number of bands for processing 
hyperspectral remote sensing data and to improve 
processing efficiency, a minimum noise fraction 
(MNF) linear transformation process was used to 
transform the study area images for all analysis years 
[66-68]. This technique, widely applied in remote 
sensing, is implemented in ENVI 5.4 software [67] 
and reduces the inherent spectral dimensionality and 
noise within multispectral data. The final minimum 
noise fraction Landsat images were approved for 
classification based on both eigenvalue plots of the 
ground objects and visual inspection of the images. 

 
 

2.2.4. Combined Classification 
 

A newly developed object-based classification 
method was tested in combination with a pixel-based 

classification method [69, 70]. The object-based 
method has been shown to have greater accuracy and 
produce a more robust classification than the  
pixel-based method when using high-resolution 
imagery [71-76]. Object-based techniques create an 
image object via image segmentation and classify the 
images according to objects rather than pixels [77]. 
However, it has been shown that pixel-based land 
cover classification may sometimes outperform the 
classification accuracy results for specific land cover 
categories [77, 78]. Combining both methods 
produces optimal results [70]. 

The combined classification method comprises 
many steps that start with supervised or unsupervised 
classification and infiltrate the results based on the 
homogeneity of surface features to segment and attain 
the boundaries of surface features into more authentic 
products [75, 77] This study adopted such a 
generalized approach and started by implementing a 
supervised classification utilizing a maximum 
likelihood format [79-83]. Supervised classification 
uses the spectral information contained in individual 
pixels to generate land cover classes. The method 
requires the collection of training samples created in 
the study area, which are then used to derive spectral 
signatures of pixels in an image. It requires, therefore, 
prior knowledge of LULC types in the study area. 
Pixel signatures are generated and stored in signature 
files, and each pixel's digital numbers (DN) are 
converted to radiance values [49, 84, 85]. The 
interactive supervised classification module used to 
classify the minimum noise images is found in ArcGIS 
10.8.1 software. The module was applied for the five 
years of analysis, 1994, 2000, 2005, 2010, and 2015, 
using the six broad land use categories defined in 
Table 1. Spectral signatures of the training samples 
were first analyzed using statistical methods. 

According to Gao and Liu [86], a satisfactory 
spectral signature minimizes confusion between 
different land-use categories that need to be mapped. 
The whole region of interest was classified by 
assigning each image pixel to the training sample 
category of the match's highest probability. On 
average, 150 training samples were created for each 
land use category using the Landsat 1994_TM 
imagery since this was the year with the least 
developed land. A minimum of 500 pixels for each 
training sample category was used. 

After producing the preliminary classified maps, 
field visits were made to designated features and 
places in the study area to find similarities and 
differences between the classified features on maps 
and their actual appearance and locations on the 
ground. Coordinates and information about the visited 
locations were collected. Other inquiry points were 
assigned to places familiar to our team. They were 
checked through high-resolution images downloaded 
for New Mexico and Texas states from their websites 
and used historical image visualization in Google 
Earth Professional. The chosen points were matched 
with the classified maps, and the misclasses were 
assigned to be recognized at the ultimate classification 
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step. Reclassification procedures were processed to 
correct the misclassified sites depending on the  
object-based features of these sites shown on the  
high-resolution images. Therefore, final classified 
maps that carried more accurate results have been 
created. These procedures were applied to the five 
maps created in the study: 1994, 2000, 2005, 2010,  
and 2015. 

 
 

Table 1. Description of Land use/ Land cover classification 
categories used in the study. 

 
Land use / 
Land cover  

Description 

Agriculture  
Cultivated crops, trees, plants, and 
pastures 

Developed 
Open space 

Sports fields and courts, parks, picnic 
areas, and building yards 

Developed 
area 

Urban development constructions, 
buildings, concrete, and roads 

Water  
Open waterbodies in natural and human-
made surface waterbodies  

Evergreen 
Forest 

Green trees on mountains and hills in the 
study area 

Shrubs 
Barren land, mountains, grass, and 
scrub/shrub features in the area 

 
 
2.2.5. Finalizing Classification Mapping 
 

Finalizing classifications of remotely sensed 
imagery is a balance between achieving outstanding 
quality classified final maps and the potential loss of 
essential map details through the unnecessary use of 
generalization tools [49, 87]. Therefore, the majority 
filter procedure was not applied to protect the isolated 
and small regions in the reclassified maps, which are 
real features in the study area. In addition, a boundary-
cleaning filter was applied to these maps to smooth the 
boundaries and improve their layout. These steps were 
done through a series of geoprocessing tools in the 
Spatial Analyst Extension of ArcGIS 10.8.1. 
 
 
2.2.6. Accuracy Assessment 
 

The validity of classifications was confirmed by 
calculating multiple metrics indicative of the mapped 
accuracy of the classification. Classification accuracy 
was performed for individual land use categories and 
the total classification by creating a confusion matrix 
[29, 45, 49]. Six statistics were calculated: (1) overall 
accuracy, which represents the proportion of all 
correct classifications; (2) Kappa coefficient, a 
measure of the agreement of accuracy in classification 
assessment; (3) user accuracy, which calculates the 
probability that a classified pixel is correct on the 
ground; (4) producer accuracy, which is the 
probability that a pixel of a particular land-use type is 
assigned the correct land use category; (5) omission 
error, which represents specific categories that were 
omitted when they exist on the ground; and  

(6) commission error, which represents categories that 
were identified as existing on the ground when in fact 
they do not [45, 49]. 
 
 

3. Results and Discussion 
 
3.1. Land Use / Land Cover Measurement  
       and Change Trends 
 

After producing the final classified maps, the areas 
of individual classes were calculated for the study 
area. This process was executed through the feature 
attributes related module in ArcGIS 10.8.1 for the five 
sample years. The final results are given in Table 2  
and Fig. 3. 

 
 

Table 2. Land use / land cover change 1994-2015. 
 

Y
ear 

Land use / land cover category area (km2) 

A
griculture

D
evelop

ed
 

open space

D
evelop

ed
 

area 

W
ater 

E
vergreen 
forest 

Shrub
s 

1994 1245 29 589 241 1663 33221 

2000 1190 33 768 185 1749 33063 

2005 1125 36 933 122 2126 32646 

2010 1111 40 1022 135 2155 32525 

2015 1091 40 1078 106 1148 33825 
 
 

 
 

Fig. 3. The Middle Rio Grande Region LULC change 
1994-2015. 

 
 

The results showed many changes in the study 
area's land use/ land cover classes. Agriculture lands 
decreased from 1245 km2 (3.37 percent) of the total 
study area in 1994 to 1091 km2 (2.97 percent) in 2015. 
This is attributed mainly to the intensification of 
developing activities and the reduction of cultivation 
practices related to water use, and a shift from cotton 
and alfalfa production, with some production of chili 
peppers, vegetables, vineyards, and orchard crops to 
more profitable crops such as pecans for the analysis 
period [1]. The open space areas, including parks, 
sports fields and courses, and green areas, in cities and 
considered human-friendly development increased 
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following the urban growth from 29 km2  
(0.08 percent) in 1994 to 40 km2 (0.11 percent) in 
2015. The proportion of developed areas, including 
urban areas and other types of construction within the 
study area, increased over time from 589 km2  
(1.59 percent) in 1994 to 1078 km2 (2.94 percent) in 
2015. The increase happened primarily around the 
central three urban cities of cities El Paso (Texas, 
USA), Las Cruces (New Mexico, USA), and Ciudad 
Juárez (Chihuahua, Mexico). However, many along 
the Middle Rio Grande Region scattered minor cities, 
towns, communities, and neighborhoods, contributing 
to the urban expansion through the growth of 
urbanization in these cities, towns, communities, and 
neighborhoods. 

The areal extent of surface water decreased from 
241 km2 (0.65 percent) in 1994 to 122 km2  
(0.33 percent) in 2005. Surface water increased in 
2010 to 135 km2 (0.36 percent). In contrast, surface 
water decreased to 106 km2 (0.29 percent) in 2015, a 
total decrease of the surface water area of over  
56 percent for the 21 years 1994-2015. Elephant Butte 
and Caballo's large reservoirs comprised the majority 
of the surface water extent and were located in the 
northern part of the study area. They are also 
considered the primary source of surface water in the 
southern part of the region. 

Evergreen forest cover is restricted to some 
marginal zones in the region and almost in the 
northern part of the Magdalena Mountains, San Mateo 
Mountains, and Black Range. The areas of evergreen 
forests increased from 1663 km2 (4.5 percent) in 1994 
to 2155 km2 (5.83 percent) of the total area in 2010. 
However, these areas decreased to 1148 km2  
(3.1 percent) in 2015 due to fires that burned 
significant parts of these forests. Records indicated 
several fires, the largest silver fire in 2013, which 
burned about 138,705 acres in the Black Range, New 
Mexico. Also, the San Mateo Mountains fire in 2015 
burned 17,843 acres [88, 89]. Shrublands covers were 
the most dominant land cover in the study area for 
each of the time periods studied. The shrublands class 
lost important lands in many parts across the region. 
The results showed that shrublands covered  
33221 km2 (89.82 percent) in 1994 and shrunk to 
32525 km2 (78.93 percent) in 2010. This component 
gained some areas to 33225 km2 (90.56 percent) in 
2015 due to forest fires and surface water area 
reduction. The changes in LULC 1994-2015 are 
shown in Figs. 4-8. 
 
 

3.2. Results Validation 
 
3.2.1. Accuracy Assessment 
 

For the study area, five maps were classified for 
1994, 2000, 2005, 2010, and 2015. An accuracy 
assessment was applied using several extension tools 
in ArcGIS 10.8.1 to validate the classification results, 
focusing on analysis years 2005, 2010, and 2015. We 
got their high-resolution images these three years from 

Texas and New Mexico. 2005, 2010, and 2015 images 
support in-ground checks of classification results. 
Also, field visits were made to New Mexico and Texas 
areas to support the ground check of classification 
results. However, Google Earth was used in the 
ground check in Mexico, the part that I could not check 
in the field because of the restrictions on border 
movement. The classification quality is oriented in a 
confusion matrix that is widely used to present 
accuracy assessment information in remote sensing 
[49, 88]. About 520 points were used for each 
classified map (year). A stratified random sampling 
method was applied for validation. The method 
assigned sampling points according to the proportion 
area of each class in the study area. An overall 
accuracy of 99 percent was obtained in 2005, 2010, 
and 2015. Subjectivity in interpreting classification 
results, fuzzy boundaries between land use categories, 
and uncertainty in the supervised classification 
algorithm in assigning land use categories to mixed 
pixels are all possible sources of intrinsic uncertainty 
and error that could have been propagated in this type 
of study. Calculating the Kappa statistics, which 
account for classification agreements owing to chance, 
is an alternative approach to measuring classification 
accuracy. The Kappa coefficient was 0.96 for three 
years, statistically supporting the classification's 
overall accuracy. For all land use/ land cover 
categories, the producer accuracy ranged from  
88.2 percent to 100 percent for the three years, and 
user accuracy went from 90 to 100 percent. Detailed 
assessment results are presented in Tables 3, 4, and 5. 
 
 

 
 

Fig. 4. The Middle Rio Grande Region LULC 1994. 
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Fig. 5. The Middle Rio Grande Region LULC 2000. 

 
 

 
Fig. 6. The Middle Rio Grande LULC 2005. 

 

 

 
Fig. 7. The Middle Rio Grande LULC 2010.

 
Fig. 8. The Middle Rio Grande LULC 2015. 
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Table 3. Confusion matrix showing classification accuracy for the 2005 map. 
 

Classified 

Ground truth 

A
griculture 

O
pen space 

D
evelop

ed
 area 

W
ater 

E
vergreen F

orest 

Shrub
s 

T
otal grou

n
d

 

U
ser's accuracy 

%
 

T
he error of 

com
m

ission
 %

 

Agriculture 14 0 0 0 0 1 15 93.33 6.67 
Open space 0 10 0 0 0 0 10 100 0 
Developed area 1 0 12 0 0 0 13 92.31 7.69 
Water 0 0 0 10 0 0 10 100 0 
Evergreen Forest 0 0 0 0 26 3 29 89.66 10.34 
Shrubs 0 0 0 0 1 440 441 99.77 0.23 
Total classified 15 10 12 10 27 444 518   

Producer accuracy % 93.33 100 100 100 96.30 99.1   

The error of omission % 6.67 0 0 0 3.70 0.90   

Overall accuracy % 98.84   

Kappa coefficient  0.96   

 
 

Table 4. Confusion matrix showing classification accuracy for the 2010 map. 
 

Classified 

Ground truth 

A
griculture 

O
pen space 

D
evelop

ed
 area 

W
ater 

E
vergreen F

orest

Shrub
s 

T
otal grou

n
d

 

U
ser's accuracy 

%
 

T
he error of 

com
m

ission
 %

 

Agriculture 15 0 0 0 0 1 16 93.75 6.25 
Open space 0 9 0 0 0 0 9 100 0 
Developed area 0 0 14 0 0 0 14 100 0 
Water 0 0 0 10 0 0 10 100 0 
Evergreen Forest 0 0 0 0 29 3 32 90.625 9.375 
Shrubs 0 1 0 0 0 436 437 99.77 0.23 
Total classified 15 10 14 10 29 440 518   

Producer accuracy % 100 90 100 100 100 99.09   

The error of omission % 0 10 0 0 0 0.91   

Overall accuracy %  99   

Kappa coefficient  0.96   

 
 

Table 5. Confusion matrix showing classification accuracy for the 2015 map. 
 

Classified 

Ground truth 

A
griculture 

O
pen space 

D
evelop

ed
 area 

W
ater 

E
vergreen F

orest

Shrub
s 

T
otal grou

n
d

 

U
ser's accuracy 

%
 

T
he error of 

com
m

ission
 %

 

Agriculture 15 0 0 0 0 0 15 100 0 
Open space 0 10 0 0 0 0 10 100 0 
Developed area 0 0 14 0 0 1 15 93.33 6.67 
Water 0 0 0 10 0 0 10 100 0 
Evergreen Forest 0 0 0 0 15 1 16 93.75 6.25 
Shrubs 0 0 1 0 2 451 454 99.34 0.66 
Total classified 15 10 15 10 17 453 520   

Producer accuracy % 100 100 93.33 100 88.24 99.56   

The error of omission % 0 0 6.67 0 11.76 0.44   

Overall accuracy % 99   

Kappa coefficient  0.96   
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As Mubako et al. [49] mentioned, overall 
classification accuracy and accuracy for all classes 
greater than 75-85 percent is acceptable. That 
accuracy assessment compromises the ideal and the 
affordable [18, 49]. Wickham et al. [89] recommended 
an acceptable overall classification accuracy between 
84-85 percent for most satellite data classification 
studies to evaluate the National Standard Land Cover 
Database (NLCD) classification system. The coarse 
30 m spatial resolution of the Landsat images utilized 
in the study also contributed to classification errors. 
Two or even more spectral classes were frequently 
recorded inside one pixel using this low-resolution 
data, which obviously influenced classification 
accuracy. Errors were experienced when performing 
the accuracy assessment with some pixels for some 
classes. Therefore, our results classification errors are 
partly due to impure training samples that captured 
mixed land use categories. Accurate reference data is 
essential for testing classification accuracy [90]. 
Therefore, accuracy errors were calculated as part of 
the assessment. The results showed that commissions' 
errors were not over 10 % for some classes, and the 
errors of omissions were not over 12 % for some 
individual classes. 

