
COOLPRESSION — A HYBRID SIGNIFICANCE COMPRESSION
TECHNIQUE FOR REDUCING ENERGY IN CACHES
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¿���À��%F-C¬�Y4 7�,M0���4<;/?�85>GI�ÅL>-4"P

���	��
���������������������� �"!#�$�%�&���"!#')(�� }*,+�� �-�$.�/������

8:>-IS�"4J79,j4 P�,17�,/>G4"P"�=Ô�4r?G4 6�;M8:.G,/FG7�;MD-DG79,/;1*�+�8:>¬69+G4�0l,1.:.5,<�r85>GI
P�4"* 698:,1>U�

3. COOLPRESSION CACHET�+G4�@B,�,1.��¡794"P�P�85,/>�*<;M*J+G4#8:P�8:.:.5FGPQ6�7�;M694<?¨85>�Ã=8:I1FG794�\��ÊNO6
4"CEDG.5,<V�P%6O��,�*",1CEDG794"P�P�8:,/>#P�*J+G4"CE4"P�0 ½LV�>Y;1CE8:*'�"4J79,�* ,/C��
DG794 P�P�85,1>#69,�*<;1D�69FG794(69+-4'�"4 79,|��Vj694"P"W�;1>Y?�;�>G4 �Ê@B,�,/.�@B,/F->�6
694"*�+->G85�jFG4r69,'4J�GDG.:,/8R6�*",/CED�794"P�P�8:,/>|,1D-D�,M7�69F->-8R698:4"PB8:>|�G8R6��O.:4"�/4".
I17�;M>jF-.5;M798R6OV��¦TU,�4 ��D-.5;M85>¦,1FG7E;1DGDG79,];M*�+¦�B4��B,/F-.5?Á�-79PQ6�4 �j�
D-.5;M85>�4<;M*J+�,/>G4L85>-?G8:�j85?GFY;M.:.:V���4 0d,1794L�B4�?G4"CE,1>-PQ6�7�;M694H69+G4L+�Vj�
�G7985?�;MD-D�79,];1*�+U�

3.1 Dynamic Zero Compression (DZC)T�+G4A½�¾U@�8:>�° ¼M³HF-P�4 P�;1>¦4 �j6�7�;#�-8R6<WB�j>-,<�r>Ð;1P�69+G4�¾�4 79,
N�>-?G8:*<;�69,17'��8:6�¿§¾�NQ��ÀJW�0l,M7'4";1*�+�?G;M6�;|��V�694a8:>#69+G4¬*<;1*�+G4/�EÅL>
4"�/4 7�V¦?G;M6�;���798:6941W�8:6E8:P�*J+G4"*��]4<?��r+-4 69+G4 7�;1>�VÁ,10%69+-4�4"8:I/+�6
?-;�6�;��-8R69P���4"8:>GI���798R6�694">|;M794%;1.:.�[�Â P"Wj8:0�P�,GW�69+G4L¾�NQ�Á8:PB4">-;1�-.:4<?
;1>-?¬69+G4���798R694H0d,17�69+-4r4"8:I1+�6B�-8R69P�8:PB?G8:P9;1�G.:4<?��¡NO0�69+-4H?G;M6�;S�-8R69P
;M794a>-,M6�;1.:.3� 4 79,�4"PS69+G4">�69+G4�¾�NQ��8:PS* .54";M794<?�;M>Y?A69+-4a?-;�6�;�8:P
��798R6�694">Á69,A69+-4�*";1*�+-4�;MP¬>G,179C�;M.´�#ÅL>;A*<;1*�+-4�794";/?�W38R0r69+-4
¾�NQ��0d,17';���V�694'8:P�4">-;1�G.54"?�W�69+-4a*",17�794 P�D�,/>Y?�8:>-I��-8R6��§.58:>G4"P�;M794
I];�694<?¦,M¯�;M>Y?¦;��"4 79,���Vj694|8:P�4"CE8R6�694<?�W369+G79,1F-I1+Ð;#�-;1>G��,10
��ÅLÆ�I/;M694"P"��N§0�69+-4|¾�N�� 8:Pa�"4 79,A0l,17�;A��Vj694�69+-4 >Á;A>-,179C�;M.
*<;M*J+G4S794<;/?�,/D�4 7�;�6985,1>�,�* *"FG79P"�

3.2 CoolCountÅLF�7BDG79,/D�,1P�4<?E694"*�+->G85�jFG4/W=� e<e/m � e1yjc-w Wj*",/FG>�69P�69+-4H>jF-Ca��4 7
,10r.:4<;1?G8:>-I�[�Â P',17|¤/Â P¬;M>Y?�794 F-P�4"P(69+-4ECE,1PQ6'P�8:I/>-8R�-*<;1>�6a��Vj694
69,�794"* ,17�?�69+-4�*",1F->�6<�rÅL>�;�*";1*�+-4���798R694(69+-4'@B,�,/.�@B,/F->�6L*"8R7��
*"FG8:6L*",/FG>�69P%69+-4'>jFGC¬��4 7H,10�.:4<;/?�85>GI�[jÂ PS,17¬¤/Â P"��N§0�69+G4a* ,/F->�6

���	��
���1/ � � ( (�2 * ���3!4!4�	(�� � ��576 �

CE == 1

Read data for bytes where
ZIB is not enabled and
make the other bytes

zero

Enable the least significant
(32−count) bitlines

ones
count leading zeroes or 

bitlines and append with
least significant  (32−count)

Read data from the 

Read in Count Enable (CE)
bit and first 6 bits of data

�8�9��
 �:�1;�� � �<���>=?�3.@�1'A��(�B � ��5:6�<!

