
Iranian Electric Industry Journal 

Quality & Productivity 

P.P 16-28 

 Vol. 14/ No. 2/ Summer 2025 

ISSN 2322-2344 

EISSN 2717-1639 

 

 

Iranian Electric Industry Journal Quality & Productivity   Vol. 14 / No. 2 / Summer 2025 

 

Impacts of Shading on Photovoltaic Panel Performance and 

Mitigating Strategies  

Shayan Bozorgpuorea, Aslan Gholamib  

a Department of Renewable Energy Engineering, Shahid Beheshti University, Tehran, Iran; Shayanbozorgpuore@gmail.com 
b Department of Renewable Energy Engineering, Shahid Beheshti University, Tehran, Iran; a_gholami@sbu.ac.ir 

Abstract: 
Photovoltaic technology has emerged as a central pillar of renewable energy generation and a vital enabler in the global transition 
toward sustainable, low-carbon energy systems. Among the multiple challenges faced by PV systems, shading represents one of the 
most prevalent and detrimental factors affecting their performance. Whether caused by nearby buildings, trees, transmission lines, or 
even temporary obstructions such as passing clouds, shading reduces the availability of solar irradiance on module surfaces, leading to 
significant power losses, hot spot formation, mismatch issues, and accelerated degradation of solar cells. Given the unavoidable nature 
of shading, especially in dense urban environments, comprehensive research into its impacts and the development of effective 
mitigation strategies have gained considerable momentum recently.This review article presents an in-depth analysis of shading 
phenomena on photovoltaic panels and critically evaluates the effectiveness of existing and emerging solutions. The study begins by 
classifying shading into various categories, such as horizontal, vertical, oblique, and scattered, each of which influences PV module 
output in distinct ways. Horizontal and vertical shadows typically create partial shading patterns that disproportionately affect series-
connected cells, while scattered and oblique shading introduces irregular current mismatches that compromise both the fill factor and 
overall efficiency. The review highlights that even minimal partial shading can disproportionately reduce system output due to the 
series configuration of PV cells, where the weakest cell dictates the performance of the entire string. Furthermore, hot spots induced 
by shading not only lower output but also jeopardize the structural integrity and lifespan of the modules. To counter these adverse 
effects, three principal groups of mitigation strategies are examined.The first involves electrical devices such as bypass diodes, DC 
optimizers, and microinverters. Bypass diodes, when integrated at the cell or string level, provide alternative pathways for current flow, 
thereby limiting voltage drops and preventing local overheating. Studies reveal that modules with integrated bypass diodes exhibit 
substantially reduced power losses under single-cell or row shading compared with standard modules. DC optimizers, though costlier, 
further enhance individual panel performance by dynamically adjusting voltage and current, while microinverters enable independent 
operation of each module, reducing system-level mismatch. The second strategy relates to modifications in cell structure. Advances 
such as half-cut cells and shingled cells distribute shading effects more evenly across the module, thereby minimizing mismatch losses. 
Experimental evidence indicates that half-cell configurations can reduce current loss by over 25% compared to full-cell modules under 
localized shading. Similarly, shingled modules enhance both current pathways and compatibility with bypass diode integration, leading 
to improved resilience against irregular shadows.  The third and most innovative category involves reconfigurations of PV array 
interconnections. Traditional series-parallel arrangements often exacerbate mismatch issues under partial shading, whereas advanced 
configurations offer superior shade tolerance. In particular, have demonstrated remarkable improvements in experimental and 
simulation studies. Reported results include up to 22.46% enhancement in maximum output power and as much as 53.68% reduction 
in mismatch losses compared with conventional methods. Moreover, physical rearrangement techniques that disperse shadowed cells 
more uniformly across the array further improve fill factor and reduce hot spot risks, making them promising candidates for large-scale 
deployment. Beyond technical solutions, the review underscores the importance of integrating predictive modeling, machine learning, 
and smart monitoring systems into PV management frameworks.Emerging approaches involve artificial intelligence–based shading 
prediction models, hybrid analyses that consider the combined effects of shading and soiling, and the exploration of novel PV 
technologies such as bifacial and flexible panels. These innovations not only mitigate shading impacts but also improve adaptability in 
diverse installation contexts. In conclusion, shading is a major challenge to photovoltaic efficiency but also an opportunity for 
innovation. While electrical devices and structural improvements benefit small-scale systems, advanced reconfiguration methods such 
as Sudoku arrays show great promise for larger and urban applications. Choosing the right strategy requires balancing performance, 
cost, and site conditions. Future research should focus on smart grid integration, economic and environmental assessments, and scaling 
up novel technologies to support the transition to sustainable energy. 
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�3*K"� c���� �� �� ��

 

3 Hotspot 

4	\� �3P
� ���� )Sharma & Mishra, 2025; Soni et al., 2025( .

