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: stage-1 to stage-2 communication

: stage-2

: idle

. . .
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. . .

. . .

. . .

            (a) Original pipeline structure

                 (d) Replication by six; processors idle

. . .

                        (b) Replication by two

    (c) Replication by four; achieves
         the maximum benefit of replication                             due to excessive replication
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DATA INPUT IN ONE CPI                                          BEAM FORMING /                                                   WEIGHT COMPUTATION /

ANTENNA
ELEMENT

RANGE
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  REMAPPING REMAPPING

         DOPPLER PROCESSING                                                 WEIGHT APPLICATION

     (Corner Turn)     (Scatter)
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       (a) Without Replication (r=1)

    (b) Replication of stage-2  by a factor of 2 (r=2)

Data Remapping

BF + DP (FFT)

WC (QRD) + WA

output1         output2        output3        output4         output5        output6   . . .

  output1      output2     output3     output4     output5     output6  . . .

. . .

. . .
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No Replication

With Replication

12-12-12      12-12-24       12-12-48       12-12-96 12-24-192

T
pe

rio
d 

(m
se

c)

Number of Outputs
          per Second

Processor
Assignment

No
replication

With
Replication

12+12+12 1.44 1.44

12+12+24 2.82 2.86

12+12+48 5.34 5.62

12+12+96 8.48 11.20

12+24+192 13.48 22.35

12-12-12       12-12-(12*2) 12-12-(12*4) 12-12-(12*8)  12-(12*2)-(12*16)

Processor Assignment: Antenna Elements + FFT + QRD

692.3  692.3

355.1   349.1

 187.2  178

117.9   88.26

   74.2  44.75

�
9<FM=�@A4 ���	2
R�L�4�@A9aYZ4�8�2�?SJ
@A4!>�=:J<25>\K:8�%�)-0

>59<�!4e9U>ZG�4!6!9<G�4!G B�X]6!KM8:>59<G�4�@A9a8:F_2�7:9<>^@A4�?SJ�>59<2�=�?S259<KM8v?�8:G�NPK:@f4��}6!9<4�8�2O=:>T4}KSN\2�7:4e?�IS?S9<Ja?�B:J<4iL�@AKM6!4!>T>5KM@A>�[
%:9a8:6!4i.�0e?�8�254�8�8�?^4!J<4�YZ4�8�25>�?�@�4
?S>5>�=�YZ4!G��Vb�4Z?S>5>59<FM8�.�0}L�@�KM6!4!>5>TKM@A>W25K}>T2�?SF�4�� %�[\&(Ke>59aY
=:Ja?S2T4
2�7:4�GV?S2�?
9a8�L�=:2fN�@AKMY 4�?S6!7`?�8�254�8�8�?e4!J<4�YZ4�8�2��(bC4Z?S>5>�=�YO4
2�7�?S2�2�7:4^GV?S2�?£9<>�?S6!6�=�YZ=:JE?�254!G_9a8]2�7:4^YZ4�YZK:@AX�KSNC2�7:4
.�0vL�@AK:6!4!>5>5KM@A>�[ ��4`?S>5>T9UF:8�.�0�L�@AK:6!4!>5>5K:@A>}2TK�>52�?SF�4���. NPKM@ ��� ?�8:G$��)|[�&\7:4_@A4!>52eKSN�2�7:4_L�@AK:6!4!>5>5KM@A>
?�@A4i?�>5>59<FM8:4!G�25K]>52�?�F�4���0�[�&o7:4`8:=�Y
BD4�@A>^KSNfL�@AKM6!4!>T>5KM@A>}?�>5>59<FM8:4!G�25K_>T2�?SF�4���0]?�@A4].�0���0�'V��' ���-?�8:G 
 ��[
�]KSIM9a8:F^>5K:YZ4�KSN
2�7:4ZL�@AKM6!4!>T>5KM@A>�N�@AKMY >52�?SF�4���.�25K^>52�?�F�4���0Z9aY^L�@AKSI�4!>\2�7:4�6!KMY^L�=:2�?S259<KM8�2T9EYO4fN�KM@�>52�?�F�4���0
Y^?�@�F�9a8�?SJ<JUX�[ZsoKcb�4!I�4�@ �V9<2f9a8:6�@A4�?S>54!>H2�7:4Z6!KMY^YZ=�8:9<6�?S259<KM8]2T9EYO4OBD4!2AbC4!4�8n>52�?SF�4���.Z?�8:G]>52�?SF�4���0]$�?�8:G_?SJ<>5K
2�7:4Z259aYZ4}BD4!2AbC4!4�8r>52�?SF�4�� %e?�8:G_>T2�?SF�4���.�+ [�&\7:9<>�6�?�8:6!4!J<>HKM=:2f2�7:4Z9aY^L�@AKSI�4�YZ4�8�25>f9a8_6!K:Y^L�=:2�?S259<KM8n259aYZ4�[
'«>59aY^L:J<4
GV?�2�?Z@A4�Y^?�L�L:9a8:F�?SJ<F�KM@A9<2�7�Y 9<>�=:>T4!G`B�4!2Ab�4!4�8e>52�?�F�4�� %Z?�8:Gi>52�?SF�4���.�[
��2o9E8�I�K�J<I�4!>Z$A.�0 ��.�" .�.�+
6!KMY^YZ=�8:9<6�?S259<KM8�>5254�L:>�[�' GV?�2�?n>56�?S25254�@H9<>}LD4�@�NPK:@5YZ4!G�B�4!2Ab�4!4�8v>52�?�F�4���.�?�8:G�>52�?SF�4���0�[ 0�4�L:J<9<6�?S259<KM8�9<>
?SJ<>5K}=:>T4!G�[��VKM@ 
,��L�@�KM6!4!>5>TKM@A>�?S>T>59<FM8:4!G�25KZ>52�?SF�4���0��:2�7:4!X}?�@A4�L�?�@A259<259<KM8:4!G�9a8�2TK^FM@AKM=�L:>�KSN�.�0ZL�@AKM6!4!>T>5KM@A>�[
&\7:4�@A4�N�KM@A4��D>52�?SF�4���0H9<>f@A4�L:J<9U6�?�254!G 
 � ��.�0Z2T9EYO4!>�[

