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This section begins by introducing the diffusion mechanisms of UMB electrode sensors, 

which provide properties essential for theoretical analysis. It then presents the charge-

transfer rate model of UMB electrode sensors and its small-signal linearization. Finally, 

the practical linear region and the biasing conditions where square-wave EIS can be 

applied are experimentally verified. 
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The UMB electrochemical sensors were fabricated on a silicon wafer substrate with 

eight individual gold UMB WEs (1 �J�•  
H 45 �J�•  
H 150 �•�• ), a shared platinum pseudo 

RE (500 �J�•  
H 10 �•�•  
H 150 �•�• ) and a shared platinum CE (500 �J�•  
H 10 �•�•  
H 150 

�•�• ), as is shown in Figure 4.2(a). 19-pin Mini HDMI-compatible pin-outs were integrated 

at the edge of the chip, allowing for external electrical connections.  
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The error was investigated by comparing the absolute difference between the Mean 
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Absolute Percentage Error (MAPE) of traditional EIS and the model fitted using 

traditional EIS data, against the MAPE between square wave EIS and the model fitted 

using traditional EIS, as expressed in (4.28):  

�'�N�N�K�N
L �n
�s
�I
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where �I  and �J are the number of the frequencies in traditional EIS data and square wave 

EIS data, respectively. �<�Ü�á�à�Ø�Ô�ä and �<�Ý�á�à�Ø�Ô�ä represent the measured impedance magnitudes 

of the traditional EIS and square wave EIS, respectively, where �E���Ð���>�s�á�I �? and �F���Ð

���>�s�á�J�? are integer numbers. �<�Ü�á�Ù�Ü�ç and �<�Ý�á�Ù�Ü�ç represent the calculated impedance 

magnitudes from the optimized fitted EIS model. The calculated errors are listed in Table 

IV. 

It can be seen that the average MAPE between chip-tested square-wave EIS and the 

traditional EIS conducted by the commercial instrument AutoLab is 2.73%, and the 

measurement time is reduced by 91.7% (from 72 seconds to 6 seconds), 12 times faster 

than single frequency sweep. Compare to other relevant published works shown in Table 

V, the proposed square wave EIS shows fair competitive coherency and accuracy but 

much less measurement time. These tested results successfully validate the feasibility for 

applying the proposed square-wave EIS technique to portable, real-time label-free 

impedance-based biomedical applications. 

MAPE1: 
Traditional EIS vs. fitted model 

MAPE2: 
Proposed EIS vs. fitted model 

�:�v�ä�t�z�; 
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�V�X�F�F�H�V�V�I�X�O���Y�D�O�L�G�D�W�L�R�Q���R�I���W�K�H���S�U�R�S�R�V�H�G���(�,�6���R�Q���D���W�D�S�H�G���R�X�W���F�K�L�S���\�L�H�O�G�V���D�Q���D�Y�H�U�D�J�H���0�$�3�(���R�I��

�������������� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�H�� �U�H�V�X�O�W�V�� �I�U�R�P�� �D�� �F�R�P�P�H�U�F�L�D�O�� �L�Q�V�W�U�X�P�H�Q�W���� �Z�K�L�O�H�� �W�K�H�� �P�H�D�V�X�U�H�P�H�Q�W��

�W�L�P�H���L�V���V�K�R�U�W�H�Q�H�G���W�R�������V�H�F�R�Q�G�V���I�U�R�P���������V�H�F�R�Q�G�V�����E�\�����������������L�Q���D���I�U�H�T�X�H�Q�F�\���U�D�Q�J�H���R�I�����������+�]��

�W�R�� �������� �+�]���� �7�K�H�� �K�L�J�K�� �D�F�F�X�U�D�F�\�� �D�Q�G�� �I�D�V�W�� �P�H�D�V�X�U�H�P�H�Q�W�� �W�L�P�H�� �H�Q�V�X�U�H�� �W�K�H�� �I�H�D�V�L�E�L�O�L�W�\�� �I�R�U��

�D�S�S�O�\�L�Q�J���W�K�L�V���W�H�F�K�Q�L�T�X�H���W�R���S�R�U�W�D�E�O�H�����U�H�D�O���W�L�P�H���L�P�S�H�G�D�Q�F�H���E�D�V�H�G���E�L�R�P�H�G�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V�� 

 

 [27] [31] [28] [30] [88] [20] [37] [34] [36] [94] [95] [96] [97] This work 
Technology �ì�X�í�ï���…m �ì�X�ñ���…m 130 nm  180 nm �ì�X�ï�ñ���…m N/A N/A N/A N/A 40 nm N/A N/A �ì�X�í�í���…m 65 �� ��  