 
 

3.4. Discussion 
 

The US-Mexico border Middle Rio Grande Region 
is dryland covering ~36988 km2 (14281 sq miles). We 
studied this region to measure land use/ land cover and 
find their changes for 21 years (1994-2015) by using 
remote sensing and geographic information systems. 
The study divided the period into five years: 1994, 
2000, 2005, 2010, and 2015. 

The results showed significant changes in land use 
/ land cover features during the study period  
1994-2015. The open space areas increased by about 
27 percent. The developed area across the area of 
interest increased by 45 percent in 21 years between  
1994-2015 by winning important extents from 
agricultural and shrublands, and the most growth 
occurred around the metropolitan areas of El Paso 
(Texas, USA), Las Cruces (New Mexico, USA), and 
Ciudad Juárez (Chihuahua, Mexico). The shrublands 
increased by about 1 percent. On the other hand, the 
agricultural land decreased by about 12 percent. 
Surface water decreased by more than 55 percent in 
this period. The evergreen forests decreased by about 
30 percent. 

The study results presented that the MRGR, like 
other drylands, faces serious challenges, such as water 
reduction and competitive demand growth amongst 
sectors such as agriculture and domestic use. Shrubs 
and native plants are disturbed naturally during 
climate change, such as temperature increases, and 
human activities, such as urbanization growth and 
construction expansion. However, there are 
similarities and differences in changes between the 
MRGR and the other drylands. The effect of the 
change on the area depends on the location and 

management of this area. A study in the Kathmandu 
Valley, Nepal, for the period 1989-2016 showed 
similarities in LULC changes with the MRGR. The 
results showed that urban areas expanded up to 412 % 
in the last three decades, and most of this expansion 
occurred with the conversions of 31 % of agricultural 
land. The majority of the urban expansion happened 
during 1989–2009, and it is still growing along the 
major roads in a concentric pattern, significantly 
altering the cityscape of the valley [91]. Another study 
in the Zayandehrood ecologic sub-basins of Central 
Iran Asia also showed similarities in LULC changes 
with the MRGR. The results revealed that from 1985 
to 2016, residential areas doubled, and industrial areas 
increased at the expense of rangelands. The study also 
revealed cropland expansion at the expense of 
rangelands, cropland abandonment, and contraction of 
croplands due to residential and industrial 
development [92]. Also, a study focused on Palapye, a 
predominantly dryland agricultural region in eastern 
Botswana, Africa, aimed to analyze LULC change and 
divided the period into two intervals (1986-2000, 
2000-2014). This study showed similarities in LULC 
changes with the MRGR. The results showed that 
cropland was a vibrant losing category in the first time 
interval, while it was a clear gaining category during 
the second time interval. Cropland expanded into 
shrublands in the southwestern part of the study area. 
The built-up category was active in gains during the 
second time interval as it targeted grasslands and 
shrublands [93]. On the other hand, and through good 
management, a study in Karoo drylands, South Africa, 
revealed that more than 95 % of the Karoo is 
comprised of land classified as Natural, which has 
been relatively stable since 1990. An analysis of repeat 
photographs shows that vegetation cover has either 
remained unchanged or has increased at most 
locations. However, the Karoo drylands appear less 
degraded than they were in the mid-twentieth  
century [94]. 

LULC changes in the MRGR have many 
implications for the region. Reducing snowpack in the 
headwaters of the Rio Grande River causes a growing 
water supply deficit and failure to sustain the 
competing demands of different sectors even though 
these demands for surface water stay the same in 
aggregate [1]. It increases the pressure on the 
reservoirs of surface water used as a water source for 
various uses. For example, this appears clearly in the 
Elephant Butte Reservoir, the primary surface water 
source in the MRGR. Its capacity since 2011 
fluctuated between 3-25 % of the total capacity  
[95, 96]. Rising soil and water salinity and growing 
constraints on using these resources for agricultural 
production, drinking, and various environmental 
needs. Relying on the growth of groundwater to 
provide the necessary water supplies for various uses 
and the pressure and negative impacts on this limited 
to nonrenewable water resource also face many 
serious problems, such as depletion and quality 
deterioration [1]. The loss of grasslands, shrublands, 
and forests to urban development can lead to the loss 
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of natural habitats and ecological diversity, a higher 
risk of flooding due to increased surface runoff in 
paved urban areas, and increased water pollution from 
point and non-point sources, such as new industries 
waste facilities. When considering outdoor recreation, 
the loss of natural landscapes may decrease tourism 
income associated with water-dependent natural 
ecosystems [49]. 

This change in LULC raises some critical 
questions that need an answer, such as what is the 
extent of LULC change in this region? What is the 
change limit for cities such as El Paso and Ciudad 
Juarez? How does this change affect sustainability and 
the region's future? Do we need to stop this change, 
control it, or adapt to the new situation? What are the 
implications of the change? 

 
 

3.5. Conclusion 
 

Remote sensing and geographic information 
systems technologies across boundary tools for 
cooperation and research were used to visualize, 
measure, and assess LULC change in the MRGR, a 
dryland environment in the USA and Mexico 
borderlands. This region faces significant natural 
consequences associated with LULC change from one 
type to another, especially in relation to sustainable 
water management. 

The results from the study showed many changes 
in LULC. For instance, the developed area across the 
area of interest increased by 45 percent in 21 years 
between 1994-2015, and the most growth occurred 
around the metropolitan areas of cities El Paso (Texas, 
USA), Las Cruces (New Mexico, USA), and Ciudad 
Juárez (Chihuahua, Mexico). Surface water decreased 
by more than 55 percent in the period 1994-2015. The 
dominant shrublands in the area of interest have 
changed and have lost areas and parts to the urban and 
agriculture and gained others from forests and a 
reduction in surface water cover. 

This study’s findings stand as an excellent view for 
visualizing and understanding spatial and temporal 
environmental change in this region and helping 
stakeholders on different levels and responsibilities to 
balance development requirements and protect 
dynamic ecosystems. 

Future research is recommended on monitoring 
LULC change in the region on a macro scale that can 
cover the cities and the local areas to understand the 
effect of development on natural resources such as 
shrublands and forests. Conservation of 
environmental flows by controlling human actions that 
disrupt the resources. This study provides a detailed 
assessment of the driving forces behind the trends and 
patterns of LULC change. 

The study's results reveal the requirement to 
change land use policies to include guidelines and 
regulations that can help maintain the resources, such 
as restricting water consumption and changing 
agriculture practices towards less water use produce. 
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Abstract: The radiation degradation of the npnp thyristor radiation-sensitive characteristic, holding current, Iholding, considered. 
As the dose of γ-irradiation (Φγ) increased, the distribution of the Iholding shows pulsating change (quasi-periodicity) in quantity 
and amplitude of peaks (extremes) of Iholding in a wide range of Φγ. The investigated thyristors samples show real radiation 
hardness only up to 200 mSv. At 200 ≤ Φγ ≤ 1000 mSv Iholding S-shape degradation was observed. From a practical point of 
view, using such a low-power discrete planar npnp thyristor in the range of 1000 ≤ Φγ ≤ 7·103 mSv is advisable. For the range 
of approximately 6·103 ≤ Φγ ≤ 1·105 mSv it's difficult to forecast the value of the Iholding (heavy risk zone). Φγ ≥ 1·105 mSv may 
be considered a failure zone of the devices. The evaluation method was proposed for a realistic assessment of the radiation 
resistance of discrete devices. It includes the construction of approximating Iholding dose dependence using results of 
experimental measurements and calculations to find laminar (smooth) and chaotic (jagged) phases of degradation. The laminar 
phase will show the ranges of real radiation hardness (no changes of the holding current) and predictable changes of device 
parameters under irradiation. The beginning of the chaotic phase indicates the end of the reliable npnp structure operation and 
the possibility of soon device failure. Obtained experimental results agree with previously received theoretical approaches of 
other authors. 
 
Keywords: Low power npnp structure, γ-irradiation, Bimodal distribution, Probability, Radiation hardness, Heavy risk zone, 
Failure, Phases of the holding current degradation, Realistic assessment of the radiation resistance of discrete devices. 
 

 
 

1. Introduction 
 
A severe nuclear power plant (NPP) accident can 

release significant radiation from the reactor core [1]. 
For example, the Chornobyl disaster exposed a 
substantial fraction of core material to the 
environment. The exposed reactor created γ-radiation; 
the highest dose was about 300 Sv/h. Similarly, the 
Fukushima disaster also released many radioactive 
substances into the environment due to hydrogen 
explosions and fire damage to the containment 
structures. In Feb. 2017 the level of radiation was 
estimated to be up to 530 Sv/h. So, the design of 
radiation-hardening methodologies, as well as rad-

hardened analysis techniques are not a luxury, but 
necessary, to ensure the reliable operation of the 
special equipment (post-accident monitoring systems 
(PAMs), mobile military robots) to work in harsh 
environmental conditions during decommissioning 
processes in the event of an accident. Approach, based 
on the rad-hardened components employed for 
special-purpose equipment manufacturing can be 
excessively expensive due to special semiconductor 
materials used, technology complexity in the 
production processes, and most of all, the small size of 
the market supporting such devices. Another approach 
is to rely on regular commercial off-the-shelf (COTS) 
devices with high vulnerability to radiation. 

http://www.sensorsportal.com/p_3352.html
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Experience in the use of "extreme robotics" in the 
external conditions of a radiation accident, for 
example, during cleaning of the destroyed reactor 
from highly radioactive elements, debris of the 
structure, fuel residues etc. (γ-background level up to 
≈3000 Roentgen per hour (R/hour), in some places, 
radiation levels up to ≈104 R/hour), showed the 
possibility of decontamination using a mobile robot, 
on which all drives were made electromechanical [2]. 
Control systems were made on very humble relay 
elements. It is not possible for complicated intelligent 
robotic systems [3, 4]. Therefore, the radioactive 
shielding protection of the radiation-sensitive robot 
components is now considered the key technology of 
robot efficiency in severe radiation ambiance. Still, 
protecting the mobile platform and manipulator 
sufficiently increases the robot's weight, thus affecting 
its motion flexibility [5] near the destroyed reactor, 
creating the risk of lodging. Reducing the thickness of 
protection enhances robot survivability in hazardous 
radiation environments. For highly complex work, it is 
necessary to use solid-state relays (SSRs), because of 
various features that mechanical relays do not 
incorporate [6]. SSRs are immune to the shock and 
vibrations at levels, normally encountered [7]. This 
facility employs semiconductor switching elements, 
transferring the signals at high frequency. Most DC 
solid-state switching devices commonly use power 
transistors, whereas, for an AC SSR, the switching 
device is either a triac or back-to-back thyristors 
instead of the usual mechanical normally open contact 
relays [8]. Thyristors are preferred due to their high 
voltage and current capabilities. Theoretically, it is 
necessary to increase the radiation hardness of 
electronic components to complete the equipment to 
eliminate accidents at nuclear power stations with an 
element component base operating at γ-irradiation 
with an intensity of up to 10 R/s and an integral dose 
of up to 106R [9]. This is a technologically complex 
task [10]. The radiation-hardening methodology,  
Rad-Hard-By-Process (RHBP), employs modified 
manufacturing processes to improve their ability to 
withstand radiation. The cost of developing new 
RHBP became prohibitively expensive; as a result, 
there are no widely used industrial technologies [11]. 
That's why creating new approaches to radiation 
hardness improvement is stably relevant. 

 
 

2. The Purpose of the Work 
 
 

The evolution of the structure of radiation damage 
of the irradiated objects (and semiconductor devices, 
of course) is also accomplished, under certain 
stationary irradiation conditions radiation defects 
density self-organizing [12]. Many experimentally 
observed phenomena that correspond to  
self-organization, such as self-oscillations of 
conductivity, non-monotonous dose dependence of 
microhardness, non-monotonous dose dependence of 
creep, oscillations of the size of vacancy voids, etc. 

due to the probability of their sensitive characteristics 
changing to much higher or lower values than 
expected before irradiation. 

Therefore, it is necessary to consider the 
possibility of self-oscillation, for example, of the 
thyristor characteristics for the secure operation of 
nuclear facilities. For the confident operation of 
discrete devices in a hazardous radiation environment, 
it is necessary to consider the possibility of the most 
thyristor radiation-sensitive characteristic – holding 
current (Iholding) – self-oscillation. 

The possibility of applying theoretical concepts of 
self-organization in the analysis of experimental data 
obtained by irradiation of low-power npnp thyristors 
was proposed in [13]. Shown, that as the dose of  
γ-irradiation (Φγ) increased, the distribution of the 
Iholding shows pulsating change (quasi-periodicity) in 
quantity and amplitude of peaks (extremes) of Iholding 
in a wide range of Φγ. At the same time, this work did 
not investigate the dependence of the reproducibility 
of experimental results on the radiation dose, i.e. 
dispersion of Iholding. It is also necessary to describe the 
calculation methods that allow reflection the specific 
features of the thyristor degradation (laminar (smooth) 
and chaotic (jagged) phases). 

Thus, the purpose of the present work was to 
receive details of the npnp structure Iholding radiation 
degradation to find possible ties with radiation-
induced self - organization processes. 

 
 

3. Devices (npnp Structures), Method  
of Measurement 
 
The description (vertical structure, package, 

geometric dimensions) of the used experimental  
low-power thyristors is given in [14]. 

Measurements were carried out by [15]. The 
isotope Americium-241 (the half-life 432.6 years) 
with the following main parameters: energy of  
γ-quanta E = 59.5 keV; photon flux density at a 
distance of 1 m from the center of the working surface 
(7.0±2.1)·104 s-1 cm-2; maximum activity of the source 
2.24 Ku used as a source of γ-radiation [16]. 

 
 

4. Results of Experiment 
 
4.1. Quasi-periodic Change in the Numerical  
       Value of the Holding Current Probability  
       of a Low-power npnp Thyristorunder  
       γ-Irradiation 
 

The results of the holding current measurements 
were analyzed using Statistica 10 [17]. The nonlinear 
relationship between Φγ and the number of peaks with 
different forms and amplitude was experimentally 
observed (Fig. 1). Formulas of used distribution 
density functions (e is the base of the natural logarithm 
(2.71), π is the constant Pi (3.14) are in the cells with 
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histograms in Fig. 1. It was discovered that as the dose 
of γ-irradiation increased, the distribution of the 
thyristor sample selection distribution modes, and the 

amplitude of the peaks of Iholding, did not change 
monotonically.