�
9<FM=�@�4 �Z>�7:KSb\>\2�7:4f9aY^L:J<4�YZ4�8�2�?S2T9UK:8`@�4!>�=:J<25>\N�KM@������ %�)�0�[ � >59a8:F}�l¦k�t§A¨E©AªS��2�7:4�8M=�YZB�4�@oKSN
KM=:2�L�=:25>
L�4�@e>T4!6!KM8:G�9<>�6�?SJ<6�=:Ja?S254!G�[ %:2�?SF�4���0_7�?S>e2�7:4`7:9<FM7:4!>52�6!K:Y^L�=:2�?S259<KM8�?�J�@A4!;�=:9E@�4�YZ4�8�2�[�&\7:=:>���� ¦k��§A¨a©Aª 9<>
G�4!254�@5YO9E8:4!G�B�X`2�7:4
6!K:Y^L�=:2�?S259<KM8�?�8:G_2�7:4Z6!KMY^YZ=�8:9<6�?S259<KM8�259aYZ4^2�?��S4�8]B�X]>52�?SF�4���0�[H�l¦k��§A¨a©Aª�G�4!6�@�4�?S>54!>
J<9a8:4�?�@AJ<X}=�LH25K ��0Z$A.�03�Z.�03� ' ��+�L�@�KM6!4!>5>TKM@A>�[
&\7:4�@A4�N�KM@A4��SK:=�@
YZ4!2�7:K:G�K�J<K�F�X�9<>
I�4�@�X�4���4!6!259<I�4�9a8Z2�7:9<>-@5?�8:F�4�[
soKcb�4!I�4�@ �Mbo9U2�7:KM=:2\@A4�L:J<9U6�?�259<KM8{�V�l¦k�t§A¨E©AªWG�4!6�@A4�?�>54!>\KM8:J<XiB�X  
����:b�7:4�8].�0(%�$A.�03�Z.�0 ��
 ��+�L�@AK:6!4!>5>5KM@A>\?�@�4
=:>54!G�6!K:Y^L�?�@A4!G�b\9<2�7�bW7:4�8 ��0�$A.�03�Z.�0 � ' ��+eL�@AKM6!4!>T>5KM@A>i?�@�4r=:>T4!G�[ ��9<2�7�@A4�L:J<9<6�?S259<KM8{��9U2�G�4!6�@�4�?S>54!>
J<9a8:4�?�@AJ<X]b\9<2�7�
 � [\��8 6�?S>54�K�N�.�0(%^L�@AK:6!4!>5>5K:@A>��V@A4�L:J<9<6�?S259<KM8�@A4!>�=:J<25>W9E8 %�0�� 9aY^L�@AKSI�4�YZ4�8�2\9a8n�V¦!��§A¨a©�ª�KSI�4�@
8:Ki@A4�L:J<9<6�?S259<KM8{[e&�K£Nt=�@�2�7:4�@W9aY^L�@AKSI�4^�l¦k�t§�¨a©AªZ=:>59a8:Fi?SG�G�9<259<KM8�?SJ�L�@AKM6!4!>T>5KM@A>��{b�4^?S>5>T9UF:8`YOKM@A4^L�@AK:6!4!>5>5KM@A>
25Kn>52�?SF�4���.]$�0�'M+H?�8:Gv25Ki>52�?SF�4���0�$�. 
�0�+![ '¤25K�2�?�J
KSN�0�0 �]L�@AK:6!4!>5>5KM@A>Hb�4�@A4�=:>T4!G�[`��8v2�7:9<>
6�?�>54��
>52�?�F�4���.
9<>�?�JU>TK @A4�L:J<9<6�?S254!G�[ ��9<2�7:KM=:2�@A4�L:J<9<6�?S259<KM8{�\�l¦k�t§A¨E©Aª G�4!6�@A4�?S>54!>iB�X�K:8:JUX$ 
�����b�7:4�8�0�0 ��$A.�03�f0�' �Z. 
�0�+