$���"I���3�� 4"
�1 4�4R $ e>R �� ���] �� �
R��� $4���3J $��

�1 64"()� K"� g0� �� �� O� �3
c�X1 �� 4"
�3* �4"���� ���� �� ����

4"��� �(��� $�(	�� ������ )Karaduman & Parlak, 2025(. 

� ���i !/�01 Y1�R ���1 �� 6V�����$�� �����$ J��6�  2�3
� �4(��

������$ K"� ��L��� �� �Mu1��$ ��3J�4$ �(/�3(I��H  ��[(J� ��

����� 1��3�D�� 6o7� .��$  �� ����A1 � V�����MN �"1� 

���� $O�4
�� ��L��� ���i K"��X* ��31 ���K 1 ���]�8��� �� .

�(��4"�$ �A1 ���) ]��j G��* Y1�R � ��i D�� �k�m V���� 6��

1�4
�3* ��!R�1 ��3"��  Y1�R���$  �J�"���MN e�\1 ����  �_��� �

����L���$ 
���" V��� ��MN 8 ���] ����(�� ��31 �N��� �� �"; ��$ 

� �� �3R31 V
���i 1 H�� �O3m�4"�.    

2- )��� � ���� E)
.#� �� ���� ! ��"  

V���� ���1�� ��	
 �(�>8 $�1 ���� �� $�M� �� W��"(1 �� 4��

 ��(I� �� ��� iL�1K"� �L��(L/� �(��� H���(/�3(I $4���3J $��

64��� ���R O� ���� 2�3
�  �4"���� ����)KL� )1(( 6 e�31KL�) )2((6 

 $�3��KL�) )3( ( ���AI� KL�) )4(( 1�4
�3*  ��5�� K"� g0� $��

.�3�  

 ���� e�\1 ��MN O�1���3* ���41N�3R� r�� �0A
3 ��� �3Q V��� 6

�/3* ��3* V��� � K"���� G�
 �� �N ��L��� �I� � K"� $4 )Gallardo-

Saavedra & Karlsson, 2018(.  �� �*���(1 �M� ���� 2�3
� O� H� ��

K"� ��(I�  64
��� H���(/�3(I $4���3J �J�"� i�����"�D���� $

V�� � ���� e�\1 �M� V���H�_�(/�3(I $4���3J K"� ��L��� �"�� 

���� 23
 �� �� W��"(1  �	���� �
1 ���31 O� �!�3* �"�1O ��

�
�1����� �� $4���3J H���(/�3(I $����J� $�� ���  V\� �� �

�(���N $4"���� �4� �_��� �� )Vicente et al., 2015(.   
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D�� � H���(/�3(I $4���3J K"� ��L��� �� ���� ��MN�N �� ����A1 $�� 

 

 ���� ���	
–  ����� �����
� ��� �����  �� �!"# $�� ��
� � ����� �	����2  ����� �����39  ��()��*1404  

 

 ���)1a�D :($�)� ���� () �)$��,)�� �	�����
�� ��	��
� ��� �� 

  
 ���)2 :(a�D$�)�)� �� ()�� =�
! ��
� ��� ��	�� ����
��	�� 

  
 ���)3 :(a�D$�)�)� �� ()�� ��
�� ��
� ��� ��	�� ����
��	�� 

  
 ���)4a�D :($�)��	�����
�� ��	��
� ��� �� * �) ���� () �)  

2-1- ������� ��) ?"�, ��"  