Supply 
Voltage 

1.2 V 3 V 0.6 V 1.8 V 3.3 V N/A N/A N/A N/A 0.9 V N/A N/A 1.2 V 2.5 V 

Power 0.35 mW  6 �JW 14.6 �JW 344.3 �JW to 
479.3 �JW 

0.32 mW N/A N/A N/A N/A 135 �JW N/A 14.4 mW 1.28 mW 1.25 mW 
/ Amplifier 

Core Area 1.68 mm² 0.06 mm² 0.004 mm² 5.4 mm² 0.07 mm² N/A N/A N/A N/A 0.6 mm² N/A N/A 6 mm² 0.027 mm² 
Excitation 

Type 
Sinusoidal Sinusoidal Sinusoidal Sinusoidal Sinusoidal Multi -sine 

Excitation 
Chirp signals Structured 

Gaussian 
White Noise 

Pseudo-
Random 
Binary 

Sequence 

Square-wave 
(i) 

Square-wave 
(i) 

Square-wave 
(i) 

Square-wave 
(i) 

Square-wave 
(v) 

Signal 
Generation 

On-chip  
8-bit R-2R 
DAC and 
SRAM  

External  
Signal 

Generator 

External  
Signal 

Generator 

On-chip  
Direct Digital-

Synthesis 

External  
Signal 

Generator 

External 
Signal 

Generator 

External 
Signal 

Generator 

External 
Signal 

Generator 

External  
Signal 

Generator 

External  
Signal 

Generator 

External  
Signal 

Generator 

External  
Signal 

Generator 

On-Chip 
Switched 
Current 
Stimulus 

1-bit DAC 
(External 

Signal 
Generator) 

Chemical 
Verification 

Yes 
(Potassium 
Ferricyanide 

DNA) 

Yes 
(Protein) 

Yes 
(Potassium) 

 

Yes 
(Biological 

Tissue) 

Yes 
�~�•�}�����o�o�[�•��

ORP/redox 
Standard 

Solution and 
Melatonin 
Solutions) 

Yes 
(18650-29E 

Battery) 

Yes 
(Sealed Lead 
Acid battery 

and 
Lithium 

Nickel-Cobalt 
Anganese 

Oxide) 

No Yes 
(Lithium-iron-

phosphate 
and Battery 

cell) 

Yes 
(Biological 

Tissue) 

Yes 
(Biological 

Tissue) 

Yes 
(Biological 

Tissue) 

Yes 
(Biological 

Tissue) 

Yes  
(Ferrocene 
Carboxylic 

Acid) 

Measurement 
Time 

N/A N/A N/A N/A N/A N/A 5-12 times 
faster than 
single-sine 
frequency 

sweep 

6.08 times 
faster than 
single-sine 
frequency 

sweep 

12 times 
faster than 
single-sine 
frequency 

sweep 

N/A N/A N/A N/A 12 times 
faster than 
single-sine 
frequency 

sweep 
Error 8.4% (Real) 

7.5% (Imag) 
(Relative 

Error, 
Impedance 

Model) 

N/A < 2% < 3% 0.28% 
(Mag., 10 kHz) 

0.12%  
(Pha., 10 Hz) 
(RMS Error) 

< 4.5% N/A < 2.69% 
(Relative 

Error) 

< 8.3% 
(RMS) 

N/A < 1% (Mag.) 
< 0.5° (Pha.) 

7.2% N/A 2.73% 
(MAPE) 

 



�&�K�D�S�W�H�U���� 

�í�ì�ñ 
 

�&�K�D�S�W�H�U���� 

�������'�L�V�F�X�V�V�L�R�Q���D�Q�G���)�X�W�X�U�H���:�R�U�N 

�����������&�R�Q�W�U�L�E�X�W�L�R�Q�V���2�X�W�S�X�W�V���R�I���W�K�L�V���:�R�U�N 

�7�K�L�V���V�W�X�G�\���S�U�R�S�R�V�H�V���D���Q�R�Y�H�O���(�,�6���P�H�W�K�R�G�R�O�R�J�\���W�K�D�W���H�P�S�O�R�\�V���D���V�T�X�D�U�H���Z�D�Y�H���H�[�F�L�W�D�W�L�R�Q��

�V�L�J�Q�D�O���� �(�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V�� �G�H�P�R�Q�V�W�U�D�W�H�� �W�K�D�W�� �W�K�H�� �S�U�R�S�R�V�H�G�� �P�H�W�K�R�G�� �D�F�K�L�H�Y�H�V�� �I�D�V�W�H�U��

�P�H�D�V�X�U�H�P�H�Q�W�� �W�L�P�H�V�� �D�Q�G�� �K�L�J�K�� �D�F�F�X�U�D�F�\�� �F�R�P�S�D�U�H�G�� �W�R�� �W�K�R�V�H�� �R�E�W�D�L�Q�H�G�� �Z�L�W�K�� �D�� �F�R�P�P�H�U�F�L�D�O��

�F�K�H�P�L�F�D�O�� �D�Q�D�O�\�V�L�V�� �L�Q�V�W�U�X�P�H�Q�W���� �L�Q�G�L�F�D�W�L�Q�J�� �L�W�V�� �S�R�W�H�Q�W�L�D�O�� �I�R�U�� �D�S�S�O�L�F�D�W�L�R�Q�� �L�Q�� �D�G�Y�D�Q�F�H�G�� �(�,�6��

�F�L�U�F�X�L�W���G�H�V�L�J�Q�V�� 

�)�X�U�W�K�H�U�P�R�U�H���� �W�K�L�V�� �V�W�X�G�\�� �S�U�H�V�H�Q�W�V�� �D�� �G�\�Q�D�P�L�F�� �P�R�G�H�O�� �R�I�� �D�� �8�0�%���H�O�H�F�W�U�R�G�H��

�H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���V�H�Q�V�R�U���L�P�S�O�H�P�H�Q�W�H�G���L�Q���9�H�U�L�O�R�J���$�����Z�K�L�F�K���V�X�S�S�R�U�W�V���G�L�I�I�H�U�H�Q�W���V�L�P�X�O�D�W�L�R�Q�V����

�7�K�L�V���P�R�G�H�O���L�V���D�E�O�H���W�R���U�H�S�U�R�G�X�F�H���W�K�H���V�H�Q�V�R�U�¶�V���G�\�Q�D�P�L�F���E�H�K�D�Y�L�R�U���� �W�K�H�U�H�E�\�� �I�D�F�L�O�L�W�D�W�L�Q�J���W�K�H��

�G�H�V�L�J�Q���R�I���K�L�J�K���S�U�H�F�L�V�L�R�Q���H�O�H�F�W�U�R�F�K�H�P�L�F�D�O���V�H�Q�V�R�U���L�Q�W�H�U�I�D�F�H�V�� 

�7�K�H���R�X�W�S�X�W�V���R�I���W�K�L�V���Z�R�U�N���� 

���� �=���� �:�D�Q�J�����$���� �0�X�U�S�K�\�����$���� �2�
�5�L�R�U�G�D�Q���� �D�Q�G�� �,���� �2�
�&�R�Q�Q�H�O�O���� ���(�T�X�L�Y�D�O�H�Q�W�� �,�P�S�H�G�D�Q�F�H��

�0�R�G�H�O�V�� �I�R�U�� �(�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �1�D�Q�R�V�H�Q�V�R�U���%�D�V�H�G�� �,�Q�W�H�J�U�D�W�H�G�� �6�\�V�W�H�P�� �'�H�V�L�J�Q������

�6�H�Q�V�R�U�V�����%�D�V�H�O�����6�Z�L�W�]�H�U�O�D�Q�G�������Y�R�O�������������Q�R�����������������������G�R�L���������������������V������������������ 

���� �=�����:�D�Q�J�����$�����:�D�O�O�����$�����2�¶�5�L�R�U�G�D�Q�����'�����2�¶�+�D�U�H�����*�����0�����6�D�O�J�D�G�R�����D�Q�G���,�����2�¶�&�R�Q�Q�H�O�O����

���0�R�G�H�O�V�� �D�Q�G�� �,�Q�W�H�U�I�D�F�H�V�� �I�R�U�� �(�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �6�H�Q�V�R�U�V���� �$�U�F�K�L�W�H�F�W�X�U�H�V�� �D�Q�G��
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�,�P�S�O�H�P�H�Q�W�D�W�L�R�Q�V������ �L�Q���%�L�R�P�H�G�L�F�D�O�� �(�O�H�F�W�U�R�Q�L�F�V���� �1�R�L�V�H�� �6�K�D�S�L�Q�J�� �$�'�&�V���� �D�Q�G��

�)�U�H�T�X�H�Q�F�\���5�H�I�H�U�H�Q�F�H�V�����3�����+�D�U�S�H�����$�����%�D�V�F�K�L�U�R�W�W�R�����D�Q�G���.�����$�����0�D�N�L�Q�Z�D�����(�G�V�������&�K�D�P����

�6�S�U�L�Q�J�H�U���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���3�X�E�O�L�V�K�L�Q�J�����������������S�S���������±�������� 

���� �=�����:�D�Q�J�����+�����6�K�D�R�����$�����2�¶�5�L�R�U�G�D�Q�����-�����+�L�J�H�V���0�D�U�T�X�H�]�����,�����2�¶�&�R�Q�Q�H�O�O�����D�Q�G���'�����2�¶�+�D�U�H����

���$�� �)�D�V�W�� �6�T�X�D�U�H�� �:�D�Y�H���E�D�V�H�G�� �(�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �,�P�S�H�G�D�Q�F�H�� �6�S�H�F�W�U�R�V�F�R�S�\�� �I�R�U��

�,�P�S�H�G�D�Q�F�H���E�D�V�H�G�� �%�L�R�P�H�G�L�F�D�O���$�S�S�O�L�F�D�W�L�R�Q�V������ �L�Q������������ �,�(�(�(�� �%�L�R�P�H�G�L�F�D�O�� �&�L�U�F�X�L�W�V��

�D�Q�G���6�\�V�W�H�P�V���&�R�Q�I�H�U�H�Q�F�H�����%�L�R�&�$�6�������;�L�
�D�Q�����&�K�L�Q�D�����������������S�S�������±���� 

���� �=�����:�D�Q�J�����+�����6�K�D�R�����$�����2�¶�5�L�R�U�G�D�Q�����-�����+�L�J�H�V���0�D�U�T�X�H�]�����,�����2�¶�&�R�Q�Q�H�O�O�����D�Q�G���'�����2�¶�+�D�U�H����

���$�� �)�D�V�W�� �6�T�X�D�U�H�� �:�D�Y�H���E�D�V�H�G�� �(�O�H�F�W�U�R�F�K�H�P�L�F�D�O�� �,�P�S�H�G�D�Q�F�H�� �6�S�H�F�W�U�R�V�F�R�S�\�� �I�R�U��

�,�P�S�H�G�D�Q�F�H���E�D�V�H�G�� �%�L�R�P�H�G�L�F�D�O�� �$�S�S�O�L�F�D�W�L�R�Q�V������ �L�Q���,�(�(�(�� �7�U�D�Q�V���� �%�L�R�P�H�G���� �&�L�U�F�X�L�W�V��

�6�\�V�W�������Y�R�O�����[�[�����Q�R�����[�����S�S�����[�[�[�±�\�\�\�������������������8�Q�G�H�U���5�H�Y�L�H�Z�� 

���� �;���� �&�K�H�Q���� �7���� �6�L�U�L�E�X�U�D�Q�R�Q�����=���� �:�D�Q�J���� �-���� �'�X���� �<���� �+�X�����$���� �=�K�X���� ���$�� �'�L�J�L�W�D�O���W�R���7�L�P�H��

�&�R�Q�Y�H�U�W�H�U���%�D�V�H�G���R�Q���&�U�\�V�W�D�O���2�V�F�L�O�O�D�W�R�U���:�D�Y�H�I�R�U�P���$�F�K�L�H�Y�L�Q�J���������I�V���-�L�W�W�H�U���L�Q���������Q�P��

�)�' ���6�2�,���&�0�2�6�������L�Q�������������,�(�(�(���5�D�G�L�R���)�U�H�T�X�H�Q�F�\���,�Q�W�H�J�U�D�W�H�G���&�L�U�F�X�L�W�V���6�\�P�S�R�V�L�X�P��

���5�)�,�&�������'�H�Q�Y�H�U�����&�2�����8�6�$�����������������S�S�����������±�������� 

 

�����������7�K�H���$�S�S�O�L�F�D�E�L�O�L�W�\���R�I���W�K�H���3�U�R�S�R�V�H�G���6�T�X�D�U�H���:�D�Y�H���E�D�V�H�G���(�,�6���� 

The accuracy and feasibility of the proposed square wave-based EIS for biomedical 

applications are validated with UMB electrode sensors, whose charge-transfer rate model 

can be described with Butler Volmer relationships theoretically, owing to its highly 
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efficient three-dimensional mass diffusion mechanism. In the case of an UMB electrode 

sensor, a linear region is determined, which provides the applicability of this technique. 