.�.



L�@AK:6!4!>5>5KM@�>�?�@�4`=:>54!G�6!KMY^L�?�@A4!G�b\9<2�7�2�7:4n6�?S>54nb�7:4�8«.�0(%�$A.�03�Z.�03��
 ��+^L�@AK:6!4!>5>5KM@A>�?�@A4]=:>54!G�[ ��9U2�7
@A4�L:J<9<6�?S259<KM8{�|�l¦k��§A¨a©AªZG�4!6�@A4�?S>T4!>�J<9a8:4�?�@AJ<X_b\9<2�7$
 � [ 0�4�L:J<9<6�?S259<KM8�@A4!>�=:JU2T>�9a8 �  �� 9aY^L�@�KcI�4�YZ4�8�2H9a8]�l¦k��§A¨a©Aª
KSI�4�@�8:K}@A4�L:J<9<6�?S259<KM8{[

� 
Êú�÷�ý	��ü �Cþ�ú�÷

�_4f7�?�I�4�L�@A4!>54�8�254!G�?ZYZ4!2�7:K:G�K�J<K�F�XZ25K�G�4!>T9UF:8�L�?�@5?SJ<J<4!J�?SJ<F�KM@A9<2�7�YZ>�N�KM@
2�7�@AKM=:FM7�L�=:2A��K:@A9<4�8�254!G�L�@AK:6!4!>5>59a8:F
KSN�%�&�'f)_K:8^s�)�u�L:Ja?S2AN�KM@5YZ>�[
&\7�@�KM=:FM7�L�=:2
9<>-KM8:4oKSN�2�7:4W�S4!X^@A4!;3=:9a@A4�YO4�8�25>�KSNQ%�&('f)�L�@AK:6!4!>5>59a8:FV�:b�7:4�@�4
2�7:4Z9a8�L�=:2fGV?S2�?e?�@5@A9<I�4!>f9a8]?e6!KM8�259a8M=:K:=:>\N�?S>�7:9<KM8{[���4O=:>T4!Gr?eYZK:G�4!J
KSNCsW)-u«L:JE?�2ANPK:@5YZ>f2�7�?S2o9E8:6!Ja=:G�4!>
2�7:4]6!K�>52eKSN�6!KMY£Y
=�8:9<6�?S2T9UK:8{[ &\7:4_?SJ<F�KM@A9<2�7�Y G�4!>59<FM8�YO4!2�7:KMG�K�JUK�F�X�4!R�L:J<K�9<25>�2�?S>��vJ<4!I�4!J�L�?�@5?SJ<J<4!JU9<>�Y [
��?S2�?�@�4�Y^?�L�L:9a8:Fi9<>^=:>54!G�BD4!2�b�4!4�8�>�=:6!6!4!>5>59<I�4e6!KMY^L�=:2�?S259<KM8]>52T4�L:>�[ �_4e@A4!FM?�@AG]2�7:4es�)�u L:Ja?S2AN�KM@5Y ?S>
4!R:4!6�=:259a8:F`9a8v?�L:9aL�4!J<9a8:4�G�N�?S>�7:9<KM8{[ �_4}?S>T>59<FM8:4!G ?eF:@AKM=�L]KSN\L�@AK:6!4!>5>5KM@A>H25K�4�?S6!7_L:9aL�4!J<9a8:4i>52�?SF�4�[}&o7:4
6!KMY^L�=:2�?S259<KM8�?SJ
@A4!;�=:9E@�4�YZ4�8�2T>fKSNC4�?S6!7n6!KMY^L�=:2�?�259<KM8n2�?S>���?�8:G]2�7:4Z259aYZ4HN�KM@o4�?S6k7n6!KMY£Y