 
 

 
 

Fig. 1. Examples of the Distributions of Numerical Values of the Holding Current at Different γ-irradiation Doses. 
 
 

With an increase in the radiation dose, there is a 
periodic increase/decrease in the probability of Iholding 
in a wide range of numerical values, Fig. 2. 

This phenomenon is characteristic of irradiation of 
solids [18] (including, in our opinion, npnp crystal 
structures of silicon discrete low-power thyristors), 
which in this case are the so-called open flow-type 
system. The energy flux of γ - irradiation, which does 
not dampen in a certain interval, maintains conditions 
in the irradiated sample far from thermal equilibrium. 
As a result of radiation exposure, the structure of the 
semiconductor material of the irradiated thyristor is 
disrupted due to the formation of radiation defects. As 
the radiation dose accumulates, the structure of 
radiation damage in Si becomes more complex. The 
phenomena occur due to various interrelated 

processes, among which it is often impossible to single 
out several dominant ones (the phenomenon of 
synergy). Mobile defects (vacancies, first of all) can 
form clusters (in particular, clusters of divacancies) 
and bind into electrically active complexes  
(A-, E-, K-centers) with impurity atoms. As a result, 
their spatially ordered concentration distribution 
(stratification) is formed, which depends on the 
radiation dose (which, in turn, depends on the 
exposure time). 

Each accumulated radiation dose probably 
corresponds (to some extent) to an individual [14] 
distribution of impurity-defective complexes. At the 
same time, it is logical to assume that there is a  
quasi-periodic reproduction of the structure of the 
recombination regions of the npnp structure created by 
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radiation exposure. This partly causes a "pulsating" 
change in the probability of the numerical value of the 
thyristor holding current during irradiation. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 2. Quasi-periodic change in the probability  

of the numerical value of the Iholding under γ-irradiation. 
 
 

So, the evolution (change) of the dependence of 
probability fluctuations of the Iholding in a wide range of 
radiation doses can be considered a reflection of the 
self-organization of complexes of radiation defects. 

In other words, at certain doses of γ-irradiation, the 
distribution of the Iholding becomes more homogeneous 
(Fig. 2(a)) Φγ = 360 mSv; b) 2800 mSv;  
c) 293800 mSv); it may reflect the similar distribution 
of impurity-defective complexes in the irradiated Si 
single crystal on which the npnp structure is formed. 

From a practical point of view, the shape of the 
resulting oscillations of the Iholding is consistently 
reproducible, albeit at different Φγ values (Fig. 3). 

For certain doses, modes, most likely values of 
peaks of Holding Currents probabilities, are in 
relatively narrow intervals of the numerical values of 
the Iholding. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 3. The probabilities of different numerical values  

of Iholding, grouped by the shape of their probability 
distributions; a)  ̶ bimodal; b)   ̶unimodal distributions. 

 
 

Self-organization can also be understood as 
periodic (similar to pulsating) associated with an 
increase in Φγ, a change in the number and amplitude 
of peaks of the Iholding, observed at different doses of 
radiation (Fig. 4, Left axis). In addition, there is a 
periodic change in the difference (Δ) (Fig. 4, Right 
axis) numerical values of peak amplitudes, including 
Δ = 0 observed for the same defined values Φγ, in 
which the distribution of the Iholding is unimodal. 

 
 

 
 

Fig. 4. Pulsating change in the amplitude of peaks 
(extremes) of Iholding in a wide range of Φγ. 
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Fig. 5. A pronounced difference in the amplitudes  
of the left (extreme distribution) and right (logistic) 

extremes (peaks) of the Holding Current at Φγ = 120 mSv. 
 
 

The same calculations were made for every value 
of the probability of Iholding peak at different Φγ, Fig. 6. 
 
 

 
 

Fig. 6. Experimental results for visualization of the value  
of the probability of Iholding peaks at different Φγ 

 
Increasing the radiation dose Φγ in the studied 

range leads to a decrease in the likelihood of Iholding 
peaks with a high amplitude, and, accordingly, an 
increase in the possibility of peaks with a lower 
amplitude of Iholding when enlarged Φγ. For certain 
ranges of Φγ, the effect of the maximum of Iholding peaks 
probabilities exists, Fig. 7. 

Using MathCAD shows two numerical values of 
Φγ, in which the so-called "effect of small doses" [19] 
is observed, Fig. 8. 

Reduced probability of high-amplitude currents 
means longer (increased) lifetimes of minority charge 
carriers τp in the wide thyristor n-base after irradiation 
by Φγ ≈ 4.2 104 mSv. Data in [20, p. 55] confirms that 
the relatively low increase in τp leads to a significant 
decrease in Iholding. The physical cause of the increase 
in τp is the transition of the crystal to an equilibrium 
state, which is considered to be when irradiated with 
small doses of γ-quanta. This is accompanied by a 
significant change in their electrophysical properties: 
an increase in the lifetime and mobility of charge 

carriers. Observed in a certain range of ionizing 
radiation doses, τp increases significantly due to the 
ordering of the structure of the crystal lattice of silicon. 
This is possible only by releasing the energy stored in 
the crystal [21]. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 7. The probabilities of different ranges of numerical 

values of Iholding peaks, grouped by γ-irradiation doses 
(Origin PRO); a) 3d visualization, b) contour plot. 

 
 

The process of energy storage is simplistically 
considered as the process of increasing the internal 
energy of a physical system (e.g., npnp structure), 
regardless of how this energy was increased (added), 
including, obviously, as a result of the diffusion 
technology of the thyristor. 

According to the authors of the cited works, the 
effect's physical essence lies in the relaxation of 
energy stored in the form of defects in the crystal. Heat 
is released due to the annihilation of defects in the 
crystal lattice of a solid body during its transition to an 
equilibrium state in the irradiation process. 

At Φγ ≈ 4.2 104 mSv ("small dose") there is a 
decrease in the probability of observing amplitude 
hold-current peaks range 13.6…18 mA ("high 
currents") from 0.411 to 0.304 or by ≈ 25.8 % (better 
seen in Fig. 9). 

For the peaks of Iholding with the amplitudes 
12…13.5 mA ("low currents") the reduction in their 
probability at this radiation "small dose" is about  
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2.14 % (from probability ≈ 0.42 to 0.411) or almost an 
order of magnitude less than for the "high currents". 
Range ≈ 6·104 ≤ Φγ ≤.1.8·105 mSv is relatively 
homogeneous in terms of a smooth change (decrease) 
in the probability of Iholding in the range 12…18 mA. 
The most probable value of holding current in the 
range 10…2.5·105 mSv is Iholding = 13.5 mA 
(probability of this holding current ≈ 0.42…0.304 
changes in a wide range, but the line Iholding ≈ const  
≈ 13.5 mA practically connects the mountaintops of 
the "canyon" regions, i.e. the regions of holding 
current, in which a pronounced instability of the 
probabilities of the Iholding peaks is observed. It may be 
considered, in this case, as the border between "high" 
and "low" amplitude values of the holding current. 

 
 

 
 

Fig. 8. Probabilities of Different Numerical Values  
of the Holding Current Peaks at Different γ-irradiation 

Doses; 3d visualization. 
 
 

For Iholding ≥13.5 mA, i.e., in the region with a less 
ordered structure, a decrease in the probability of the 
amplitude of hold-current peaks is observed  
once more at Φγ ≈ 2.47 105 mSv, Fig. 9. This dose is 

in the usually considered range of "low doses" of 
irradiation, (104…105R ≈ 100…1000 Sv = 1·105 
…1·106 mSv). 

So, the dose Φγ ≈ 4.2 104 mSv may be considered 
"ultra-low". This effect for the thyristor sample under 
consideration is manifested in the range of amplitudes 
of the holding current peaks 13.5 ≤ Iholding ≤ 18 [mA]. 
Observation of the "low-dose effects" concerning peak 
amplitudes of Iholding allows reasonable selection of the 
criterion for rejection of npnp structures for sampling 
before radiation resistance tests. There is no point in 
testing knowingly unstable devices [22] with  
Iholding > 13.5 mA under the influence of γ- radiation. 

 
 

4.2.2. Effect of γ-irradiation Dose  
          on all Current Values of Iholding

 

 
There is an alternation of extremes (zones of max 

and min values of Iholding) forming an inhomogeneous 
quasi-periodic surface of the response of the thyristor 
holding current to the increasing dose of γ-radiation 
(Fig 10 a), b)). This can be represented especially 
clearly in the contour graph, Fig. 10 c). 

The resulting contour graph is qualitative and 
makes it possible to visualize the possibility of  
quasi-periodic recurrence of Iholding, especially in the 
11…18 mA range. At the same time, the probability of 
observation Iholding < 11 mA from a practical point of 
view, is negligibly low. The probability of  
Iholding > 18 mA is much more probable (Fig. 10 c)). 

Visualizing the change of Iholding using MathCAD 
[23] makes it possible to determine the radiation 
resistance limit for the device under study, i.e. dose of 
Φγ, in which there is a sharp change (deterioration) in 
the criterion parameter, Iholding. In this case, it is  
Φγ ≈ 4.5·104 mSv. 

The data provided in Fig. 1 and 2 were used to 
construct the relevant surface. They were reduced to a 
matrix, Fig. 11 a), and the surface was built using 
standard Mathcad technology, Fig. 11 b). 

 
 

 
 

Fig. 9. Probabilities of Different Numerical Values of the Holding Current Peaks at Different  
γ-irradiation Doses; contour plot. 
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(a)                                                                                      (b) 

 

 
(c) 

 
Fig. 10. Quasi-periodic Process of the radiation degradation of the planar npnp structure Holding Current (Iholding)  

under γ-irradiation; a, b) 3d visualization, c) contour plot. 
 
 

 
(a) 

 

 
(b) 

 
Fig. 11. Increase the likelihood of growth of npnp structure 
Iholding with an increase in the dose of γ-irradiation;  
a) a fragment of the matrix and a table with data. The range 
of data for analysis (b)) selected by the submatrix command. 

The predicted (calculated) numerical value of 
Iholding(Φγ) does not make practical sense as a 
consequence of the repeatability of numerical values 
of the holding current at different doses of radiation, 
but the probability of the Holding Current dependence 
on the dose of γ-irradiation is easily determined  
(Fig. 12). 

 
 

 
 

Fig. 12. Nonlinear Probability Change of the holding 
current, reflecting various Regularities of Iholding (Φγ) 

degradation with an increase in the dose of γ-irradiation. 
 
 

For example, when (Φγ) ≈ 4500 mSv the 
probability of the holding current Iholding = 17.8 mA is 
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0.188, and the probability of 11.3 mA is equal to 0.107 
or about 1.7 times less. 

To design the device, it is logical to use the 
numerical value 16.7 ≤ Iholding(4500 mSv) ≤ 18.9 [mA]. 
For higher doses (Φγ ≈1·104…4.5·104 mSv), it is 
possible to consider approximately that the Probability 
of the Holding Current Range changes stepwise  
(Table 1): 

 
 

Table 1. "Stepwise" Dependence of the Probability  
of the holding current in the Dose range of γ-irradiation.  

Φγ = 5·104…6·104 mSv. 
 

No. 
Range of Holding 

Current, Iholding, mA 

Probability of the 
Holding Current 

Range 
1. 9.0…13.4 0.027 
2.. 13.4…16.8 0.054 
3 16.8…20.0 0.08 

 
 

The studied npnp structure has a truly high 
radiation resistance in the dose range  
1·104 ≤ Φγ ≤ 4.25·104 [mSv]. In this dose range, the 
numerical values of the holding current vary in a range 
approximately equal to 16.9 ≤ Iholding(1·104 ≤ Φγ ≤ 
4.25·104 [mSv]) ≤ 20.0 [mA], the probability of these 
holding currents changes from 0.054 up to 0.08. 

At the other doses of γ-irradiation  
(Φγ ≥ 4.5·104 mSv and Φγ ≤ 1·104 mSv) the probability 
of Iholding may be an order of magnitude  
higher (Fig. 12). 

From the point of view of assessing the 
degradation of the npnp structure Holding Current, 
when Iholding (Φγ) approaching the maximum value, of 
interest, is the visualization of the probability of the 
holding current in the range 5·104 ≤ Φγ ≤ 6·104 [mSv], 
Fig. 13. 

 
 

 
 

Fig. 13. Probability Increase Feature of Iholding ("spiral 
staircase") when approaching the dose Φγ, at which  

the maximum of Holding Current is achieved. 
 
 

The probability distribution of numerical values of 
the Holding Current in the entire studied range of Φγ 
(Fig. 14) indicates the possibility of the existence of 

various degradation mechanisms of the Iholding at 
different doses of γ-irradiation. This fact is reflected 
by two intersecting surfaces. 

 
 

 
 

Fig. 14. Visualizing of numerical probabilities of the 
Holding Current in everything under study range of Φγ.. 

 
 

With an accuracy, sufficient for a practical 
assessment of the radiation resistance of the thyristors 
of the type under consideration, it is possible to 
consider, that at Φγ ≈ (5.88∓0.7)·104 mSv there will be 
a sufficient increase in the probability of  
Iholding = 21 mA (up to 0.349) compared to the 
likelihood of a "boundary value" of Iholding ≈ 13.8 mA 
(0.323), Fig. 15 a). 

This value can be considered "borderline" due to 
the stability of the high probability of holding currents 
in the "yellow" and "dark-yellow" zones from 0,323 to 
0,349. The probability of holding currents less than 
13.8 mA ("green" zones with different shades) is 
significantly lower, equal to 0,296…0,215 and there 
are no areas with stable probability. Compared to the 
min value of Iholding (5.88∓0.7)·104 mSv) = 9 mA, the 
probability of which is 0.054, the probability of the 
max value Iholding ((5.88∓0.7)·104) mSv) = 21 mA at 
this dose significantly increase up to 0.349  
(≈ 5.46 times). 

This phenomenon is also observed at lower  
γ-irradiation doses but is less pronounced. For 
example, at Φγ = 3.68·104 mSv probability  
P (21 mA) = 0.08, P (9 mA) = 0.027. This means that 
the probability of the max value of Iholding exceeds the 
min value by ≈ 2.96 times. For max Φγ = 2.94·105 mSv 
(Fig. 15 b)) the probability of Iholding ≤ 11 mA is 
negligibly small and equal to 2.878·10-4. The 
experimental observation of such confinement 
currents is practically impossible. Therefore it is 
logical to consider, that Iholding ≈ 11 mA with a 
probability of 0.027 is the minimum possible holding 
current at this dose. 