D���� �(�� �� �� ���� �M� V��� $D���� h�9�
5* �� �"(P1 $

(L/� h���(1 $4"��L�� 6�L���3���� � H�_�(/�3(I $4���3J K"� $

 ��(J�� �� ���p*�3����  ��)A*1����8 .���3d"1 �41 $O�� ��L���

K"��1 ��O� ��3* D��$��  ���� �P!R)A. Gholami, Ameri, Zandi, 

Gavagsaz Ghoachani, Jafarzadegan Gerashi, et al., 2023( 6

4��� �P!R �� � �3�
 ����(�� )Kazem, Chaichan, Al-Waeli, & 

Gholami, 2022(�41 .�41 4"
�1 4��� �P!R $�� $�3�� $�� ��

6�k�m ��m �3�!1D�� i��*�41 $��K"� $O�� H�_�(/�3(I $��

�14"��� )A. Gholami, Ameri, Zandi, & Gavagsaz 

Ghoachani, 2022(D�� �!�3* �3R� i�� �� 6P1 $��� �"( $��8��� �

D�� O� ����(�� 6i���1�41 $�� �4�	\� ���� �� ���� �P!R $O��

.��� �41��P� �� ���
�3* � ^�� �]� K�/� �� $�3�� $�� ��(I� $O��

K"� �0J��;���� c���� �X* $4���3J $�� ������ 6$O�4
�

���()84
��� $� )A. Gholami, Ameri, Zandi, Ghoachani, et 

al., 2022(�41 i�� . ����R ��d
 �����(1���� i(I�8 �d
 �� �� ��

 � ��3* �I� j�]� K��X* ��L1� 6$O�31 � $�� �1��A1 6H�_�(/�3*3I

�1 ����I �� K"� ������4""� )A. Gholami, Ameri, Zandi, 

Gavagsaz Ghoachani, & Gholami, 2023(. )�/��!11(-)4( 

�
3�
 O� $������41 �� $�3�� �41 i��*K"� $O�� H�_�(/�3(I $��

�14��� )Abdulrazzaq, 2025(.  

� � ��� � �� � ���                                          )1(  

 �� � ��		�
�	
�����
��� 	 � 1�                                 )2(  

��� � �����
���                                                      )3(  

� � ��� � �� �	�
�	
�����

��� 	 � 1� � �����
���            )4( 

 �N �� ���  �V  � 6K"� �R��J ����R � =�(/���� 6�� 6���  ���  ��

 ����R W�*�*YP"1 6�3�� ����R 6� �1��A1 ����R  `3L!1 2�P�� ����R

4"()�. ��i�"� Rs  �"�� ��� �1��A1 �$  �O�31$ 6#  �3�� ��4!*

6K"� �� $��$  6i19(/3� ���M%  � �3�� $�1�q ��� ���(L/� ��� )A. 

Gholami, Ameri, Zandi, & Gavagsaz Ghoachani, 2021(.  

2-1-1-���*������) R)N	J5/ �� *��U! ��"  

D���� O� ����(�� 4"
�1 �L��(L/� h�9�
5* �� �"(P1 $�����3 o7��� $

���9����(�� �  �4� ����(�� 9�
5* ��4!* �� �R3* ��1�4
�3*  V��� ��

 ���� e�\1 ��MN� ��
� �3P
� � K"� ��� �3Q �Pn1 ��M�* �N $��

4��� �(��� $���)� )Dhimish et al., 2018; Vieira et al., 2020( .

 H� �� �
�1O��3J �3���4$ �� �X*�� 1 ���]�8�6�� /3*�4 �R��� 

�N 1 V�����4�� 6c���� i�� �� .���3 ��$o� O�31 h�3# ��$  ��

���8� �3�� O���$ ��3J�4$ 1 W[
��3� ��� �� ��c ���� $O�4
�

1 ��!I����8� .�i ���3 � �����5 )1�� �R�9@�i ���$ �R�6��  �N �3P� O�

�� O��3��$ �� �X*�� 83�R��$ 1�4"�  6r�� v�A
 6=�(/� �I� O��� O� �

�N ��W �3�� ��83�R ����$ 1�4"� .6i�����"�  o7��� �3�� O� ����(��

�1 H�_�(/�3(I K"� �� �*^�� ��4!* ����
� 4
�3*$�*^�� $�� ����� �� 

.4��� �(��� ���� ��	
 �"�1O i�� �� G�5
� V���� �� 6��n1 ��3"� ��

 �� ��� �4��3�� G��* �� o7��� �3�� O� ����(�� H�_�(/�3(I K"� $��
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�1:; �:#� 6�378�9� ����� 

 

 ���� ���	
–  ����� �����
� ��� �����  �� �!"# $�� ��
� � ����� �	����2  ����� �����39  ��()��*1404  

 