8:P(CE,1794a69+Y;M>�4 85I1+�6<W=8R6';1P�P�4 7�69P(69+G4�@B,1F->�6'2�>-;1�G.54A¿§@�2BÀL�-8R6
+G85I1+U��T�+-4ACE,/PQ6EP�85I1>-8R�Y*";1>�6|�-8R6�8:P�F-P�4<?69,�PQ69,M794A�r+-4 69+G4 7
�B4¬* ,/F->�694"?�.54";/?�85>GI�[�Â PS,M7�¤1Â P"�(T�+G4a>-4 �j6LP�8R���-8R69P%0d79,1C 69+-4
CE,1PQ6¬P�8:I1>-8R�Y*";1>�6���Vj694�;M794|F-P�4<?�69,��]4"4 D�69+-4�*",1F->�6<�#X%.:,1>-I
�r8R69+E69+G85P"W�¿´È1±��=*",1F->�6JÀ¡.:4<;1PQ6�P�8:I/>G8:�-*<;1>�6B�-8R69.:85>G4"P�;�794%4">-;1�G.54"?
69,APQ69,M794E69+G4�;M* 69FY;M.B?-;�6�;��|NO0�69+G4E>jFGC¬��4J7�,10�.54";/?G8:>GI�[�Â P',17
¤1Â P�8:P�.:,<�B4 7�69+-;1>|4 85I1+�6<Wj69+-4H*<;1*�+-4%D�4J7�0l,179CEP�;(>-,179C�;M.-��798:6941�
T�+G4�*<;1*�+G4A794<;/?Ð85P�8:.:.5FGPQ6�7�;M694<?º8:>¨Ã=85I1FG794�Z���ÆH4<;/?�8:>-I�85P|;
6O��,aPQ694"D|�-F�6�D-8:D�4".:8:>-4<?�DG79,�*"4"P�P"�BÅL>�;'*";1*�+-4%794<;1?|8R0q69+G4�@�2
�G8:6�8:P(4">-;1�G.54"?�WU69+G4¬CE,/PQ6�P�8:I/>G8:�-*<;1>�6'È��-8R69P(;�794¬794<;/?#69,�I/4 6
69+G4%>jF-Ca��4 7B,M0q.54";/?G8:>GI�[jÂ P�,17S¤1Â P"���%4 �j6B69+G4%.:4<;1PQ6rP�8:I1>-8R�Y*<;M>�6
�G8:6��§.:8:>-4"P�;M794%4">-;1�-.:4<?�69,'I/4 6B69+-4%;1* 69F-;1.�?-;�6�;';1DGD�4 >Y?�4<?��r8R69+
69+G4E.54";/?�85>GI��-8R69P(69,A,/��6�;18:>�69+G4��Y>-;1.B?G;M6�;j�DC%,<��4"�/4 7a8R0�69+-4
@�2��-8R6�8:P��"4 79,�WU69+G4E@B,�,/.�@B,/F->�6(*<;1*�+G4���4"+-;��/4"PS4 �G;1*J69.:V�.:8:�]4
;¬>G,179C�;M.�*<;M*J+G4S0l,17%;a794<;1?��

3.3 Hybrid Compression SchemeÅLFG7H4"�1;1.:F-;M698:,/>�8:>Y?�8:*<;M694<?�69+Y;�6%��,M69+�694"*�+->G8���FG4"Pr*<;1>A.:4<;/?
;�P�8:I/>G8R�Y*<;M>�6'4">-4J79I1V#P9;<��8:>GI��r+G4">�,/D�4 7�;M694"?�85>-?G4 D�4 >Y?�4">�69.RV��
C%,<��4"�/4 7<W�69+G4 794�;M794�* 4 7�6�;18:>(*";1P�4"PU�r+G4 794369+-4�@B,�,1.�@�,/FG>�6=P�*�+-4"CE4
,1FG69D�4 7�0d,179CEP=69+G4B½(¾�@�;M>Y?'8:>aP�,/CE4B*";1P�4"P¡69+G4B½(¾U@�?G,�4"P¡��4 6��
694 7<�ÁÃ-,M7E8:>-PQ6�;M>-*"41W�@B,�,/.�@B,/F->�6E*<;1>*<;1D�69FG794�4 >-4 79IMVP9;<�j8:>-I
,1D-D�,17�69FG>-8R698:4"P�;�6¬�->-4J7¬I17�;M>jF-.5;M798R6OV��r+-8:.:4�½(¾U@Ê*<;M>4 ��D-.:,/8R6
69+G4�+-85?-?�4">�,/D-D�,M7�69F->G8:698:4"P��r+G4 794E�"4 79,A��Vj694"P(;�794�4 C¬��4<?G?G4<?
8:>�69+G4aCE85?-?�.54',M0�;�?G;M6�;E��,M7�?��'�B;1P�4<?#,1>�69+-8:PS,1�-P�4J79�/;�698:,/>UW
�B4�D�79,/D�,1P�4A;�+�V���798�?�* ,/CEDG794 P�P�85,1>¦P�*�+-4"CE4E�r+-8:*�+¦4"CEDG.5,<V�P
��,169+�½(¾U@Ð;1>Y?�@B,�,1.d@B,/FG>�6H;1>Y?�4J�GDG.:,/8R69Pr;M.:.�D�,1P�P�85�G.:4S,/DGD�,17��
69FG>-8R698:4"Pr8:>�;¬?�V�>Y;MCE85*%C�;1>->G4 7<�

T�+-4',/D�4 7�;�6985,1>-PL,�*"*"F�7�7985>GI|8:>�69+G4¬@B,�,/.5�¡794"P�P98:,/>�*<;M*J+G4'0d,17
794<;1?GPL;1>-?���798:694 P�;�794'85.:.:F-PQ6�7�;�694<?���V�69+G4,EY,<���§*�+Y;M7�69P%8:>�Ã=85IM�
F�794¬Z|;M>Y?�Ã=8:I/F�794¬±G�(ÅL>�4";1*�+#*<;M*J+G4'��798:6941WU,1>-4a*"8R79* F-8R6S�r8:.:.
*",1F->�6(69+G4E.:4<;1?G8:>-I�[jÂ Pa,M7|¤/Â P"W=�r+-8:.:4|;1>G,169+-4J7a*"8R79* F-8R6a*",1F->�69P
+G,<�ÊC�;M>jVA��Vj694"PL,10�69+-4¬?G;M6�;�;�794�� 4 79,G�aT�+-4"P�4¬*"8R79*"F-8R69P(;M>Y?
69+G4"8R7%4">G4 79I1V�8:CED-;1* 6%;�794a?�4 6�;18:.:4<?A8:>�)�4"*J698:,/>�±���T�+-4�794 P�F-.R69P
;�794'* ,/CEDY;�794<?�69,E?G4J694 79CE8:>-4L�r+-8:*�+�P�*�+-4"CE4S85PH��4 6�694 7<�BN§0¡69+-4
@B,�,/.�@B,/FG>j6�8:PB��4 6�694 7<W]69+-4%@�2Á�G8R6B85P�69FG79>-4"?�,/>�W�;M.:.Y69+-4%¾�N��%Â P



leading zeroes or ones
Count number of 

Write encoded data to

ZIBs where necessary

data to cache and set

Set CE bit to 0 and write

cache

Set CE to one and enable
most significant 6 bitlines
and least significant 
(32−count) bitlines