The Probability of the max value  
P(21mA) = 0.135, therefore the probability of the max 
value Iholding ≈ 21 mA exceeds the min value of  

Iholding ≈ 11 mA approximately 5 times: ቀ଴,ଵଷହ଴,଴ଶ଻ 	= 	5ቁ; 
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The same is true for Iholding ≈ 12.74 mA with the same 
probability. The Holding Currents in the other ranges 
have a probability ≠ 0 (Table 2). 
 

 

Table 2. Dependence of the probability of the holding 
current at the dose range of γ-irradiation Φγ ≈ 3·105 mSv. 

 

No. 
Range of Holding 

Current, Iholding, mA 
Probability of the 
Holding Current  

1 8.97…10.855 2.878·10-4 

2 10.855…12.74 0.027 

3 12.74…14.24 0.054 

4 14.24…15.75 0.081 

5 15.75…17.25 0.1 

6 17.25…20.645 0.135 

 

Due to the difference of zero of holding current 
probability in the range No 2…6, it may be measured. 
This means, that the degradation processes, occurring 
in the thyristor during irradiation, are stochastic. 

A sign of stochastic radiation degradation of Iholding 
at Φγ ≈ 3·105 mSv is a gradual increase in the 
probability of reaching its max value (≈ 21 mA is the 
probability of the event 13.5 %) and extremely low 
probability (2.878·10-4) of Iholding ≤11 mA ("red zone" 
in Fig. 15, b). 

Reaching the Iholding max value is also possible with 
2.32·104 ≤ Φγ ≤ 2.57·104 [mSv], it's the practical failure 
of the device, but the probability of the event is only  
≈ 8 %. The most dangerous dose at which failure is 
likely ≈ 35 % of the npnp thyristors is  
Φγ = (5.88∓0.7)·104mSv. 

 
 

 

 

 
(a) 

 

 
(b) 

 
Fig. 15. Changing the probability of numeric values of the Holding Current at different doses of γ- radiation. 
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4.3. Statistical Estimates of Distribution 
Parameters, Describing the Holding 

Current (Iholding) Changes of the 
Thyristors (Low-power npnp Structure) 
under γ-irradiation at Different Doses 

 
The specific feature of calculating the expected 

value and variance of the Iholding for bimodal 
distributions (for example, for Φγ = 7800 mSv), is the 
calculation of the coefficients for the terms of the 
probability density functions of the numerical values 
of the Iholding(Φγ). 

Let's calculate the probability density function of 
the holding current at a certain radiation dose, in this 
case at Φγ = 7800 mSv. Used (Fig. 16) probability 
distribution of Holding Current numerical values in 
the range 9…26 mA. 

A brief description of the proposed methodology 
for calculating the coefficients of distribution peaks in 
MathCAD is as follows. Using the approach, proposed 
in [24, p.28], the probability density of the holding 
current (Iholding) numerical values at a given radiation 
dose may be expressed in the bimodal form (two 
peaks), formulas (1), (2): 

࢚࢟࢏࢙࢔ࢋࢊ࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖ࢌ  = ࢑ࢇࢋ࢖࢚ࢌࢋ࢒࢑	 ∙		∙  ,࢚࢟࢏࢙࢔ࢋࢊ_࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖_	܏ܖܑ܌ܔܗܐ۷_࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢘ࢌ·	·	࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘++…+.࢚࢟࢏࢙࢔ࢋࢊ_࢚࢟࢏࢒࢏࢈ࢇ࢈࢕࢘࢖_	܏ܖܑ܌ܔܗܐ۷_࢑ࢇࢋ࢖_࢚ࢌࢋ࢒ࢌ

(1) 

 
࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘  + ࢑ࢇࢋ࢖_࢚ࢎࢍ࢏࢑࢘ 	= 	૚ (2) 

 
Calculated the integral likelihood (integral 

probability) of observing the experimental values of 
the holding current for thyristors on the control silicon 
in the entire studied range of Iholding(Φγ), i.e. from 9 to 
26 mA (3) (the denominator). 

Results of the kleft_peak and kright_peak calculations are 
in the same cells. 

 

The Denominator (the same for both peaks) = = ׬ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ ·· ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ , 
(3) 

Similarly the integral probabilities of the first (left) 
(4), (5) and second (right) (6), (7) peaks were 
calculated (the numerators). 
 
 

 
 

Probability of the Iholding at Φγ = 7800 mSv  
in the range 9…26 mA: 

 a_I_hold_7800	=	17.75	 b_I_hold_7800	=	1.72	Probability_I_hold_Si_7800	(I_hold_Si)	=	= 0.92 · ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + +1.0· ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_௓଼଴଴·݁ష|಺_೓೚೗೏_ೄ೔	ష	ೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ	|್_಺_೓೚೗೏_ೄ೔_ళఴబబ 		
 

 
 
Fig. 16. Sequence for calculating in MathCAD  
the probability density of the holding current bimodal 
probability distribution,	a) Histogram and distribution 
function of Iholding(7800 mSv); b) formula for calculating  
the Holding Current Probability of Numerical Values  
in the range 9…26 mA at the same Φγ; c) visualization  
of the probability of Iholding in the same range. 

 
 
 

The Nominator(left peak):  The Nominator (right peak):  

0.92 · න ,(݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185,0.9) ·· ଶ଺݅ܵ_݈݀݋ℎ_ܫ݀
ଽ ׬ (4)  ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ ·ଶ଺ଽ ൬݁ష| ಺_೓೚೗೏_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ·್_಺_೓೚೗೏_ೄ೔_ళఴబబ ൰ · 	· ݅ܵ_݈݀݋ℎ_ܫ݀ (6)

The coefficient of the left peak:	 	 The coefficient of the right peak:	 	
׬ 0.92 · ,(݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185,0.9) · ׬ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ · ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ == 	૙, ૝ૡ૚ (5) 

׬ 12 · 7800_݅ܵ_݈݀݋ℎ_ܫ_ܾ ·ଶ଺ଽ ൬݁ି| ூ_௛௢௟ௗ_ௌ௜ ି௔_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴|ଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴	 ൰ · ׬݅ܵ_ܫ݀ (݅ܵ_݈݀݋ℎ_ܫ)7800_݅ܵ_݈݀݋ℎ_ܫ_ݕݐ݈ܾܾ݅݅ܽ݋ݎܲ · ଶ଺ଽ݅ܵ_݈݀݋ℎ_ܫ݀ == ૙. ૞૚ૢ (7)

 
Then the density of the probability distribution for Iholding at Φγ = 7800 mSv may be expressed as (8). 
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௣݂௥௢௕௔௕௜௟௜௧௬_ௗ௘௡௦௜௧௬ =

=0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519 
ଵଶ∙௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ · ݁ష|಺_೓೚೗೏_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ∙್_಺_೓೚೗೏_ೄ೔_ళఴబబ   

(8) 

 
 

Calculation of the numerical values of the standard 
parameters, characterizing the resulting distributions, 
was carried out [25]: weighted average value ෨ܺ	(mathematical expectation, M[X]) experimental 
results of measurements of the holding current of 
samples set of npnp thyristors and dispersion D[X] of 
this physical quantity, where x ≡ Iholding(Φγ) is a 
holding current value in the measurement interval, 
φ(x) ≡ f(Iholding(Φγ)) is a density of the probability 
distribution, formulas (), (). 

 
 ෨ܺ 	= [ܺ]ܯ	 	= ׬ ஶିஶݔ݀(ݔ)߮ݔ , (9) 

[ܺ]ܦ  = ׬ ݔ) ஶିஶݔ݀(ݔ)ଶ߮([ܺ]ܯ− , (10) 
 
Application example of ௣݂௥௢௕௔௕௜௟௜௧௬_ௗ௘௡௦௜௧௬ of 

Iholding(Φγ) usage to calculate Holding Current 
distribution parameters (M_7800 is a mathematical 
expectation of I_hold_Si at Φγ = 7800 mSv, D_7800 is 
the Holding Current Dispersion), depicted  
in Listing 1 a), b). 

Calculated Iholding(Φγ) weighted average values and 
weighted average deviation (square root of dispersion) 
are in Fig.17, a), b). 

 
 a)	Weighted	average	value	of	Iholding at	Φγ =	7800	mSv,	M_7800:

M_7800	=	׬ ൬0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519	 ଵଶ∙௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ 	 · ݁ష|಺_ೄ೔షೌ_಺_೓೚೗೏_ೄ೔_ళఴబబ|మ∙್_಺_೓೚೗೏_ೄ೔_ళఴబబ ൰ ݈݀݋ℎ_ܫ ·૛૟ૢ ׬=	D_7800		D_7800:	mSv,	7800	=	Φγ	at	Dispersion	Current	Holding	b)	,[mA]	15.554	=݈݀݋ℎ_ܫ݀ ൬0.481 ∙ ,݅ܵ_݈݀݋ℎ_ܫ)݉ݎ݋݊݀ 13.185, 0.9) + 0.519 ଵଶ·௕_ூ_௛௢௟ௗ_ௌ௜_଻଼଴଴ 7800_݅ܵ_݈݀݋ℎ_ܫ_ܾ·2|7800_݅ܵ_݈݀݋ℎ_ܫ_ܽ−݅ܵ_ܫ	|−݁ ൰ ൫ܫ௛௢௟ௗೄ೔ − ૛૟ૢ	଻଼଴଴൯૛ܯ · deviation	average	Weighted,݈݀݋ℎ_ܫ݀ 7800_ܦ√ =	2.943	[mA]
 

Listing 1. Calculation example in Mathcad of the Holding Current (Iholding, mA) weighted average value at Φγ = 7800 mSv (a)) 
and its dispersion (b) 

 
 

   
                                                            (a)                                                                             (b) 

 
Fig. 17. Dose dependence of the Iholding(Φγ) weighted average value, a) weighted average deviation (square root  

of dispersion), b) calculated from experimental data. 
 
 

From the authors' [26, p. 38] point of view, based 
on the analysis of publications, concerning the  
so-called "complex" problems of radiation physics, 
caused by the combination of nonlinearity and strong 
non-equilibrium of processes during the irradiation of 
objects of various natures, in the seemingly complete 
disorder of an object (the supposedly chaotic 
distribution of numerical values of the holding 
current, weighted average deviation), the properties of 
the hidden order can be manifested. 

So, one of the main tasks of modeling was 
identifying ranges of the γ-irradiation doses which 
allowed description by an analytic dependence (curve) 
of experimental Iholding(Φγ) dependence and the same 
for holding current dispertion. 

5. Quantitative Dependencies, Describing 
the Holding Current (Iholding) 
Degradation at Different γ-irradiation 
Doses over the Entire Range  
of Radiation Doses 

 
5.1. Modeling the Dose Dependence  
       of the Holding Current, Iholding(Φγ) 
 

The possibilities of Origin PRO were used to 
simulate the change in the holding current during 
irradiation [27]. For example, the results of the 
calculations of Iholding(Φγ) at 60 ≤ Φγ ≤ 2000 mSv are 
shown in Fig. 18. 
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Fig. 18. Origin Pro Approximation Case Study Iholding(Φγ) 
at 60 ≤ Φγ ≤ 2000 [mSv]. 

 
 

For more simple calculations the resulting Origin 
PRO models were represented in MathCAD  
(Listing 2). 

The calculation results are shown in Fig. 19. The 
fully radiation-resistant npnp test structure exists when 
the irradiation range is 0 ≤ Φγ ≤.200 [mSv]. 

At 200 ≤ Φγ ≤ 1000 [mSv] there is a "classical" 
degradation (an increase in the Iholding(Φγ)), associated 
with a decrease in the lifetime of injected minority 
charge carriers due to the recombination processes on 
radiation defects. 

At Φγ ≈ 7·103 mSv in the base areas of the npnp 
structure, the formation of radiation defects is 
expected to be completed. This is indicated by the 
absence of an Iholding(Φγ) change. The strong 
disequilibrium of the vacancy distribution and the 
individual characteristics of the impurity-defective 
composition, which depend on the production 
technology of certain structures (for example, 
thyristors or the other types of discrete devices), lead 
to the possibility of implementing the so-called 
autocatalytic quasi-chemical reactions between 
defects [28]. In synergetic systems) anomalously large 
fluctuations arise. In this case, this is a sample of the 
devices under study of Iholding(Φγ). 

The obtained results may be explained using the 
another concept, described in [28], namely: the 
possible existence of the intermittency regime, which 
one shows the coexistence of laminar (smooth) and 
chaotic (jagged) mechanisms for the accumulation and 
evolution of radiation defects. 

 
݈݀݋ℎ_ܫ_݁ݏ݋ܦ  = 10, 20…10଺  ݒܵ݉
 

For the range 60 ≤ Φγ ≤ 7000 [mSv] the form of the equations is the following: 
=:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_1ܣ  	14.885, =:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_2ܣ 	:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_0_ݔ ,15.951	 = 	476.2544, 	:݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_ݔ݀ = ௛௢௟ௗ_௟௢௪_ௗ௢௦௘_ௌ௜(஽௢௦௘_ூ_௛௢௟ௗ)ࡵ	,69	 ≔  = ݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ_2ܣ	 + (஺ଵ_ூ_௛௢௟ௗ_௟௢௪_ௗ௢௦௘ ି ஺ଶ_ூ_௛௢௟ௗ_௟௢௪_ௗ௢௦௘)ଵ ା ௘௫௣ቀ(ವ೚ೞ೐_಺_೓೚೗೏) ష(ೣ_బ_಺_೓೚೗೏_೗೚ೢ_೏೚ೞ೐)೏ೣ_಺_೓೚೗೏_೗೚ೢ_೏೚ೞ೐ ቁ , 

For the range 7000 ≤ Φγ ≤ 3.5·104 [mSv] the form of the equations is the following: 
	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ  = 	14.27645, 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ = 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ_݈݀݋ℎ_ܫ	,19857.9878−	 = 	43736.68323, 	:2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ = (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ	,1.69026	 ≔ = 2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ_݈݀݋ℎ_ܫ	 + 2_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ	 · · ቈ݊݅ݏ	 ቂ1.071	 · 	݅݌ · (஽௢௦௘_ூ_௛௢௟ௗ)ି(ூ_௛௢௟ௗ_௫_௖_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜_ଶ)ூ_௛௢௟ௗ_௪_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜_ଶ ቃ቉ଶ  

For the range 3.584·104 ≤ Φγ ≤ 9.1·105 [mSv] the form of the equations is the following: 
3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ  ≔ 14.594, 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ = 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܹ_݈݀݋ℎ_ܫ	,300−	 = 	103800, 	:3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ = (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ	,1.372	 ≔ 3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_݈݀݋ℎ_ܫ	 3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ+	+ ··	· ቎sin ቎ 0.52 · ݅݌ ·· ൤(ܫ_݁ݏ݋ܦ_ℎ݈݀݋) − 1 · 10^5) − (3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ_݈݀݋ℎ_ܫ)(3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ_݈݀݋ℎ_ܫ) ൨቏቏ଶ 

A simple program may join the obtained equations: 
(݈݀݋ℎ_ܫ_݁ݏ݋ܦ)݅ܵ_݈݀݋ℎ_ܫ  =	≔ ቐ 	1	݂݅	(݈݀݋ℎ_ܫ_݁ݏ݋ܦ)	݅ܵ_݁ݏ݋݀_ݓ݋݈_݈݀݋ℎ_ܫ < 	݈݀݋ℎ_ܫ_݁ݏ݋ܦ	 < ݈݀݋ℎ_ܫ_{݁ݏ݋ܦ})	2݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ	3^10	2	 + 0.001 ݂݅ 1.01 10^3 < 	݈݀݋ℎ_ܫ_݁ݏ݋ܦ} < (݈݀݋ℎ_ܫ_݁ݏ݋ܦ)3_݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_݈݀݋ℎ_ܫ4^10	3.51	 ݂݅ 3.584 10^4 < (݈݀݋ℎ_ܫ_݁ݏ݋ܦ) 	< 	9.1	10^5  

 
Listing 2. The Sequence of Calculation of the Approximating Dependence of the Iholding(Φγ) Function. 
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Fig. 19. Iholding(Φγ) Curve, Approximating the Weighted Average Value of Holding Current at Different (Φγ). 
 