Based on this fact, it can be inferred that other types of micro electrodes that have highly 

efficient radial mass diffusion transport, such as micro disk electrodes, can potentially use 

this technique for performing EIS. However, due to the different electrode shapes, a 

different charge-transfer rate model should be proposed and validated [101], and further 

chemical tests would need to be followed. The proposed square-wave EIS provides a new 

angle to develop new techniques and circuits for conducting fast, and high-accurate EIS 

with UMB electrode sensors, particularly, for sensor-on-chip and implantable biomedical 

applications [81, 100, 115�±118]. 

The limited frequency range restricts this technique for wider applications; however, 

depending on the application, by applying square waves with different frequencies, the 

frequency range can be extended to enhance spectral coverage. Apart from that, different 

excitation signals such as a duty-cycle controlled square wave potentially can provide 

more harmonic tones for wider applications. The AC amplitude used in this work with a 

UMB sensor is 40 mV, where the sensor shows linearity. Due to the fact that this type of 

sensor, whose mass transport is dominated by a radial diffusion, the �4�Ö�ç can be fitted with 

(4.9); therefore, the 40 mV should be applicable as well. However, the like a normal EIS 

measurement, a CV should be conducted before the EIS test, to find the AC and DC 

conditions practically, and in order to accommodate different sensors, strategies to 

optimize the AC amplitude can be investigated further.  
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Owing to the fact that the UMB sensor behavior, namely, the relation between the 

electrode potential and sensor current, sensor transconductance and impedance, double-

layer effect (or CPE), etc., are mathematically modeled, a dynamic Verilog-A model is 

implemented and utilized in this work. This dynamic model has advantages in accuracy 

and convenience in terms of the bandwidth and stability analysis, as well as the transient 

analysis, for designing different potentiostats, such as control amplifier-based potentiostat 

[119�±121], current-mirror-based potentiostat [83], Delta-sigma modulation potentiostat 

[73, 122], Amplifier-less potentiostat [123, 124], etc., and current readout ICs of UMB 

electrochemical sensors. However, a future work of modelling different types of 

electrochemical sensor will popularize this analysis methodology in electrochemical 

sensor interface design field. 

�����������7�K�H���5�H�T�X�L�U�H�G���6�S�H�F�L�I�L�F�D�W�L�R�Q���R�I���W�K�H���$�P�S�O�L�I�L�H�U���D�Q�G���7�,�$���� 

�7�K�H���O�R�R�S���J�D�L�Q���D�Q�G���L�W�V���E�D�Q�G�Z�L�G�W�K���D�U�H���G�R�P�L�Q�D�W�H�G���E�\���W�K�H���S�R�O�H���R�I���W�K�H���D�P�S�O�L�I�L�H�U�����D�Q�G���W�K�H��

�S�R�O�H�� �L�Q�W�U�R�G�X�F�H�G�� �E�\�� �D�� �O�R�Z���S�D�V�V�� �I�L�O�W�H�U�� �I�R�U�P�H�G�� �E�\�� �W�K�H�� �&�3�(�� �D�Q�G�� �W�K�H�� �I�H�H�G�E�D�F�N�� �Q�H�W�Z�R�U�N���� �D�V��

�G�H�V�F�U�L�E�H�G�� �L�Q�� ���������������� �,�W�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �D�� �O�D�U�J�H�U�� �H�O�H�F�W�U�R�G�H�� �D�F�W�L�Y�H�� �V�X�U�I�D�F�H���� �R�U�� �D�� �K�L�J�K�H�U��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �W�K�H�� �V�R�O�X�W�L�R�Q�� �P�D�\�� �D�W�W�H�Q�X�D�W�H�� �W�K�H�� �O�R�R�S�� �J�D�L�Q�� �D�W�� �K�L�J�K���I�U�H�T�X�H�Q�F�\�� �K�D�U�P�R�Q�L�F�V��

�D�Q�G���F�D�X�V�H���L�Q�V�W�D�E�L�O�L�W�\�����Z�K�L�F�K���X�O�W�L�P�D�W�H�O�\���U�H�V�X�O�W�V���L�Q���H�U�U�R�U�V���D�W���W�K�H���7�,�$���R�X�W�S�X�W�����7�K�H�U�H�I�R�U�H�����Z�K�H�Q��

�D�S�S�O�\�L�Q�J���W�K�L�V���W�H�F�K�Q�L�T�X�H�����W�K�H���D�P�S�O�L�I�L�H�U���V�K�R�X�O�G���E�H���G�H�V�L�J�Q�H�G���W�R���K�D�Y�H���O�R�Z���Q�R�L�V�H���D�Q�G���D���K�L�J�K��
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function 
[IOUT_Mag_FFT_SQ,IOUT_Pha_FFT_SQ,VIN_Mag_FFT_SQ,VIN_Pha_FFT_SQ,Z_real_SQ_SL
, Z_IMG_SQ_SL,Freq_FFT_SQ_SL,Freq_FFT_SQ]=SQEIS_Fun(TIME_RAW_SQ, 
VIN_RAW_SQ, IOUT_RAW_SQ, Rs_SQ) 
%CREATEFIGURE(X1, Y1, X2, Y2)function 
Fig17SquareVSEISFun(TIME_RAW_squareE1, VIN_RAW_squareE1, IOUT_RAW_squareE1, 
Rs_squareE1, ZRe, ZIm)  
 
%% 
Down_Sample_Factor_SQ = 1;  
 
VIN_RAW_SAM_SQ = VIN_RAW_SQ(1:Down_Sample_Factor_SQ:end); 
IOUT_RAW_SAM_SQ = IOUT_RAW_SQ(1:Down_Sample_Factor_SQ:end); 
TIME_RAW_SAM_SQ = TIME_RAW_SQ(1:Down_Sample_Factor_SQ:end); 
 
%% 
Fs_SQ = 1/(TIME_RAW_SAM_SQ(2)- TIME_RAW_SAM_SQ(1)); 
L_SQ=length(TIME_RAW_SAM_SQ); 
N_SQ=L_SQ; 
 
VIN_FFT_SQ = fft(VIN_RAW_SAM_SQ,N_SQ)/N_SQ; 
IOUT_FFT_SQ = fft(IOUT_RAW_SAM_SQ./Rs_SQ,N_SQ)/N_SQ; 
 
VIN_FFT_SQ_oneSide = VIN_FFT_SQ(1:(N_SQ)/2);  
IOUT_FFT_SQ_oneSide = IOUT_FFT_SQ(1:(N_SQ)/2);  
Freq_FFT_SQ = Fs_SQ*(0:N_SQ/2 - 1)/N_SQ;  
S1_SQ = 4;  
S2_SQ = 10;  
Step_SQ = S2_SQ- S1_SQ; 
EndSL_SQ = 2992;  
 
Freq_FFT_SQ_SL = 
abs([Freq_FFT_SQ(S1_SQ),Freq_FFT_SQ(S2_SQ:Step_SQ:EndSL_SQ)]);  
 
 
VIN_Mag_FFT_SQ = 2*abs(VIN_FFT_SQ_oneSide);  
VIN_Pha_FFT_SQ = angle(VIN_FFT_SQ_oneSide);  
 
IOUT_Mag_FFT_SQ = 2*abs(IOUT_FFT_SQ_oneSide); 
IOUT_Pha_FFT_SQ = angle(IOUT_FFT_SQ_oneSide);  
 
Z_SQ = VIN_FFT_SQ_oneSide./IOUT_FFT_SQ_oneSide; 
 
Z_img_SQ = abs(imag(Z_SQ));  
Z_real_SQ = abs(real(Z_SQ));  
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Z_IMG_SQ_SL = abs([Z_img_SQ(S1_SQ); Z_img_SQ(S2_SQ:Step_SQ:EndSL_SQ)]);  
Z_real_SQ_SL = abs([Z_real_SQ(S1_SQ); Z_real_SQ(S2_SQ:Step_SQ:EndSL_SQ)]);  
 
return  
end 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�í 
 

�����������0�H�D�V�X�U�H�P�H�Q�W���3�&�%���6�F�K�H�P�D�W�L�F�V���D�Q�G���/�D�\�R�X�W�V 

���������������&�K�L�S���0�H�D�V�X�U�H�P�H�Q�W���3�&�% 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�î 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ï 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ð 
 

���������������'�X�P�P�\���6�H�Q�V�R�U���3�&�%�� 

 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ñ 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ò 
 

���������������0�L�Q�L���+�'�0�,���8�0�%���6�H�Q�V�R�U���3�&�%���$�G�D�S�W�R�U 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ó 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�ô 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ï�õ 
 

���������������0�L�Q�L���+�'�0�,���W�R���0�L�F�U�R���6�'���$�G�D�S�W�R�U 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ð�ì 
 

 

 

 



�$�S�S�H�Q�G�L�F�H�V 

�í�ð�í 
 

 

 

 