=�8:9<6�?S2T9UK:8i2�?S>��
b�4�@A4o��@A>52-4!>T259aY^?S254!G�[ ��?S>T4!G}KM8£2�7:4!>54��:b�4�Y^?�L�L�4!G�6!KMY^L�=:2�?S259<KM8e?�8:G}6!K:Y^YZ=�8:9U6�?�259<KM8e2�?S>���>-K:8�25KH4�?S6!7
L:9aL�4!J<9a8:4i>52�?SF�4�[�&(KeNt=�@�2�7:4�@W9aY^L�@AKSI�4Z2�7:4}LD4�@�NPK:@5Y^?�8:6!4���@A4�L:J<9<6�?S259<KM8�254!6!7�8:9<;3=:4eb\?S>f4�Y^L:J<KSX�4!G�[
��8]2�7:9<>
254!6!7�8:9<;3=:4���2�7:4i?�Ic?S9<Ja?�B:J<4`L�@�KM6!4!>5>TKM@A>Z9a8�?i>T2�?SF�4^b�4�@A4�L�?�@A2T9U2T9UK:8:4!G�9E8�25K]>54!25>�[$2-?S6!7_>T4!2
K�N*L�@AK:6!4!>5>5KM@A>
b\?S>f?S>5>59<FM8:4!G_2TK�L�@AK:6!4!>5>�?�8n9a8�L�=:2�GV?�2�?^>T4!25>�[�2ÅR3LD4�@A9aYZ4�8�2�?SJ-@A4!>�=:J<25>fKM8n2�7:4^�
� � %�)-0e>�7:Kcb«2�7�?S2f2�7:4
@A4!>�=:J<259a8:F�L�?�@5?SJ<J<4!J�?�JUF�KM@A9<2�7�Y J<9E8:4�?�@AJ<X�G�4!6�@A4�?S>54!>Z2�7:4e259aYZ4�L�4�@A9<K:G�KSN\2�7:4�L:9aLD4!JU9a8:4_?S>Zb�4^9a8:6�@A4�?S>54�2�7:4
8:=�Y
BD4�@
KSN�L�@AK:6!4!>5>5KM@A>�[Ê~f=�@|6!K:G�4\9<>-bW@A9<25254�8^=:>59a8:FZu�?�8:G �_)-�T��?�8:G^9<>CLDKM@A2�?�B:J<4�?�6�@AK�>5>
s�)�u�L:Ja?S2AN�KM@5YO>�[

� �6ý���÷«ú�� � ��û�������÷�ø

&\7:4\9aY^L:J<4�YZ4�8�2�?S2T9UK:8:>C@A4�LDKM@A254!GZ9a8^2�7:9U>-L�?�L�4�@
b�4�@A4\LD4�@�NPK:@5YZ4!GZKM8Z2�7:4\�
� � %�)-0H?S2|2�7:4 �_?�=:9�s\9<FM7^)|4�@��
N�KM@5Y^?�8:6!4�u�KMY^L�=:259a8:F}u�4�8�254�@f$ �_sW)-u\u\+ [ 0�4!>54�?�@A6!7�?S2 �_sW)-u\u�9<>\>�LDKM8:>5KM@A4!Gn9a8iL�?�@A2\B�X}2�7:4�)-7:9<J<JU9aL:>
��?�BDKM@5?S2TKM@AX��l'�9a@��lKM@A6!4��_?S254�@A9a?SJ
u�KMY£Y^?�8:G�� � %:'��\�{=�8:G�4�@f6!K:KML�4�@T?S259<I�4}?SF:@A4!4�YZ4�8�2*8:=�YZB�4�@ �-0 
 �*%�.��

 %���0c� %(%(%�.�[

� ��� ��ù���÷«ý	�4�

,a.k1�)|[ �W[ �C7�?�2��
	Z[ � [��{9aY��
?�8:G��Z[�
Z[|)-@5?�>�?�8�8�?�� ���t>5>�=:4!>Z9a8�=:>T9E8:F]s\4!2T4�@AK�F�4�8:4!KM=:>Zs�)�u %:X:>5254�YZ>
N�KM@ 2�Y
BD4!G�G�4!G 0�4�?�J�&�9EYO4i%:9UF:8�?SJ�)-@�KM6!4!>5>T9E8:Fv'fL�L:JU9<6�?S2T9UK:8:> �V�\)-@�KM6�[|KSN�0�8:G���8�25J�[ �_K:@5��>�7:KML_K:8
0�4�?�J���&�9EYO4Ou�KMY^L�=:259a8:F�%:XM>52T4�YZ>�?�8:G�'fL�L:J<9U6�?�259<KM8:>���&(KM��X�KV���M?�L�?�8{�V~W6!2TKMB�4�@H. 
 
  D[

,�0c1 0f[|'Z[ �H?�YZ4!>�� ����4�8:6k7�Y^?�@5��9a8:F&�]4!2�7:K:G�K�J<K�F�XnNPK:@�0�4�?SJg��&�9aYZ4 2-YZBD4!G�G�4!G�%:6�?SJa?�B:J<4is\9<FM7v)|4�@�N�KM@��
Y^?�8:6!4
u�KMY£L�=:259a8:FV� � �_��& 0�2�&(4!6k7�8:9<6�?SJ	0�4�LDKM@A2 �r& 0�
 � � %(%(%*%(%�.&%����_?�@�6k7]. 
 
 ��[

,�%c1 0f[ '
[	��?�YZ4!>��
�l[¼'
[|&�K:@5@A4!>��
?�8:G 0�[�&f[ ��9UJ<J<9a?�YZ>�� � 0È& %�&('f)\� 0�4�?SJg��&�9aYZ4i%�L�?S6!4���&�9aYZ4�'WGV?�L:259<I�4
)�@AKM6!4!>T>59a8:F ��4�8:6!7�Y^?�@5���V� �_��& 0�2�u�K:@5L�KM@T?S259<KM8{���M=�8:4e. 
 
 �D[

, '�1 � [���@�KML�L{� 2o[���=:>��l��?�8:G_'Z[�%�� �A4!JUJa=�Y�� � � >59a8:F �_)-�T��)|KM@A2�?�B:J<4Z)
?�@5?SJ<J<4!J-)-@AK�FM@5?�Y^YO9E8:Feb\9<2�7]2�7:4
�]4!>5>�?�F�4�)
?S>5>59a8:F}��8�2T4�@�Nt?�6!4 �V� �_��&�)�@A4!>5>��{. 
 
�'V[

,� c1��V[{so4�8�8:4!>5>5Xi?�8:G �^[V)
?S25254�@�>5KM8{� ��u�KMY£L�=:254�@�'f@A6k7:9<254!6!2�=�@A4��-'��f=�?�8�259<2�?�259<I�4�'fL�L�@AKM?S6!7 �V� �]KM@�FM?�8

f?�=�N�Y^?�8n)-=�B:J<9<>�7:4�@A>��{%:4!6!KM8:G 2
G�9<259<KM8{�|. 
 
 ��[

,��c1�
Z[�sob\?�8:FV�
�
[��f={��?�8:G&��[{'*@5?���?�b\?�� ���-4�8:6!7�Y^?�@T� 2
IS?SJa=�?S259<KM8]K�N������ %�)-0£N�KM@f)
?�@5?�JUJ<4!J-%:9<FM8�?SJ
)�@AKM6!4!>T>59a8:F��V�{� 2�242�&|@5?�8:>�?�6!259<KM8:>\KM8�)
?�@T?SJ<JU4!J|?�8:G �f9<>52�@�9EB�=:2T4!G`%:X:>5254�YZ>����M=�8:4��|. 
 