 

It's important from the practical approach. The 
cited work gives an impressive example. Suppose 
radio equipment or an element base of the electric 
drive is catastrophically sensitive to these fluctuations.  

In that case, quasi-periodicity of failures and return 
of the equipment to operating condition may occur. 

The experimentally shown quasi-periodicity of the 
change in the holding current at the different Φγ 
indicates different phases of npnp structure 
degradation. 

The existence of chaotic (quasi-periodic) changes 
indicates an extraordinary evolution of defects in the 
device, not encountered before. 

 
 

5.2. Modeling the Dose Dependence  
       of the Holding Current Dispersion,  
       Dholding_current(Φγ) 
 

The calculation sequence is shown in Listing 3, 
and the results of the calculation in Fig. 20. Low doses 
of γ-irradiation also change the physical properties of 
the npnp structure in a nonlinear manner, within the 
range of 60 ≤ Φγ ≤.1000 mSv there is a peak decline of 
Dholding_current(Φγ). This may indicate a rapid 
improvement in the crystal structure of thyristor. 

A further increase in Φγ > 103 leads to a damped 
regions with different conductivity types ("low dose 
effect").variance oscillation (laminar (smooth) 
regime). There is a weakly oscillating stabilization of 
the properties of the Si crystal up to a dose of  
Φγ ≈ 1·105 mSv. A chaotic (jagged) regime at  
Φγ > 1·105 mSv may indicate an impending discrete 
device failure. 

Significant reduction in the standard deviation of 
the Holding Current npnp thyristors is necessary to 
produce devices for parallel configurations, where 
good matching of electro-physical characteristics of 
used Devices is required [29], which can be achieved 
by reducing the variance of the measured parameters. 
Min value of standard deviation (≈ 1.85 mA) observed 
(Fig. 21) at Φγ ≈ 350 mSv and Iholding(Φγ) = 15.3 mA. 
This dose can be considered technological, 

significantly reducing the spread of numerical values 
of average-weighted holding currents (decrease of 
Iholding(Φγ) standard deviation). 

The observed effect most likely reflects the 
increase in τp (see Section 4.2.1). 

 
 

6. Conclusions 
 

1. The holding current degradation of a low-power 
npnp structure under different γ-irradiation doses 
(Iholding(Φγ)) occurs non-linearly and is complicated. 
Shown the quasi-periodicity of the radiation change in 
the holding current and its dispersion. 

2. Obtained experimental data confirm the 
theoretical approach, proposed in [28], namely: the 
possible coexistence of laminar (smooth) and chaotic 
(jagged) phase changes of physical quantity during the 
irradiation, which is predicted in the cited work. 

This work experimentally showed the existence of 
different phases of Iholding(Φγ) degradation, as well as 
the similar changes of standard deviation (square root 
of Dispersion, Dholding_current (Φγ). 

3. Radiation resistance of npnp structure, 
understood as the absence of a change of Iholding(Φγ) at 
γ-exposure, is significantly lower than expected and is 
located in a very narrow range 0 ≤ Φγ ≤.200 mSv. At 
200 ≤ Φγ ≤ 1000 mSv S-shape degradation of 
Iholding(Φγ) was observed. 

4. From a practical point of view, using such a  
low-power discrete planar npnp thyristor in the range 
of 1000 ≤ Φγ ≤ 7·103 mSv is advisable. In this very 
narrow range of Φγ holding current Iholding(Φγ) is very 
stable (the "plateau" of numerical values). Dose  
Φγ ≈ 7·103 mSv is the beginning of the chaotic (jagged) 
phase and practically the beginning of the  
thyristor failure. 

5. The given values of Iholding(Φγ) are obtained for 
one type of thyristor and thus are indicative. For the 
realistic assessment of the radiation resistance of 
various types of discrete devices, it is expedient to use 
the evaluation method used in this work, including the 
following (see Section 7 of the article). 
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a)	For	the	range	60 ≤	Φγ	≤.1000	mSv݁ݏ݋ܦ ≔ 10, 10 + 10. ݅ܵ_0_ܦ	,300000. ≔ 10.375, ݅ܵ_ܦ_0ݐ ≔ 223.99, ݅ܵ_ܦ_ܿܺ ≔ ݅ܵ__ܦ_ݓ,80.028 ≔ 873.874, ݅ܵ_ܦ_ܣ ≔ (݁ݏ݋ܦ)݅ܵ_ܦ,41.992− :	= ݅ܵ_0_ܦ	 + ݅ܵ_ܦ_ܣ · ݌ݔ݁ ቂ− ஽௢௦௘௧଴_஽_ௌ௜ቃ · ݊݅ݏ ൤1.137 · ݅݌ · ቂ ஽௢௦௘௪_஽__ௌ௜ቃ൨, b)	For	the	range	1000 ≤	Φγ	≤.105	mSv:݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ܦ_ܵ݅:	 = 	10.01, ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܹ ≔ 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ݐ		12300 = 72698.78101, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܣ = :݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܿ_ݔ	,0.864488	 = (݁ݏ݋ܦ)݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅_ܦ,4710− ≔= ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_0_ܦ	 + ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܣ · ݌ݔ݁ ቀ ି஽௢௦௘	௧_଴_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ቁ ݊݅ݏ·· ቂ0.7002	 · ݅݌ · ቀ(஽௢௦௘ାହ·ଵ଴^ଷ)ି௫_௖_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜௪_௠௜ௗௗ௟௘_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ ቁቃ, c)	For	the	range	Φγ	≥	105 mSv:
	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_ܦ  = 	3.6, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܿ_ݔ = {݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ	,110000	 ≔ 	7.5, 	:݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ݓ = (݁ݏ݋ܦ)݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܦ	,228000	 :	= ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_0_ܦ	 + ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܣ · · ቈ݊݅ݏ	 ቂ2.35 · ݅݌ · (஽௢௦௘ା଺.ହ·ଵ଴^ସ)ି(௫_௖_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜)௪_௛௜௚௛_௥௔௡௚௘_ௗ௢௦௘_ௌ௜ ቃ቉^2, 

d) Final	equation:
(݁ݏ݋ܦ)	݊݋݅ݏݎ݁݌ݏ݅ܦ ≔ ቐ (݁ݏ݋ܦ)݅ܵ_ܦ 	+ 	0.34, ݂݅	1	 < 	݁ݏ݋ܦ	 < ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_݈݁݀݀݅݉_ܦ3^10	3.38	 ({݁ݏ݋ܦ} − 0.1, ݂݅ 2 10^3 < 	݁ݏ݋ܦ	 < ݅ܵ_݁ݏ݋݀_݁݃݊ܽݎ_ℎ݅݃ℎ_ܦ5^10	1.065	 ,(݁ݏ݋ܦ) ݂݅ 1.085 10^5 < 	݁ݏ݋ܦ < 	5.4	10^5

 
Listing 3. Modeling of the Dose Dependence of the Holding Current Dispersion, Dholding_current(Φγ). 

 
 

 
 

Fig. 20. Non-linear Dose Dependence of the Holding 
Current Weighted Average Value standard deviation 

(square root of Dispersion (Dholding_current (Φγ)). 
 
 

7. Proposal 
 

For the selected (studied) types of devices, the 
sample of the studied devices is irradiated with a set of 
doses of ionizing radiation. Measurements of the 
chosen parameters are to be carried out, and the 
experimental results obtained are processed by 
standard statistical methods (weighted mean, 
dispersion, standard deviation). 

 
 

Fig. 21. Nonlinear Relationship of the standard deviation  
at different γ-irradiation doses. 

 
 

The main point is to construct dose dependences 
for the selected characteristics of the selected types of 
devices under study and to construct their 
approximating dependences to find laminar (smooth) 
and chaotic (jagged) phases. In our opinion, the 
laminar phase will show the ranges of real radiation 
hardness (no changes) and predictable changes of 
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device parameters under irradiation. The beginning of 
the chaotic phase indicates the end of the reliable npnp 
structure operation and the possibility of soon  
device failure. 
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Abstract: In this article we present an advanced hydrodynamic model for studying the charge carrier transport in a wide range 
of semiconductor devices and sensors. The proposed includes the true energy band structure of any semiconductor material 
and its surface effects. The model has been compared with other transport models, and its primary results are accurate and 
closer to the more complex approaches, such as Monte Carlo device simulation. One of the most salient features of our model 
is its great attention of the convection transport and velocity gradients of charge carriers. Therefore, it handles the electron gas 
shear rate and viscosity near the rough surfaces of semiconductor devices. This is shown to limit the charge carrier mobility 
near the surface of semiconductor devices in general and the MOSFET nano-devices in particular. According to our knowledge, 
the electron/hole gas viscosity effects have not been treated yet in the literature of hydrodynamic modelling and simulation of 
semiconductor devices and sensors. 
 
Keywords: Semiconductor devices, Hydrodynamic model, Electron gas viscosity, Energy band structure. Electron gas 
viscosity, Surface mobility. 
 

 
1. Introduction 
 

The hydrodynamic model (HDM) of charge 
carrier transport in semiconductors has gained a great 
attention as a compromising approach between classic 
and full quantum transport models [1]. In spite of its 
wide spread in the semiconductor industry, as a 
simulation tool, the HDM has been a target of a lot of 
criticism [2-10]. To name a few, the exaggerated 
electron temperature and velocity overshot in nano 
devices, were reported [5-6]. According to many 
authors the weak points of the early HDM are mainly 
attributed to neglecting the band structure effects [7], 
neglecting the convective part of the average carrier 
energy [8], and the crude approximations which are 
used to close the system of hydrodynamic equations 
(HDE’s) [8-10]. 

In this article, we introduce an advanced HDM, 
which incorporates the semiconductor band structure 

effects, the convection transport of charge carriers and 
the semi-conductor surface effects. The article is 
organized as follows. In sections 2, 3, and 4 we 
introduce the proposed HDM and its development and 
closure procedure. In addition, we present, in  
section 5 some advanced models of the carrier-energy-
dependent physical parameters to be used with the 
proposed HDM. In section 6, we present some results 
of simulation and discuss their significance. We also 
compare our results with Monte Carlo (MC) device 
simulations. Finally, we present our conclusions in 
section 7 and a list of references. 

 
 

2. Development Methodology 
 

We start the development procedure of the 
proposed HDM from the general moment equation of 
the Boltzmann transport equation (BTE) for the gas of 

http://www.sensorsportal.com/p_3353.html 

https://sensorsportal.com/
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charge carriers (electrons or holes) in a semiconductor 
device [11]. The moment equation is simply obtained 
by multi-plying the BTE by a physically-meaningful 
quantity ψj(k), and integrating both sides over the 
whole wavevector space (k-space) of charge carriers. 

 డడ௧ ׬ ߰௝ ௩݂݀ଷ݇௞ + .௩ݑ௝ሺ߰׬ ߘ ௩݂ሻ௝݀ଷ݇ ௝߰׬++ ቀி� . ௞ߘ ௩݂ቁ ݀ଷ݇ 	= ௝߰׬ ቂడ௙௩డ௧ ቃ௖௢௟ ݀ଷ݇, 
(1a) 

 
where fv = fv(x,k,t) is the carrier distribution function 
in the phase space, which combines the physical space: 
x = [x,y,z]T, and the carrier wavevector space:  
k = [kx,ky,kz]T. The subscript ‘v’ stands for ‘n’ for 
electrons and stands for ‘p’ for holes. Also, uv is the 
carrier group velocity (uv = h-1dEv/dk), where Ev(k) is 
the carrier (conduction electron or valence holes) 
energy (band structure. Finally, F is the externally-
applied force, and, ψj = ψj(k) is a multiplier weight 
function. The resulting set of conservation equations 
has the following general form: 

 

 

డడ௧ ݊ൻ߰௝ൿ + .ߘ ݊ൻݑ௩ ⊗ ߰௝ൿ + ݊ ർி
�
. ௞ߘ ⊗⊗߰௝඀ 	= 	 ቂ డడ௧ ݊ൻ߰௝ൿቃ௖௢௟  (1b) 

 
Here, n is the average carrier density and the 

angular brackets <..> denote the statistical average 
over the carrier distribution function in the k-space 

 
 <ψ(k)> = ʆ z ψ(k) fv(x,k,t) d3k / n, (1c) 

 
where z = 2/(2π)3 is the density of states in the k-space, 
and n = ʆ z fv(x,k,t) d3k. Note that we put ∇k.F = 0 in 
the derivation of (1b) from (1a), which is true if the 
external force F is independent of k or when F is 
normal to k. Fortunately, this is the case for both 
electric field force (F = ±e ζ, with ±e being the charge 
for electrons, or holes and ζ is the applied electric 
field), and the Lorentz force (F = ±e vnxB, with B 
being the magnetic field density). This makes the 
HDM suitable for studying both conventional 
semiconductor devices and sensors, which employ (or 
measure) external magnetic fields. However, in most 
semi-conductor devices, F is usually due to the applied 
bias voltages, and therefore, F = ±eζ. The electric 
field, ζ = -∇�, and the electrostatic potential, �, can 
be found by solving the Poisson equation, using the 
device boundary conditions of applied bias voltages. 

 
 ∇. (-ε ∇φ + P) = e (p – n + Dop +Nt), (1d) 

 
where, ε is the dielectric constant, p is the 
concentration of holes, P is the material polarization 
vector, Nt is the density of traps and Dop = |Nd

+-Na
-| 

is the net concentration of ionized impurities in the 
semiconductor. 