���� ����L��� h���(1 $�� K"� �� �P)
 �� $�(
� H�_�(/�3(I $��

.���� ���4
�(�� �� 6��n1 ��3"� c���� �� ����7L� o7��� �3�� �� K"�

 �
"* �/3�� H* ����3.5���� ��3* �I� %6 �*�3# �� �� �=�1 $��� �

��4
�(�� �33.3��3* V��� %  ��*� �1 ���� $��� W�*�* i��� �� � 4(I�

 ���� ���4
�(�� ��=�1 $��� ����� H*0J �I�� 33.3%  ��=�1 $��� �

 �I� ����7L� o7��� �3�� ��7 �_9R ���� c���� �� � 4(I� �1  ��*� %

��
 4�/3* �
�3* y�� ���4
�(�� ��=�1 �� ����� 4"��1 �� �1� �3� ��=

� �3�� ���4A1 ���3�� ����7L� o7���1  ��*� ��3* 4�/3* $�4(I� 

)Hanifi et al., 2018(.  ���� �X* H�_�(/�3(I K"� ��L��� �I�Q O�

 .���� �@()� 9�
 ���� 23
 � h4� �� o7��� �3�� ��4!* �� ��:� �_9R

�� �� ��=�1 H� �� �
3�
 ��3"�60  �� o7��� �3�� ��4!* ��M�* �3��

��1 �� �_9R ���� �� H�_�(/�3(I K"� ��L� �3P� ��9��3
  38  � %0  ��

$�3* H� j��QO� $9�I �1 ��5�� �3A1 H� �)KL� j��01 64�5.��� ( 

 �/�m �� K"�60 �/�m �� Z3[\� �� �/3P] K��] ��L��� �3�� $��

 ��	
 $4�/3* ��3* �n��4m �"�1O �� �3J O� �I��[* � ����� ����

�1(P/� .4��i�� h4� �  i�� �3�� ��4!* �� �3P
�20  �*60  W�� �� �4�

���*4(I� �1  ��*� $ )Pannebakker et al., 2017(.  O� �@�� �L�

���� e�\1 ��MN �� ����A1 $��� ����(�� ��31 �L��(L/� h�9�
5* $O�4
�

�9����(�� O� ����(�� .��� h�4] $��(���������9$  h�4]
5*�*�9� 

d"* �� � K[(1 K"� �� �� �� 4"()��� �R � =�(/� �
�8�4R��� �N 6

� ��L�����() ��� �� ���c ���� $O�4
��� n���� 
���" 1�4""� . ��

 6��n1 ��3"� �� H�H���(/�3(I �
�1��  ��3* ��1.25 h��3���-H��  �X*

6�I��[* HP� � i�@"� ����  i�� �9����(�� O� ����(��5.48 % ������)

 �* (i�@"�6.48 ��� ��) % �� �P)
 �� �R��J ��3* V��9I� (HP� �

K"����� �� �� o7��� �3�� �� �3�!1 $�� �O�4
� �� 9�
5* i�� �(P/� 6

�3��K"� �� � �)�
 ��>8��M�* o7��� $�� H�_�(/�3(I $�����*  ��31

���@�1 ���] ����(�� )Ramli & Salam, 2019(.  ����(�� �� �@�� �(L


 O�D����$ P1"(� 
5* ���h�9 �(L/��L h�9�
5* �� v3��1 �"�9� 6�

(1 4��� �� ����"�
� �� � c���� �� W��"�"�9� $O�� 6�� W��"1 ��4!*

.�I�8 �d
 �� ��  

  

 KL�)5h���(1 h4� �� ���� �� �� o7��� �3�� ��4!* ��M�* :(  

2-1-2-<
�� ������ � �)
!�"  

 �3�� ��(J�� �� ���p* � D�� ����
 �� �N K�4P* � H�_�(/�3(I�3���� 

 ��3���� K@"�� $1���3* L��� f���"� �(
� �� $4���3J K

 �� Z3[\� H�_�(/�3(I������4� �_9R � �4"���� $ )Park et al., 

2020(. K�4P* ��  H�_�(/�3(I K"� 6�3�� ��
 �� H�_�(/�3(I K"� �3��

�1 ��	
 �3J O� �� $�(
� ��L��� ��)L� �_9R ���� K��A1 ��.4�� 

���1 ��	
 �"�1O i�� �� �4� G�5
� V���� ��n1 ��3"� �� 4���� 

����c ���� $O�4
�!k31� �� ��$  ��(J�� �� K"� �� K1�� �3�� ��


 V� � K1�� �3�����3�� 
 ��(J�� �� K"� ����6�3�� 1���9  V���

�R��� 
 K"� ����/3���  �
"*17/�m �� 6��3� %� � ���i  K"� �� ��4A1

 �� K1�� �3�� ��441 %�4�� )AAa et al., 2021(.  �@�� $3� O�

�3�� ��(J�� �� ���p*�1 ���3�� $�1� �� 4
�3
$��  $4���3J K"�

3(IH���(/� 9�
 ���� �X* �� ��>8��M�*)KL�) 4�6.((  

  
 ���)6������ �� ���� 73/ <
�� ��!� �I�� ! :(c��>! ��" 