 ��[

.�0



,��c1�	Z[ � [��{9aY¤?�8:G �
[�
Z[V)-@5?�>�?�8�8�?�� ��%:6�?SJa?�B:J<4
)|KM@�2�?�B:J<4*��Y^L:J<4�YZ4�8�2�?S259<KM8:>\K�NÊ%�L�?S6!4���&�9aYZ4f'WGV?�L:259<I�4
)�@AKM6!4!>T>59a8:F��V�|.&%S2�7es\9<FM7n)|4�@�N�KM@5Y^?�8:6!4fu�KMY£L�=:254�@A>��V~W2T2�?�b�?D�Mu\?�8�?�GV?��{. 
 
 ��[

,��c1�	Z[ � [V�{9aY��{)|[ �W[ ��7�?S2��V?�8:G �Z[�
Z[�)�@5?S>�?�8�8�?�� � 2 �}6!9<4�8�2 ��?S2�?�0�4�Y£?�L�L:9a8:F�'�J<F�KM@�9U2�7�YZ>�N�KM@�2-Y
�
BD4!G�G�4!G�%:9<FM8�?SJ{)-@AK:6!4!>5>59a8:FH'*L�L:J<9<6�?S259<KM8:> �l��. %S2�7Zs\9<FM7£)|4�@�NPK:@5Y^?�8:6!4\u�KMY£L�=:254�@A>���~W252�?�b\?��Su\?�8�?�GV?��
. 
 
 ��[

,�
c1�%{[ �l[�~WJU>T��?�8:>���X �!� �V[ � [��{4�B�4��l��?�8:G�'Z[ � [ ��K ��?�8:6!�!X��l� ��)
?�@5?SJ<J<4!J�'�J<F�KM@�9U2�7�YZ>|NPK:@È%�L�?S6!4���&�9EYO4C'WGV?�L��
259<I�4Z)-@AK:6!4!>5>59a8:F��l�V��8�254�@58�?S2T9UK:8�?SJÈ)
?�@5?�JUJ<4!JÈ)�@AK:6!4!>5>59a8:F�%:X�Y^LDK�>59a=�Y �	
  ���L�L{[ � ��� �D.��:'*L�@![(. 
 
  �[

,a.&%c1��V[�%�=�7�?�8:G �Z[ 
Z[�)-@5?S>�?�8�8�?��#��%:6�?SJa?�B:J<4
?�8:G�)|KM@A2�?�B:JU4f��Y£L:JU4�YO4�8�2�?�259<KM8:>\KSN 0�4�?SJg��&�9aYZ4Z%:9<FM8�?SJ�)-@AK��
6!4!>5>T9E8:F ��4�8:6k7�Y£?�@5��>�KM8�sW)-u )
Ja?S2AN�KM@5YZ>��V�:>�=�B�YZ9<25254!G NPKM@�L�=�B:J<9<6�?S259<KM8{[

,a.�.k1�uf[ ���
[���?�8:Fl� ��so9UF:7�)|4�@�N�KM@5Y^?�8:6!4�u�K:Y^L�=:259a8:F]N�KM@ �W9U>T9UK:8�KM8 �f9<>52�@�9EB�=:2T4!G �]4�YZKM@AX(�r?�6k7:9a8:4!> �V�
)�7{[ �^[V&\7:4!>59<>�� � 8:9<I�4�@A>T9U2AX�KSN-%:KM=:2�7:4�@T8�u\?SJ<9gNPKM@T8:9E?D�V'f=:FM=:>52�. 
 
  �[

,a.�0c1��V[ ��?�@AG��#��%�L�?�6!4���&�9aYZ4f'�GV?�L:259<I�4*)�@AK:6!4!>5>59a8:FHNPKM@Å'�9a@5BDKM@58:4�0\?�GV?�@��V� �r��&��{9a8:6!K�Ja8���?�B{[�&�4!6!7�8:9<6�?SJ
0�4�LDKM@A2Z.&%�.  D� �f4!6�[(. 
 
�'V[

,a. %c1��V[ ��?�@�G��3)�@A9<Ic?S2T4
u�KMY£Y
=�8:9<6�?S2T9UK:8{[

. %