Our proposed HDM consists of the first three 
moments of the BTE, with ψj = 1, the electron group 
velocity un and the electron energy En. For simplicity, 

we only write the first three moments of the BTE for 
electrons, which represent the conservation equations 
of the electron average density (n), average 
momentum (or velocity vn) and average energy (ωn): 

 
 ∂n/∂t - ∇.Jn /e) = [∂n/∂t]col.., (2a) 

 

 ∂(nvn)/∂t +e n mn
-1ζ +∇. ne + 

+∇.(n vnvn) = [∂(nvn)/∂t]col, 
(2b) 

 
 ∂(nωn)/ ∂t +∇.Sn = ζ. Jn+ (∂nωn/∂t )col (2c) 

 
Here, n is the average density of conduction 

electrons, vn = <un> is their average velocity,  
�n = <En> is their average energy, and ne is the 
electro-kinetic pressure tensor of the electron gas. By 
definition, ne is a second-order central moment,  
such that: 

 
 ne = n <(un -vn )⊗ (un -vn )>, (3a) 

 
where the sign ⊗ denotes the tensorial product of two 
vectors. It worth notice that in we expanded the 
generalized moment term n <un un>, as follows: 

 
 n <un ⊗ un > = ne + n (vn ⊗ vn ) (3b) 

 
Also, Jn = -e n vn is the electron current density and 

Sn = <Enun> is the electron energy flux. The average 
collision terms, denoted by [..]col., at the right-hand 
side of the three moment equations (2a, b, c). Finally, 
mn is the average mass tensor of conduction electrons, 
whose inverse components are defined as follows: 

 
 mn

-1
(i,j) = <1/ħ2∂2En/∂ki∂kj> (3c) 

 
Note that mn appears naturally in the mathematical 

derivation of (2b) from the BTE moment equation 
(1b), and doesn’t mean that we adopt the effective 
mass approximation (EMA) in the above set of 
hydrodynamic equations (HDE’s). (2a, b, c). Actually, 
mn is taken as a physical parameter in our HDM, and 
is considered as a function of the average electron 
energy (mn = mn(ωn)). At low electron energy, near the 
conduction band bottom edge, we use the term mno 
whose value is determined experimentally. For 
instance, mno = 0.275mo in Si, according to the optical 
measurements of Sabbah and Riffe [12]. 

The electron current density (Jn) and energy flux 
(Sn) can be expanded into constitutive relations, from 
their definitions (Jn = -e n vn and Sn = <Enun>). We 
show the expansion procedure in section III, when we 
close the system of HDE’s. The average collision 
terms in the three moment equations (2a, b, c) are also 
approximated in the next section. 

 
 

3. HDM System Closure Procedure 
 

The set of HDE’s contains some unknown terms 
(e.g., the electro-kinetic pressure and collision terms), 
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whose calculations need the knowledge of the electron 
distribution function in the phase space, fn(x,k,t). 
However, fn(x,k,t) is masked in the HDM development 
procedure. Therefore, we need some approximate 
closure conditions to close the system of HDE’s. 

The HDM system closure assumptions are mainly 
about approximating and modeling the  
following items: 

• Carrier collision terms; 
• Relating the electro-kinetic pressure (Pne) to the 

carrier gas pressure (Pn) and the carrier 
temperature (Tn); 

• Expanding the expressions of the carrier 
current density (Jn) and energy flux (Sn); 

• Relating the average carrier energy (ωn), to the 
carrier gas temperature (Tn); 

• Modeling the heat flux term (Qn); 
• Modeling any higher moment terms (e.g., 

kurtosis flux and so on), if moments are greater 
than three. 

 
 

3.1. Collision Terms 
 

The collision term [∂n/∂t]col., which appears 
explicitly in the carrier density conservation equation 
(2a), can be expressed as follows: 

 
 [∂n/∂t]col. = - (n-no)/τn = - Un (4a) 

 
where τn is the lifetime of charge carriers and the net 
recombination rate (Un = Rn - Gn) combines all the 
recombination rate (Rn) and generation rate (Gn) 
mechanisms in the semiconductor. 

Because the lifetime of charge carriers is usually 
much greater than the energy and momentum 
relaxation times, (τmn << τwn << τn), the collision terms 
in (2b,c) are usually approximated as follows: 

 
 [∂n/∂t]col. = - (n-no)/τn = - Un, (4b) 

 

(4b) 
 

 [∂nvn /∂t]col. ≈ - nvn /τmn (4c) 
 
The energy dependence of the energy relaxation 

time, τwn = τwn(ωn), which implicitly includes the 
energy band structure effects, can be obtained by MC 
simulation in the bulk of a semiconductor [13] or by 
measurement [14]. On the other hand, the momentum 
relaxation time (τmn) is not directly employed in our 
proposed HDM, but rather replaced with the drift 
mobility (μn = eτmn/mn), whose model is introduced in 
section V-1. 
 
 
3.2. Definition of the Carrier Gas Pressure  
       and Temperature 

 
We presume the following relation between the 

electron gas pressure n and its electro-kinetic 
pressure ne: 

 n = mn ne (5a) 
 
In fact, the ideal gas theory defines the gas 

pressure, n, with a macroscopic (k-independent) mass 
density ρn = n mn, as follows: 

 
 n = ρn <(un -vn )⊗ (un -vn )> (5b) 

 
Nevertheless, for the matter of compatibility with 

previous HDM’s, where the electron gas pressure is 
given by: n = n <mn

*(un -vn )⊗ (un -vn )>, we introduce 
here a temperature correction parameter ( n): 

 
 n = mn ne n

-1 (6a) 
 
Therefore, we rather use the system closure 

condition: 
 

 ne = n mn
-1

n (6b) 
 
We also adopt the ideal gas law, n = n kB ,  

such that: 
 

 ne = n mn
-1

 n kB n (6c) 
 
The correction parameter can be simplified as the 

trace of the tensor n = mn ne n
-1, where we take the 

sum of diagonal elements: 
 

 gn(i,i) = mnii <uni -vni )2> / <mnii
*(uni -vni )2> (6d) 

 
It can be, therefore, calculated by Monte Carlo 

simulation [15] or modelled as a function of the 
average electron energy, like mn and τ�n. Fig. 1 shows 
the magnitude of the correction factor, according to 
Monte Carlo device simulation in the bulk of Si at 
300K [15]. 

 
 

 
 

Fig. 1. Variation of the correction factor gn and its trace 
versus electric field, as obtained by MC simulation,  

in the bulk of low-doped Si at 300K [15]. 
 
 

3.3. Current Density Constitutive Relation 
 

The constitutive relations of the electron current 
density (Jn), can be derived from its definition  
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(Jn = -e n vn), using the momentum conservation 
equation(2b), in steady state 

 

 
.ߘ ሺ ௡௘ሻ + .ߘ ሺ݊	ݒ௡ ⊗ ௡ሻݒ − ݁	݊	݉௡ିଵ. ࣀ ++ ቂడ௡	࢜೙డ௧ ቃ௖௢௟  (7a) 

 
Using the momentum relaxation time 

approximation (4c) and substituting μn = eτmn /mn and 
Jn = -e n vn, we get: 

 

 
Jn = e n μn

 ζ + μn mn ∇.Pne + 
+ n μn mn (vn.∇) vn 

(7b) 

 
Substituting the electro-kinetic pressure (Pne) from 

its closure condition (6d), yields 
 

 
Jn = en μn.ζ + μn.mn∇.(gn mn

–1 n kBTn) + 

+ n μn.mn(vn.∇)vn 
(7c) 

 
The above constituent relations are similar to the 

current density equations of the drift-diffusion model 
(DDM), except for the velocity gradient (or 
acceleration) and thermal diffusion terms. Note that 
the velocity gradient term is vector of three 
components and nine (3x3) terms, which results from 
the expansion of (ߘ. ሺ݊	ݒ௡ ⊗  .(௡ሻݒ

 
 

3.4. Electron Energy Flux and Heat Flux 
 

For expanding Sn = <Enun>), and ωn = <En>, in 
terms of the electron temperature (Tn), we make use of 
the classical definition of electron energy En = ½ mn

* 
vn

2 and, therefore, apply the ideal gas laws. 
 

 Sn = Qn + vn(n ωn +Pn) = Qn + n vn (ωn +
+kBTn), 

(8a) 

 
with 

 
 Qn =  ½ mn

*|un–vn |2(un–vn) fn z d3k (8b) 
 
As the electron distribution function, fn(x,k,t), is 

not known (masked) in the HDM, the electron heat 
flux Qn is usually approximated, with drastic 
assumptions. The majority of previous formulations of 
the HDM, made use of the Fourier law of heat 
conduction to approximate the electron heat flux [16]: 

 
 Qn = -kn

th∇Tn, (9a) 
 

where kn
th is the electron thermal conductivity. This 

law was originally developed for metals, where heat 
conduction is primarily carried out by electrons. 
Therefore, the electron thermal conductivity kn

th is 
usually modeled by the Wiedeman-Franz law at the 
electronic temperature [1]: 

 
 kn

th = γn (kB /e)2 Tn σn, (9b) 

where σn is the electrical conductivity due to electrons 
and γn is the Lorenz coefficient for electrons. 
According to the original Wiedemann-Franz 
formulation [16], γ  is given by [1]: 

 
 γn = 5/2 + r, (9c) 

 
where the parameter r depends on the dominant 
collision mechanism. The above treatment for 
modeling the carrier heat flux term (Qn), using the 
Fourier relation, leads to many problems in the  
hydro-HD simulation of semiconductor devices [7]. 

In the our HDM, we rather utilize an advanced heat 
flux model, using the 3rd order moment of the  
BTE [16]. 

 

 
.ࡲ݊ ⟨½ ௡ଶݑ + ௡ݑ ⊗ ⟨௡ݑ ++. ሺ݊⟨ܧ௡ ௡ݑ ⊗ ௡⟩ሻݑ = − ௌ೙ఛೞ೙, (10a) 

 
where τsn is the energy flux relaxation time of 
electrons. The energy flux (Sn) in the above 
conservation equation may be then divided into two 
parts, namely; the convection energy part (due to Jn ) 
and the heat conduction part Qn: 

 

 Qn = -3/2 ( kB
2 /e) μsn βn (n Tn

 2) =  
=- kn (n Tn

 2), 
(10b) 

 
with 

 
 kn = 3/2 (kB

2/e) μsnβn (10c) 
 
Also, μsn is the energy flux mobility of electrons 

(μsn = eτsn/mn) and the beta factor (βn ) is defined  
as follows: 

 

 
βn = <En(un -vn )⊗  

⊗ (un-vn)> /ωn <(un -vn )⊗ (un-vn)> 
(10d) 

 
As shown in Figs. 2a and 2b, both βn and μsn can 

be determined by MC simulation in the bulk of a 
semiconductor [16]. When the carrier-concentration 
gradient is negligible, the above formula may be 
further reduced to a form similar to the conventional 
Fourier relation (Qn = - kn

th Tn
 ). Therefore, the 

thermal conductivity due to electrons in a 
semiconductor is given by: 

 

 
kn

th = 3 (kB
 2/e) n μsn βn) Tn =  

= 3 βn (kB
 /e)2 (μsn /μn)σn Tn 

(11a) 

 
This relation is equivalent to the well-known 

Wiedeman-Franz relation (kn
th = γn (kB

 /e)2 σn Tn), with 
the following modified’ Lorenz parameter (γn): 

 
 γn = 3 βn (μsn /μn) (11b) 

 
In the case of low electric field, where μsn = μn and 

βn = 1, we can easily find that γn = 3, which 
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corresponds to the classic Wiedeman-Franz relation 
(γn = 5/2+r). This indicates that our model of heat flux 
is more versatile than the Fourier heat flux model. It 
also illustrates one of the error sources when adopting 
the Fourier law of heat conduction in semiconductor 
devices, to close the set of hydrodynamic equations. 

 
 

 
 

Fig. 2a. Relative energy flux mobility (μsn /μn) in Si  
at 300 K. 

 

 
 

Fig. 2b. Heat flux beta factor in Si at 300K. 
 
 

4. Final Set of HDE’s 
 

The final set of HDE’s consists of the continuity 
equations of the carrier density (2a) and average 
carrier energy (2c), as well as the constitutive relations 
for the electron current density (7c) and energy flux 
(8a). Adding the quantum corrections [17], we  
can write: 

 

 
Jn = e n μn

 ζ + μn mn ∇.(gn mn
-1

 n kBTn) + 
+n μn mn (vn.∇) vn+Jnq, 

(12a) 

 
 Sn = Qn + n vn (ωn + kBTn), (12b) 

 
with 

 
 ωn = ½mnvn

2 +3/2 kB Tn+Vq (12c) 
 

The quantum correction potential (or Wigner 
potential [18]), Vq is given by: 

 

 ௤ܸ = �మ଼௠೙  ሺ݊ሻሿ, (13a)	ଶሾ݈݊ߘ

 
and the quantum current correction is given  
by [17]: 

 

௡௤ܬ  = −݁ ݊ ௡ߤ ቀ �మ଺ ௠೙ቁ . ߘ ቀఇమ√௡√௡ ቁ  (13b) 

 
 

5. Energy-dependent Physical Parameters 
 

The transport properties of hot carriers under high-
field conditions are of great interest for high-power 
and high-speed semiconductor devices. Therefore, the 
accurate modeling of transport parameters at high 
fields is vital in any transport model. In the DDM, the 
transport parameters are usually expressed as 
functions of the local electric field. Nevertheless, some 
parameters such as the hot carrier mobility and impact 
ionization rate involve some non-local and energy 
exchange mechanisms that should better be expressed 
as functions of the average carrier energy, rather than 
the local electric field. 

Fortunately, the solution of the HDM produces 
such information about the average carrier energy and 
permits to express these parameters in a physical 
manner, in semiconductor devices. 

 
 

5.1. Energy-dependent Hot Carrier Drift  
       Mobility 

 
The electron drift mobility appears in the current 

density constitutive relation (4a). It can be expressed 
according to our advanced model [19]: 

௡ିଵߤ  ௡௢ିଵߤ	= ቂ1	+	 ఓnoe	n	௩೙మ ሾ௡ሺఠ೙ିఠ೚ሻఛഘ೙ ݊.࡭	+	 ++ .ܤ ሺ࢜.ሻݒ௡ + .࡯ nܶ +  ݉nሿቃ,  (14a).ࡰ

 
with 

 

 A = mn vn
2vn

, B = -n mnvn,  
C = 3/2 kB n vn

 mn D = mn
-1 �nnvn  

(14b) 

 
This model accounts for the non-local field effects 

on hot carrier transport, as well as other driving forces, 
due to gradient terms. In particular, the role of velocity 
gradients is depicted in Fig. 3, where the electron drift 
mobility of Si is plotted versus the average electron 
energy, at various values of the dimensionless 
parameter (τwnn ∂vny/∂ x). It is clear from this figure that 
the electron gas viscosity plays a fundamental role in 
limiting the electron drift mobility near the surface of 
the semiconductor (e.g., the top surface of an n-
channel planar MOSFET). 
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Fig. 3. Variation of the drift mobility of hot electrons,  
as a function of the electron average energy, and at various 
values of the velocity gradient (τwn∂vny/∂ x) near the surface 
of an n-channel MOSFET device. The low-field mobility uno 
is assumed 1450 cm2/V.s. After Taha and Saba [19]. 

 
 

5.2. Energy-dependent Impact Ionization  
       Coefficient 
 

The impact ionization is one of the generation 
mechanisms of charge carriers in semiconductors. The 
impact ionization phenomenon happens when 
colliding electrons have enough energy to ionize 
valence band electrons. The macroscopic impact 
ionization rate Gii is usually expressed in terms of the 
impact ionization coefficients of electrons and holes, 
αn,p [20]. 

 
 Gii = αn | Jn/e| + αp |Jp/e| (15a) 

 
The impact ionization rate of electrons, α , can be 

modelled as follows [21]: 
 

 

௡ሺ߱௡ሻߙ =	= .௡௢ߙ	 ݌ݔ݁ ൭− ா೙಺�ሺఠ೙ିఠ೚ሻ൤ଵାሺഘ೙షഘ೚ሻആ೙ಶ೛� ൨	൱, (15b) 

 
where αno = (ωn-ωo)/(λn En

I), En
I = ηn En

th
,  

ηn = (vnτwn/λn) and En
th is the threshold ionization 

energy of electrons. Also, Eph is the optical phonon 
energy and λn is the mean free path between electron 
collisions (of all scattering modes). Likeτωn and mn, λn 
can be expressed as a function of the mean carrier 
energy, by MC simulation in the bulk of  
semi-conductor. 

At moderate average carrier energies, our impact 
ionization model reduces to: 

 

௡ሺ߱௡ሻߙ  ൎ .௡௢ߙ ݌ݔ݁ ቂ− ா೙಺ሺఠ೙ିఠ೚ሻ	ቃ  (15c) 

 
The above model is plotted in Fig. 3, and compared 

to other models. Unlike other models [21-25], the hard 
threshold energy (En

th) is replaced with a soft  
(energy-dependent) mean threshold energy (En

I) in our 
model. As shown in Fig. 4, this coincides with the 
conclusions of Bude and Hess about the impact 
ionization soft threshold energy [24]. 

At very low average electron energy, where  
ωn -ωo = ½mn vn

2, there exists a certain probability of 
impact ionization. Therefore, the so-called  
low-voltage impact ionization, which was reported in 
the literature [25], is included implicitly in our model, 
via the convective energy. 

At warm carrier regime the convective energy  
(½ mn vn

2) is usually in the order of acoustic phonon 
energy, Eac, and may be much larger in certain device 
regions, due to velocity overshoots or ballistic 
transport. Therefore, it can increase the total electron 
energy above the threshold energy for impact 
ionization in nano MOSFET devices, even at  
low voltages. 

 
 

 
 

Fig. 4. Electron impact ionization rate in Si at 300K,  
as a function of average electron energy, according  
to Baccarani-Stork model (λω = 500Å, λo = 65Å),  
Scholl-Quade model (τo = 14ps) and our model. In all 
models, the threshold ionization energy En

th = 1.2 eV. 
 
 

6. Results and Discussion 
 

The Fig. 5 shows the hydrodynamic simulation 
results of an N-I-N structure, representing the  
source-channel-drain of an n-channel MOSFET. The 
results are compared with those obtained by other 
HDM’s and MC device simulation. We note that the 
exaggerated velocity overshoot has been suppressed 
when using our proposed HDM. This is primarily due 
to the inclusion of the convective part of the average 
electron energy (½ mn vn2). This convection part is 
descending from the tensorial product term (n vn vn), 
which is usually neglected in other formulations of the 
HDM. Such formulations are sometimes referred to as 
the energy-transport models (ETM). In fact the 
velocity gradient term (vn.∇) vn, which represents the 
acceleration / deceleration of electrons in the current 
density constitutive relation (4a), comes also from the 
divergence of this term∇.(n vn vn). In addition, the 
off-diagonal elements (vnj∂vni/∂ j, with i,j = x,y,z, i≠j)) 
of the velocity gradient term, which appear in the 
electron mobility expression (14), are all about the 
electron gas viscosity. Therefore, keeping the 
convective transport components in our HDM is vital 
to capture many physical effects of the electron gas. 
Also, we note in Fig. 5 that the results obtained by our 
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HDM have more reasonable values of the electron 
temperature near high-field region, which are closer to 
MC simulation results. In fact, we can define an 
effective electron temperature, which combines the 
band structure and quantum corrections as follows: 

 
 Tnm = gn Tn +2/3kBV+q (16) 

 
 

 
 

Fig. 5. Average electron velocity distributions across  
an N-N-I-N structure, according to our model and other 

models and Monte Carlo device simulation. 
 
 

In another investigation of the proposed model, we 
simulated the bipolar transport of hot carriers across a 
two-dimensional reverse-biased P-I-N diode, The 
diode has a central (I) region of 64 um and uniform 
doping of 1014 cm.-3. Here, the conservation equations 
of carrier densities and average energies (for both 
electrons and holes) are solved with Poisson’s 
equation. The Fig. 7 shows the electron and hole 
temperature distribution in 2D, under a reverse bias of 
75 V. The surface effects are obvious near the upper 
surface of the diode Also, Fig. 6 show the energy flux 
distributions of electrons and holes of the same diode 
under a reverse bias of -500 V. 

 
 

 
 

Fig. 6. Carrier temperature distributions across the P-I-N 
diode at reverse bias of 75 V. 

 
 

7. Conclusions 
 

In this paper, we proposed an advanced HDM for 
semi-conductors with arbitrary band structure and 
including electron gas viscosity and surface effects. 
There exists a few number of energy-dependent 

parameters, which can be determined by full-band MC 
simulation in the semiconductor of interest. 
Fortunately, almost all the model parameters are 
measurable physical quantities. In particular, the 
energy relaxation time captures the energy band 
structure and the dominant scattering mechanism, near 
the surface of semi-conductor [27]. The model has 
been appended with other transport models. The 
primary results are closer to the MC device simulation. 
For instance, the over-estimated electron velocity 
overshoot in nano-devices, has been relatively 
suppressed. The role of electron velocity gradients is 
emphasized and the underlined electron gas viscosity 
is therefore considered. The electron gas viscosity 
effects are particularly important to justify the 
mobility reduction near the surface of semi-conductor 
devices. Finally, the authors would like to attract the 
attention to the vital role of electron gas viscosity 
effects in semiconductor device modelling, which we 
think not reported yet in the [28]. Of course, more 
investigations about the proposed HDM and more 
comparisons with other approaches are required. 

 
 

 
 

Fig. 7. Energy flux of electrons and holes along the P-I-N 
diode at 500 V reverse bias. 
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Abstract: This article investigates the temperature sensitivity of digital Magneto-Impedance (GMI) sensors by comparing 
experimental data with theoretical predictions. The study demonstrates that the experimental results are in excellent agreement 
with the theoretical model, showing a high level of consistency within the examined dynamic range. Notably, the sensitivity 
of the sensor at the zero bias point is significantly lower than at other bias points, with a measured sensitivity of approximately 
-0.2 mΩ/°C, validating simulation predictions. The linearity around the zero bias point also aligns with theoretical expectations. 
The agreement between experimental and theoretical results is strong for positive fields and those near zero, with theoretical 
values within established confidence intervals. However, a significant discrepancy was noted between -10 and -31 μT, 
suggesting areas for further improvement. This work confirms the reliability of the theoretical model while identifying areas 
needing further research. It provides a basis for enhancing the thermal stability of GMI sensors and reducing temperature-
induced drift, paving the way for advancements in magnetic sensing applications. 
 
Keywords: GMI sensor, Temperature drift, Sensitivity, Off-diagonal configuration. 
 

 

 
1. Introduction 

 
The Giant Magneto-Impedance (GMI) effect 

observed in amorphous wires represents a significant 
advancement in the field of magnetic sensing 
technology [1]. This phenomenon occurs when a 
magnetic conductor, typically in the form of a wire 
with an amorphous structure, experiences a dramatic 
change in its electrical impedance under the influence 
of a high-frequency alternating current and an external 
magnetic field [2, 3]. The sensitivity of the GMI effect 
is such that even minor variations in the magnetic field 
can induce substantial changes in the impedance, 
making these materials highly attractive for 
applications that require precise magnetic field 
measurements [3]. 

GMI-based sensors are particularly noteworthy for 
their potential in creating highly sensitive 
magnetometers and magnetic sensors. These devices 
are capable of detecting extremely weak magnetic 
fields with high accuracy, which is crucial in a variety 
of domains. For instance, in biomedical imaging, GMI 
sensors can be used to detect tiny magnetic signals 
generated by biological tissues, providing valuable 
diagnostic information [4]. In geophysics, they can be 
employed to map subtle variations in the Earth’s 
magnetic field, aiding in mineral exploration and 
environmental monitoring. Furthermore, their 
application in navigation systems and industrial 
automation highlights the versatility of GMI sensors 
in real-time magnetic field detection [4]. 

Despite these advantages, the broader adoption of 
GMI sensors has been hindered by a critical limitation: 

http://www.sensorsportal.com/p_3354.html 
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their sensitivity to temperature fluctuations. The 
impedance of GMI materials is not only dependent on 
the magnetic field but also on the ambient temperature, 
which can cause significant drift in sensor readings 
[5]. This temperature-induced drift is particularly 
problematic in practical applications where the sensor 
may be exposed to varying environmental conditions. 
For example, in industrial settings or field 
applications, where temperatures can fluctuate widely, 
the accuracy of GMI sensors can be compromised, 
leading to unreliable data and reduced sensor 
performance. 

To address these challenges, our study focuses on 
a detailed investigation of the temperature drift 
characteristics of GMI sensors. The aim is to quantify 
the impact of temperature variations on the impedance 
and performance of these sensors, and to explore 
potential methods for mitigating these effects. A 
rigorous experimental setup that allows us to measure 
the temperature dependence of the GMI effect is 
developed. This setup includes controlled thermal 
environments and measurement tools to ensure 
accurate data collection across a range of 
temperatures. 

In addition to the experimental approach, we will 
compare our empirical results with theoretical models. 
These models, based on the underlying physics of the 
GMI effect, predict how temperature influences 
impedance changes in amorphous wires. By validating 
these models against experimental data, we aim to 
deepen our understanding of the temperature 
dependence of GMI sensors and identify strategies to 
improve their thermal stability. 

Section 1 provides an understanding of the 
principle of the off-diagonal configuration of the GMI 
wire. Section 2 details a theoretical model of 
temperature sensitivity. Section 3 presents the 
measurement setup and compares the measurement 
results with the theoretical model. The paper 
concludes with a summary of findings and potential 
future directions. 

 
 

2. The off-diagonal Configuration 
 

After the discovery of GMI effect, micro-GMI 
wires were initially used in their classic configuration 
[2, 3]. This setup involves exciting the material by a 
current i1, with the sensor output v1, being the voltage 
measured across the element itself (Fig. 1.a). In the last 
two decades, a new GMI structure called, the off-
diagonal configuration was discovered [6-8]. This new 
technique proposes measuring the field-modulated 
voltage v2, across a pick-up coil coupled to the 
sensitive element, as illustrated in Fig. 1.b. Fig. 1 
shows the structure of the classical and off diagonal 
configuration of the GMI wire. 

This technique has long been used in Fluxgate 
sensors [9]. It is primarily based on the appearance of 
longitudinal magnetization within the wire when it is 
traversed by a high-frequency excitation current [6], 
which creates a circumferential field around the 

conductor. The axial component of this magnetization 
generates the flux that the pick-up coil can detect. One 
of the main advantages of this magnetic configuration 
is its potential to increase the sensor's sensitivity and 
to improves its linearity by improving the number of 
turns of the pick-up coil [7]. This new magnetic 
configuration used in our setup, can be seen as 
quadripolar representation as shown in Fig. 2. 

 
 

  
 

Fig. 1. (a) Classic GMI structure,  
(b) GMI wire used in off-diagonal configuration. 

 
 

  
 

Fig. 2. Quadripolar representation of the wire  
in off-diagonal configuration. 

 
 

The GMI structure can be modelled as an 
impedance matrix according to [10]: 

 ቀݒଵݒଶቁ = ൬ܼଵଵܼଶଵ ܼଵଶܼଶଶ൰ ൬݅ଵ݅ଶ൰ (1) 

 

where v, i are the voltage and current matrices of the 
quadrupole, respectively. 

The impedance matrix from equation (1) shows 
four terms corresponding to different modes of 
excitation and detection: 
• Z11: μfil excited by current, with the output taken 

across the wire itself. 
• Z21: μfil excited by current, with the output taken 

across the detection coil. 
• Z12: Coil excited by current, with the output taken 

across the μfil. 
• Z22: Coil excited by current, with the output taken 

across the coil itself. 
The impedances of the quadrupole in the off-

diagonal GMI configuration, can be expressed in 
terms of the magnetic mode impedance ܼெ and the 
non-magnetic mode impedance ܼே as follows [11]:  
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      ܼଵଵ = ௟ଶగ௔ (ܼெܿݏ݋ଶߠெ + ܼே݊݅ݏଶߠெ) (2) 

      ܼଶଵ = ܼଵଶ =						ܰ(ܼே−ܼெ)ߠ݊݅ݏெܿߠݏ݋ெ 
 

(3) 
 

         ܼଶଶ = 	 ଶగ௔ேమ௟ (ܼெ݊݅ݏଶߠெ +ܼேܿݏ݋ଶߠெ) (4) 

 
with ߠெ designates the equilibrium position of the 
magnetization, a is the radius of the micro-wire, N the 
number of turns of the pick-up coil. 

Recently, several studies show that the off-
diagonal component Z12= Z21 is significantly more 
advantageous compare to the other impedance because 
it reduces the contribution of white noise [10, 12, 13]. 
Therefore, it is more beneficial to use this structure 
(where the wire is excited by current, and the voltage 
across the coil is detected) in the implementation of 
GMI sensors [14-15]. 