> # of leading zeroes
# of zero bytes*8 

or ones

Check for bytes which are 
zero

�8�9��
�����%��� �:�9.@�1= ��.@�1. ( � ��5:6�

;M794%*".:4";M794<?|;1>-?�69+-4L@B,�,/.�@B,/FG>j6�P�*�+G4"CE4H8:P�0l,/.:.:,<��4<?���NO0�½(¾�@
8:P'0d,/FG>Y?���4 6�694 7<Wq69+-4|@�2
�G8R6a8:P'*".:4<;M794<?�W¡69+-4E*",M7�794"P�D�,/>-?G8:>-I
¾�NQ�%Â PL;�794'4">-;1�-.:4<?A;1>Y?�69+-4�½(¾�@Ë85P%FGP�4<?��rÃG,17%794<;1?G8:>-I�?-;�6�;
0d79,1C¥69+G4E*<;1*�+-41W�;M0�694 7�;1?-?�794 P�P¬?�4"*",j?�85>GI�8:Pa* ,/CED-.:4 694"?�Wq69+-4
@�2Ë�G8:6<W�69+G4'CE,/PQ6LP�8:I/>G8:�-*<;1>�6�È��G8:69PL;1>Y?A69+G4¬¾�N��BPS;M794'794<;1?
8:>�69+-4��-79PQ6�*JVG* .54r,10�69+-4r*";1*�+-4�794<;/?���T�+G4%@�2��G8:6�4 >Y;1�G.:4"P�69+-4
@B,�,/.:*",/FG>�6�?�4"*",j?G4J7BP�+G,���>�8:>�Ã=8:I/F�794L¢%�r+-8:*�+�FGP�4"P�69+G4 s9e1yjc-w
�-8R69P¡69,LDG794"*�+Y;�79I/4�69+-4�.:4<;MPQ6�P�85I1>-8R�Y*";1>�6������ s�e1yjcGw �G8R69P3��4 0l,M794
69+-4HPQ6�;�7�6�,10�69+-4HP�4"* ,/>Y?E* V�*".:4/�3N§0�69+G4S@B2Á�-8R6�8:P�?G8:P9;1�G.:4<?�W�69+-4
¾�NQ�BP%;M794'FGP�4<?�69,ED�794"*�+Y;M79I14',/>G.RV�69+G4�794".:4"�1;M>�6
	�� fMwOn 	�.:8:>-4"P"�
T�+-4ED�794"*�+Y;�79I/4<?��-8R6'.:8:>-4"Pa;�794�794<;/?�8:>�;M0�694 7'69+-4�4">-?�,10�69+-4
P�4"*",1>Y?�* V�*".:4(;1>-?�D�79,/D�4 79.RV�;MD-D�4">-?G4<?��r8:69+A� 4 79,E,M7%,/>G4��-8R69P
69,¬0d,179C 69+-4L�Y>-;1.U?G;M6�;��

4. COOLPRESSION IMPLEMENTATIONÃ=8:I1FG794�¢#8:.5.:FGPQ6�7�;M694"PE69+-4�P�*�+-4"C�;�698:*A,M0�,1FG7�.:,/I18:*�* 8:79* F-8R69P
0l,M7�;1>�4 �E* 854 >�6B8:CEDG.54 CE4">�6�;M698:,/>a0d,17B* ,/F->�698:>GIS69+G4r.:4<;1?G8:>-I([�Â P
,17(¤/Â P"�BÃG,17H85.:.:F-PQ6�7�;�698:,/>�D-F�79D�,/P�4"P"WG69+G4S*"8R79*"F-8R6HP�+-,<�r>A8:>�Ã=8:I1�
FG794S¢j¿���À�8:P�;'PQ6�798:D-D�4<?j�O?G,<�r>|�/4 79P�8:,/>�FGP�8:>-I¬;'¼M�´69,1�OZM�§.:8:>-4LD�798R�
,1798R6OV�4">-* ,j?G4 7�0d,17�;M>|¼��§�-8R6�?G;M6�;SP�4 6<�3½L4"D�4">Y?�8:>-I�,1>�69+-4H?-;�6�;
P�8:�"4HP�FGD-D�,17�694"?¬��V'69+-4�6�;M79I14 694<?�N�)�X'WM0l,M7B4 �G;1CEDG.541W/69+G4%@B,�,1.:�
@B,/FG>�6�*"8R79*"FG8R6��r85.:.-+Y;<�]4�;�È1±M�´69,1�OÈM�§.:85>G4rDG798:,M798:6OV¬4">G*",j?G4 730l,17B;
È1±M�§�-8R6L?-;M6�;�P�4J6<� �L,M694�69+Y;�6L;1P%P�+G,<�r>�85>�69+-4�P�*�+-4"C�;�6985*1W-69+-4
;/?�«�;M*"4">�6��-8R69PB,10U69+G4L?G;M6�;';M794%ÄLÅLÆH4<?¬69,1I/4 69+G4 7r;1>-?E0d4<?�8:>�69,
69+-4�DG798:,1798R6�V¬4">-* ,�?�4 7<�3T�+-8:PB?G4"P�8:I/>E8:P�69,(?�4 694 79CE8:>-4��r+G4">�69+-4
?-;�6�;H�-79PQ6¡*J+-;1>GI/4"P¡0�79,/CÊ[H69,'¤�,M730�79,/C ¤B69,L[�W];1P¡�B4�P�*";1>a69+-4
�-8R69P�0�79,/C 69+G4SCE,1PQ6rP�8:I1>-8R�Y*<;M>�6H�G8:6<��T�+G4SD�,/P�8R698:,/>A,M0=69+G85P��G8R6
8:P3794"D�,M7�694<?¬��V(69+-4�D�7985,M798:6OVa4">-* ,�?�4 7<�3T�+G4r>jFGC¬��4J7¡,10�.:4<;1?G8:>GI
�"4 79,�4 P%,M7H,/>-4 PH8:Pr,/�G6�;M8:>-4<?���V|>-4 I];M698:>-I¬69+G4�;1��,��]4S794 P�F-.R6<�

Ã=8:I1FG794�¢�¿´;]ÀE8:.:.5FGPQ6�7�;M694 P�69+-4�?�4"*",j?G8:>GIÁ*"8R79*"F-8R69P|69,�4">Y;M�-.:4
,/>G.RVS69+-43794<��F-8R794<?S�-8R69.:85>G4"P=?G4"D�4">-?G8:>-I�,/>�69+-4�>jF-Ca��4 7U,M0-.:4<;1?��
8:>-I([�Â P�,17%¤1Â P"��T�+G4H* 8:79* F-8R6B8:.:.5FGPQ6�7�;M694<?E8:PB;MI];18:>E0l,M7�¼M�§�-8R6B?-;�6�;
,/>G.RV��#T�+-4�@B,�,1.d@B,/FG>�6E* 8:79* F-8R69Pa�r8:.:.���4�P�*<;1.:4<?�0l,M7E;�ÈM±#�G8R6
?-;�6�;�P�4 6<��T�+-4�,/F�69D-F�6(,M0�69+G4E?G4 *",j?G8:>-I�*"8R79*"FG8R6a;M794�F-P�4<?�69,
?G8:P9;M�-.:4�69+-4��B8R69.:85>G4��3794"*�+-;M79I/4AP�8:I/>-;1.HF-P�8:>GI�69+G4A�¡794"*�+Y;�79I/4
@B,/>�6�79,1.�T�7�;1>GP�8:PQ69,17�;1PqP�+-,<�r>'8:>�69+-4�Ã=85I1FG794�¢�¿´;/ÀJ�3T�+G8:P=CE4"*�+G�
;1>G8:P�CÒ;M.5.:,<�rP�,/>G.RV�69+-4E794<��F-8R794<?��G8R69.58:>G4"Pa0�79,/C DG794"*�+Y;�79I/8:>-I
�r+-4 >a794<;/?�85>GIS,173��798R698:>-IS*",/CED�794"P�P�4<?a.:8:>-4 P369,L69+G4�*<;1*�+G4/�=Ô�4
4 ��D-.5;M85>�69+G4E,M�/4 79+-4";/?GP(85>�694 79CEP�,10H?G4".5;"V�;M>Y?�4 �j6�7�;�D�,<��4J7
*",1>-P�F-CE4"?�0d,17¡69+-4�@B,�,1.5�3794"P�P�85,/>�*"8R79* F-8R638:>'69+-4�0l,/.:.:,<�r85>-ISP�FG�G�
P�4"* 698:,1>U�

4.1 Overheads= �32	��������<�76������! � TU,L*",/>GP�85?G4 7¡69+-4B4J¯�4"* 63,M0�?G4".5;"V',��]4 7��
+-4";/?GP��B4(>G,1694S69+-;M6�69+-4(?�4"*",j?�85>GI�*"8R79*"FG8:6%Ã=8:I/FG794'¢�¿´;/À�8:PH4 �j�
6�794"CE4".RVºP�8:CED-.:4/WL;�698:>�V¨,��]4J79+-4<;1?Ë*",1CEDY;M794"?º69,69+G4#*";1*�+-4
;M7�7�;"V]W=;1>-?�69+G4E?�4".5;"V�;1P�P�,�*"85;M694"?��r8:69+�8R6(8:P(CE8:>G85C�;M.���)�8:>-* 4
794<;1?G8:>-I#8:PE;�6O��,#PQ6�;MI/4�D�79,j* 4"P�PE;1P¬P�+-,<�r>¦8:>ÐÃ=8:I1FG794�Z�W���4
;1P�P�FGCE4�69+Y;M6�;,�3¤r*<;1*�+-4�794";/?¬�B,/FG.5?¬6�;1�]4H\L* V�*".:4"P�8:>-PQ694<;1?�,10
,/>G4/W14"�/4">�69+-,1F-I/+��B4B*",1F-.5?(+Y;<�]4�+-4<;1?�79,�,1C¸69,H*"F-PQ69,1CE85� 4�69+-4
4">�698R794�794";/?�85>�69,�,/>G4(* V�*".:4�0d,17L;�.:,<��4 7%0�794<��F-4">G* V�DG79,�*"4 P�P�,17<�
T�+-4%\S* V�*".:4H.5;�694">-* V¬*<;1>E��4r4<;1P�8:.RVED-8:D�4".:8:>-4<?���V�?�8:��85?�85>GIS69+-4
*<;M*J+G4�;1*"*"4 P�P�8:>�69,S;/?G?�794 P�P�?�4"*",j?G8:>GI�;M>Y?a?G;M6�;H6�7�;M>-PQ0l4J7�PQ6�;1I/41�

Y7

Y6

Y4

Y3

C2

Y5

Y2

Y1

Y0

C1

C0

Vdd

SRAM Cell

SRAM Cell

VDD VDD

Bitline Precharge

b b

wl

wl

Precharge Control Transistor

Precharge Enable
from Coolcount
decoder circuit

¿´;]À�½S4 *",j?G4 7%;M>Y?��¡794"*�+Y;�79I/4a@B,1>�6�79,/.=@B8R79*"F-8R6

Priority Encoder

01234567

¿���À�23>-*",j?�4 7
�8�9�$
����� ��=?�<5 (�%������ + �%5 (�%���� ��(��$�-5 � �	�75 
%�9.4!