H	.<
�� T��/ � <
��  

 D��98 jPQ V
���L�� � ��*N ��(J�� �� K"� �� ���� �X* �3�� $�1�

 i�� K1�� �3��148  �*150 �(
�� �R�� i�� �� �/�m �� ��3� ���8

 �� K"� �� �3�� H� $��� ��4A1 i�� $9�� �/3�� ��
 ��(J��121  �*

122 �(
�� �R�� ��4A1 i�� �/3�� ��
 K"� O� �(�� H� $��� � ���8

 i��77  �*145 �(
�� �R����� ���8 )Qian et al., 2018(.  �I�Q O�

K"� ��3� �3�� ��
 �� ���� K@"���1 H�_�(/�3(I $�� f��� 4
�3*

��
� � �3� �N �� �L��(L/� h�9�
5* O� �*4��1 ����(�� �� K"� $��

=�1 23
 �� �)��A1 �� .4	\� �3P
� ��3� K@"�� ��3� h���(1 �� ��

�3�� o7��� �3�� �� O� ����(�� WR31 �� �

N O� �L� $��V���* 4� �

��/�m �� 6����=�1 $�� �� ���� �3R� b�(\1 $��6 2.43  ��L��� %

�1 ��	
 �3J O� $4�/3* ��3* �n��4m �d
 O� �� $�(
�4�� )Wen et 

al., 2019(.   
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D�� � H���(/�3(I $4���3J K"� ��L��� �� ���� ��MN�N �� ����A1 $�� 

 

 ���� ���	
–  ����� �����
� ��� �����  �� �!"# $�� ��
� � ����� �	����2  ����� �����39  ��()��*1404  

 

2-1-3-������	� R��6�! ��"<
���"  

 H�_�(/�3(I $4���3J K"��1 4"
�3*��4"��L$�� 4"
�1 �*���(1 $

$�� $4"��L�� 6$��- 6$O�31 $O�31 6�K H"�/���46 K)� �
��5 

K� � K1�� YQ�A(16 ���(�"���4 )KL�)7((6  i�� O� H��� ��

��4"��L$��  �3R� K��A1 �� �*���(1 V"��������� h���(1 $

 ��	
 �3J O� K"� $��1�4"�� )R. Pachauri et al., 2018; R. 

K. Pachauri et al., 2021(.  � K@"�� D��98 jPQ ����L�� ��

�A1��) �� ���� ��4"��L$6�� YQ�A(1 K1�� K� ���*�i Ma*��  ��

$4"��L�� i���("� $�� �� O� ���� _9R V��� �� �12%  ��3*

 �_9R ���� ��4� c���� �� �P)
 �n��4m1�>����  �V���*�i 

 �n��4m ��3* ����� G��* ���c ���� ���� ��31� �_��� 

1���4.��4"��L$ $��-$O�31 V���*�i Ma*�� �� O� ���� _9R �� �

 V���22% �n��4m ��3* �3J O� 1 ��	
�4�� ��L��� .

��4"��L$��$ �4� H"�/ K� �  $ �
��K)�  �X* c�3(1 �3Q ��

Ma*�� ���� _9R� 1 ���]�8��$4"��L�� i�� ��L��� �I�Q O� .� ��

� W��k � �n��4m ��3* �@�� $�����!1 ���84� �   ��3* h���* �

$��8O���
7 ���� �� 9�
�)��A1 K��] b�(\1 �_9R $�� ���8� .4
�

�/�m 2�3
� �� �R��J ��3* i��*^�� �� j�!(1 �_9R ���� $��

 �� ��� YQ�A(1 K1�� K� $4"��L�����* h���* ��4A1 i�

�/�m G��* �� �� �84� �� W��k i��*^�� � $��8O���
���� �� 

) KL�8 � � KL9( )Bingöl & Özkaya, 2018(.  

 �@�� �	���� ��D����7��� �L�� ��� ��� $4"��L K1�� K�

YQ�A(1 $4"��L�� �� ��$�� 6K)� �
�� $��-  � $O�31H"�/ K� 

 ��� �d
 O��"�	�� �R��J ��3* ��9�1 � �� W��k ����(�� �� �84�

H"�/3��� W�(1 O� �� |"� �/�m ����$O�4
�  h���(1 K1��

»��� � ��*3��H6« »i
� � 4"��6« »��� � 4"���H �3��6«$ » ��*3�

 �AI� i
�� «� »���� �0]«$  �_��� D��98 jPQ .4
��� �)��A1

�N c�3* �4� ���#:J ��  �N��4R �� )1��4R � ( )2 ( �_���

 6��� �4� YQ�A(1 K1�� K� $4"��L�� i��(
���L���  �d
 O� ��

�/�m G��* �� �84��� W��k � $4�/3* ��3* �"�	�� $��

����i�� �� $O�4
� $4"��L�� i��"� $����� ��	
 �3J O� �( 

(Saiprakash et al., 2021).  

 

4 Linked-Bridge   
5 Honeycomb 

  

  

  

)���7������	�:(��" ��� e��)-f(7�)� ���- ()
!V��) �-

�+	���) �()
! f(7�)- f(7�)�� ��	�� �)� g%)- f(e���I� �.�� 

g%)- f(V��9D� �! h!�, �� g%)-.(+	���  

  
 ���)8*2���� K��L :( �	�������"� �� �� R��6�!���"� 
N@*  

  

6 Tied-CrossTotally  
7 Mismatch Losses 
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�1:; �:#� 6�378�9� ����� 

 

 ���� ���	
–  ����� �����
� ��� �����  �� �!"# $�� ��
� � ����� �	����2  ����� �����39  ��()��*1404  

 

  
 ���)9 :(��2(���. #)
/ R�6�/� �	�������"� �� �� R��6�!���"� 


N@*  

 )<��@1 :(������	� �� ��	4	� #)
/ j���..?��!(� ��"  

   � $�/
,

�����  

 � ����

+J�  
��
��  * �)  

 ����

��Ak  

 K1�� K�

YQ�A(1 
6278.3  4471.3  6025.8  5045.9  6630.4  

K)� �
��  6082.2  4471.2  5898.6  4980.9  5928.6  

$��-

$O�31  
5940.6  4285.2  5795  4850.7  5927.7  

 H"�/ K�

 ���  
5971.5  4468.8  5883.5  4972.2  5963.3  

)<��@2 :( j���.*2���� K��L ������	� ��.?��!(� ��"  

  

 � $�/
,

�����  

 � ����

+J�  
��
��  * �)  

 ����

��Ak  

 K1�� K�

YQ�A(1 
0.65  0.74  0.67  0.52  0.71  

K)� �
��  0.62 0.73 0.65 0.51 0.61  

$��-

$O�31  
0.61  0.69  0.64  0.50  0.61  

 H"�/ K�

 ���  
0.61  0.73 0.65  0.51  0.61  

 

8 Ye 
9Link-Cross-Tied-Triple  

  

 ���)10(:
,��
� ������	�  

��8 $4"��L�� H� W�(1 H"�/3��� ��9I� G�
 O� ����(�� �� ����L�� �

)KL�) h���(1 $3���3�10 �d
 O� YQ�A(1 K1�� K� $4"��L�� �� �� ((

 �� $�n��4m ��3* � $��8O���
 h���*6 1 b�(\1  ���� 23
 �)��A1 ��3

 �)��A1 �� $4"��L�� 23
 i�� �!/�01 i�� D��98 �� �R3* �� .4
��� ���]

 �� YQ�A(1 K1�� K�14.6 � ��3* �n��4m �3P
� %11.1  h���* V��� %

 ��� �(��� $��8O���
)Ye et al., 2021( ���� ��	
 �!/�01 i�� �� .

���� c���� �� $4"��L�� 23
 i�� 4���38 $�� ���)� ��L��� K"� $�

 �*) $�(
�28�1 V���
 �� �3J O� �� (%.���>8  �� ���p* �� �I�Q O�

 �L�9�I V"���3���1 H�_�(/�3(I $4���3J K"� $�� ��9�1 ��3*

V\� �� �� �_9R ���� ����*b�(\1 $�� /�3(I K"��)A* H�_�( .�3�
 �

�)��A1 �"�1O i��� �� i�� $��"�
� D������N $4"��L��O�� $O�� $��

$4"��L�� � 3���3� �(��3@/� `��� �� H�_�(/�3(I YQ�A(1 K1�� K�  

���
�89 �4� �_���   �L�9�I $4"��L��O�� O� ����(�� �� D�� i�� .���

K"� ���� �� ���� 6�L��(L/� h^�[*� ���p* ��4� ����N �� �J�3"L� �3Q

 � ���� Y�O3*�1 V��� �� $��8O���
 O� ���
 h���* ��	
 |��(
 .4��

�1���� c���� �� �� 4�� ��3* ��� �()
�3* D�� i�� 6�_9R $O�4
�

 �"�	�� �0A
#� �� �* ��11.59  $��8O���
 h���* � 4�� V��9I� 4#��

 �* ��14.15 �� .4�� V��� 4#���84��� W��k D�� i�� 6i�"�   ��

 �*16.9  �* �� �()�� ���O�� � 4#��1.385 �3P
� 4#��   �� .��� ����

�=��� $��� D�� i�� 6�I�k� h�9�
5* �� O��
 G4� � ̂ �� ������ K�/� $��

jQ�"1 �� ��9� ���� ���1 ��#3* ��L1 $O�4
��3� )Kumar & 

Agarwal, 2023( .�L� �@��  ��(J�� �L�9�I ���p* $�� D�� O�

�3�� ��WA� �� $3A�m ���5��R D��10  �J�3"L� Y�O3* �� �� ���

����N $�� ���� ��L��� 6H�_�(/�3(I $���()��  c���� �� ��

10Cyclic Back Shift  
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�����1 �3P
� �_9R $O�4
� .4	\� O� ����(�� i�� h���* V��� �� D��

 �"�	�� �0A
 ��3* V��9I� � $��8O���
 O� ���
��#�  �� .��� �����

��P� |��(
 `��� 6$O�� i��D�� �()
�3* ���� �/�m |"� ��$O�4
� 

)KL�)116((  �* �� �R��J ��3* V��9I� i�@
��122.46  �� 4#��

D�� �� �)��A1�� 6���4(1 $��D�� ���� YQ�A(1 K1�� K��� 6 .4�� �_�  

  
 ���)117��: :(:��"  ����1 )+	���-7�)� ���� f(2 )+	���-g% f(

���� 3 )e��-7�)� ���� f(4 )e��-g%f( ���� 5 .(V��) 

      )<��@3���� �	��/ :(R��6�! ��" ������	� ��������. 

���� E
.  

 ��	�
/ #)
/

 �� ������	�

9D� �! �!�,  

 ��	�
/ #)
/

 ���

���J�4	�  

� �0���
UJ  

) �/�m1(  14740  17470  18.52 %  

) �/�m2(  16040  17600  9.73 %  

) �/�m3(  14070  17230  22.46 %  

) �/�m4(  15420  17720  14.92 %  

) �/�m5(  15380  17760  15.47 %  

����� K�/� �� D�� i�� ��(J�� �� ��]�4m h����p* �� O��
 � ���� $O��

����N $��� 6�L��(L/�(1 � H�3� $��i���� .��� W��"1 c�3 �L� 6��m

����4X1 O�V�� ����(�� �N $����� O� �*�1 �� ��� ��[*� $�� 4
�3*

�"�9�4�� V��9I� �� W[
 $�� )Ramesh & Anbalagan, 2024( .

�#:J���� ��M�* ��9�1 O� $� �I�!1  $4"��L�� ��L��� �� h���(1 $��

i�� �� �4� ) ��4R �� V����3 |��(
 i�� �A��01 .��� �4� �_��� (

 i�� 6YQ�A(1 K1�� $4"��L�� �� �P)
 6$��
"	�� $4"��L��9.73 �* %

22.46% �3* V��9I�.��� ���� ��	
 �3J O� �� �R��J � 	���� ��� 

��6�@ ����"	 �� �M� ����L�� ���O�4
�$ _9R� ��O�� ��� K"���$ 

_�(/�3(I�H ���� ��� � ���� ���� "(P1� �*�1 ���o ��� �� 3���3�$ 

��N ��L��� �3P
�����$ _�(/�3(I�H ����
"	 ����� .4
��i p* �� D����� 

!]31�� I�9�L� ��=�1�� 6������ �3# �� ��h ��J�3"L ��N ���� O3*�Y 

1�4"� Ma* ��� �"1� ����O�4
�$ _9R� 1 V��� ���4��.  i��

 O��
 ��4� $4"��L��O�� �"�	�� �0A
 ��3* 6�L��(L/� h^�[*� �� ���p* ��

��#� $��8O���
 O� ���
 ��3* h���* � ���� V��9I� ��  K]�4m �� ��

�1 ���O�� 6�84��� W��k �3P
� � h���* V��� �� 6D�� i�� �� .4
���

 �3P
� �()���14���. ��P� |��(
�1 ��	
 $O�� D�� �� 4��

�3P
� $3���3�()
�3* �(I�� �"�	�� �0A
 ��3* ��� ���#�  �3Q �� ��

 i�@
��139.07  �* �� ��3* h���* � V��9I� 4#��53.68  V��� 4#��

�� .4�� O� �84��� W��k 6i�"�0.49  ��0.64  ���O�� � �(I�� �3P
�

K��] V��9I� �()���� �(��� �
R3* � �8��� K�/� �� D�� i�� .�

�"�98 6�I�k� h�9�
5* �� O��
 G4�$� �4���()�� $��� �N H�3� $��

��� c�3(1 � ), 2019Sai Krishna & Moger(.  

4- 9�@����  

����$O�4
� V/�� O� �L� ��3"� ��� $����
� �� $4��K"� $�� $��

K��] ��Ma* 6H�_�(/�3(I 6r�� v�A
 K�L	* 6$4�/3* ��3* V��� �� �
R3*

 V��� $��� $�4!(1 $����L��� .���� �()�� ��� �3Q V��� ���MN 

�"�
� 6�L��(L/� h�9�
5* O� ����(�� K1�� �����3�� ��(J�� $O�� 6��

�� �� ���p* �����N $4"��L $4���3J $�����D�� i�� O� H� �� . ��

�� �*���(1 ��Ma*� ��  6�k�m V���� ��V���� ���1 �� i�	�� $�� i��

D�� ����O�� ���)��A1 � 4�4
. ��4R )4(�#:J 6 $� O� ��9�1 �)��A1

D�� $��>8�M����� ��"1 ��MN V��� �� b�(\1 $��K"� �� $O�4
� $��

�� H���(/�3(I �1 �_���4��. V���� ����� �� ��� ��	
 �� O� ����(��

�����3$ ��$o�  ��3"� ���L� �*�M31 O��i D��� �� �� ��� �����5 

)1�� �R�9@�i ���$ �R�6�� 6=�(/� �I� ��L1� ����5 �N � r�� v�A
�W 

�3�� ��1 V��� �� ���4��� .�i ��� �� D���c ����O�4
�$ _9R� 

�14
�3*  �* �� ��3* �I�3.5�� 64"� ��4X1 % /�m��� K"���$  ���4
�(��

��� ���c  V��� ���	133.3���� ���5* �� %"s�� .4
��6i 

(���������9$ d"* �� h�4]�� �R � =�(/���� 
���" ���$ �9I� 6K"� ���V 

R��J ��3*� ��i 5.48 �* %6.48�(��� ����� �� �� %/� �� �1� 64
��K 

9���"��$ Ma* � ̂ ���� � �� �P)
 �(������3$ ��$6o� �R���@ ����i�*$ 
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4
���. 
���"O��$ �3�� ��(J�����"I O� ����(�� �� ��$����  4"
�1

�3����$ 
��� � ��K@" 
�9 WR31 �� �Mu1 g0� V����� �3�� �� �� 

� �(
� ��L��� �1�3�� .�i ���"I$�� �1� V��� �� ��:�$  �* r�� v�A


30 (
�� �R���6���8 �N V��� ���W 9I� ���V � �3Q�� K"� H�� ��

1�4""�1O �� .��" ��4"��L$ ��N����$ ��3J�4$6 D����$  �
���N3


	\��M� YQ�A(1 K1�� K� � 3���3� 4"
�1� K��]
R3*�  ��MN V��� ��

���� ���� ��	
� .4
��4"��L$ O3* �� 63���3��Y ��J�3"L ����  �

�O���4"��L$ I�9�L� K"�1 ��� �()
�3* 6���@
��i �9I��V *��3 R��J� 

 �* ��22.46 �* �� ��3* h���* � 4�� �_��� %53.684�� V��� %.  

)<��@4��� ��)12��) �I�� ! :(.K	/�/ �� c��>! ��"  

���  
�
UJ� 

$�J����  
���N"  7����3!�" 

  

$4"��L�� $��

�("�  
0%  �*10%  ��  

�I� ��
� 4�4� �X* $��

����K1�� � �_9R $��  

K@"�� ��(J��  2% �* %3  ^��  
 �(I�	�� $���"I 4"1O��


4�/3*  

h�4] �9����(��  %4   �*7%  ^��  
�"�9��()�� $��� �� $��

��9�  

 K1�� K� $4"��L��

YQ�A(1  

%12  �*

25%  
��  �m��Q �� �84�s��  

�3��o7��� $��  
 �� �()���

�3�� ��4!*  
c�3(1  ^�� �3�� ��4!* �� �� �"�9�  

��
 ��(J���3��   �*27%  c�3(1  
 �(I�	�� $���"I 4"1O��


4�/3*  

�R�� �L�9�I ���R

$4"��L����  
 �*40%  c�3(1  

 � ��� t�[1 V��9I�

W[
 �"�9�  

3���3�  
%22  �*

39%  
��  

 � j�]� �m��Q 4"1O��


h�P��X1  

 �� �� �3Q�6 ��� �� W��"1 ��L��� e�\(
��c X1�0�6  � 6K"� 23


��4X1����$ ��[(]�$ /�m �� .��� �()���� �� D����$ "(P1�  ��


5*�h�9 �(L/��L� 
� ���"O��$ �3�� ��(J����� ��$ �=�����$  H�3�

W��"1� 64"()� �*�4"��L$��$ 98 3���3� 4"
�1 �
���N3
��"�$ ���4�N 

���$ ���()��$ �� �� jQ�"1 � ��9���O�4
�$ 1 e3)X1 ��L1�4
3� .

��
�1�� 4�� ���$ �(/�3(I��H � ���6��� �41O��$��$ �3"[1 D3�� 

���$ �X*�K �� ��MN�� 8�3/N �� 
� ���"O��$ ��
���$ ���k$  .���

"s���6i ��4"��L$��$ ��N 4"��3����� ���"I �$��$ 3
�i 1�4"
�3* 

������ ���()��$ ��9�A1�`� �9I� ���V 4"��.  
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