 
 

3. Theoretical Model of Temperature 
Sensitivity 
 
The temperature sensitivity ்ܵଶଵ of the GMI wire 

in off-diagonal configuration, expressed in Ω/K, 
indicates the variation of its impedance as a function 
of temperature. It is given by: 

 ்ܵଶଵ = ܼ݀ଶଵ݀ܶ  (5) 

 
From equation (3), the impedance of the wire in 

off-diagonal mode is expressed, as a function of all the 
wire's parameters, such as the applied field B, the bias 
current Idc, the magnetization and magnetic anisotropy 
angles θM and θk, the excitation frequency fac, the 
temperature T, and the resistivity ρ(T), according to 
[5]: 

 

 ܼଶଵ = ேଶ (ெߠ2)݊݅ݏ ൤ଶ௔ (ܶ)ߩ + ௝ଶ ߨ଴ܽߤ ௔݂௖ −(1 + ௦(ܶ)ටܯ଴ߤ(݆ గ௙ೌ ೎ఘ(்)ఈ೔೙೟(ఏಾ,ఏೖ)ାఉ೔೙೟(஻,ூ೏೎,ఏಾ,்)൨ (6) 

 
where μ0 is the permeability of free space, αint and βint 
are temperature-dependent functions such that: 
௜௡௧ߙ  = 2݇௨ cos൫2(ߠ௞ −  ெ)൯ (7)ߠ
௜௡௧ߚ  = (ܤ)௭ܪൣ(ܶ)௦ܯ଴ߤ cos +ெߠ (ௗ௖ܫ)ఝܪ sin  ெ൧ (8)ߠ

 
Temperature also affects the magnetization angle; 

this implies that in the calculation of the partial 
derivative of impedance, the partial derivative of the 
magnetization angle with respect to temperature must 
be considered. Knowing the parameters on which the 
impedance depends, we can establish equation (9), 
assuming that the quantities fac, Idc, and θk are constant. 

ܼ݀ଶଵ[ܤ, ,ௗ௖ܫ ௔݂௖, ,ெߠ ,௞ߠ ܶ]= ߲ܼଶଵ߲ܶ ݀ܶ + ߲ܼଶଵ߲ߠெ +ெߠ݀ ߲ܼଶଵ߲ܤ  ܤ݀

(9) 

 

Since the applied magnetic field is independent of 

the ambient temperature, the term 
ௗ஻ௗ் = 0	; thus, the 

temperature sensitivity becomes: 
 ்ܵଶଵ = ܼ݀ଶଵ݀ܶ = ߲ܼଶଵ߲ܶ + ߲ܼଶଵ߲ߠெ ெ߲ܶߠ߲  (10) 

 

By considering the partial variations of ܼଶଵ with 
respect to ߠெ, and expressing the variations of ߠெ as a 
function of T, the expression for the temperature 
sensitivity of the off-diagonal MIG is established as 
follows [5]: 
 ்ܵଶଵ= 6ܰܽ cos ,ܤ]ெߠ2 ܶ] ቎12ߩ[ܶ]
+ ଴ߤ݆ܽ ௔݂௖ ቌ3ܽߨ − 2(1 − ௔݂௖݇௨[ܶ]ߩߨ௦[ܶ]ඨ3ܯ(݆ ቍ቏ ×
− (1 + ݆) 2ܰ sin ×ெߠ2 ቐඨ ߨ ௔݂௖ߙ[ܶ]ߩ௜௡௧ + ௜௡௧ߚ [ܶ]௦′ܯ଴ߤ − (1 − ݆) ܽ[ܶ]ᇱߩ
+ ඨߨ ௔݂௖ߩ[ܶ] ௜௡௧ߙ)௦[ܶ]ቌܯ଴ߤ + [ܶ]ᇱߩ(௜௡௧ߚ − [ܶ]ߩ ௜௡௧ߙ)ߚ߲߲ + ௜௡௧)ଷ/ଶߚ

(11) 

 

 

The off-diagonal component and temperature 
sensitivity, according to equations (6) and (11), were 
then simulated. The simulation parameters correspond 
to the used microwire from Unitika Ltd. The 
characteristics are summarized in the Table 1. Fig. 3 
shows the dependance of the off-diagonal component 
in function of the temperature. 

Fig. 4 shows the dependance of the temperature 
sensitivity for different bias field. 

Obtained results show that the temperature 
sensitivity also depends on the chosen bias point, and 
its variation is influenced by the sign of the applied 
bias field. For the used GMI wire, this variation is 
almost linear between -10 and 10 μT. We also note that 
for a zero bias field, the sensitivity is nearly zero (≈20 
nΩ/°C); in other words, at this point, the sensor is 
insensitive to temperature. This is an interesting 
observation, indicating that when the bias is properly 
selected (Bp = 0), the sensor may no longer be affected 
by temperature. Moreover, the uniqueness of this point 
lies in the fact that, in the case of the off-diagonal 
configuration, it offers better field sensitivity and a 
lower noise level [10, 13, 14]. 
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Fig. 3. Evolution of the MIG Impedance (mΩ)  
as a Function of Temperature (°C). 

 
 

Table 1. List of parameters used in our simulation. 
 

Data Value 
Wire diameter, (d=2a) 100 ݉ߤ 
Length of the wire, (l) 24 ݉݉ 
Number of turn  (ܰ) 340 
Anysotropy angle θk 85° 
DC bias current Idc 5 ݉ܣ 
Static Circumferential 
Field Hφ (A/m ) 

 ݀ߨ/ܿ݀ܫ

Curie Temperature, Tc 673  ߗߤ 1.52 ߚ ܭ݉/ߗ݊ 0.238 ߙ ܭ/݉  
Résistivy ρ(Ω/m) 238.10−12 ܶ	+ 1,52.10−6 
Anisotropy Constant ku 5.636 
Saturation Magnetization 
Ms(kA/m) 

191.43(1−݁(ܶ−ܶܿ)/97) 

Champ axial Hz(A/m ) 0ߤ/ܤ=ݖܪ 
 
 

 
 

Fig. 4. Variation of the Temperature Sensitivity of the Wire 
for Different Operating Points in the Magnetic Field. 

 
 

4. Measurement Setup 
 

To validate our theoretical model, simulations 
were performed using the digital off-diagonal GMI 
sensor described in our recent work [13-16]. Fig. 5 
illustrates the digital GMI sensor implemented in [2]. 
In this setup, the FPGA (Field Programmable Gate 
Array) circuit is situated beneath the heat sink. The 

wire excitation (Iac and Idc) is provided by a digital 
frequency synthesizer (DDS, or Direct Digital 
Synthesizer). When an external magnetic field is 
applied to the sensing element in off-diagonal 
configuration, the voltage across the pick-up coil is 
amplitude-modulated by the measured field. This 
voltage is then transmitted to the board via the digital 
receiver input (SDR, or Software Defined Radio) for a 
quadrature digital demodulation. Both the excitation 
system and the digital receiver functionalities are 
implemented in software within the FPGA [14, 17]. 
 
 

 
 
Fig. 5. Wiring around the FPGA Red Pitaya Development 

Board for Temperature Sensitivity Measurement. 
 
 
The demodulated output signal is then digitized 

using a 16-bit data acquisition system to monitor the 
sensor's response to temperature variations. 
Measurements are conducted in a non-shielded 
environment. The GMI element in the off-diagonal 
configuration and a temperature sensor (LM35 DZ), 
which is used to monitor the ambient temperature, are 
housed within a box covered with aluminum foil. Hot 
air is blown into this box to create controlled 
temperature conditions.  

To better evaluate the temperature sensitivity of 
the sensor, initial measurements were performed by 
heating the sensitive element and observing the 
sensor's output. Fig. 6 shows the behavior of the 
sensor's output over time when the GMI wire is 
subjected to different temperatures. This measurement 
was obtained under a polarization field of 10 µT. 

The experimental results demonstrate the 
temperature sensitivity of the GMI-based sensor. In 
fact, when the temperature remains constant, the 
sensor's output is stable, indicating good reliability 
under steady thermal conditions. 

As the temperature rises, the sensor's output 
increases. This behavior is attributed to changes in the 
magnetic and electrical properties of the GMI wire, 
such as magnetic permeability and impedance, which 
are temperature-dependent. When the heating stops, 
the sensor's output decreases along with the 
temperature, demonstrating a reversible relationship 
between temperature and output signal. 
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Fig. 6. Behavior of the offdiagonal GMI sensor output in 
function of the temperature for a bias magnetic  

fielf of 10 µT. 
 
 

These results highlight the sensor's high sensitivity 
to temperature changes. This sensitivity can be 
advantageous for thermal monitoring applications but 
may require compensation in scenarios where 
temperature stability is crucial for magnetic field 
measurements. 

To validate our theoretical approach, a 
measurement campaign was then conducted, followed 
by a statistical analysis to bound the results. To 
compare data under identical acquisition conditions, 
error bars were utilized. These graphical 
representations of variability illustrate whether 
differences between results are statistically significant. 
The error bars, most commonly associated with 
standard deviations, standard errors, or confidence 
intervals, provide an indication of the accuracy or 
uncertainty of the presented measurements. 

For this study, a 95 % confidence interval (CI) was 
used to estimate the true value based on random 
sampling. The CI ensures that 95% of the observed 
means lie within approximately ±2σ √ܰൗ , where σ is 

the standard deviation, and N is the number of 
measurements. This statistical approach also 
determined the minimum number of samples required 
to achieve reliable results at this confidence level.  
Fig. 7 shows the measurement temperature sensitivity 
as a function of the bias magnetic field. 

Fig. 8 shows an overlay of the measurement results 
with those from the theoretical model developed 
according to Equation (11). 

This overlap of experimental and practical results 
confirms the theoretical model. Indeed, the practical 
results show a sensitivity profile that matches the one 
traced from the mathematical model within the 
dynamic range. Furthermore, at the zero bias point, the 
observation made in the simulation is confirmed by the 
measurements, with a sensitivity much lower than at 

other points, approximately -0.2 mΩ/°C. Similarly, the 
linearity observed around zero is also reflected in 
practice. 

 
 

 
 

Fig. 7. Experimental behaviour of GMI Temperature 
sensitivity in mΩ/°C versus DC bias magnetic field in μT. 

 
 

 
 

Fig. 8. Overlay of experimental and theoretical Results. 
 
 

In summary, a good agreement is observed, 
especially for positive fields and fields around zero, 
with theoretical values falling within the established 
confidence intervals. However, a significant 
discrepancy is noted between -10 and -31 μT. 

The observed difference between theory and 
practice can primarily be attributed to the theoretical 
parameters used in our simulation, such as the 
magnetic anisotropy field, the saturation 
magnetization, and the magnetic anisotropy angle. To 
better understand the impact of each parameter, 
several simulations were conducted. Fig. 9 shows the 
behavior of temperature sensitivity for different values 
of the magnetic anisotropy field. 

A discrepancy is observed starting from −20 μT 
towards the more negative fields. When its magnitude 
decreases from 46 to 34 A/m, the sensitivity curve 
rises starting from −20 μT. An interesting observation, 
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since in Fig. 8, a similar discrepancy between the 
theoretical and practical curves is noted starting  
from −10 μT. 

In the state of the art, the saturation magnetization 
values are typically on the order of a few hundred 
kA/m. We have again simulated the temperature 
sensitivity by first multiplying it by 2, then by 0.8.  
Fig. 10 shows the obtained results.  

We observe that the saturation magnetization has a 
slight influence on the shape of the sensitivity curve. 
When it decreases from 191430 to 153144 A/m, its 

influence remains negligible, as practically its value is 
on the order of 190000 A/m.  

Fig. 11 shows the theoretical temperature sentivity 
curves for different value of anisotropy angle. 

The variation of the anisotropy angle, like the 
anisotropy field, does have an influence on the 
sensitivity. When it changes from −85 to 90° C, the 
sensitivity curve rises starting from −10 μT and is 
slightly lowered from 10 μT onwards. These 
observations are similar to the experimental curve 
obtained.  

 
 

 
 

Fig. 9. Theoretical temperature sensitivity curves for an anisotropy of 46 A/m (used previously). (a) In red,  
a new anisotropy value of 34 A/m; (b) In red, a new anisotropy value of 50 A/m. 

 
 

 
 

Fig. 10. Theoretical sensitivity curves with respect to temperature for a maximum saturation magnetization  
of 191430 A/m (used previously).  In red, an amplitude of 2*191430 A/m; (b) In red, an amplitude of 0.8*191430 A/m. 
 
 

 
 

Fig. 11. Theoretical temperature sensitivity curves for an anisotropy angle of 85° (used previously).  
(a) In red, the angle is 80°; (b) In red, the angle is 90°. 
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The analysis of the modification of these intrinsic 
parameters in the GMI wire shows that the quantities 
whose variation has the most influence on the 
agreement between the theoretical and practical curves 
are the magnetic anisotropy field and the 
magnetization angle. In fact, magnetic anisotropy 
(both magnitude and direction) results from the 
tendency of spin moments to align along an easy 
magnetization direction rather than a hard 
magnetization direction. This anisotropy is typically 
linked to the crystalline structure or shape of the 
material. It arises from interactions between the 
electronic spins and the crystal field of the material, as 
well as from demagnetizing fields (shape anisotropy). 

In the case of amorphous wires, the magnetic 
anisotropy that remains is largely due to mechanical 
stresses introduced during the rapid solidification 
process during manufacturing. These stresses typically 
result in a constant anisotropy field. However, this 
anisotropy field can change when the wire is subjected 
to additional mechanical stress. 

During the fabrication of the sensing element 
(comprising the wire and detection coil), the wire was 
in contact with metallic tools such as soldering irons 
and cutting pliers, which bent or heated the wire. 
These processes altered the previously defined 
anisotropy properties established by the manufacturer, 
thereby introducing slight variations in the magnetic 
characteristics of the wire. These variations are likely 
responsible for the small discrepancy observed 
between the theoretical simulations and the 
experimental measurements. 
 
 

5. Conclusion 
  
This article provides a comprehensive analysis of 

the temperature sensitivity of a digital GMI (Giant 
Magnetoimpedance) sensor by comparing 
experimental results with theoretical predictions. The 
experimental data demonstrate a strong alignment 
with the theoretical model, particularly within the 
dynamic range studied. This consistency validates the 
robustness of the model, confirming that it accurately 
predicts the sensor's behavior under varying 
conditions. 

At the zero bias point, the measured sensitivity is 
significantly lower than at other points, which aligns 
well with the theoretical predictions, where the 
sensitivity is approximately -0.2 mΩ/°C. This result is 
particularly important as it supports the validity of the 
theoretical approach, highlighting the precise control 
of temperature sensitivity around this critical point. 
Furthermore, the linearity observed around the zero 
bias point is also in excellent agreement with 
theoretical expectations, further confirming the 
accuracy of the model. 

The agreement between experimental and 
theoretical results is notably strong for positive 
magnetic fields and those near zero, where the 
theoretical values fall within the established 
confidence intervals. This consistency suggests that 

the model accurately captures the key physical 
phenomena governing the sensor’s performance in 
these regions. However, a notable discrepancy was 
observed in the range of -10 to -31 μT, where the 
experimental data deviated from the theoretical 
predictions. This discrepancy points to areas where the 
model may require refinement or where additional 
factors—such as material imperfections or 
measurement errors—may be influencing the results. 

These findings not only validate the strength and 
reliability of the theoretical model but also reveal areas 
for potential improvement. Ultimately, the results of 
this study pave the way for further developments in the 
field, offering valuable insights that can contribute to 
enhancing the accuracy and reliability of GMI sensors 
in practical applications, particularly in fields such as 
medical devices, industrial sensing, and 
environmental monitoring. 
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