1

1.2

1.4

1.6

1.8

2

2.2

2.4

Crafty Gcc Gzip Mcf Parser Twolf Vortex VPR Avg

Normal Cache CoolPression Cache

���	��
����� � * ����'A(��7B1���%5 ���@B��%��5 . �-��� *'�

T�+G85P�?�85P9;1?G�1;1>�6�;MI/4L8:P�;1.:P�,¬,1CE>-8:DG794 P�4">�6�8:>|,169+G4 7�*<;1*�+-4L* ,/C��
D�794"P�P�8:,/>�P�*�+G4"CE4"P�° ¢�W�¼M³´�BT�+-8:PH8:P%;M>A8:>Y?�8:P�D�4 >-P9;1�G.:4(,��]4 79+G4<;/?
8:>�;1>�V'*";1*�+-4�* ,/CEDG794 P�P�85,1>�P�8:>G*"4�4 �j6�7�;H698:CE4�8:P�;1.R��;"VGP�>G4"4<?�4<?
0d,17E;1P�*"4J7�6�;18:>-8:>GI#�r+-4J69+-4 7a69+G4�?-;�6�;A��4J794�*",/CED�794"P�P�4<?�DG798:,M7
69,���4"8:>-I�PQ69,1794<?��¸Ã=8:I/FG794�È�PQ69FY?�854 PE69+-4A4 ¯�4"*J6|8R0(;Á\��§* V�*".:4
DG85D�4 .58:>G4<?ºN�>GPQ6�79F-* 698:,/>¨;1>-?º½�;M6�;Á@�;1*�+G4#8:P�69,���4�?G4"P�8:I/>G4<?
;MI];18:>GPQ6';�P�85>GI/.:4¬* V�*".:4¬FG>-*",1CEDG794"P�P�4"?�*<;1*�+G4/�(N§6S8:PS,/�GP�4 79�]4<?
69+-;M6H69+-4';<�/4 7�;1I14aN��B@�*";1>���4'?G4"IM7�;/?�4<?A��V�²j� ¼]£ 0l,M7�;EZ]¢1£
P9;<�j8:>-I/P38:>�4 >-4 79IMVa*",/>GP�F-CED�6985,1>a,10Y69+-4�*<;M*J+G4/�3T�+-4�DG79,�*"4"P�P�,M7
;�79*J+G8R694"* 69Pa+-;<�]4�69,���4"8:I1+Á69+G4�6�7�;/?G4J�O,M¯¦�r+G4">�C�;1�j8:>-I�P�FG*J+
;|?G4 P�85I1>�?�4"*"8:P�8:,/>��'T�+-4¬?G4".5;"V�;1P�P�,�*"85;M694<?#�r8R69+�69+G4¬�¡7985,M798R6�V
23>-*",j?�4 7<W�8:P�8:>¦69+-4�,17�?G4J7�,10�È#I];M694�?�4".5;<V�P"�>�L4 �]4 7�69+G4".:4"P�P"W
P�8:>-* 4�69+G4E?G4 .�;"V#8:P(,/>G.RV�;MP�P�,�*"85;M694<?��r8R69+�;|��798R694�;1>-?�>G,16';
794<;1?�W�8:6%�r8:.:.¡��4(+-85?-?�4">�8:>�D�7�;1* 698:*"4'85>A69+-4(85>�694 79�1;M.=��4 6O��4 4">
;a��798R694(;1>-?|69+-4S>-4J��6�794<;/?�,10=69+-4SP9;1CE4S*<;M*J+G4�.:85>G4/�
* (�� �������$���76������! � T�+-4LC�;�«Q,M798R6�V�,10q69+-4S?�4".5;"V�;1>-?|4">��

4 79IMV¬*",1>-P�FGCEDG698:,/>¬;1P�P�,�*"85;M694<?��r8R69+¬69+-4r@B,�,/.�@B,/F->�6B* 8:79* F-8R6�8:P
*<;MF-P�4<?���V¬69+-4%�3798:,1798R6OV�23>G*",j?G4 7S¿´��2�ÀJ��T�+-4L��2?�4"P�8:I/>|F-P�4<?
0d,17S69+-8:PLPQ69FY?jVA8:P�;1>�4">-4J79I1V�4 �E*"8:4">�6S+-8:I1+#P�D�4"4<?���2�?�4"P�8:I/>
6�;M�]4">Á0d79,1C ° ��³§�¦T�+-4|794"D�,M7�694<?D�,<��4 7E>jFGC¬��4 79P'+Y;<�]4|��4"4">
P�*<;M.:4<?A?�,<�r>�69,a69+-4L*"F�7�794">�6�DG79,�*"4"P�P�694"*�+G>-,/.:,1I1V�D-;M7�;1CE4J694 79P
FGP�85>GI¬PQ6�;1>-?-;M7�?�694"*�+->G,/.:,/IMV�P�*<;1.:8:>-I¬79F-.:4"PS° ÈM³´�BT�+G4S*<;1*�+-4S4">��
4 79IMV¦*",/>GP�F-CEDG698:,1>¦>�FGC¬��4J79Pa��4 794�794"D�,17�694<?¦F-P�8:>GI�Ô�;M6�69*�+U�
XH.5.r>jFGC¬��4 79P¬* 8:694"?º;�794A0d,17�[j�:¤

µ
Cµ694"*�+->G,/.:,/I1V]�ËT�+-4�@B,j,1.R�



�8�9��
��������� (�� B�� + ������  ��� � ����� { ��� =	� � ��576�

�8�9��
 �:��
 ��� (��7B� + � �<���  ��� � ����� { ��� ��� � ��576 �

�¡794"P�P�8:,/>Ë*"8R79*"FG8:6|,/>G.:VÐ* ,/>-P�FGCE4"P�[��:¤�£µ,M0�69+G4�ÈM±/·(�®*";1*�+-4
D�,<��4J7L;1P�794"D�,17�694"?���V�Ô�;�6�69*J+��

5. EXPERIMENTAL RESULTSÔ�438:>�694"I17�;�694<?S69+G4�@B,�,/.5�3794 P9P�85,/>(694"*�+G>-85��F-4¡8:>�69,%)j85CEDG.:4�)�*";1.5;M7
69,��jF-;1>�698R0dVÁ69+-4A4">G4 79I1V¦P9;<��8:>GI/P"�¸T�+G4�D�79,�*"4"P�P�,17�CE,j?�4".r8:P
P�8:CE8:.�;�7'69,�;M>ÁX%.:D-+-;�\�¤�\1ÈM±G��ÔÁ;�6�69*�+Á;1>-?Á@�;M* 698���4J794�F-P�4<?
69,�CE,�?�4".�69,16�;M.H*<;M*�+-4A4">G4 79I1V¦?G8:P�P�8:DY;�698:,/>¨8:>Ð4<;M*�+¨;MD-D-.:8:*<;��
698:,/>�;1>-?�69+G4�4">G4 79I1V�*",1>-P�F-CE4"?�8:>A4<;M*J+A*<;M*J+G4';�7�7�;"V���X�6O��,
.:4"�]4 .�*";1*�+-4B��;1P¡F-P�4<?';1>Y?(,/F�7¡694"*�+G>-85��F-4���;MP�;1DGD-.:8:4<?(69,%��,169+
.:4"�]4 .5P"�|Ô�4�P�8:C¬F-.5;�694<?�)G��2B@�85>�6J\M[/[/[jW�4";1*�+�0l,M7|¤E�-8:.:.:8:,/>Á8:>G�
PQ6�79F-*J6985,1>-P"�

Ã=8:I1FG794a²aP�+G,<�rPr69+-4S4">-4J79I1V�*",1>-P�F-CED�698:,/>�8:>�;�¤<ÈM·�?�8R794"* 6
C�;1DGD�4<?#��¤%?G;M6�;�*";1*�+-4HFGP�8:>-I�69+G4%@B,�,/.�@B,/F->�6<Wj½(¾U@;1>-?�+�Vj�
�G7985?�@B,j,1.5�3794"P�P�85,/>UW=6�;1�j8:>-IA;|��,M7�?�P�8:�"4E,10rÈ1±A�G8R69P"�|X%.:.369+-4
794"P�FG.:69P%;M794(>-,M79C�;1.:8:�"4<?�69,¬69+-4��Y;MP�4".:85>G4'*<;M*J+G4(��8:69+�>G,E* ,/C��
DG794 P�P�85,1>U�¡Ô�4%,1�-P�4 79�/4H69+Y;�6�69+-4H½(¾�@Ð;M>Y?|@B,�,1.d@B,/FG>�6r;M794%,/>
DY;�7B�r8:69+G8:>�Z]£ÊP9;<��8:>GI/P"WG;1>-?E69+G4 794%8:P�>G,',/�j�j8:,/FGPB6�794 >Y?�;MPB69,
�r+-8:*�+�,/>-4E8:Pa��4 6�694J7<��)�8:>-* 4E69+G4|@B,�,/.5�3794 P9P�85,/>*<;M>?jV�>Y;1C��
8:*<;1.:.RV�*�+G,j,1P�4¬69+-4a��4 6�694 7�P�*�+-4"CE41W�69+-4 794 0d,1794/Wq;1P�4 ��D�4"* 694"?�WU;
.:,<��4 7�4">G4 79I1Vº8:P�?G8:P�P�8:DY;�694<?��ÊT�+-4�@B,�,/.5�¡794"P9P�8:,]>���4<;M69P�69+-4
½(¾�@¦0�79,/C Z(69,�¤�¢/£���N�>�,��]4 7�;M.5.�W�69+G4S@B,�,/.5�¡794"P9P�85,/>�D�79,���85?�4"P
;1>�4">G4 79I1V�P9;<��8:>GI/P%,10�Z/È/£®69,�69+-4(�-;1P�4".:8:>-4'*<;1*�+G4'*<;1P�41�LÃ=8:I1�
FG794H¼(8:.:.:F-PQ6�7�;�694"P�;�P�85CE8:.5;M7�;1>Y;M.:V�P�8:PB,/>|;�¤<ÈM· ��¤HNO>-PQ6�79FG* 698:,/>
*<;M*J+G4��r+G85*�+¦P�+-,<�rP¬69+Y;M6¬69+G4A@B,�,/.5�¡794"P9P�85,/>ÐI/4">G4 7�;M694"P�*",/>��
P�85?G4 7�;M�-.:4#P9;<�j85>GI/P�4"�]4 >¨69+G,/FGI/+¨8:6�8:P�>-,M6A;MP�P�8:I/>-8R�-*<;1>�6A;MP
69+-4H?G;M6�;�*<;M*J+G4/��ÅL>G4�794<;1P�,/>E0l,M7�.:,��B4 7�4">-4J79I1V�P9;<�j85>GI/PB8:>�69+-4
N�*";1*�+-4B8:P=69+-;M6=69+G4�?G;M6�;H8:>(69+-4�N�*<;M*J+G4B*",/>GP�8:PQ69P3,M0Y8:>-PQ6�79FG* 698:,/>-P
�r+-,1P�4a4">G*",j?G8:>-I1P%��,1F-.5?�+Y;<�]4';E+-8:I/+G4 7L4">�6�79,/D�V�8:>�694 79CEPH,10
69+-4(?�85PQ6�798:�GFG698:,/>A,10�[�Â PL;1>Y?�¤1Â P"WY�r+G8:.54'?-;M6�;jWYCE,/PQ69.RV�W-P�+G,<�É;
.5;M79I14¬>jF-Ca��4 7%,M0�P�C�;1.:.=D�,/P�8R698:�]4¬;1>-?�>-4 I];M698:�]4'>jF-C¬�Y4 79P"WY8´� 4/�
C�;1>�V�*",1>-P�4"*"F�698:�]4�[�Â Pa;1>-?¦¤/Â P"W=0l,17a8:>�694"I14 7aD�79,/IM7�;1CEP"��ÅLFG7
694"*�+->G85�jFG4|?�8�?�>G,16¬P�+G,<�®;1>�V�P�F-�GPQ6�;1>�6985;1.�8:CEDG79,��/4"CE4">�6�0l,M7
69+-4EFG>-8R�Y4"? �q\�*<;1*�+G4�P�85>G*"4E69+-4 794�;M794��/4 7�V#0l4 � ;M*"*"4"P�P�4 Pa69,
69+-4 �q\�*<;M*J+G4�8:>º69+G4A��4">-*�+GC�;M79���B4�PQ69FY?G8:4"?�Wr;1>-?¦69+-4 �q\
4">G4 79I1VÁ*",/>GP�F-CED�6985,1>8:P�.�;�79I/4".RVÐ?�,/CE8:>Y;�694<?Á��V�69+G4�.:4<;1�1;MI/4
4">G4 79I1V�?�F-4L69,¬8R69PHP�8:�"41�

NO>�Ã=8:I/F�794 ��W-�B4(D-.:,16H69+G4�4">-4J79I1V�*",1>-P�FGCEDG698:,/>�0d,17SZ/\¬·(�
;1>-?ÐÈ1±1·(� ��¤�½S*<;1*�+G4�;M>Y?¦NO*<;1*�+-41W�P�+-,<�r8:>-IÁ@B,�,/.5�¡794"P9P�85,/>
794<?�F-*"4 P'*<;1*�+G4�4">-4J79I1V���V�;1P'C¬FG*J+�;MP�¢M[]£|��NO6'8:P',/�-P�4J79�]4<?
69+Y;�6L69+G4¬@B,�,/.5�3794 P9P�85,/>�*<;M*J+G4aI/8:�]4"PLP�F-�GPQ6�;1>�6985;1.=4">-4 79IMV�P9;<���
8:>-I1P�0l,17E69+G4�.5;�79I/4 7�*<;1*�+-4 P"�ºNO>Ð;/?G?G8R698:,/>UW��r+Y;�6E�B4�?�,�>-,M6
P�+-,<�É?GFG4�69,EP�DY;M*"4'*",/>�6�7�;M85>�6%85PH69+-;M6H69+-4a@B,�,1.��¡794"P�P�85,/>�;1.:P�,
*",1>-P�8:PQ694">�69.RV�DG79,��j85?G4"P�CE,1794¬P9;<��8:>GI�69+-;1>�69+G4�½(¾�@É;1>Y?�69+-4
@B,�,/.�@B,/F->�6��r+G4">¨;MD-DG.58:4<?Ð;1.:,/>G4/��T�+-4�6�794 >Y?¦8:PEP�85CE8:.5;M7E69,
�r+Y;�6r��;MPHP�+-,<�r>A8:>AÃ=85I1FG794'²¬;1>-?�Ã=8:I/F�794'¼j�

�8�9��
 �:��� ��� (��7B� + � �<���  �-� � ;�/�� � � ��� ��� � �3=��
� ��576�

6. CONCLUSIONN�>L69+-8:PUD-;1D�4 7���4�D�794"P�4">�6H� e<e/m �B`9nJh9h�b�e1c W1;�+�V���798�?%+Y;M7�?j��;�794 �
�-;1P�4<?A?G;M6�;¬*",1CEDG794"P�P�8:,1>ACE4"*�+Y;1>G8:P�C 69,¬794"?GF-* 4�4">G4 79I1V�*",1>G�
P�FGCEDG698:,/>L85>�*";1*�+-4"PU��VL4".:8:CE8:>Y;�6985>GIrFG>->G4"*"4"P�P9;�7�VS�-8R69.:8:>-4�PQ�r8R69*�+G�
8:>-I1P"�¸@B,j,1.5�3794"P�P�85,/>Ë*",1>-P�8:PQ69P|,M0(;�?jVG>-;1CE8:*�� 4 79,�*",1CEDG794"PQ�
P�8:,/>#694"*�+G>-85��F-4(�r8:69+�;|>-,��]4 .�@B,�,/.�@B,/F->�6(P�*�+-4"CE4(69,�4 ��D-.:,/8R6
��,169+���Vj694�;1>-?��-8R6��§.:4"�]4 .(*",1CEDG794"P�P�8:�G8:.58R6OV�� T�+-4Á@B,j,1.5�3794"PQ�
P�8:,/>Ë8:P|PQVGPQ694 C¹6�7�;1>GP�DY;M794 >�6�8:>¨69+G4�P�4 >-P�4�69+Y;�6|69+-4A794"PQ6�,M0
69+G4�PQVGPQ694 C©?G,�4 P%>G,16H*J+-;1>GI/4�69+-4 8R7%8:>�694 7�0�;M*"4(�r8R69+A69+G4'@B,j,1.R�
�¡794"P�P�8:,/>É*<;M*J+G4/�¥T�+G4@B,�,/.�@B,/F->�6#*"8R79*"F-8R6�7�V�F-P�4"?
;ÐP�C�;M.5.
;MCE,/F->�6q,M0-+Y;�7�?���;M794�69,H4">-*",j?�4�?G;M6�;rPQ69,1794"?'8:>(69+-4�*<;1*�+-41W ;M>Y?
P�FG*"*"4"4"?G4<?¦8:>794<?GFG*"8:>-I#69+G4�4 >-4 79IMV¦* ,/>-P�FGCEDG698:,/>��V;#P�85IM�
>G8:�-*<;1>�6�;MCE,/FG>j6<�¸�B;1P�4<?¨,1>¨,/FG7|P�8:C¬FG.5;M698:,/>º794"P�FG.R69P�FGP�8:>-I
)���2�@B8:>�6J\1[/[1[�WY69+-4(@B,�,/.5�¡794"P9P�8:,]>�8:CEDG79,��]4"Pr?jV�>Y;1CE8:*L4">G4 79I1V
*",1>-P�FGCEDG698:,/>���VAC�,M794(69+Y;1>#Z/¢/£ ;MI];M85>GPQ6';��-;1P�4".:8:>-4¬*<;M*�+-4/W
�r+G85.:4a+-;<��8:>GI|;EP9;<�j8:>-IE7�;1>GI/4<?�0d79,/C ¢¬69,�¤�¢1£Ó*",1CEDY;M794"?�69,
69+G4(?jV�>Y;1CE8:*L�"4J79,E*",1CEDG794"P�P�8:,1>A,17L@B,�,/.�@B,/F->�6L;1DGD-.:8:4<?�8:>Y?�8R�
�j85?GF-;1.:.RV��

T�+-4'>G,M�/4".q4">G*",j?G8:>GI�P�*�+-4"CE4'?�8:P�*"F-P�P�4"?�85>A69+G4(DY;1D�4J7LC�;"V
��4�4 �j694">Y?�4<?Ð69,P9;<�/4#4">-4J79I1VË;�6A;1.:.SD-.5;1*"4 P��r+-4 794 �]4 7A?G;M6�;
8:P(��4 85>GI�6�7�;1>GPQ0l4 7�794"?��|)j,/CE4¬8:CED�,17�6�;M>�6�.:,j*";M698:,/>GP(69+Y;M6�C�;"V
��4E*",1>-P�85?G4J794<?Á;�794E69+-4EDG8:D�4 .58:>G4�.5;M69*�+-4 P"��Ô�4EC�;<V#* ,/>-P�85?�4 7
FGP�85>GI�69+-8:P�694"*�+->G85�jFG4A0l,M7A?-;�6�;�6�7�;1>-PQ0d4 7�0d79,1C �=\�*";1*�+-4�69,
CE4"CE,M7�VA;M>Y?ACE4"CE,17�V|69,�69+G4a?G8:P����S2¡¯�4"* 69PL,M0�794<?GFG*"8:>-IE69+-4
�GF-P�6�7�;M>-PQ0d4 7=D�,<��4 7=;M6q*"4 7�6�;18:>(D-.5;M*"4"PU�r+-4 7943�B4��B,/F-.5?�4">G*",j?G4
69+G4'?G;M6�;�F-P�8:>GIE69+G8:P%P�*�+G4"CE4(;1>Y?�6�7�;1>GPQ0l4 7L,1>-.RV�69+-4S794<��F-8R794<?
?G;M6�;¬I/;M698:>-I�,1¯�69+G4S,169+-4J7H�-8R69PrC�;"V|;1.:P�,E��4�* ,/>-P�85?�4 794<?��

7. ACKNOWLEDGEMENTST�+-8:PU794 P�4<;M79*�+���;MPqP�F-DGD�,17�694<?L��V �S)GÃ�K%7�;M>�69P=@�@�Ãq�O[/Z]\MÈ/Z �/È
;M>Y?�@���)j�O[1Z]\/¢1¢1Z/Èj��Ô�4S��,1F-.5?�;M.:P�,�.:8:�]4S69,�69+-;1>G���/,1P�+�ÃG7�Vj�
C�;M>�0d,17H+-8:Pr�1;1.:FY;M�-.:4�P�F-I1I/4"PQ698:,/>GP"�

8. REFERENCES� ������� �"!$#&%(')%(#+*-,/.102�43�56#&587+9 '):-�4;=<?>A@(,/9 BC%/<�DE'F5$G"<?.(%(>?<IH�5?7E<?#"9 ,
J *-DK'�L�9 .(<M01<?!$5-#&9 <?DA�/NO,�PRQFS-T-U�S)VXWZY [X\&]^W?_ `ba/c6dXefUES-]hg^S-i
P�S-i"[AQkjE`l[AT?WlQAS-]/mKTAnAof��p-p-qC�

� r8��GI�^sE*6,(*6tZo �u� vw56,(:?*6t <?:-o(*6,(.1xy� z+� {y!$9 ')@ �(|�<?#K}~t 5?7��4587E<?#
�/9 �4<?t 9 ,(<�DR%/D&9 ,(�$D&9 �6,(9 �4>?*6,(>?<w>?56!$�(#&<?D)D&9 5-,^�(NO,��1\?�R�I���K�C�6o r��6�-�y�

� �8���M� ��x(�^sE@(*6,(�yo s�� �����4��*-,/�Co4*6,(. J � �f*-9l� ��H�5?7R<?#K����7E*6#&<M{yL��wG
sR<?t t^�l5-#"G"<?.(%(>?9 ,(�$sE*6>A@(<IL�#&9 ')<uH�587E<?#A�4NO,2\&a^gfPEj"�I�&���6o^r-�-���C�

� q����k� vw@(56D&<M*-,/.102�4���4�u*-!X�(t <-�/G+<?./%(>?9 ,(�X� 5?7R<?#+9 ,1D&%(� <?#&D&>?*6t *-#
�/#&5C>?<?D&D&56#+>?*6>F@/<?DR%/D&9 ,(�$D&%(�/�(*6,(�C9 ,(�yo/!M%/t 'F9 �/t <wt 9 ,/<I�(%(�^<?#&D+*6,(.
�/9 '&��t 9 ,(<ID&<?�6!$<?,�')*-')9 56, �(NO,2\&a^gfPEj"�I�&�C�-o=��p-p6pC�

� �8���u�^{4�4�I9 !~o/;w�^02�4�"%/DK')9 , o4*6,(. ;w� �u� 01%(./�-<-�/�f587R��z�,(<?#&�-}~�w*-')*
sR*->A@/<I¡�D&9 ,/��{y9 �6,1sE56!$�(#)<?D&D&9 5-,1*-,/.1sR*->A@(<u�=9 ,/<I�E9 D&<?>�'F9 56, �4N�,
¢ ]f£�¤�S-Q�¥�nFY4S?ehS-]h�1PE\&o^r-�-��r��

� ¦8���u�^01*�')D)%(:?*?7R*C�4G J ��{y5�s§��zb¨(�4<?>�')*-')9 5-,(DR*6,(.1G"<?BC%(9 #&<?.
sR5-,/.(9 ')9 56,(DA�4NO,�\)jEjEjª©(QA«-]4n8UES-]h��mOTAQAS-i+«-¬C[�©fY [AS-Q�c�«-]^£
©f[ATAYy]4mOA®f[AnAo4r��6�6rC�

� ¯8�~s�� �����^{(% *6,(.1�I�^02�4�w<?D&�(*69 , �4sR*->A@/<u.(<?D&9 �-, ')#&*6.(<���5-�^D+�l56#+� 5?7R<?#
*6,(.1�4<?#&�l5-#)!$*-,/>�<w56�y')9 !$9 :?*�'F9 56, °b*$>?*6D&<uDK'F%(.y}4�4NO,2PEQAS-T�U�S)VkW±Y [
\)] W8_ `ba4c-dXefUES-]hgfS-i²P"S-i"[AQ��M[�nFm±³6]/o=��p-p6�C�

� ´8���b�/|w9 t t *yo 02� µ @(*6,(�yo4*-,/. �X� �"D)*-,/5?¶y9 >-�/��}y,/*-!$9 >I:?<?#&5
>?56!$�(#)<?D&D&9 5-,~�l5-#">?*6>A@(<I<?,(<?#&�-}�#&<?./%(>�')9 56, �(NO,��1\8�E�I�w�K�C�6o4r-�-�6�y�

� p8��x(� ��{ �/L�*-,/�$*6,(.1s�� ��3u� 3�%(*6,(�y�/3�9 �6@y��D)�4<?<?. *-,/. t 5?7+��� 5?7E<?#�>?!$5-D
�/#&9 5-#)9 'O}~<?,(>?5C./<?#&DA�=·6a�����o �-�(¸O�8�6¹Ao r-�-�6�y�


