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$EVWUDFW�
7KH�FRROHU�V\QFKURWURQ�&26<�SURYLGHV�SURWRQ�DQG�GHXWHURQ�EHDPV�LQ�WKH�HQHUJ\�
UDQJH�RI� ���0H9�î�����*H9� DQG� ���0H9�î�����*H9�� UHVSHFWLYHO\�� IRU� SUHFLVLRQ�
H[SHULPHQWV�LQ�PHGLXP�HQHUJ\�SK\VLFV��+LJK�EHDP�TXDOLW\�LV�DFKLHYHG�E\�PHDQV�RI�
HOHFWURQ� DQG� VWRFKDVWLF� FRROLQJ�� (OHFWURQ� FRROLQJ� LV� DSSOLHG� ULJKW� DIWHU� LQMHFWLRQ��
+RZHYHU�� LQ�FDVH�RI� LQWHQVH�HOHFWURQ�FRROHG�SURWRQ� �GHXWHURQ��EHDPV� IDVW�SDUWLFOH�
ORVVHV�GXH�WR�WUDQVYHUVH�FRKHUHQW�EHDP�RVFLOODWLRQV�DUH�UHJXODUO\�REVHUYHG��8QVWDEOH�
EHKDYLRXU�RI� WKH� LQWHQVH�&26<�EHDP�� LQ�SDUWLFXODU�RI� WKH� HOHFWURQ� FRROHG�RQH�� LV�
LQYHVWLJDWHG�� 7KH� WUDQVYHUVH� VWDELOLW\� LV� GLVFXVVHG� LQ� WHUPV� RI� WUDQVYHUVH� FRXSOLQJ�
LPSHGDQFHV��7XQH� VKLIWV�GXH� WR�KLJK�SKDVH� VSDFH�GHQVLWLHV� DUH�FDOFXODWHG��3RVVLEOH�
FXUHV�RI�LQVWDELOLWLHV�DUH�DQDO\VHG��$FWLYH�GDPSLQJ�RI�LQVWDELOLWLHV�XVLQJ�D�WUDQVYHUVH�
IHHGEDFN�V\VWHP� LV� FRQVLGHUHG� WR�EH�D� VXLWDEOH�PHWKRG� WR� LPSURYH�EHDP� LQWHQVLW\�
DQG�TXDOLW\���
$� WUDQVYHUVH� GDPSLQJ� V\VWHP� XWLOL]LQJ� D� SLFN�XS�� VLJQDO� SURFHVVLQJ� HOHFWURQLFV�� D�
SRZHU� DPSOLILHU� DQG� D� VWULSOLQH� GHIOHFWRU� ZDV� GHVLJQHG�� LQVWDOOHG� DQG� VXFFHVVIXOO\�
FRPPLVVLRQHG��%HDP�FXUUHQW��SURILOH�DQG�6FKRWWN\�VSHFWUD�PHDVXUHPHQWV�ZLWK� WKH�
IHHGEDFN�V\VWHP�WXUQHG�RQ�DQG�RII�DUH�SUHVHQWHG���
7KH�IHHGEDFN�V\VWHP�DOORZV�WR�LQFUHDVH�WKH�FRROHG�EHDP�LQWHQVLW\�E\�DW�OHDVW�D�IDFWRU�
RI� IRXU� ZKHQ� FRROLQJ� DQG� VWDFNLQJ� RI� UHSHDWHG� LQMHFWLRQV� LV� DSSOLHG�� 6XFK� D�
SURFHGXUH�LV�HVSHFLDOO\�XVHIXO�WR�LQFUHDVH�WKH�OXPLQRVLW\�LQ�LQWHUQDO�H[SHULPHQWV�ZLWK�
WKH�SRODUL]HG�EHDP�ZKLFK�KDV� D� ORZ� LQMHFWLRQ� LQWHQVLW\�� )RU� WKH� H[SHULPHQWV�ZLWK�
XQSRODUL]HG�EHDPV�WKH�VLJQLILFDQW�LQFUHDVH�RI�OXPLQRVLW\�FDQ�EH�DFKLHYHG�ZLWKRXW�D�
GHFUHDVH�RI� WKH�PDFKLQH·V�GXW\� IDFWRU��([WHUQDO� H[SHULPHQWV�SURILW� IURP� WKH� VPDOO�
GLDPHWHU�EHDPV�DQG�WKH�UHGXFHG�KDOR��
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,QKDOWVYHU]HLFKQLV�
(LQOHLWXQJ� � 

� %HVFKOHXQLJHUDQODJH�&26<� � 

��� &RROHU�6\QFKURWURQ� � 

��� (OHNWURQHQN�KOXQJ� � 

� *UXQGODJHQ�GHU�NROOHNWLYHQ�6WUDKOHIIHNWH��XQG�GHU�
]XJHK|ULJHQ�6WUDKOGLDJQRVH� �� 

��� 6SLHJHOODGXQJV��XQG�5DXPODGXQJVNUlIWH� �� 

����� $UEHLWVSXQNWYHUVFKLHEXQJ� �� 

��� 6WUDKOGLDJQRVH�PLWWHOV�HOHNWURVWDWLVFKHU�3LFN�XSV� �� 

����� /RQJLWXGLQDOHV�3LFN�XS�6LJQDO� �� 

����� 7UDQVYHUVDOHV�3LFN�XS�6LJQDO� �� 

��� :DNH�)HOGHU�XQG�.RSSHOLPSHGDQ]HQ� �� 

��� $QZHQGXQJ�I�U�&26<� �� 

��� 'lPSIXQJ�GHU�NRKlUHQWHQ�6WUDKOLQVWDELOLWlWHQ� �� 

��� %HDP�WUDQVIHU�IXQFWLRQ� �� 

� 8QWHUVXFKXQJ�GHV�LQVWDELOHQ��6WUDKOYHUKDOWHQV�LQ�&26<� �� 

��� 7UDQVYHUVDOH�(IIHNWH���0HVVXQJHQ�LP�=HLWEHUHLFK� �� 

��� 7UDQVYHUVDOH�(IIHNWH���0HVVXQJHQ��LP�)UHTXHQ]EHUHLFK� �� 

����� 6FKRWWN\�6SHNWUHQ� �� 

����� %7)�0HVVXQJHQ� �� 

��� /RQJLWXGLQDOH�(IIHNWH� �� 

��� (LJHQVFKDIWHQ�GHV�&26<�6WUDKOV� �� 

� 7UDQVYHUVDOHV�)HHGEDFN�6\VWHP� �� 

��� 0|JOLFKNHLWHQ�GHU�5HDOLVLHUXQJ� �� 

��� (UPLWWOXQJ�GHU�%DQGEUHLWH�GHV�6\VWHPV� �� 
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��� +DUGZDUH� �� 

����� 3LFN�XS� �� 

����� (OHNWURQLN� �� 

������� 9RUYHUVWlUNHU� �� 

������� $QDORJH�%30�(OHNWURQLN� �� 

������� %HDP�2IIVHW�6XSSUHVVRU��%26�� �� 

������� 9HU]|JHUXQJ� �� 

������� /HLVWXQJVYHUVWlUNHU� �� 

����� .LFNHU� �� 

��� 0HVVXQJ�GHU�6\VWHPSDUDPHWHU� �� 

� $QZHQGXQJ�GHV�)HHGEDFN�6\VWHPV� �� 

��� 'lPSIXQJ�GHU�%HWDWURQVHLWHQElQGHU� �� 

��� $XVZLUNXQJHQ�DXI�GLH�6WUDKOLQWHQVLWlW� �� 

��� (LQIOXVV�GHU�6FKOHLIHQYHU]|JHUXQJ� �� 

��� 9HUVWlUNXQJ�GHU�)HHGEDFNVFKOHLIH���$XVZLUNXQJ�DXI�GHQ�6WUDKO� �� 

��� 6WUDKOTXDOLWlW� �� 

� $XVEOLFN� �� 
=XVDPPHQIDVVXQJ� �� 

$QKDQJ�$� �� 

$QKDQJ�%� �� 

$QKDQJ�&� �� 

/LWHUDWXUYHU]HLFKQLV� �� 
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(LQOHLWXQJ�
6HLW� GHQ� ]ZDQ]LJHU� -DKUHQ� WUDJHQ�7HLOFKHQEHVFKOHXQLJHU� DOV� ZLFKWLJHV� � ,QVWUXPHQW�
GHU� PRGHUQHQ� ([SHULPHQWDOSK\VLN� ]XU� (UZHLWHUXQJ� XQVHUHV� 9HUVWlQGQLVVHV� GHU�
6WUXNWXU� GHU�0DWHULH� EHL��'LH� $XVOHJXQJVSDUDPHWHU�� KDXSWVlFKOLFK� GHU� (QHUJLHEH�
UHLFK�HLQHV�%HVFKOHXQLJHUV��OHJHQ�GDV�(LQVDW]JHELHW�GHU�0DVFKLQH�LQ�GHU�3K\VLN�IHVW��
'DEHL�VSLHOW�GLH�6WUDKOLQWHQVLWlW�HLQH�HQWVFKHLGHQGH�5ROOH��8P�3Ul]LVLRQVH[SHULPHQ�
WH� LP� %HUHLFK� GHU� 0LWWHOHQHUJLHSK\VLN� GXUFKI�KUHQ� ]X� N|QQHQ�� EUDXFKW� PDQ�
7HLOFKHQVWUDKOHQ�PLW� P|JOLFKVW� NOHLQHU� ,PSXOVXQVFKlUIH� XQG� NOHLQHQ� WUDQVYHUVDOHQ�
(PLWWDQ]HQ�� $XV� GLHVHP�*UXQG� JHK|UW� HLQ� (OHNWURQHQN�KOHU� ]XU� 6WDQGDUGDXVU�V�
WXQJ�HLQHV�PRGHUQHQ�,RQHQVSHLFKHUULQJV���
'DV�&RROHU� 6\QFKURWURQ�&26<�� GDV� SRODULVLHUWH� XQG� XQSRODULVLHUWH� 3URWRQHQ� XQG�
'HXWHURQHQ�OLHIHUW��YHUHLQLJW�HLQH�VHKU�JXWH�6WUDKOTXDOLWlW�PLW�KRKHU�,QWHQVLWlW��'LHVH�
.RPELQDWLRQ�ZLUG�GXUFK�(OHNWURQHQN�KOXQJ�EHL�,QMHNWLRQVHQHUJLH�YRQ����0H9�I�U�
3URWRQHQ� XQG� ��� 0H9� I�U� 'HXWHURQHQ� XQG� GXUFK� VWRFKDVWLVFKH� .�KOXQJ� � EHL�
K|KHUHQ� (QHUJLHQ� HUUHLFKW�� $OOHUGLQJV� LVW� GLH� ,QWHQVLWlW� HLQHV� HOHNWURQHQJHN�KOWHQ�
,RQHQVWUDKOV�KRKHU�3KDVHQUDXPGLFKWH� LQ�&26<�GXUFK�NROOHNWLYH�9HUOXVWPHFKDQLV�
PHQ�EHJUHQ]W���
6HLW� ,QEHWULHEQDKPH� GHV� (OHNWURQHQN�KOHUV� ZXUGHQ� EHL� &26<� 7HLOFKHQYHUOXVWH�
ZlKUHQG�GHU�(OHNWURQHQN�KOXQJ�EHREDFKWHW��,P�-DKUH������ZlKUHQG�GHU�.�KOHUH[�
SHULPHQWH�ZXUGHQ�9HUOXVWH�GHV�JHN�KOWHQ�,RQHQVWUDKOV�PLW�NRKlUHQWHQ�6WUDKOLQVWDEL�
OLWlWHQ� LQ� 9HUELQGXQJ� JHEUDFKW�� 6HLWGHP� ZXUGH� GDV� LQVWDELOH� 6WUDKOYHUKDOWHQ� LQ�
&26<�XQG�LQVEHVRQGHUH�GHU�(LQIOXVV�GHV�(OHNWURQHQN�KOHUV�DXI�GLH�6WUDKOVWDELOLWlW�
V\VWHPDWLVFK�XQWHUVXFKW���
.DSLWHO� �� GLHVHU� $UEHLW� EHVFKUHLEW� GLH� %HVFKOHXQLJHUDQODJH� &26<�� .DSLWHO� �� JLEW�
HLQH�(LQI�KUXQJ�LQ�GLH�7KHRULH�GHU�NROOHNWLYHQ�(IIHNWH��GHU�6WUDKOVWDELOLWlW�XQG�GHU�
6WUDKOGLDJQRVH�LQ�5LQJEHVFKOHXQLJHUQ��.DSLWHO���EHVFKlIWLJW�VLFK�PLW�GHP�LQVWDELOHQ�
6WUDKOYHUKDOWHQ� LQ� &26<� XQG� GHU� $QDO\VH� GHU� P|JOLFKHQ� 0D�QDKPHQ� ]XU�
(UK|KXQJ� GHU� 6WUDKOVWDELOLWlW��'DU�EHU� KLQDXV�ZHUGHQ� GLH� DQ� DQGHUHQ�%HVFKOHXQL�
JHUQ� HLQJHVHW]WHQ� /|VXQJHQ� DQDO\VLHUW�� (LQ� WUDQVYHUVDOHV� )HHGEDFN� 6\VWHP� ]XU�
'lPSIXQJ� GHU� NRKlUHQWHQ� 6WUDKORV]LOODWLRQHQ�ZLUG� LP�.DSLWHO� �� EHVFKULHEHQ��'LH�
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([SHULPHQWH� XQG� 0HVVXQJHQ� PLW� GHP� HOHNWURQHQJHN�KOWHQ� 3URWRQHQVWUDKO� XQWHU�
(LQVDW]� GHV� YHUWLNDOHQ� )HHGEDFN� 6\VWHPV� ZHUGHQ� LP� .DSLWHO� �� YRUJHVWHOOW�� 'LH�
%HGLQJXQJHQ�I�U�GHQ�RSWLPDOHQ�%HWULHE�XQG�GLH�:LUNXQJ�GHU�6\VWHPSDUDPHWHU�DXI�
GHQ� 6WUDKO� ZHUGHQ� XQWHUVXFKW�� ,P�$XVEOLFN� DP�(QGH� GHU� $UEHLW� VLQG� ZHLWHUH� I�U�
&26<�P|JOLFKH�8QWHUVXFKXQJHQ� XQG�0D�QDKPHQ� ]XU� 6WDELOLVLHUXQJ� HLQHU� KRKHQ�
6WUDKOLQWHQVLWlW�]XVDPPHQJHIDVVW���
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�� %HVFKOHXQLJHUDQODJH�&26<�
'LH� %HVFKOHXQLJHUDQODJH� &26<� �$EELOGXQJ� ��� EHVWHKW� DXV� ,RQHQTXHOOHQ� I�U�
SRODULVLHUWH� XQG� XQSRODULVLHUWH�+−�� '−−,RQHQ�� GHP�=\NORWURQ� -8/,&�� GHU� ,QMHNWL�
RQVVWUDKOI�KUXQJ�� GHP�&26<�5LQJ�� GHQ�([WUDNWLRQVVWUDKOI�KUXQJHQ� XQG� H[WHUQHQ�
VRZLH�LQWHUQHQ�([SHULPHQWLHUSOlW]HQ�>�@��,P�=\NORWURQ�ZHUGHQ�GLH�,RQHQ�DXI�HLQHQ�
,PSXOV�YRQ�����0H9�F��+−��XQG�����0H9�F��'−��EHVFKOHXQLJW�>�@��'DV�=\NORWURQ��
GLHQW�DOV� ,QMHNWRU� I�U�GDV�&RROHU�6\QFKURWURQ�&26<�GDV�JOHLFK]HLWLJ�HLQ�6SHLFKHU�
ULQJ�LVW��&26<�DUEHLWHW�LQ�GHP�,PSXOVEHUHLFK�YRQ�����0H9�F�ELV������0H9�F��=XU�
9HUNOHLQHUXQJ� GHU� (PLWWDQ]� �VLHKH� $EVFKQLWW� ����� VWHKHQ� LQ� GHP�&26<�5LQJ� GHU�
(OHNWURQHQN�KOHU�XQG�GDV�VWRFKDVWLVFKH�.�KOV\VWHP�]XU�9HUI�JXQJ���

���� &RROHU�6\QFKURWURQ�
'DV�.�KOHUV\QFKURWURQ�&26<�EHVWHKW�DXV�]ZHL����P�ODQJHQ�����°�%RJHQVHNWLRQHQ��
GLH�GXUFK�]ZHL����P�ODQJH�JHUDGH�6HNWLRQHQ�YHUEXQGHQ�VLQG��=XU�6WUDKOI�KUXQJ�XQG�
)RNXVVLHUXQJ� GLHQHQ� ��� 'LSROPDJQHWH� XQG� ��� 4XDGUXSROPDJQHWH�� :HLWHUH� ���
6H[WXSROPDJQHWH� VWHKHQ� XQWHU� DQGHUHP� I�U� .RUUHNWXUHQ� GHU� &KURPDWL]LWlW� ]XU�
9HUI�JXQJ��-HGH�%RJHQVHNWLRQ�LVW�DXV�GUHL�JOHLFKHQ��VSLHJHOV\PPHWULVFKHQ�(LQKHLWV�
]HOOHQ� DXIJHEDXW�� ZDV� ]X� HLQHU� VHFKVIDFKHQ� RSWLVFKHQ� 5LQJV\PPHWULH� I�KUW�� -HGH�
(LQKHLWV]HOOH� KDW� HLQH� '�%HQG�)�%HQG�%HQG�)�%HQG�'� 6WUXNWXU�� GLH� HLQH� VHKU�
IOH[LEOH� � $UEHLWVSXQNWHLQVWHOOXQJ� HUODXEW�� -HGH� JHUDGH� 6HNWLRQ� EHVWHKW� DXV� YLHU�
4XDGUXSROIDPLOLHQ�� GLH� DOV� '))'�� RGHU� )'')� �7ULSOHWWVWUXNWXUHQ� EHWULHEHQ�
ZHUGHQ� N|QQHQ�� 'D� GLH� JHUDGHQ� 6HNWLRQHQ� LQ� )ROJH� GHU� ���� $EELOGXQJ� PLW� GHP�
%HWDWURQ�3KDVHQYRUVFKXE� YRQ� �π� RSWLVFK� WUDQVSDUHQW� VLQG�� ZHUGHQ� VLH� DXFK� DOV�
7HOHVNRSH�EH]HLFKQHW�>�@��6LH�ELHWHQ�3ODW]�I�U�(OHNWURQN�KOHU��3LFN�XSV�XQG�.LFNHU�
GHV� VWRFKDVWLVFKHQ�.�KOV\VWHPV�� %HVFKOHXQLJXQJVVWUXNWXUHQ� XQG�'LDJQRVHV\VWHPH�
XQWHUVFKLHGOLFKHU�$UW��DEHU�DXFK�I�U�GLH�SK\VLNDOLVFKHQ�([SHULPHQWH�ZLH�$1.(�>�@��
3,6$�>�@��(''$�>�@�PLW�LQWHUQHQ�7DUJHWV�>�@���$EELOGXQJ�����9RUDXVVHW]XQJ�I�U�GHQ�
(LQVDW]�LQWHUQHU�7DUJHWV�LVW�HLQH�NOHLQH�%HWDIXQNWLRQ�DP�2UW�GHU�7DUJHWV��'LH�GDPLW�
YHUEXQGHQH� JUR�H� 6WUDKOGLYHUJHQ]� �VLHKH� $EVFKQLWW� ����� JHZlKUOHLVWHW� JHULQJVWH�
6WUDKODXIVWUHXXQJ���
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$EELOGXQJ����%HVFKOHXQLJHUDQODJH�&26<��
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'LH�,QMHNWLRQ�LQ�GHQ�&26<�5LQJ�HUIROJW��EHU�/DGXQJVDXVWDXVFK�LQ�HLQHU�6WULSSHUIR�
OLH��LQ�GHU�GLH�(OHNWURQHQ�GHU�+−��RGHU�'−�,RQHQ�DEJHVWUHLIW�ZHUGHQ��'HU�5LQJ�ZLUG�
LQQHUKDOE�YRQ����ELV����PV�JHI�OOW��'DQDFK�NDQQ�GHU�6WUDKO�HOHNWURQHQJHN�KOW�XQG�
ELV�]XP�0D[LPDOLPSXOV�YRQ������0H9�F�EHVFKOHXQLJW�ZHUGHQ�>�@��'HU�JHVSHLFKHU�
WHU� 6WUDKO� NDQQ� PLWWHOV� XOWUDODQJVDPHU� VWRFKDVWLVFKHU� RGHU� VFKQHOOHU� ([WUDNWLRQ�
H[WUDKLHUW� XQG� DQVFKOLH�HQG� ]X� GHQ� H[WHUQHQ� ([SHULPHQWLHUSOlW]HQ� �%,*� .$5/��
72)��-(66,&$��WUDQVSRUWLHUW�ZHUGHQ��
(LQH�ZHLWHUH�ÅRSWLVFKH´�(LJHQVFKDIW�YRQ�&26<�EHVWHKW�GDULQ��GDVV�GLH�hEHUJDQJV�
HQHUJLH�EHL�PD[LPDOHU�6XSHUSHULRGL]LWlW�XQG��EOLFKHQ�$UEHLWVSXQNWHQ�LP�(QHUJLHEH�
UHLFK� GHU� 0DVFKLQH� OLHJW�� 8P� ZlKUHQG� � GHU� %HVFKOHXQLJXQJ� 6WUDKOYHUOXVWH� EHLP�
.UHX]HQ�GHU�hEHUJDQJVHQHUJLH�]X�YHUPHLGHQ��ZLUG�GLH�'LVSHUVLRQ�GHV�5LQJV�PLWWHOV�
GHU� 4XDGUXSROPDJQHWH� GHU� (LQKHLWV]HOOHQ� G\QDPLVFK� VR� YHUlQGHUW�� GDVV� GLH�
hEHUJDQJVHQHUJLH�ZlKUHQG� GHU� %HVFKOHXQLJXQJ� LPPHU� REHUKDOE� GHU�PRPHQWDQHQ�
6WUDKOHQHUJLH�OLHJW���

&26<−5LQJ� �
7HLOFKHQ� 3URWRQHQ�XQG�'HXWHURQHQ��XQSRODULVLHUW�DQG�SRODULVLHUW��
7\S�GHU�,QMHNWLRQ� +−��'−�VWULSSLQJ�,QMHNWLRQ����������µJ�FP��.RKOHQVWRIIIR�

OLH�
,QMHNWLRQVHQHUJLH� ���0H9�I�U�3URWRQHQ�����0H9�I�U�'HXWHURQHQ�
0D[LPDOHQHUJLH� �����0H9�I�U�3URWRQHQ�������0H9�I�U�'HXWHURQHQ�
,QWHQVLWlW�EHL��
0D[LPDOHQHUJLH� ELV�]X�������7HLOFKHQ�LP�5LQJ�
)RUP�GHV�5LQJHV� 5HQQEDKQ�7\S��]ZHL�JHUDGH�6HNWLRQHQ�XQG�]ZHL�%|JHQ�
8PIDQJ� ��������P�
6WUDKOURKUDEPHVVXQJHQ� UXQG� LQ�GHQ�JHUDGHQ�6HNWLRQHQ�� G� ������P��UHFKWHFNLJ��

LQ�GHQ�%|JHQ�������P�KRUL]RQWDO��[��������P�YHUWLNDO��\��
W\SLVFKHU�$UEHLWVSXQNW� HLQVWHOOEDU�]ZLVFKHQ������XQG������LQ�EHLGHQ�(EHQHQ�
)UHTXHQ]GLVSHUVLRQ�� η� ������EHL�,QMHNWLRQVHQHUJLH��
&KURPDWL]LWlW� ξ[�≈�����ξ\�≈�����
2SWLVFKH�)XQNWLRQHQ��
DP�(OHNWURQHQN�KOHU� β[� ���P��β\� ����P��'� �î���P��W\SLVFKH�:HUWH��

�7DEHOO H ����&26<�3DUDPHWHU��
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���� (OHNWURQHQN�KOXQJ��
'HU�LQ�HLQHP�6SHLFKHUULQJ�PLW�HLQHP�EHVWLPPWHQ�,PSXOV�S�XPODXIHQGH�,RQHQVWUDKO�
LVW�GXUFK�VHLQH�WUDQVYHUVDOHQ�(PLWWDQ]HQ�>�@�ε[� �[�[
��ε\� �\�\
�XQG�VHLQH�ORQJLWXGL�
QDOH� ,PSXOVEUHLWH� ∆S� FKDUDNWHULVLHUW�� [� E]Z�� \� EHVFKUHLEHQ� GLH� WUDQVYHUVDOH�
6WUDKOJU|�H�XQG�[
�E]Z��\
�GLH�6WUDKOGLYHUJHQ]��[��\��[
��\
�XQG�∆S�VLQG�DOV�FKDUDNWHULV�
WLVFKH� *U|�HQ� GHU� 9HUWHLOXQJVIXQNWLRQHQ� GHU� WUDQVYHUVDOHQ� .RRUGLQDWHQ� GHU�
(LQ]HOWHLOFKHQEHZHJXQJ� LP� ,RQHQVWUDKO� E]Z�� GHU� $EZHLFKXQJ� ∆S� GHV� ,PSXOVHV�
HLQHV�7HLOFKHQV�YRP�6ROOLPSXOV�S�]X�EHWUDFKWHQ��]��%��GLH�HLQIDFKH� ��σ��RGHU�DXFK�
PHKUIDFKH��6WDQGDUGDEZHLFKXQJ�GLHVHU�9HUWHLOXQJHQ���ε[��ε\��XQG�∆S��LP�)DOOH�HLQHV�
GF�7HLOFKHQVWUDKOHV�� VLQG� LP� 5DKPHQ� GHU� OLQHDUHQ� 2SWLN� (UKDOWXQJVJU|�HQ��
6WUDKOJU|�H�XQG�6WUDKOGLYHUJHQ]�YDULLHUHQ�GDJHJHQ�YRQ�2UW�]X�2UW�LP�5LQJ��ZREHL�
DXVJHGU�FNW�GXUFK�GLH�RUWVDEKlQJLJHQ�7ZLVV�3DUDPHWHU�α�V���β�V���γ�V��PLW��
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'LH� (UKDOWXQJVJU|�HQ� ε[�� ε\� XQG� ∆S� VLQG� QDFK� GHP� /LRXYLOOVFKHQ� 6DW]� PLW�
LRQHQRSWLVFKHQ�0D�QDKPHQ�QLFKW�EHHLQIOXVVEDU�>�@��1LFKWNRQVHUYDWLYH��GLVVLSDWLYH��
.UlIWH� VLQG� Q|WLJ�� XP� GLH� (PLWWDQ]HQ� KHUDE]XVHW]HQ�� G�K�� GLH� 3KDVHQUDXPGLFKWH�
GXUFK�9HUNOHLQHUXQJ�GHV�6WUDKOTXHUVFKQLWWV�XQG�GHU� ,PSXOVEUHLWH� ]X� HUK|KHQ��'LH�
(OHNWURQHQN�KOXQJ�LVW�HLQH�GHU�7HFKQLNHQ�PLW�GHQHQ�GLHV�JHOLQJW��$XI�HLQHU�JHUDGHQ�
6WUHFNH� GHV� 5LQJV� ZLUG� GHP� ,RQHQVWUDKO� HLQ� LQWHQVLYHU�� PRQRHQHUJHWLVFKHU�
(OHNWURQHQVWUDKO� JOHLFKHU�*HVFKZLQGLJNHLW� �EHUODJHUW��'XUFK� HODVWLVFKH� 6W|VVH� GHU�
�KHLVVHQ�� ,RQHQ� PLW� GHQ� �NDOWHQ�� (OHNWURQHQ� ZLUG� (QHUJLH� DQ� GLH� (OHNWURQHQ�
�EHUWUDJHQ�� ZRGXUFK� 7UDQVYHUVDOLPSXOV� XQG� ,PSXOVEUHLWH� GHV� ,RQHQVWUDKOV�
YHUULQJHUW�ZHUGHQ��
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'HU� (OHNWURQHQVWUDKO� ZLUG� �EOLFKHUZHLVH� LQ� HLQHU� *O�KNDWKRGH� HU]HXJW� XQG�
HOHNWURVWDWLVFK� EHVFKOHXQLJW�� *HI�KUW� YRQ� HLQHP� ORQJLWXGLQDOHQ� 0DJQHWIHOG��
EHVWHKHQG� DXV� 6ROHQRLGHQ� XQG� 7RURLGHQ�� � ZLUG� GHU� (OHNWURQHQVWUDKO� LQ� GHQ�
,RQHQVWUDKO�HLQ��XQG�ZLHGHU�DXVJHOHQNW�XQG�QDFK�$EEUHPVXQJ��(QHUJLHU�FNJHZLQ�
QXQJ�� LQ� HLQHP�.ROOHNWRU� DXIJHIDQJHQ�� YJO��%LOG� ���'LHVHV�9HUIDKUHQ� GHU�(OHNWUR�
QHQN�KOXQJ�ZXUGH������YRQ�*�,��%XGNHU�>��@�YRUJHVFKODJHQ�XQG������DP�1$3�0�
6SHLFKHULQJ� LQ�1RYRVLELUVN� >��@� HUVWPDOV� H[SHULPHQWHOO� YHUZLUNOLFKW��+HXWH� JHK|UW�
HLQ� (OHNWURQHQN�KOHU�� QHEHQ� GHU� VWRFKDVWLVFKHQ� 6WUDKON�KOXQJ� >��@�� ]XU� 6WDQGDUG�
DXVU�VWXQJ� YLHOHU� 6SHLFKHUULQJH�� DQ� GHQHQ� �EHU� )UDJHQ� GHU� 0LWWHOHQHUJLHSK\VLN�
JHIRUVFKW�ZLUG��'HU�$UEHLWVEHUHLFK�GHU]HLWLJHU�(OHNWURQHQN�KOHU�LVW�DXV�WHFKQLVFKHQ�
*U�QGHQ� DXI�(OHNWURQHQHQHUJLHQ� XQWHUKDOE� ���� NH9� EHVFKUlQNW��'LH�(OHNWURQHQ�
N�KOXQJ�NRPPW�]XP�(LQVDW]�]XU�6WUDKOSUlSDUDWLRQ��G�K��3KDVHQUDXPNRPSULPLHUXQJ�
QDFK� GHU� ,QMHNWLRQ� GHU� ,RQHQ� LQ� GHQ� 6SHLFKHUULQJ�� XQG� ²� VRZHLW� HV� GLH� (QHUJLH�
HUODXEW�²�]XU�.RPSHQVDWLRQ�YRQ�6WUDKODXIZHLWXQJ�XQG�(QHUJLHYHUOXVW�EHL� LQWHUQHQ�
7DUJHWH[SHULPHQWHQ��'LH�(QHUJLHQ�YRQ�(OHNWURQHQ��XQG�,RQHQVWUDKO�VLQG�GXUFK�GDV�
0DVVHQYHUKlOWQLV�JHJHEHQ��]��%��HQWVSUHFKHQ�����NH9�(OHNWURQHQHQHUJLH�����0H9�
3URWRQHQHQHUJLH���
'HU� .�KOSUR]HVV� LP� %HUHLFK� GHU� VLFK� �EHUODSSHQGHQ� 6WUDKOHQ�� GHU� 'ULIW�� RGHU�
.�KOVWUHFNH�� LVW� LP� 6FKZHUSXQNWV\VWHP� GHV� PLWEHZHJWHQ� (OHNWURQHQVWUDKOV� ]X�
EHWUDFKWHQ�� 'LH� XQJHULFKWHWH� %HZHJXQJ� GHU� VFKQHOOHQ� ,RQHQ� ZLUG� LQ� HODVWLVFKHQ�
6W|�HQ�GXUFK�,PSXOV�EHUWUDJ�DQ�GLH�(OHNWURQHQ�DEJHEUHPVW� �&RXORPEZHFKVHOZLU�
NXQJ���ZRGXUFK�GLH� WUDQVYHUVDOHQ�XQG�GLH� ORQJLWXGLQDOHQ�*HVFKZLQGLJNHLWVNRPSR�
QHQWHQ� GHU� ,RQHQ� YHUULQJHUW� ZHUGHQ�� 'LHVHQ� 9RUJDQJ� NDQQ� PDQ� LQ� $QDORJLH� ]XU�
0LVFKXQJ� ]ZHLHU� *DVH� EHWUDFKWHQ�� ZREHL� GLH� 7HPSHUDWXU� GHV� ,RQHQVWUDKOV� QDFK�
JHQ�JHQG� :HFKVHOZLUNXQJV]HLW�� GHU� .�KO]HLW� >��@�� VLFK� GHU� 7HPSHUDWXU� 7H� GHV�
NlOWHUHQ� (OHNWURQHQVWUDKOV� DQJOHLFKW�� 1DFK� GHP� *OHLFKYHUWHLOXQJVVDW]� GHU�
NLQHWLVFKHQ� *DVWKHRULH� JLOW� LP� 6FKZHUSXQNWV\VWHP� GHV� (OHNWURQHQVWUDKOV� I�U� GLH�
NLQHWLVFKH�(QHUJLH�(6�I�U�MHGHQ�GHU�GUHL�)UHLKHLWVJUDGH��
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'LH�'\QDPLN�GHV�.�KOYRUJDQJV�ZLUG�GXUFK�GLH�.�KONUDIW�EHVFKULHEHQ��GLH�DXV�GHU�
&RXORPEZHFKVHOZLUNXQJ�]ZLVFKHQ�GHQ� ,RQHQ�XQG�GHQ�(OHNWURQHQ� DEJHOHLWHW�ZLUG�
>��@��'LH�.�KONUDIW�ZLUG�LP�6FKZHUSXQNWV\VWHP�DOV�)XQNWLRQ�GHU�5HODWLYJHVFKZLQ�
GLJNHLW�υUHO� ]ZLVFKHQ� ,RQHQ� XQG� (OHNWURQHQ� GDUJHVWHOOW�� 6LH� LVW� HLQH� I�U� NOHLQH�υUHO�
]XQlFKVW� OLQHDU� DQVWHLJHQGH� )XQNWLRQ�� GLH� EHL� GHU� PLWWOHUHQ� *HVFKZLQGLJNHLW� GHU�
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(OHNWURQHQ� HLQ� 0D[LPXP� HUUHLFKW�� XQG� GDQQ� I�U� JU|�HUH� υUHO� PLW� ��υ �
�UHO� DEIlOOW��

'LHVH�FKDUDNWHULVWLVFKH�(LJHQVFKDIW�GHU�(OHNWURQHQN�KOXQJ�KDW�]XU�)ROJH��GDVV���LP�
*HJHQVDW]� ]XU� VWRFKDVWLVFKHQ� .�KOXQJ� �� JUR�H� %HWDWURQDPSOLWXGHQ�� G�K�� JUR�H�
(PLWWDQ]HQ��ODQJVDPHU�JHN�KOW�ZHUGHQ�DOV�NOHLQH��$XV�GHU�.�KONUDIW�OlVVW�VLFK�DXFK�
HLQ�DQDO\WLVFKHU�$XVGUXFN�I�U�GLH�.�KO]HLW�DEOHLWHQ�>��@��.�KONUDIW��VRZLH�.�KO]HLW�
VLQG�SURSRUWLRQDO�GHU�(OHNWURQHQVWURPGLFKWH��G�K��EHL�IHVWHU�(OHNWURQHQHQHUJLH�XQG�
JHJHEHQHP�(OHNWURQHQVWUDKOGXUFKPHVVHU�SURSRUWLRQDO�GHP�(OHNWURQHQVWURP��
7UDQVIRUPLHUW� LQV� /DERUV\VWHP� HUJHEHQ� VLFK� GDUDXV� 'LYHUJHQ]� [
�� \
� XQG� UHODWLYH�
,PSXOVEUHLWH�δ�GHV�,RQHQVWUDKOV�LQ�$EKlQJLJNHLW�YRQ�GHU�Å(OHNWURQHQVWUDKOWHPSHUD�
WXU´� N7H�� 'HU� UHODWLYLVWLVFKH� E]Z�� QLFKWUHODWLYLVWLVFKH� =XVDPPHQKDQJ� YRQ� ,PSXOV�
XQG�(QHUJLH�ODXWHW��
� kk EMcEpc 222 2)( += ��E]Z��� SS MEp 22 = ��� � ����
+LHUEHL� VLQG� S� XQG� (N� ,PSXOV� XQG� NLQHWLVFKH� (QHUJLH� GHV� ,RQHQVWUDKOV� LP�
/DERUV\VWHP�� S6� GHU� LP�5DKPHQ�GHV� HLQIDFKHQ�0RGHOV� ���� I�U� MHGHQ�)UHLKHLWVJUDG�
JOHLFKH� ,PSXOV� XQG�(6� GLH� JOHLFKYHUWHLOWH� (QHUJLH� GHU� ,RQHQ� SUR� )UHLKHLWVJUDG� LP�
6FKZHUSXQNWV\VWHP�� 7UDQVYHUVDOLPSXOV� SWU� XQG� ,PSXOVEUHLWH� ∆S� GHV� ,RQHQVWUDKOV�
VLQG�QDFK�7UDQVIRUPDWLRQ�LQ�GDV�/DERUV\VWHP�GDPLW�GXUFK�N7H�XQG�GLH�,RQHQPDVVH�
0�JHJHEHQ��

� eStr MkTpp == 22
���XQG�� eS MkTpp 2222 γγ∆ == ��� � ����

/RQJLWXGLQDO�LVW�GHU�)DNWRU�γ���]X�EHDFKWHQ��GD�EHLP�hEHUJDQJ�]XP�/DERUV\VWHP�GLH�
ORQJLWXGLQDOH� ,PSXOVNRPSRQHQWH� S6� HEHQIDOOV� UHODWLYLVWLVFK� ]X� WUDQVIRUPLHUHQ� LVW��
'LH� $XVGU�FNH� I�U� GLH� 'LYHUJHQ]HQ� [
�� \
� XQG� GLH� UHODWLYH� ,PSXOVEUHLWH� δ� ODXWHQ�
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)�U� NOHLQH� ,RQHQHQHUJLHQ�� � ]�%�� XQWHUKDOE� ���� 0H9� I�U� 3URWRQHQ�� NDQQ� PDQ� LQ�
QLFKWUHODWLYLVWLVFKHU� 1lKHUXQJ� VDJHQ�� GDVV� 'LYHUJHQ]� XQG� UHODWLYH� ,PSXOVEUHLWH�
SURSRUWLRQDO�]XU�:XU]HO�DXV�GHP�9HUKlOWQLV�YRQ�Å(OHNWURQHQVWUDKOWHPSHUDWXU´�]X�
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GRSSHOWHU� NLQHWLVFKHU�(QHUJLH� GHV� 3URWRQHQVWUDKOV� VLQG�� -H� NOHLQHU� GLH�7HPSHUDWXU�
GHV� (OHNWURQHQVWUDKOV� LVW�� GHVWR� NOHLQHUH� 'LYHUJHQ]HQ� XQG� ,PSXOVEUHLWHQ� VROOWHQ�
HU]LHOW�ZHUGHQ���
hEOLFKH�*O�KNDWKRGHQ� �%DULXPR[LG�'LVSHQVHUNDWKRGHQ�� DUEHLWHQ� EHL� FD�� �����.��
HQWVSUHFKHQG� HLQHU� Å7HPSHUDWXU´� N7H�  � ����� H9�� 'XUFK� 6W|UHLQIO�VVH� EHL� GHU�
%HVFKOHXQLJXQJ�XQG�LQ�GHU�6WUDKOI�KUXQJ�HUZDUWHW�PDQ�LQ�GHU�3UD[LV�HWZDV�K|KHUH�
WUDQVYHUVDOH� Å7HPSHUDWXUHQ´�� HWZD� ���� ELV� ���� H9��0LW� HLQHU� ,RQHQHQHUJLH� YRQ� ���
0H9�XQG�N7H� ������H9�HUJHEHQ�VLFK�'LYHUJHQ]HQ�YRQ��⋅��î��UDG���σ��%UHLWH��VRZLH�
UHODWLYH�,PSXOVEUHLWHQ�YRQ�δ� ��⋅��î���'LH�(PLWWDQ]�LVW�GDQQ�GXUFK�)RUPHO�����PLW�
GHP�:HUW�GHU�%HWDIXQNWLRQ�DP�2UW�GHV�(OHNWURQHQN�KOHU�YHUNQ�SIW��PLW�EHLVSLHOV�
ZHLVH�β� ����P�XQG�α� ����DXIUHFKWH�3KDVHQUDXPHOOLSVH��HUJLEW�VLFK�WKHRUHWLVFK�DOV�
XQWHUH�*UHQ]H�ε� �������µPUDG��/RQJLWXGLQDO�P�VVWH�PDQ�VRJDU�PLW�HLQHU�NOHLQHUHQ�
7HPSHUDWXU� UHFKQHQ�� GD� GLH� *HVFKZLQGLJNHLWVYHUWHLOXQJ� LQIROJH� GHU� HOHNWURVWDWL�
VFKHQ� %HVFKOHXQLJXQJ� DEJHIODFKW� LVW� >��@��'DU�EHU� KLQDXV� LVW� LQ� GHU� YHUIHLQHUWHQ�
7KHRULH��ZLH�VLH�QDFK������LQ�1RYRVLELVN�ZHLWHUHQWZLFNHOW�ZXUGH��GHU�(LQIOXVV�GHV�
ORQJLWXGLQDOHQ�0DJQHWIHOGHV�]X�EHU�FNVLFKWLJHQ�>��@��
,Q�&26<� GLHQW� GHU�(OHNWURQHQN�KOHU� YRUZLHJHQG� GHU� 3KDVHQUDXPNRPSULPLHUXQJ�
GHV�,RQHQVWUDKOV�QDFK�GHU�VWULSSLQJ�,QMHNWLRQ�YRQ�+−�RGHU�'−�,RQHQ�GLH�QDWXUJHPl��
PLW� JUR�HQ� %HWDWURQDPSOLWXGHQ�� DOVR� JUR�HQ� (PLWWDQ]HQ� YHUEXQGHQ� LVW�� 'LH�
(OHNWURQHQHQHUJLH�OLHJW�EHL�FD�����NH9�HQWVSUHFKHQG�GHU�3URWRQHQ�,QMHNWLRQVHQHUJLH�
YRQ����0H9��,P�+LQEOLFN�DXI�HLQH�P|JOLFKH�(UK|KXQJ�GHU�,QMHNWLRQVHQHUJLH�ZXUGH�
GHU�(OHNWURQHQN�KOHU� I�U� ���� NH9�%HWULHEVVSDQQXQJ� DXVJHOHJW��$EELOGXQJ� �� ]HLJW�
HLQHQ� /lQJVVFKQLWW� GXUFK� GHQ�&26<�(OHNWURQHQN�KOHU�� ,Q� GHU� 7DEHOOH� �� VLQG� GLH�
$XVOHJXQJV��XQG�GLH�W\SLVFKHQ�%HWULHEVSDUDPHWHU�]XVDPPHQJHVWHOOW�>��@���
'LH�HUVWH�.�KOXQJ�YRQ�3URWRQHQ�HUIROJWH� LP�0DL������ >��@��'LH�NOHLQVWH�HUUHLFKWH�
(PLWWDQ]�PLW�3URWRQHQVWU|PHQ�XP�����P$�ODJ�QDFK�HLQHU�.�KO]HLW�YRQ���ELV����V�
EHL� ε[�� ε\�  � ���� µPUDG� ��σ�%UHLWH��� GLH� UHODWLYH� ,PSXOVEUHLWH� EHL� ∆S�S�  � ��î��
�):+0�� >��@�� 'LH� (PLWWDQ]� YRQ� ���� µPUDG� LVW� lTXLYDOHQW� HLQHU� WUDQVYHUVDOHQ�
3URWRQHQVWUDKOWHPSHUDWXU�YRQ�HWZD���H9��E]Z��HLQHU�'LYHUJHQ]�YRQ�����PUDG��'HU�
WKHRUHWLVFKH� *UHQ]IDOO�� GLH� 7HPSHUDWXU� GHV� (OHNWURQHQVWUDKOV�� ZLUG� DOVR� QLFKW�
HUUHLFKW�� ZDV� VRZRKO� DXI� SK\VLNDOLVFKH� (IIHNWH� DOV� DXFK� DXI� WHFKQLVFKH�8Q]XOlQJ�
OLFKNHLWHQ� ]XU�FN]XI�KUHQ� LVW�� ZLH� ]�%�� ,QKRPRJHQLWlWHQ� GHV� ORQJLWXGLQDOHQ�
0DJQHWIHOGHV�RGHU�GLH� QXU� VFKZHU� ]X� HUUHLFKHQGH� lX�HUVW� H[DNWH�$XVULFKWXQJ�YRQ�
(OHNWURQHQ��XQG�3URWRQHQVWUDKO�>��@���
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'HQQRFK�ZLUG�HLQH�VR�KRKH�3KDVHQUDXPGLFKWH�HUUHLFKW��GDVV�LQ�&26<�YRQ�$QIDQJ�
DQ� DXFK�EHL� NOHLQHQ�6WUDKOVWU|PHQ�NRKlUHQWH�6WUDKOLQVWDELOLWlWHQ� DXIWUDWHQ��GLH�GHQ�
QXW]EDUHQ�6WUDKOVWURP�EHJUHQ]WHQ���

�$EELOGXQJ����&26<�(OHNWURQHQN�KOHU� �

0LW�GHU�LQ�GLHVHU�$UEHLW�EHVFKULHEHQHQ�*HJHQNRSSOXQJVWHFKQLN��)HHGEDFN�6\VWHP��
JHODQJ� HV� GDQQ�� GLHVH� NRKlUHQWH� 6WUDKOLQVWDELOLWlWHQ� ZLUNVDP� ]X� EHNlPSIHQ�� 0LW�
ZLHGHUKROWHQ�,QMHNWLRQHQ�EHL�ODXIHQGHU�.�KOXQJ��VWDFNLQJ��NRQQWHQ�GDPLW�ELV�]X�����
P$�3URWRQHQVWURP�EHL� ,QMHNWLRQVHQHUJLH� VWDELO� JHN�KOW�ZHUGHQ��$OOHUGLQJV� I�KUHQ�
VROFK� KRKH� 6WUDKOVWU|PH� ]ZDQJVOlXILJ� ]X� JU|�HUHQ� (PLWWDQ]HQ�� GLH� DXI� GLH�
VWUDKODXIKHL]HQGH�:LUNXQJ�GHU�VWUDKOLQWHUQHQ�6WUHXXQJ�GHU�,RQHQ�>��@�XQWHUHLQDQGHU�
�LQWUD�EHDP�VFDWWHULQJ��]XU�FN]XI�KUHQ�VLQG��VLHKH�$EVFKQLWW�������
&26<�(OHNWURQHQN�KOHU� $XVOHJXQJ� YHUZHQGHW�
0HFKDQLVFKH�/lQJH�GHV�'ULIWVROHQRLGV� ����� � P�
(IIHNWLYH�.�KOVWUHFNH� ������ � P�
6WUDKOURKUGXUFKPHVVHU�LP��
(OHNWURQHQN�KOHU��

����� � P�
(OHNWURQHQVWUDKOGXUFKPHVVHU� ������� � P�
0DJQHWIHOG�� ������������ ��� P7�
(OHNWURQHQHQHUJLH� ���� ����� NH9�
0D[LPDOHU��6WURP�EHL�����NH9� �� � $�
0D[LPDOHU��6WURP�EHL�����NH9� ���� ������������� $�
9DNXXP� ���������[���î�� ��[���î�� K3�

7DEHOO H ����3DUDPHWHU�GHV�&26<�(OHNWURQHQN�KOHUV
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�� �*UXQGODJHQ�GHU�NROOHNWLYHQ�6WUDKOHIIHNWH�
�XQG�GHU�]XJHK|ULJHQ�6WUDKOGLDJQRVH�

'LHVHV�.DSLWHO�LVW�GHQ�P|JOLFKHQ�8UVDFKHQ�GHU�I�U�&26<�UHOHYDQWHQ�,QWHQVLWlWVEH�
JUHQ]XQJHQ� JHZLGPHW�� (V� KDW� XQWHU� DQGHUHP� ]XP� =LHO�� HLQHQ� hEHUEOLFN� �EHU�
5DXPODGXQJVHIIHNWH�� $UEHLWVSXQNWYHUVFKLHEXQJHQ� �WXQH� VKLIW�� XQG� NRKlUHQWH�
6WUDKORV]LOODWLRQHQ�]X�JHEHQ��(V�ZHUGHQ�)UDJHQ�]X�8UVDFKHQ�GHU�6WUDKOLQVWDELOLWlWHQ�
LQ�5LQJEHVFKOHXQLJHUQ�VR�ZLH�GHUHQ�'lPSIXQJ�DXIJHJULIIHQ��'HU�6FKZHUSXQNW�GHU�
%HVFKUHLEXQJ�OLHJW�DXI�GHQ�WUDQVYHUVDOHQ�(IIHNWHQ�XQWHU�GHQ�9RUDXVVHW]XQJHQ�HLQHV�
XQJHEXQFKWHQ�6WUDKOV��FRDVWLQJ�EHDP��EHL�NRQVWDQWHP�0DJQHWIHOG�XQG�DXVJHVFKDOWHWHU�
+RFKIUHTXHQ]��+)����

���� 6SLHJHOODGXQJV��XQG�5DXPODGXQJVNUlIWH�
'LH�TXDVLKDUPRQLVFKH�XQJHVW|UWH�%HWDWURQEHZHJXQJ�GHU�7HLOFKHQ�LQ�GHU�YHUWLNDOHQ�
(EHQH�ZLUG�GXUFK�GLH�*OHLFKXQJ��
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PLW� \� GHU� YHUWLNDOHQ� .RRUGLQDWH�� 4\� GHP� YHUWLNDOHQ� $UEHLWVSXQNW� XQG� ω�� GHU�
8PODXIIUHTXHQ]� EHVFKULHEHQ��'LHVH� %HZHJXQJ�ZLUG� YRQ�(LJHQIHOGHUQ� EHHLQIOXVVW��
GLH�GXUFK� DQGHUH�7HLOFKHQ� LP�6WUDKO� HQWVWHKHQ��'HU�(LQIOXVV� DQGHUHU�7HLOFKHQ� DXI�
GDV�7HVWWHLOFKHQ�NDQQ�GXUFK�GLH�/RUHQW]NUDIW�LP�UHFKWHQ�7HLO�GHU�*OHLFKXQJ��LQ�GHU�
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XQG�%[�GLH�HQWVSUHFKHQGH�.RPSRQHQWHQ�GHV�HOHNWULVFKHQ�XQG�PDJQHWLVFKHQ�)HOGHV��
υV� GLH� ORQJLWXGLQDOH� .RPSRQHQWH� GHU� 7HLOFKHQJHVFKZLQGLJNHLW� XQG� ŷ � GHQ�
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6WUDKOYHUVDW]�EH]HLFKQHQ�>��@��8P�GLH�$Q]DKO�GHU�*OHLFKXQJHQ�]X�UHGX]LHUHQ��ZLUG�
KLHU�QXU�GLH�YHUWLNDOH�%HZHJXQJ�EHWUDFKWHW��'HU�UHFKWH�7HUP�EHVFKUHLEW�GLH�:LUNXQJ�
GHU�5DXPODGXQJVIHOGHU��)HOGHU�GLH�GXUFK�ORNDOH�6SLHJHOVWU|PH�HQWVWHKHQ�XQG�ZDNH�
)HOGHU��
,P�)DOOH�HLQHV�HOOLSWLVFKHQ�7HLOFKHQVWUDKOV� LVW�GDV� UDGLDOH�HOHNWULVFKH�)HOG� LP�6WUDKO�
GXUFK�
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PLW�λ� GHU� /LQLHQODGXQJVGLFKWH�� D� XQG� E� GHU� KDOEHQ� 6WUDKOEUHLWH� XQG� �K|KH�� ε�� GHU�
DEVROXWHQ� 'LHOHNWUL]LWlWVNRQVWDQWH� XQG� µ�� GHU� 3HUPHDELOLWlW� GHV� IUHLHQ� 5DXPV�
JHJHEHQ�>��@���
(LQ� 6WUDKO� JHODGHQHU� 7HLOFKHQ� LQGX]LHUW� LQ� GHQ�:lQGHQ� GHU�9DNXXPNDPPHU� HLQH�
6SLHJHOODGXQJ� XQG� GHPHQWVSUHFKHQG� DXFK� HLQHQ� 6SLHJHOVWURP�� 'LHVHU� 6WURP� LVW�
HEHQIDOOV�HLQH�4XHOOH�YRQ�6W|UIHOGHUQ���

������ $UEHLWVSXQNWYHUVFKLHEXQJ�
,P� UHDOHQ� 7HLOFKHQVWUDKO�� GHU� LQ� JXWHU� 1lKHUXQJ� GXUFK� HLQH� *DX��9HUWHLOXQJ� GHU�
/DGXQJVGLFKWH� ]X� EHVFKUHLEHQ� LVW�� XQWHUVFKHLGHW� PDQ� ]ZLVFKHQ� LQNRKlUHQWHU� XQG�
NRKlUHQWHU�$UEHLWVSXQNWYHUVFKLHEXQJ��,QNRKlUHQW�KHL�W��GDVV�GLH�HLQ]HOQHQ�7HLOFKHQ�
HLQH�$UEHLWVSXQNWYHUVFKLHEXQJ�DEKlQJLJ�YRQ�GHU�WUDQVYHUVDOHQ�.RRUGLQDWH�HUIDKUHQ��
'LHVHU�(IIHNW�I�KUW�]X�HLQHU�$UEHLWVSXQNWYHUVFKPLHUXQJ��WXQH�VSUHDG���'DEHL�ZHUGHQ�
GLH�7HLOFKHQ�PLW�GHQ�JU|�WHQ�%HWDWURQDPSOLWXGHQ�DP�ZHQLJVWHQ�EHHLQIOXVVW�>��@��,P�
*HJHQVDW]�]X�5DXPODGXQJVIHOGHUQ��GLH�QXU�HLQH�LQNRKlUHQWH�$UEHLWVSXQNWYHUVFKLH�
EXQJ� YHUXUVDFKHQ� N|QQHQ�� I�KUHQ� GLH� 6SLHJHOVWU|PH� DXFK� ]X� NRKlUHQWHQ�$UEHLWV�
SXQNWYHUVFKLHEXQJHQ��,Q�GLHVHP�)DOO�LVW�GLH�$UEHLWVSXQNWlQGHUXQJ�I�U�DOOH�7HLOFKHQ�
JOHLFK����
'LH�LQNRKlUHQWH�$UEHLWVSXQNWYHUVFKLHEXQJ�NDQQ�GXUFK�GLH�)RUPHO�
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1�GHU�$Q]DKO�GHU�7HLOFKHQ� LP�5LQJ�� yβ̂ GHU�PLWWOHUHQ�%HWDIXQNWLRQ�� β XQG� γ �GHQ�
UHODWLYLVWLVFKHQ�3DUDPHWHUQ�� h �GHU�KDOEHQ�+|KH�GHU�9DNXXPNDPPHU�� g �GHU�+lOIWH�
GHV� 0DJQHWSROODEVWDQGV�� yyy ,2,1,0 ,, εεε GHQ� /DVOHWW�.RHIIL]LHQWHQ� >��@� EHVFKULHEHQ�
ZHUGHQ��'HU�7HUP�OLQNV�GHU�.ODPPHU�EHLQKDOWHW�GLH�6WUDKOSDUDPHWHU��GHU�7HUP���LQ�
GHU�.ODPPHU� VWHKW� I�U�GDV�5DXPODGXQJVIHOG��GHU�7HUP���GU�FNW�GHQ�(LQIOXVV�GHU�
HOHNWULVFKHQ�6SLHJHOODGXQJ�LQ�GHU�9DNXXPNDPPHU�DXV�XQG�GHU�7HUP���GHQ�(LQIOXVV�
GHU�PDJQHWLVFKHQ�6SLHJHOODGXQJ�LQ�GHQ�0DJQHWSROHQ�>��@���
'LH� NRKlUHQWH� $UEHLWVSXQNWYHUVFKLHEXQJ� KlQJW� YRQ� GHU� %HWDWURQIUHTXHQ]� DE��'D�
GLH� (LQGULQJWLHIH� GHU� QLHGHUIUHTXHQWHQ� )HOGHU� JUR�� LVW�� N|QQHQ� VLH� LQ� EHVWLPPWHQ�
)lOOHQ�GLH�0DJQHWSROH�HUUHLFKHQ��'DQQ�LVW�GLH�$UEHLWVSXQNWYHUVFKLHEXQJ�GXUFK����
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PLW� yy ,2,1 ,ξξ GHQ� ZHLWHUHQ� /DVOHWW�.RHIIL]LHQWHQ� JHJHEHQ�� 7HUP� �� VWHKW� I�U� GLH�
HOHNWULVFKH�6SLHJHOODGXQJ� LQ�GHU�9DNXXPNDPPHU�XQG�7HUP��� I�U�GLH�PDJQHWLVFKH�
6SLHJHOODGXQJ� LQ�GHQ�0DJQHWSROHQ��)DOOV�GLH�GXUFK�GHQ�6WUDKO�HU]HXJWHQ�)HOGHU�GLH�
9DNXXPNDPPHU�QLFKW�GXUFKGULQJHQ�N|QQHQ��JLOW��
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7HUP���EHVFKUHLEW�GLH�GF�.RPSRQHQWH�GHV�PDJQHWLVFKHQ�$EELOGHV� LQ�GHQ�0DJQHW�
SROHQ�XQG�7HUP���GLH�DF�.RPSRQHQWH�GHV�PDJQHWLVFKHQ�$EELOGHV�LQ�GHU�9DNXXP�
NDPPHU� >��@��'LH�/DVOHWW�.RHIIL]LHQWHQ�N|QQHQ� I�U�XQWHUVFKLHGOLFKH�9DNXXPNDP�
PHU��XQG�6WUDKOJHRPHWULHQ�EHUHFKQHW�ZHUGHQ� >��@� >��@��'HWDLOOLHUWHUH�%HVFKUHLEXQ�
JHQ�ILQGHW�PDQ�XQWHU�DQGHUHP�LQ�>��@�XQG�>��@�����
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���� 6WUDKOGLDJQRVH�PLWWHOV�HOHNWURVWDWLVFKHU�3LFN�XSV�
=XHUVW�ZROOHQ�ZLU�DXI�HLQHV�GHU�ZLFKWLJVWHQ�,RQHQVWUDKO�'LDJQRVHLQVWUXPHQWH�LQ�GHU�
%HVFKOHXQLJHUSK\VLN� HLQJHKHQ� ²� GHQ� NDSD]LWLYHQ� 6LJQDODXIQHKPHU� �3LFN�XS��� 'LH�
HLQIDFKVWH�$XVI�KUXQJ�EHVWHKW�DXV�]ZHL�(OHNWURGHQ��GLH�LQ�GHU�9DNXXPNDPPHU�GHV�
%HVFKOHXQLJHUV� XQWHUJHEUDFKW� VLQG�� -HGH� GHU� ]ZHL� (OHNWURGHQ�� EHVLW]W� HLQHQ�
HOHNWULVFKHQ� $QVFKOXVV�� GHU� PLWWHOV� HLQHU� 9DNXXPGXUFKI�KUXQJ� QDFK� DX�HQ�
DXVJHI�KUW� LVW��:HQQ� HLQ� JHODGHQHV� 7HLOFKHQ� GHQ�3LFN�XS� SDVVLHUW�� HU]HXJW� HV� HLQH�
6SLHJHOODGXQJ�DQ�GHQ�(OHNWURGHQ��$EKlQJLJ�YRQ�GHU�(OHNWURGHQNDSD]LWlW�PLVVW�PDQ�
DQ�GHQ�$QVFKO�VVHQ�HLQH�6SDQQXQJ��'LH�6XPPH�GH�EHLGHQ�(OHNWURGHQVLJQDOH�ZLUG�
DOV� ORQJLWXGLQDOHV��RGHU�6XPPHQVLJQDO� �Σ�6LJQDO��XQG�GLH�'LIIHUHQ]�DOV�'HOWDVLJQDO�
�∆�6LJQDO�� EH]HLFKQHW�� 'DV� Σ�6LJQDO� HQWKlOW� ,QIRUPDWLRQ� �EHU� GLH� ORQJLWXGLQDOH�
9HUWHLOXQJ�GHU�7HLOFKHQ��ZREHL�GDV�∆�6LJQDO�GLH�3RVLWLRQ�GHV�/DGXQJVVFKZHUSXQNWHV�
GHV� 6WUDKOV� ZLHGHUJLEW�� 'LH� (OHNWURGHQ� N|QQHQ� LQ� *U|�H� XQG� )RUP� VHKU� XQWHU�
VFKLHGOLFK�VHLQ��DEKlQJLJ�YRQ�3DUDPHWHUQ�ZLH�(PSILQGOLFKNHLW��%UHLWEDQGLJNHLW�RGHU�
/LQHDULWlW��6ROFKH�3LFN�XSV�ZHUGHQ�LQ�GHU�/LWHUDWXU�RIW�DOV�6FKRWWN\�3LFN�XSV�XQG�GLH�
6LJQDOH��GLH�VLH�OLHIHUQ��DOV�6FKRWWN\�6LJQDOH�RGHU�6FKRWWN\�QRLVH�EH]HLFKQHW�>��@��:LU�
ZHUGHQ�XQV�DXI�GHQ�GF�6WUDKO�EHVFKUlQNHQ��'LH�%HWUDFKWXQJ�GHV�JHEXQFKHQ�6WUDKOV�
HUIROJW�DQDORJ�]X�GHU�XQWHQ�DXIJHI�KUWHQ�%HVFKUHLEXQJ�>��@�����

������ /RQJLWXGLQDOHV�3LFN�XS�6LJQDO�
*HJHEHQ� VHL� HLQ� LGHDOHU� 3LFN�XS� PLW� HLQHU� XQHQGOLFKHQ� %DQGEUHLWH�� GHU� DQ� GHU�
:LQNHOSRVLWLRQ�θ� � LP�5LQJ�PRQWLHUW� LVW��(LQ�7HVWWHLOFKHQ�XPOlXIW�GHQ�0DVFKLQHQ�
XPIDQJ�PLW�GHP�,PSXOV�S��ZDV�GHU�8PODXIIUHTXHQ]�ω�XQG�GHU�3HULRGH�7�HQWVSULFKW��
'DEHL� SDVVLHUW� HV� GLH� 3RVLWLRQ�θ�  � �� ]XP�=HLWSXQNW� W�  � ��� �'DQQ� IOLHJW� HV� ]XP�
=HLWSXQNW�

0
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ω
θπ +⋅= n

t n �

DP�3LFN�XS�YRUEHL��Q�LVW�HLQH�JDQ]H�=DKO���:LU�GHILQLHUHQ�GLH�.RRUGLQDWHQ�

τ��XQG��
dt

dττ =� �

DOV� ]HLWOLFKH�9HU]|JHUXQJ� XQG� GHUHQ�$EOHLWXQJ� ]ZLVFKHQ� GHP�5HIHUHQ]�� XQG� GHP�
7HVWWHLOFKHQ�� GLH� GLHVHOEH� 6WHOOH� LP� 5LQJ� SDVVLHUHQ� >��@�� 'HU� 8UVSUXQJ� LVW� GDV�
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5HIHUHQ]WHLOFKHQ�PLW�GHP�6ROOLPSXOV�S��XQG�GHU�8PODXIIUHTXHQ]��
0

0

2

T

πω = ��τ�XQG�τ� �
VLQG�GLH�.RRUGLQDWHQ�GHV�7HVWWHLOFKHQV�LP�ORQJLWXGLQDOHQ�3KDVHQUDXP�

�
p

dp

T

dT

dt

d ητ −== ��XQG�� t
dt

dτττ += 0 ���� ������

'LH�)UHTXHQ]GLVSHUVLRQ�η��ZLUG�DOV�
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PLW�γ�GHP�UHODWLYLVWLVFKHQ�)DNWRU�XQG�γWU�GHU�NULWLVFKHQ�hEHUJDQJVHQHUJLH�GHILQLHUW�
>��@���
'DV�7HVWWHLOFKHQ�KDW�HLQH�9HU]|JHUXQJ�XP�τ��6HNXQGHQ�]XP�=HLWSXQNW� W� ���XQG�
HUUHLFKW�GHQ�3LFN�XS�]XP�=HLWSXQNW�
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,Q� MHGHP�8PODXI� HU]HXJW� GDV� 7HVWWHLOFKHQ� HLQHQ� 3XOV� DP� 3LFN�XS� �38�� $XVJDQJ��
'HU�]HLWOLFKH�$EVWDQG�]ZLVFKHQ�GHQ�3XOVHQ�LVW�GXUFK�7�JHJHEHQ���
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'DQQ�LVW�GHU�DP�38�JHPHVVHQH�6WURP�
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ZREHL�δ�GLH�'LUDF�)XQNWLRQ��T�GLH�/DGXQJ�GHU�7HLOFKHQ�XQG�Q�HLQH�JDQ]H�=DKO�VLQG��
'LH�8PVFKUHLEXQJ� LQ�H[SRQHQWLHOOHU�)RUP�XQG�$QZHQGXQJ�GHU�)RXULHU�7UDQVIRU�
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'LH� $EELOGXQJ� �D� ]HLJW� GDV� 38�6XPPHQVLJQDO� �*OHLFKXQJ� ������ LP� )UHTXHQ]EH�
UHLFK��

�

� �
$EELOGXQJ� ��� /RQJLWXGLQDOHV� 6SHNWUXP� HLQHV� HLQ]HOQHQ� 7HLO FKHQ� �D�� XQG� HLQHV �
7HLOFKHQVWUDKOHV �PLW �KRPRJHQHU�,PSXOVYHUWHL OXQJ��E���

'DV�)UHTXHQ]VSHNWUXP�EHVWHKW�DXV�XQHQGOLFK�VFKPDOHQ�/LQLHQ�JOHLFKHU�$PSOLWXGH��
:HQQ� PDQ� DEHU� DQQLPPW�� GDVV� YLHOH� 7HLOFKHQ� PLW� XQWHUVFKLHGOLFKHQ� KRPRJHQ�
YHUWHLOWHQ� ,PSXOVHQ� VLFK� LP� 5LQJ� EHZHJHQ�� GDQQ� ZLUG� GLH� /LQLHQEUHLWH� PLW�
]XQHKPHQGHP�Q�JU|�HU�XQG�GLH�$PSOLWXGH�NOHLQHU��$EELOGXQJ��E��>��@����
(LQ�UHDOHU�7HLOFKHQVWUDKO�NDQQ�PLW�+LOIH�HLQHU�9HUWHLOXQJVIXQNWLRQ� ( )t,,ττ �Ψ ��GLH�GLH�
7HLOFKHQGLFKWH� LP� ]ZHLGLPHQVLRQDOHQ� 3KDVHQUDXP� UHSUlVHQWLHUW�� EHVFKULHEHQ�
ZHUGHQ���'DQQ�LVW�GDV�PLW�GHP�38�JHPHVVHQH�6LJQDO�JHJHEHQ�GXUFK�
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ZREHL�1�GLH�$Q]DKO�GHU�7HLOFKHQ�LP�5LQJ�XQG�GLH�1RUPLHUXQJ�GXUFK�
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ddt
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JHJHEHQ� VLQG�� :HQQ� GLH� 7HLOFKHQYHUWHLOXQJ� VWDWLRQlU� LVW�� HQWVSULFKW� GDV� HLQHP�
LGHDOHQ� GF�6WUDKO�� ZDV� DXWRPDWLVFK� HLQ� ]HLWOLFK� NRQVWDQWHV� ORQJLWXGLQDOHV� 6LJQDO�

ItS =),(|| θ � EHGHXWHW�� 3K\VLNDOLVFK� PDFKW� HV� 6LQQ�� GHQ� UHDOHQ� 6WUDKO� LQ� HLQHP�
.UHLVEHVFKOHXQLJHU� PLW� HLQHU� VWDWLRQlUHQ� 9HUWHLOXQJ� ( )τ�0g � XQG� HLQHU� NOHLQHQ�
SHULRGLVFKHQ�6W|UXQJ� ( ) ( )tnig n||0exp ωτωτ +� �]X�EHVFKUHLEHQ��

� ( ) ( ) ( ) ( )tniggt n||00 exp,, ωτωττττ ++=Ψ ��� ��� ������
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ZREHL� n||ω GHU�)UHTXHQ]YHUVDW]�XQG��

( )
0

0
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T
dg =∫ ττ �� ���XQG��� ( ) ( ) 0exp ||0 =+∫ ττωτωτ �� ddtnig n �

GLH�1RUPLHUXQJ�VLQG��'LH�6W|UXQJ�I�KUW�]X�HLQHU�8PYHUWHLOXQJ�GHU�7HLOFKHQ��lQGHUW�
DEHU�GHUHQ�$Q]DKO�QLFKW��>��@��:HQQ�GHU�,PDJLQlUWHLO�YRQ� n||ω QHJDWLY�LVW��ZlFKVW�GLH�
6W|UXQJ�H[SRQHQWLHOO�DQ������XQG�GHU�6WUDKO�ZLUG�PLW�GHU�+DUPRQLVFKHQ�Q�JHEXQFKW�
>��@���
'DV�38�6LJQDO�NDQQ�MHW]W�LQ�GHU�)RUP��

( ) ( )θθ ,, |||| tSItS n+= �

PLW�
� ( ) ( )[ ] ( )∫−+= ττθωωθ �� dgntniITtS nn ||00|| exp, �� ������

JHVFKULHEHQ� ZHUGHQ�� 'LH� )RXULHU� 7UDQVIRUPDWLRQ� HUJLEW� GDQQ� GDV� 6SHNWUXP� GHU�
6W|UXQJ�
� ( ) ( ) ( )[ ] ( )∫+−−= ττωωωδθθω �� dgninITS nn ||00|| exp, ��� ������

'DV�6SHNWUXP�GHV�38�6LJQDOV�HQWKlOW�GDQQ�HLQH�VSHNWUDOH�/LQLH�EHL�ω� ���XQG�EHL�
nn ||0 ωωω += ��*OHLFKXQJ��������

������7UDQVYHUVDOHV�3LFN�XS�6LJQDO�
=XHUVW� EHVFKUHLEHQ� ZLU� GDV� WUDQVYHUVDOH� 6LJQDO� HLQHV� HLQ]HOQHQ� 7HLOFKHQV�� :LU�
QHKPHQ�DQ��GDVV�GDV�7HLOFKHQ�DXIJUXQG�GHU�)RNXVVLHUXQJ�KDUPRQLVFK�>�@�
� )(cosˆ tyy ϕ= �� ������

XP�GLH�5HIHUHQ]EDKQ�PLW�GHU�$PSOLWXGH� ŷ �XQG�GHU�%HWDWURQSKDVH�ϕ�W��RV]LOOLHUW��
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$EELOGXQJ� ��� 7UDQVYHUVDOHV� 6LJQDO � LP� =HLWEHUHL FK� �D�� XQG� LP� )UHTXHQ]EHUHLFK�
�E�� HLQHV� HLQ]HOQHQ� 7HL OFKHQV��'LH� JHVWU LFKHOW HQ� /LQLHQ� VWHO O HQ�8PODXIIUHTXHQ]�
NRPSRQHQWHQ�GDU��GLH�EHL � HLQHP�LP�38�]HQWU LHU WHQ�6WUDKO �QLFKW �YRUNRPPHQ��

8QWHU�%HU�FNVLFKWLJXQJ�YRQ������NDQQ�GDV�WUDQVYHUVDOH�6LJQDO��$EELOGXQJ��D��GXUFK�
IROJHQGH�*OHLFKXQJ�
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EHVFKULHEHQ�ZHUGHQ��+LHUEHL� VLQG� +
nω �IDVW�ZDYH��XQG� −

nω �VORZ�ZDYH��)UHTXHQ]HQ��GLH�
DOV�/LQLHQ�UHFKWV�XQG�OLQNV�YRQ�GHU�+DUPRQLVFKHQ�LP�6SHNWUXP�DEJHELOGHW�ZHUGHQ�
�$EELOGXQJ��E����
6LH�ZHUGHQ�DOV�%HWDWURQVHLWHQElQGHU�EH]HLFKQHW�
�� ( ) 0ωω xn Qn +=+ ���������� ( ) 0ωω xn Qn −=− ��� �������
,Q� JXWHU�1lKHUXQJ� EHVWLPPW� GLH� ,PSXOVYHUWHLOXQJ� GLH� %UHLWH� GHU� � %HWDWURQVHLWHQ�
ElQGHU���

( )( )τωωω ξ �++=∆ +
00xn Qn ����� ( )( )τωωω ξ �−−=∆ −
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ZREHL�GLH�FKURPDWLVFKH�)UHTXHQ]��
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LVW�� 'LH� *OHLFKXQJ� ����� ]HLJW�� GDVV� GHU� (LQIOXVV� GHU� ,PSXOVYHUWHLOXQJ� DXI� GLH�
6HLWHQElQGHU��EHU�GLH�&KURPDWL]LWlW�ξ��

�
pQ

pQ

∆
∆=

0

0ξ �� �������

DEKlQJLJ� LVW� YRQ� GHU� +DUPRQLVFKHQ]DKO� Q�� 9RQ� JUR�HU� %HGHXWXQJ� LVW�� GDVV� EHL�
EHVWLPPWHQ�+DUPRQLVFKHQ�Q��I�U�GLH��
� ( ) ξωω ≈+− 00xQn �������RGHU����� ( ) ξωω ≈− 00xQn �� ������

JLOW�� GLH� %HWDWURQVHLWHQElQGHU� VHKU� VFKPDO� ZHUGHQ� >��@�� 'DV� KDW�� ZLH� ZLU� VSlWHU�
VHKHQ�ZHUGHQ��GLUHNWH�)ROJHQ�I�U�GLH�6WUDKOVWDELOLWlW��
8P�WUDQVYHUVDOH�6LJQDOH�UHDOHU�7HLOFKHQVWUDKOHQ�EHVFKUHLEHQ�]X�N|QQHQ��P�VVHQ�ZLU�
DXFK� KLHU�� DQDORJ� ]X� GHP� LP� $EVFKQLWW� ������ EHVFKULHEHQHQ� 9HUIDKUHQ�� GLH�
9HUWHLOXQJVIXQNWLRQ�� GLH� DXV� HLQHP� VWDWLRQlUHQ�7HUP�Ψ�� XQG� HLQHP� 6W|UXQJVWHUP�
∆ΨQ�EHVWHKW��HLQI�KUHQ�>��@�� �
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ZREHL�ω⊥ Q��HLQ�)UHTXHQ]YHUVDW]�LVW��$X�HUGHP�JLOW�GLH�1RUPLHUXQJ�
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ωττ
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'LH�*OHLFKXQJ�
� ( )xnxn QQ ∆+−=⊥ 00ωω �� ������
UHSUlVHQWLHUW� GHQ� )UHTXHQ]YHUVDW]� DOV� GLH� 6XPPH� GHU� LQNRKlUHQWHQ� %HWDWURQIUH�
TXHQ]� 00ωxQ �XQG�GHP�NRKlUHQWHQ�WUDQVYHUVDOHQ�)UHTXHQ]YHUVDW]� 0ωxnQ∆ ��
%HL�GHU� ,QWHJUDWLRQ�YRQ�(LQ]HOWHLOFKHQVLJQDOHQ� �EHU�GLH�9HUWHLOXQJ� HUKlOW�PDQ�GDV�
6WUDKOVLJQDO�LQ�GHU�)RUP��
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JHJHEHQ��'LH�*OHLFKXQJ� ����� ]HLJW�� GDVV� QXU� GLH� 6HLWHQEDQGIUHTXHQ]HQ�GXUFK� HLQH�
6W|UXQJ�DQJHUHJW�ZHUGHQ�N|QQHQ��

����:DNH�)HOGHU�XQG�.RSSHOLPSHGDQ]HQ�
,P�$EVFKQLWW� ���� ZXUGH� EHUHLWV� DXI� GLH� (LJHQIHOGHU�� GLH�PLW� GHP� 6WUDKO� LQ� 3KDVH�
VLQG��HLQJHJDQJHQ��,Q�:LUNOLFKNHLW�N|QQHQ�GLH�3KDVHQYHUKlOWQLVVH�VHKU�XQWHUVFKLHG�
OLFK�VHLQ��8QWHU�ZDNH�)HOGHUQ�YHUVWHKW�PDQ�]HLW��XQG�RUWVDEKlQJLJH�HOHNWURPDJQHWL�
VFKH�)HOGHU��GLH�GXUFK�GHQ�6WUDKO�VHOEVW�DQJHUHJW�ZHUGHQ�XQG�EHOLHELJH�3KDVHQYHU�
KlOWQLVVH�DXIZHLVHQ��%HL�NOHLQHQ�6WUDKOLQWHQVLWlWHQ�EOHLEW�GHU�(LQIOXVV�GLHVHU�)HOGHU�
YHUQDFKOlVVLJEDU� NOHLQ�� ,QWHQVLYH� 6WUDKOHQ� N|QQHQ� DEHU� XQWHU� 8PVWlQGHQ� ZDNH�
)HOGHU�HU]HXJHQ��GLH�VWDUN�JHQXJ�VLQG��GHQ�6WUDKO�ÅVLFKWEDU´�DE]XOHQNHQ��(LJHQVFKDI�
WHQ�GHU�6WUDKOXPJHEXQJ�VSLHOHQ�KLHU�HLQH�HQWVFKHLGHQGH�5ROOH���
'LH� :HFKVHOZLUNXQJ� GHV� 6WUDKOV� PLW� VHLQHU� 8PJHEXQJ� NDQQ� PLW� +LOIH� GHU�
.RSSHOLPSHGDQ]� =�ω�� EHVFKULHEHQ� ZHUGHQ�� 6LH� LVW� OHW]WHQGOLFK� HLQ� 0D�� I�U� GHQ�
(LQIOXVV�GHU�6WUDKOXPJHEXQJ�DXI�GHQ�6WUDKO� �HLQ]HOQH�.RPSRQHQWHQ�GHU�9DNXXP�
NDPPHU�RGHU�GHV�JDQ]HQ�5LQJV���6ROFKH�(IIHNWH��ZLH�GLH�HQGOLFKH�/HLWIlKLJNHLW�GHV�
6WUDKOURKUHV� XQG� 4XHUVFKQLWWVlQGHUXQJHQ�� VLQG� RIW� I�U� JU|�HUH� ,PSHGDQ]HQ�
YHUDQWZRUWOLFK�� 0DQ� XQWHUVFKHLGHW� EUHLWEDQGLJH� XQG� VFKPDOEDQGLJH� ,PSHGDQ]HQ��
'LH�HUVWHQ�QHKPHQ�(LQIOXVV�QXU�DXI�GLH�7HLOFKHQ��GLH�XQPLWWHOEDU�DXI�GLH�HU]HXJHQ�
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GHQ�7HLOFKHQ�IROJHQ��ZHLO�GLH�$ENOLQJ]HLW�NXU]�LVW��'LH�]ZHLWHQ�HQWVWHKHQ�W\SLVFKHU�
ZHLVH�GXUFK�UHVRQDWRUlKQOLFKH�6WUXNWXUHQ�PLW�KRKHU�*�WH�XQG�N|QQHQ�GDKHU�DXFK�
DXI�HQWIHUQWHUH�7HLOFKHQ�ZLUNHQ��'LH� ORQJLWXGLQDOH�XQG�GLH� WUDQVYHUVDOH�.RSSHOLP�
SHGDQ]�ZHUGHQ�JHWUHQQW�EHKDQGHOW���
$OV�%HLVSLHO� I�U�HLQH�,PSHGDQ]TXHOOH�ZLUG�HLQ�5HVRQDWRU�JHQRPPHQ��GD�VHKU�YLHOH�
.RPSRQHQWHQ� HLQHV� %HVFKOHXQLJHUV� UHVRQDWRUlKQOLFKH� (LJHQVFKDIWHQ� DXIZHLVHQ��
(LQ� 5HVRQDWRU� �$EELOGXQJ� ��� YHUKlOW� VLFK� ZLH� HLQ� 5&/�.UHLV� �$EELOGXQJ� ��� XQG�
NDQQ�LQ�HUVWHU�1lKHUXQJ�DOV�VROFKHU�EHWUDFKWHW�ZHUGHQ�>��@��(LQ�6FKZLQJNUHLV�NDQQ�
GXUFK�GLH�5HVRQDQ]IUHTXHQ]�ωU�� GHQ�4XDOLWlWVIDNWRU�4� XQG�GLH�'lPSIXQJVUDWH�α�
EHVFKULHEHQ�ZHUGHQ�>��@��
/HW]WHUH�*U|�HQ�VLQG�GHILQLHUW�GXUFK��
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$EELOGXQJ����:HFKVHOZLUNXQJ�HLQHV �7HLO FKHQVWUDKOV �PLW �HLQHP�5HVRQDWRU��

�
$EELOGXQJ����(UVDW]VFKDOWELOG�H LQHV�5HVRQDWRUV��

6SHLVHQ�GLHVHU�6FKDOWXQJ�PLW�GHP�6WURP�,�HUJLEW�GLH�6SDQQXQJ�DQ�DOOHQ�(OHPHQWHQ�
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'LH�/|VXQJ�GHU�KRPRJHQHQ�'LIIHUHQ]LDOJOHLFKXQJ�LVW�HLQH�JHGlPSIWH�6FKZLQJXQJ�
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'LH� 5HDNWLRQ� GHV� 5HVRQDWRUV� DXI� HLQH� $QUHJXQJ� EHL� 0=t � PLW� GHU�'HOWDIXQNWLRQ�
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EHVFKULHEHQ�ZHUGHQ�>��@��
'LH� 6SDQQXQJ� ( )tV �� HU]HXJW� GXUFK� GLH� 3XQNWODGXQJ� q � EHL� 0=t �� ZLUNW� DXI� HLQH�
DQGHUH� 3XQNWODGXQJ� *q �� GLH� GHQ� 5HVRQDWRU� EHL� W� SDVVLHUW�� 'DEHL� lQGHUW� VLFK� GLH�
(QHUJLH�GHU�3XQNWODGXQJ� *q �XP��
� ( )tVqE *−=∆ ��� ������
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'LHVH� (QHUJLHlQGHUXQJ� ZLUG� DOV� ZDNH�3RWHQ]LDO� HLQHU� 3XQNWODGXQJ� RGHU� *UHHQ�
)XQNWLRQ�EH]HLFKQHW��,Q�XQVHUHP�)DOO�HUKlOW�PDQ�I�U�GLH�*UHHQ�)XQNWLRQ��
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$EELOGXQJ����*UHHQ�)XQNWLRQ�HLQHV�5HVRQDWRUV��

'LH� PLW� +LOIH� GHU� KDUPRQLVFKHQ� $QUHJXQJ ( )tII ωcosˆ= � DP� 5HVRQDWRU� LQGX]LHUWH�
6SDQQXQJ�EHUHFKQHW�VLFK�QDFK�>��@�]X�
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0DQ�VLHKW��GDVV�GLH�6SDQQXQJ�9�W��HLQHQ�.RVLQXVWHUP�EHVLW]W��GHU�VLFK�LQ�3KDVH�PLW�
GHP� 6WURP� EHILQGHW�� (U� NDQQ� DOVR� (QHUJLH� DEVRUELHUHQ� XQG�ZLUG� UHVLVWLYHU� 7HUP�
JHQDQQW��'HU�6LQXVWHUP�LVW�DX�HU�3KDVH�XQG�NDQQ�NHLQH�(QHUJLH�DEVRUELHUHQ��'DKHU�
ZLUG�HU�DOV�UHDNWLYHU�7HUP�EH]HLFKQHW��'HU�4XRWLHQW�DXV�6SDQQXQJ�XQG�6WURP�LVW�GLH�
.RSSHOLPSHGDQ]�� 6LH� LVW� HLQH� )XQNWLRQ� GHU� )UHTXHQ]�� 'LHVH� ,PSHGDQ]� KDW� HLQHQ�
UHVLVWLYHQ�7HLO�=�U��ω��XQG�HLQHQ�UHDNWLYHQ�7HLO�=�L��ω���
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'HU�UHVLVWLYH�7HLO�GHU�,PSHGDQ]� LVW� LPPHU�SRVLWLY��'HU�UHDNWLYH�7HLO� LVW�SRVLWLY�EHL�
rωω < ��HU�ZLUG�EHL� rωω > �QHJDWLY�>��@���

-HW]W�JHKHQ�ZLU�]XP�DOOJHPHLQHQ�)DOO��EHU��%H]HLFKQHQ�ZLU�GDV�HOHNWULVFKH�)HOG��GDV�
HQWODQJ� GHV� 6WUDKOURKUHV� GXUFK� GLH� NRPSOH[H� 6WUDKODQUHJXQJ� )(ˆ ωI � HQWVWHKW� DOV�
(V�ω���GDQQ�LVW�GLH�ORQJLWXGLQDOH�.RSSHOLPSHGDQ]�GHU�0DVFKLQH�XQWHU�9HUQDFKOlVVL�
JXQJ�GHV�0DJQHWIHOGHV�GXUFK��
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JHJHEHQ��'DV� ,QWHJUDO�ZLUG� �EHU� HLQHQ�8PODXI� JHQRPPHQ� >��@��'LH� ORQJLWXGLQDOH�
.RSSHOLPSHGDQ]� LVW� GLH� )RXULHU�7UDQVIRUPLHUWH� GHU� *UHHQ�)XQNWLRQ� XQG� ZLUG� LQ�
2KP�>Ω@�JHPHVVHQ��
)�U� GHQ� WUDQVYHUVDOHQ� )DOO� VSLHOHQ� PDJQHWLVFKH� )HOGHU� HLQH� JUR�H� 5ROOH�� 'LH�
*OHLFKXQJ������PXVV�LQ�GLH�)RUP��
� ( )tWyqqE ⊥=∆ ˆ* �� ������

XPJHVFKULHEHQ� ZHUGHQ�� ZREHL�:⊥ �W�� GDV� WUDQVYHUVDOH� ZDNH�3RWHQ]LDO� XQG� yqˆ � GDV�
WUDQVYHUVDOH�'LSROPRPHQW�EH]HLFKQHQ��'LH�DOOJHPHLQH�'HILQLWLRQ�GHU�WUDQVYHUVDOHQ�
.RSSHOLPSHGDQ]�ODXWHW�GDQQ�
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PLW� \�V�� GHP� 6WUDKOYHUVDW]�� ,� GHP� 6WUDKOVWURP� XQG�
c

υβ = �� 'LH� WUDQVYHUVDOH�
.RSSHOLPSHGDQ]�ZLUG�LQ�>Ω�P@�JHPHVVHQ��
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���� $QZHQGXQJ�I�U�&26<�
%HUHFKQHQ� ZLU� ]XHUVW� GLH� P|JOLFKHQ� $UEHLWVSXQNWYHUVFKLHEXQJHQ�� GLH� EHL� &26<�
DXIWUHWHQ�N|QQHQ��'LH�PLW�GHQ�)RUPHOQ������XQG������I�U������7HLOFKHQ�LP�5LQJ�EHL�
GHU� ,QMHNWLRQVHQHUJLH� �β�  � �����γ�≈� ��� HUUHFKQHWHQ�∆4FRK�:HUWH� OLHJHQ� LP�%HUHLFK�
]ZLVFKHQ�������XQG��������ZDV�I�U�GHQ�SUDNWLVFKHQ�%HVFKOHXQLJHUEHWULHE�YHUQDFKOlV�
VLJEDU�LVW��
'LH� LQNRKlUHQWH� UDXPODGXQJVEHGLQJWH� $UEHLWVSXQNWYHUVFKLHEXQJ� ∆4LQF� KlQJW� YRQ�
GHP� 6WUDKOTXHUVFKQLWW� DE� ������ )�U� HLQHQ� UXQGHQ� 7HLOFKHQVWUDKO� PLW� *DX���
9HUWHLOXQJ�OlVVW�VLH�VLFK�PLW�GHU�)RUPHO��

�
εγπβ 32

0Nr
Q sc
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PLW�1�GHU�$Q]DKO�GHU�7HLOFKHQ� LP�5LQJ�� U��GHP�NODVVLVFKHQ�3URWRQHQUDGLXV�XQG�ε�
GHU�6WUDKOHPLWWDQ]���σ��%UHLWH��EHVFKUHLEHQ�>��@��'LH�QDFK������I�U������XPODXIHQGH�
3URWRQHQ�LP�5LQJ�HUUHFKQHWH� LQNRKlUHQWH�$UEHLWVSXQNWYHUVFKLHEXQJ�EHWUlJW��������
'LHVHU�)DOO�HQWVSULFKW�GHP�LQ�GHU�$EELOGXQJ����JH]HLJWHQ�6WUDKOVWURP�YRQ�����P$�
QDFK� DEJHVFKORVVHQHU� (OHNWURQHQN�KOXQJ�� 'LH� (PLWWDQ]� ZXUGH� PLW� +LOIH� GHV�PLW�
GHP� +��0RQLWRU� JHPHVVHQHQ� 3URILOV� DXVJHUHFKQHW� XQG� EHWUXJ� ���� µP⋅UDG� �VLHKH�
$EVFKQLWW�������
'LH� IDVW� ZDYHV� HLQHV� GF�6WUDKOV� KDEHQ� GLH� ULFKWLJH� 3KDVH�� XP� GHQ� QDW�UOLFKHQ�
6WDELOLVLHUXQJVSUR]HVV�GHU�/DQGDX�'lPSIXQJ�>��@�]X�XQWHUVW�W]HQ��)�U�VORZ�ZDYHV�LVW�
GLHVH� %HGLQJXQJ� QLFKW� HUI�OOW�� GHVZHJHQ� KlQJW� GLH� 6WDELOLWlW� GHV� JHVDPWHQ� 6WUDKOV�
YRQ�GHU�(IIHNWLYLWlW�GHU�/DQGDX�'lPSIXQJ�EHL�VORZ�ZDYHV�DE�>��@���'LH�'lPSIXQJV�
VWlUNH�KlQJW�YRQ�GHU�9HUWHLOXQJ�GHU�6HLWHQEDQGIUHTXHQ]HQ�DE��GLH� OHW]WHQGOLFK�DXV�
GHU� $UEHLWVSXQNWYHUVFKPLHUXQJ� XQG� GHPHQWVSUHFKHQG� DXV� GHU� ,PSXOVXQVFKlUIH�
UHVXOWLHUW��VLHKH�*OHLFKXQJ��������$XV�GLHVHP�*UXQG�LVW�HV�HQWVFKHLGHQG�ZLFKWLJ��GDV�
ULFKWLJH� 9RU]HLFKHQ� I�U� GLH� &KURPDWL]LWlW� ]X� ZlKOHQ� >��@�� $XV� *OHLFKXQJ� �����
HUNHQQW�PDQ��GDVV�XQWHUKDOE�GHU�NULWLVFKHQ�hEHUJDQJVHQHUJLH�EHL�NHLQHU�+DUPRQL�
VFKHQ� Q� GLH� 6HLWHQEDQGEUHLWH� YHUVFKZLQGHW�� ZHQQ� HLQH� QHJDWLYH� &KURPDWL]LWlW�
HLQJHVWHOOW� LVW� >��@�� $OOHUGLQJV�� EHL� HLQHP� HOHNWURQHQJHN�KOWHQ� 6WUDKO�� LVW� GLH�
,PSXOVYHUWHLOXQJ� VHKU� VFKPDO�� ZDV� LQ� GHU� 5HJHO� ]X� HLQHU� VFKZDFKHQ� 'lPSIXQJ�
I�KUW��8QWHU�GLHVHQ�%HGLQJXQJHQ�NDQQ�GHU�6WUDKO�VFKRQ�EHL�JHULQJHQ�6WU|PHQ�XQG�
YHUJOHLFKEDU�NOHLQHQ�,PSHGDQ]HQ�LQVWDELO�ZHUGHQ���
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,QWHJUDO�JHVHKHQ�HQW]LHKW�GLH�:HFKVHOZLUNXQJ�GHV�6WUDKOV�PLW�VHLQHU�8PJHEXQJ�LKP�
(QHUJLH�� GD� HU� GLH� HLQ]LJH� (QHUJLHTXHOOH� LQ� GLHVHP� 6\VWHP� LVW�� 8QWHU� EHVWLPPWHQ�
%HGLQJXQJHQ�NDQQ�GLHVH�:HFKVHOZLUNXQJ�GDV�LP�6WUDKO�VFKRQ�YRUKDQGHQH�5DXVFKHQ�
NRKlUHQW�YHUVWlUNHQ��,Q�GLHVHP�)DOO�NDQQ�GLH�(QHUJLH�I�U�GLH�WUDQVYHUVDOH�2V]LOODWLRQ�
DXV� GHU� ORQJLWXGLQDOHQ� %HZHJXQJ� HQWQRPPHQ� ZHUGHQ� >��@�� 2KQH� +RFKIUHTXHQ]�
NDQQ� GHU� (OHNWURQHQN�KOHU� NOHLQHUH� (QHUJLHYHUOXVWH� LQ� GHU� ORQJLWXGLQDOHQ� (EHQH�
NRPSHQVLHUHQ��(LQH��EHUVLFKWOLFKH�.ODVVLILNDWLRQ�GHU�NRKlUHQWHQ�6WUDKLQVWDELOLWlWHQ�
LVW�XQWHU�DQGHUHP�LQ�>��@�]X�ILQGHQ���
8P� GLH� 8UVDFKHQ� GHU� NRKlUHQWHQ� ,QVWDELOLWlWHQ� EHL� &26<� EHVVHU� YHUVWHKHQ� ]X�
N|QQHQ�� LVW� HV� VLQQYROO�� GLH� XQWHUVFKLHGOLFKHQ� .RPSRQHQWHQ� GHU� WUDQVYHUVDOHQ�
.RSSHOLPSHGDQ]�GHV�5LQJV�TXDOLWDWLY�]X�DQDO\VLHUHQ��,KUH�+DXSWNRPSRQHQWHQ�VLQG�
GLH� 5DXPODGXQJVLPSHGDQ]�� � GLH� UHVLVWLYH� ZDOO� �5:�� ,PSHGDQ]�� GLH� EUHLWEDQGLJH�
,PSHGDQ]� XQG� GLH� 5HVRQDWRULPSHGDQ]�� 'LH� 5DXPODGXQJVLPSHGDQ]� LVW� GXUFK� GLH�
*HRPHWULH� GHV� 6WUDKOV� XQG� GHU� 9DNXXPNDPPHU� JHJHEHQ�� 'LH� 5:�,PSHGDQ]�
NRPPW� GXUFK� GLH� HQGOLFKH� /HLWIlKLJNHLW� GHU� 9DNXXPNDPPHU� ]XVWDQGH�� 'LH�
EUHLWEDQGLJH� ,PSHGDQ]� ZLUG� YHUXUVDFKW� GXUFK� 4XHUVFKQLWWVlQGHUXQJHQ�� %lOJH��
3XPSHQ�XQG�DQGHUHU�.RPSRQHQWHQ�GHV�%HVFKOHXQLJHUV��'LH�5HVRQDWRULPSHGDQ]�LVW�
QRUPDOHUZHLVH� DXI� GLH�.DYLWlW� RGHU� UHVRQDWRUlKQOLFKH� 6WUXNWXUHQ�PLW� KRKHU�*�WH��
]XU�FN]XI�KUHQ���
'LH�5DXPODGXQJVLPSHGDQ]�I�U�UXQGH�4XHUVFKQLWWH�GHV�6WUDKOV�XQG�GHV�6WUDKOURKUV��
NDQQ�PLW�+LOIH�GHU�)RUPHO��
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PLW� 5� GHP� 0DVFKLQHQUDGLXV�� β� XQG� γ� GHQ� UHODWLYLVWLVFKHQ� )DNWRUHQ�� UE� GHP�
6WUDKOUDGLXV� XQG� US� GHP� 6WUDKOURKUUDGLXV� XQG�=�� GHU� ,PSHGDQ]� GHV� IUHLHQ�5DXPV�
EHUHFKQHW�ZHUGHQ�>��@���
)�U�GLH�&26<�3DUDPHWHU�5�≈����P���β� ������γ��≈�����,QMHNWLRQVHQHUJLH���US� �������
P�XQG�=�� �����Ω�� � HUJLEW� VLFK�GLH� LQ�$EELOGXQJ���GDUJHVWHOOWH�$EKlQJLJNHLW� GHU�
WUDQVYHUVDOHQ�5DXPODGXQJVLPSHGDQ]�YRP�6WUDKOUDGLXV��'LH�5DXPODGXQJVLPSHGDQ]�
LVW�UHLQ�LPDJLQlU����
(V� ]HLJW� VLFK�� GDVV� VFKRQ� ÅNOHLQHUH´� 9HUULQJHUXQJHQ� GHV� 6WUDKOTXHUVFKQLWWV� GLH�
5DXPODGXQJVLPSHGDQ]�GUDVWLVFK�YHUJU|�HUQ��'DV� LVW�HLQHU�GHU�*U�QGH��ZDUXP�HLQ�
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HOHNWURQHQJHN�KOWHU� 6WUDKO� LQVWDELO� ZHUGHQ� NDQQ�� (LQH� ZHLWHUH� (LJHQVFKDIW� GHU�
(OHNWURQHQN�KOXQJ�� QlPOLFK� HLQH� VWDUNH� 9HUNOHLQHUXQJ� GHU� ,PSXOVEUHLWH� XQG�
GHPHQWVSUHFKHQG� HLQH� 9HUULQJHUXQJ� GHU� /DQGDX�'lPSIXQJ�� UHVXOWLHUW� DXV� GHU�
ORQJLWXGLQDOHQ�(OHNWURQHQWHPSHUDWXU�� GLH� YLHO� NOHLQHU� LVW� DOV� GLH� WUDQVYHUVDOH� �VLHKH�
$EVFKQLWW� ������ ,Q� GHU� 3UD[LV� EHGHXWHW� GDV�� GDVV� GLH� 5HGX]LHUXQJ� GHU� /DQGDX�
'lPSIXQJ� VFKQHOOHU� JHVFKLHKW� DOV� GLH�9HUNOHLQHUXQJ�GHU� WUDQVYHUVDOHQ�(PLWWDQ]HQ�
XQG�GHPHQWVSUHFKHQG�HUIROJW�HLQ�$QVWLHJ�GHU�5DXPODGXQJVLPSHGDQ]�>��@��
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$EELOGXQJ����5DXPODGXQJVLPSHGDQ]�LQ�$EKlQJLJNHL W�YRP�6WUDKOUDGLXV��

'LH�5:�,PSHGDQ]�OlVVW�VLFK�PLW��
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�
$EELOGXQJ� ��� $EVROXWZHUW� GHU� 5:�,PSHGDQ]� LQ� $EKlQJLJNHL W� YRQ� GHU�
.UHLVIUHTXHQ]��

$EELOGXQJ���]HLJW�GHXWOLFK��GDV�GLH�5:�,PSHGDQ]�EHL�QLHGULJHQ�)UHTXHQ]HQ�JUR�H�
:HUWH�HUUHLFKW���
=XVlW]OLFK� VLQG� LP� &26<�5LQJ� GUHL� $EVFKQLWWH� GHV� 6WUDKOURKUHV� PLW� HLQHU�
*HVDPWOlQJH�YRQ�HWZD�����P�XQG�+)�$EVFKLUPVWUXNWXUHQ�GHU�%lOJH�����6W�FN��DXV�
,QFRQQHO�JHIHUWLJW��GHVVHQ�VSH]LILVFKHU�HOHNWULVFKHU�:LGHUVWDQG�XP�����K|KHU�LVW�DOV�
EHL�(GHOVWDKO���
$X�HUGHP� LVW�GLH�PHWDOOLVFKH�9DNXXPNDPPHU� LQ�GHQ�/XIWTXDGUXSROHQ�GXUFK�HLQH�
NHUDPLVFKH� HUVHW]W��'DV�ZDU� I�U� GHQ�P|JOLFKVW� VFKQHOOHQ� )HOGDXIEDX� LP� 6WUDKOEH�
UHLFK� I�U� GLH�.RUUHNWXU� GHSRODULVLHUHQGHU� 5HVRQDQ]HQ� QRWZHQGLJ� >��@��'LH� LQQHUH�
2EHUIOlFKH� GHU� .DPPHU� ZXUGH� PLW� HLQHU� ��� µP� 7LWDQEHVFKLFKWXQJ� DXVJHVWDWWHW��
'XUFK� (UVHW]HQ� YRQ�ω� GXUFK� �πI� LQ� GHU� )RUPHO� ����� OlVVW� VLFK� GLH� 'LFNH� δ� GHU�
6NLQVFKLFKW�EHUHFKQHQ��'LH�$EELOGXQJ����]HLJW�GLH�6NLQGLFNH� LQ�$EKlQJLJNHLW�YRQ�
GHU�)UHTXHQ]�I�LP�ORJDULWKPLVFKHP�0D�VWDE��'HU�VSH]LILVFKH�HOHNWULVFKH�:LGHUVWDQG�
GHV� 7LWDQV� LVW� PLW� cm⋅Ω⋅= −61043ρ XQG� GLH� UHODWLYH� 3HUPHDELOLWlW� PLW�

00001,1=µ DQJHJHEHQ�� 'LH� 7DWVDFKH�� GDVV� GLH� %HVFKLFKWXQJ� DXI� HLQH� UDXKH�
2EHUIOlFKH� DXIJHWUDJHQ� ZXUGH�� ZRGXUFK� VLFK� GHU� HOHNWULVFKHU�:LGHUVWDQG� YHUJU|�
�HUW�� LVW� EHL� GLHVHU� $EVFKlW]XQJ� LJQRULHUW� ZRUGHQ�� (UVW� DE� HLQHU� )UHTXHQ]� YRQ� ��
*+]�EHWUlJW�GLH�6NLQGLFNH�ZHQLJHU�DOV����µP��'LHV�EHGHXWHW��GDVV�VROFKH�.DPPHUQ�
HLQH�]XVlW]OLFKH�5:�,PSHGDQ]�LP�)UHTXHQ]EHUHLFK�XQWHU���*+]�GDUVWHOOHQ���
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$EELOGXQJ� ���� 'LFNH� GHU� 6NLQVFKLFKW � LQ� $EKlQJLJNHLW � YRQ� GHU� )UHTXHQ]�
�ORJDUL WKPLVFKHU�0D�VWDE���

,Q�>��@�XQG�>��@�ZXUGHQ�VSH]LHOO�GLH�)UDJHQ�GHU�,PSHGDQ]EHUHFKQXQJ�I�U�.DPPHUQ�
PLW�G�QQHU�,QQHQEHVFKLFKWXQJ�DXIJHJULIIHQ�XQG�GLH�)RUPHO��
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ZREHL�5�� XQG�/�� GHU�:LGHUVWDQG�XQG�GLH� ,QGXNWLYLWlW�GHU�%HVFKLFKWXQJ� VLQG��'LH�
$EELOGXQJ����]HLJW�GDV�,PSHGDQ]YHUKDOWHQ�VROFK�HLQHU�.DPPHU�PLW� kHzch 100=ω ����
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$EELOGXQJ� ���� 5:�,PSHGDQ]� HLQHU� NHUDPLVFKHQ� .DPPHU� PLW� H LQHU� G�QQHQ�
,QQHQEHVFKLFKWXQJ��

:LH�EHUHLWV�HUZlKQW�LVW�GLH�%UHLWEDQGLPSHGDQ]�DXI��4XHUVFKQLWWVlQGHUXQJHQ��%lOJH��
3XPSHQJHKlXVH�XQG�DQGHUH�.RPSRQHQWHQ�]XU�FN]XI�KUHQ��$OV�NRQNUHWH�%HLVSLHOH�
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N|QQHQ�GLH�.DPPHUQ�GHU� LQWHUQHQ�([SHULPHQWH�$1.(�XQG�3,6$��GLH�7DQNV�GHU�
VWRFKDVWLVFKHQ�.�KOXQJ��QLFKW�DEJHVFKLUPWH�%lOJH�XQG�HLQLJH�'LDJQRVHNRPSRQHQ�
WHQ� DQJHI�KUW� ZHUGHQ�� 8P� GLH� ,PSHGDQ]� HLQ]HOQHU� .RPSRQHQWHQ� JHQDX� ]X�
EHVWLPPHQ�� EHGDUI� HV� HQWZHGHU� HLQHU� 0HVVXQJ� DP� 7HVWVWDQG� >��@� >��@� RGHU� GHU�
%HUHFKQXQJ�PLW�&RPSXWHUSURJUDPPHQ�ZLH�]XP�%HLVSLHO�0$),$�RGHU�0LFUR�:DYH�
6WXGLR� >��@�� 'D� 7HVWVWDQGPHVVXQJHQ� EHUHLWV� HLQJHEDXWHU� .RPSRQHQWHQ� SUDNWLVFK�
XQGXUFKI�KUEDU�VLQG�XQG�GLH�&RPSXWHUVLPXODWLRQ�HLQHQ�JUR�HQ�$XIZDQG�HUIRUGHUW��
VHW]HQ� ZLU� DXI� GLH� H[SHULPHQWHOOH� %HVWLPPXQJ� GHU� 6WUDKOXPJHEXQJVHLJHQVFKDIWHQ�
PLWWHOV�EHDP�WUDQVIHU�IXQFWLRQ�0HVVXQJHQ��VLHKH�$EVFKQLWWH�����XQG���������
'HU� (LQIOXVV� GHU� ,RQ�(OHNWURQ�:HFKVHOZLUNXQJ� LP� (OHNWURQHQN�KOHU� DXI� GLH�
,RQHQRV]LOODWLRQHQ� XQG� GLH� GDUDXV� UHVXOWLHUHQGH� .�KOHULPSHGDQ]�� VRZLH� GLH�
$EVFKlW]XQJ� GHV� I�U� GLH� 6WUDKOVWDELOLWlW� QRFK� DN]HSWDEOHQ�PD[LPDOHQ�(OHNWURQHQ�
VWURPV�ZXUGH� LQ� ]DKOUHLFKHQ� 3XEOLNDWLRQHQ� YRQ�9�9�� 3DUNKRPFKXN� >��@� >��@� XQG�
DQGHUHQ�$XWRUHQ�>��@�>��@�GLVNXWLHUW�����

���� 'lPSIXQJ�GHU�NRKlUHQWHQ�6WUDKOLQVWDELOLWlWHQ�
8P� GLH� 6WUDKOVWDELOLWlW� EHL� KRKHQ� 6WU|PHQ� ]X� JHZlKUOHLVWHQ�� PXVV� PDQ� GHQ�
ÅQDW�UOLFKHQ´� VWDELOLVLHUHQGHQ� 3UR]HVV� GHU� /DQGDX�'lPSIXQJ� PLW� DOOHQ� 0LWWHOQ�
XQWHUVW�W]HQ�>��@��'DV�LVW�EHVRQGHUV�I�U�QLHGULJHUH�)UHTXHQ]HQ�VHKU�DNWXHOO��ZHLO�GLH�
%UHLWH�GHU�6HLWHQEDQGIUHTXHQ]YHUWHLOXQJ�LQ�GLHVHP�%HUHLFK�ÅQDW�UOLFKHUZHLVH´�NOHLQ�
LVW��=XP�%HLVSLHO�]HLJW�GLH�0HVVXQJ�GHV�$UEHLWVSXQNWV�VFKPDOH�%HWDWURQVHLWHQElQ�
GHU� KRKHU�$PSOLWXGH� EHL� NOHLQHUHQ�+DUPRQLVFKHQ�� -H� K|KHU� GLH�+DUPRQLVFKH� I�U�
GLH�0HVVXQJ� LVW�� GHVWR�EUHLWHU� VLQG�GLH�6HLWHQElQGHU�XQG�GHVWR�EHVVHU� IXQNWLRQLHUW�
GLH� /DQGDX�'lPSIXQJ�� (LQH� GHU� 0|JOLFKNHLWHQ� GLH� %HWDWURQIUHTXHQ]YHUWHLOXQJ�
EUHLWHU�]X�PDFKHQ��LVW�GHU�(LQVDW]�YRQ�2NWXSROPDJQHWHQ�>��@��%HL�&26<�VWHKW�GLHVH�
2SWLRQ�QLFKW�]XU�9HUI�JXQJ��$OOHUGLQJV�N|QQHQ�GLH�SDUDVLWlUHQ�2NWXSRONRPSRQHQ�
WHQ� GHU� 0DJQHWH� ]X� HLQHU� VWDELOLVLHUHQGHQ� :LUNXQJ� I�KUHQ� >��@�� 'LH� &KURPDWL]L�
WlWVNRUUHNWXU� PLWWHOV� 6H[WXSROPDJQHWHQ� I�KUW� HEHQIDOOV� ]XU� 9HUEHVVHUXQJ� GHU�
6WUDKOVWDELOLWlW�>��@���
%HL� XQ]XUHLFKHQGHU� /DQGDX�'lPSIXQJ� ZLUG� GHU� 6WUDKO� LQVWDELO�� ZDV� ]X� HLQHU�
9HUJU|�HUXQJ� GHU� (PLWWDQ]� I�KUW�� 'DGXUFK� ZLUG� GLH� %HWDWURQIUHTXHQ]YHUWHLOXQJ�
EUHLWHU� XQG� GLH� 'lPSIXQJ� IXQNWLRQLHUW� ZLHGHU� EHVVHU�� 'DV� EHGHXWHW�� GDVV� GLHVHV�
*OHLFKJHZLFKW�QXU�PLW�9HUJU|�HUXQJ�GHU�(PLWWDQ]HQ�P|JOLFK�LVW��(LQH�DXVI�KUOLFKH�
%HVFKUHLEXQJ� GHU� /DQGDX�'lPSIXQJ� XQG� GHUHQ� :LUNXQJ� DXI� GLH� NRKlUHQWH�
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6WUDKORV]LOODWLRQ� ILQGHW�PDQ� LQ� >��@�XQG� >��@�� ,Q�$EVFKQLWW� ����ZXUGH�JH]HLJW�� GDVV�
JHUDGH� LQ� GHP�)UHTXHQ]EHUHLFK�� LQ� GHP� GHU� 6WUDKO� EHVRQGHUV� HPSILQGOLFK� LVW�� GLH�
JU|�WHQ� .RSSHOLPSHGDQ]HQ� HQWVWHKHQ�� $XV� GLHVHP� *UXQG� EHWUDFKWHQ� ZLU� HLQH�
DOWHUQDWLYH� 0HWKRGH� ]XU� 6WUDKOVWDELOLVLHUXQJ� ²� HLQ� 6WUDKOU�FNNRSSOXQJVV\VWHP�
�)HHGEDFN�6\VWHP����
'LH�NRKlUHQWHQ�6WUDKORV]LOODWLRQHQ�ZHUGHQ�PLW�+LOIH�HLQHV�3LFN�XSV�GHWHNWLHUW�XQG�
PLWWHOV� HLQHV� JHHLJQHWHQ� .LFNHUV� JHGlPSIW� >��@�� 6ROFKH� 6\VWHPH� ZHUGHQ� RIW� DOV�
GDPSHU� EH]HLFKQHW�� 'HU� 9RUWHLO� LVW�� GDVV� GLHVH� 0HWKRGH� XQDEKlQJLJ� YRQ� GHU�
RSWLVFKHQ�(LQVWHOOXQJ�GHU�0DVFKLQH�IXQNWLRQLHUW�XQG�6WUDKOLQWHQVLWlWHQ�HUP|JOLFKW��
GLH�PLW�NHLQHP�DQGHUHP�9HUIDKUHQ�HU]LHOW�ZHUGHQ�N|QQHQ����

���� %HDP�WUDQVIHU�IXQFWLRQ�
'LH�EHDP� WUDQVIHU� IXQFWLRQ� �%7)��ELHWHW�GLH�0|JOLFKNHLW��GLH�(LJHQVFKDIWHQ�GHV�6WUDKO�
XQG� GLH� VHLQHU�8PJHEXQJ� ]X� XQWHUVXFKHQ� >��@� >��@��8P� GLH� %7)� ]X� EHVWLPPHQ��
PXVV�GHU�6WUDKO�PLW�+LOIH�HLQHV�.LFNHUV�DQJHUHJW�XQG�VHLQH�$QWZRUW�PLW�HLQHP�38�
JHPHVVHQ� ZHUGHQ�� $OV� $QUHJXQJVVLJQDOH� N|QQHQ� ]XP� %HLVSLHO� EDQGEHJUHQ]WHV�
5DXVFKHQ�RGHU�HLQ�)UHTXHQ]VZHHS��OLQHDUHU�)UHTXHQ]GXUFKODXI��YHUZHQGHW�ZHUGHQ���
'HU�4XRWLHQW� DXV�$QWZRUWVLJQDO� ]X�$QUHJXQJVVLJQDO� LP�)UHTXHQ]EHUHLFK�ZLUG� DOV�
%7)� EH]HLFKQHW�� � 0DQ� XQWHUVFKHLGHW� ]ZLVFKHQ� GHP� 9HUKlOWQLV� U��� GDV� NHLQH�
.RSSOXQJVHIIHNWH�GHV� 6WUDKOV�PLW� VHLQHU�8PJHEXQJ�EHVFKUHLEW�XQG�GHP�JHPHVVH�
QHQ�:HUW�UF��GHU�GXUFK�GLH�.RSSOXQJ�EHHLQIOXVVW�LVW�>��@��'LH�$QWZRUWIXQNWLRQ�U��GHV�
XPODXIHQGHQ� 6WUDKOV� LP�)DOOH� HLQHU� VLQXVI|UPLJHQ�$QUHJXQJ� LVW� SURSRUWLRQDO� ]XP�
'LVSHUVLRQVLQWHJUDO� ( )ωD �>��@��)�U�GLH�ORQJLWXGLQDOH�(EHQH�JLOW��
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ZREHL�ω�GLH�$QUHJXQJVIUHTXHQ]��ψ�ωU��²�GLH�9HUWHLOXQJ�GHU�8PODXIIUHTXHQ]�PLW�GHU�
1RUPLHUXQJ� 1=∫ rdωψ ��ωU� � GLH� 7HLOFKHQXPODXIIUHTXHQ]�� � 00 2 fπω = � GLH� PLWWOHUH�
7HLOFKHQXPODXIIUHTXHQ]��&+� �GHU�&DXFK\VFKH�+DXSWZHUW� XQG� Q�GLH�1XPPHU�GHU�
+DUPRQLVFKHQ�VLQG���
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ZREHL�,�GHQ�,RQHQVWURP��T�GLH�,RQHQODGXQJ��P�GLH�,RQHQPDVVH��η�GLH�)UHTXHQ]GLV�
SHUVLRQ�XQG�β� ��γ��GLH�UHODWLYLVWLVFKHQ�)DNWRUHQ�EH]HLFKQHQ��HUKlOW�PDQ�GLH�%7)� ||
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ZREHL� ||ε � GLH� VRJHQDQQWH� ÅGLHOHNWULVFKH� )XQNWLRQ´� RGHU� GHQ� Å$EVFKLUPIDNWRU´�
EH]HLFKQHW��:HQQ� ( ) 1||

0|| −=ωrZ �JLOW��ZLUG�GHU�1HQQHU�JOHLFK�1XOO�XQG�GDPLW�GLH�%7)�
XQHQGOLFK� >��@��0LW� DQGHUHQ�:RUWHQ��EHL�EHVWLPPWHQ�,PSHGDQ]HQ�NDQQ�GHU�6WUDKO�
LQVWDELO�ZHUGHQ��'LH�JUDILVFKH�'DUVWHOOXQJ�GHU�LQYHUWLHUWHQ�%7)�
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LQ� GHU� NRPSOH[HQ� (EHQH�� DXFK� 6WDELOLWlWVGLDJUDP� JHQDQQW�� HUZHLVW� VLFK� DOV� VHKU�
KLOIUHLFK��'HU�6WUDKO�ZLUG�LQVWDELO�IDOOV�GLH�9HUVFKLHEXQJ�GHV�'LDJUDPPV�GXUFK�GHQ�
,PSHGDQ]YHNWRU� JUR�� JHQXJ� LVW�� G�K�� ZHQQ� GLH� .XUYH� GHQ� .RRUGLQDWHQXUVSUXQJ�
EHU�KUW�����
)�U�GLH�WUDQVYHUVDOH�(EHQH�JLOW��
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GDEHL� EH]HLFKQHW� 0ω � GLH� QRPLQDOH� 8PODXIIUHTXHQ]� XQG� ( ) 0ωωβ Qn ±= � GLH�
)UHTXHQ]�GHU�HQWVSUHFKHQGHQ�0RGH�>��@��$QDORJ�]X�����²�����JLOW�I�U� ⊥

0r �>��@��

� ( )ω
γβ ⊥

⊥ = D
cm

qc
iIr 20 ����������������� �������

XQG� ⊥
cr ��



�

���

� ( ) ( ) ⊥⊥⊥ += Z
rrc ωω 0

11 ��� �������

'LH� *OHLFKXQJHQ� ����� XQG� ����� ELHWHQ� GLH� 0|JOLFKNHLW�� GLH� 5LQJLPSHGDQ]� ]X�
EHVWLPPHQ�LQGHP�PDQ�GLH�JHPHVVHQH�%7)�LQYHUWLHUW�XQG�LQ�GHU�NRPSOH[HQ�(EHQH�
GDUVWHOOW��'LH�,PSHGDQ]� LVW�GDQQ�GHU�9HNWRU��XP�GHQ�GDV�6WDELOLWlWVGLDJUDPP�YRP�
.RRUGLQDWHQXUVSUXQJ�YHUVFKREHQ�LVW���
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'LH� )OlFKH� ]ZLVFKHQ� GHQ� VORZ� ZDYH� XQG� IDVW� ZDYH�.XUYHQ�ZLUG� DOV� VWDELOHU� %HUHLFK�
EH]HLFKQHW��-H�JU|�HU�GLHVHU�%HUHLFK�LVW��GHVWR�JU|�HUH�.RSSHOLPSHGDQ]HQ�NDQQ�GHU�
6WUDKO�YHUWUDJHQ��RKQH�LQVWDELO�]X�ZHUGHQ�����
�

,PDJLQlUWHLO�
>UHODWLYH�(LQKHLWHQ@�

=⊥ �

5HDOWHLO�
>UHODWLYH��
(LQKHLWHQ@�

$EELOGXQJ� ���� 7UDQVYHUVDOHV� 6WDELOLWlWVGLDJUDPP� RKQH� GHQ� (LQIOXVV � GHU�
.RSSHOLPSHGDQ]� �JHV WUL FKHO WH �/LQLHQ��XQG�PLW � LKP� �XQXQWHUEURFKHQH�/LQLH���'LH�
EODXH� )DUEH� HQWVSUL FKW � GHU� VORZ� ZDYH�� GLH � URWH � GHU� IDVW� ZDYH� � 'LH� WUDQVYHUVDOH �
.RSSHOLPSHGDQ]�LVW �DOV �9HUVFKLHEXQJVYHNWRU�= ⊥ �GDUJHVWHO O W � � �
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�� 8QWHUVXFKXQJ�GHV�LQVWDELOHQ��
6WUDKOYHUKDOWHQV�LQ�&26<�

,Q�GLHVHP�.DSLWHO�EHVFKlIWLJHQ�ZLU�XQV�PLW�GHP�LQVWDELOHQ�6WUDKOYHUKDOWHQ�LQ�&26<��
(V�ZHUGHQ�6WUDKOVWURPPHVVXQJHQ��6LJQDOH�GHU�EHDP�SRVLWLRQ�PRQLWRUH� �%30��XQG�GHV�
6FKRWWN\�3LFN�XSV�LP�=HLW��XQG�)UHTXHQ]EHUHLFK�YRUJHVWHOOW�XQG�GLVNXWLHUW��'DU�EHU�
KLQDXV�ZHUGHQ�,PSHGDQ]PHVVXQJHQ�PLWWHOV�%7)�DQDO\VLHUW��'LH�(LJHQVFKDIWHQ�GHV�
&26<�6WUDKOV�XQG�VHLQHU�8PJHEXQJ�ZHUGHQ�GDQQ�LP�$EVFKQLWW�����]XVDPPHQJH�
IDVVW��

���� 7UDQVYHUVDOH�(IIHNWH���0HVVXQJHQ�LP�=HLWEHUHLFK�
6WDUNH�6WUDKOYHUOXVWH�QDFKGHP�GHU�6WUDKO�JHN�KOW� LVW�ZXUGHQ�EHUHLWV� LP� -DKUH������
QDFK� GHU� ,QEHWULHEQDKPH� GHV� (OHNWURQHQN�KOHUV� VFKRQ� EHL� ���� 7HLOFKHQ� LP� 5LQJ�
EHREDFKWHW�� �6\VWHPDWLVFKH�8QWHUVXFKXQJHQ�GLHVHV�(IIHNWV�EHJDQQHQ�LP�-DKU������
>��@�� 6HLWGHP� NRQQWH� HU� ZLHGHUKROW� EHL� XQWHUVFKLHGOLFKHQ� 0DVFKLQHQHLQVWHOOXQJHQ�
XQG�ZlKUHQG�GHU�(�.�KOHU�([SHULPHQWH�EHREDFKWHW�ZHUGHQ��(LQH�2SWLPLHUXQJ�GHU�
0DVFKLQHQHLQVWHOOXQJHQ�KDW�GD]X�JHI�KUW��GDVV�GLH�9HUOXVWH�HUVW�EHL������7HLOFKHQ�LP�
5LQJ�DXIWUDWHQ��'LH�$EELOGXQJ����]HLJW�HLQH�6WUDKOVWURPPHVVXQJ�GHV�HOHNWURQHQJH�
N�KOWHQ�3URWRQHQVWUDKOV�PLW�+LOIH�GHV�%HDP�&XUUHQW�7UDQVIRUPHUV��%&7��>��@��'DV�
]ZHLWH�6LJQDO� DXI�GHP�%LOG� LVW�GLH�=lKOUDWH�GHU� LQ�GHU�.�KOHUVHNWLRQ� HQWVWHKHQGHQ�
QHXWUDOHQ�7HLOFKHQ� �:DVVHUVWRIIDWRPH�²�+����GLH�PLW�HLQHP�6]LQWLOODWRU�=lKOHU� >��@��
QDFKJHZLHVHQ�ZHUGHQ��'LH�=lKOUDWH�LVW�HLQ�0D��I�U�GLH�.�KOTXDOLWlW�XQG�SURSRUWLR�
QDO�]XP�3URWRQHQ��XQG�(OHNWURQHQVWURP��'LH�0HVVXQJ�ZXUGH�EHL�,QMHNWLRQVHQHUJLH�
GXUFKJHI�KUW��GHU�NRQVWDQWH�(OHNWURQHQVWURP�EHWUXJ�����P$�>��@�>��@��'HU�%&7�LVW�
VR� NDOLEULHUW�� GDVV� GDV� $XVJDQJVVLJQDO� YRQ� ����P9� HLQHP� 6WUDKOVWURP� YRQ� ��P$�
HQWVSULFKW�� 'LH� 7HLOFKHQ]DKO� 1� LP� 5LQJ� OlVVW� VLFK� PLW� GHU� ]XJHVFKQLWWHQHQ�
*U|�HQJOHLFKXQJ�
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EHUHFKQHQ��ZREHL�8%&7� �GLH�PLW�GHP�%&7�JHPHVVHQH�6SDQQXQJ��T�GLH�/DGXQJ�GHU�
7HLOFKHQ� XQG� I�� � GLH�8PODXIIUHTXHQ]� EH]HLFKQHQ��'LH� 6WUDKOYHUOXVWH�ZlKUHQG� GHU�
HUVWHQ� �� 6HNXQGHQ� QDFK� ,QMHNWLRQ� >��@� ²� GHU�.�KO]HLW� ²� VLQG� LQNRKlUHQWHU�1DWXU��
GHUHQ�8UVDFKH�EHL�&26<�LQ�GHQ�JUR�HQ�(PLWWDQ]HQ�QDFK�GHU�VWULSSLQJ�,QMHNWLRQ�]X�
VXFKHQ�LVW�>��@��'HU�3URWRQHQVWUDKOTXHUVFKQLWW�LVW�DQIlQJOLFK�VHKU�YLHO�JU|�HU�DOV�GHU�
GHV� (OHNWURQHQVWUDKOV�� ,P� ZHLWHUHQ� 9HUODXI� EOHLEW� GHU� 3URWRQHQVWURP� ����� P$�
HQWVSUHFKHQ� ���⋅�����7HLOFKHQ�� QDKH]X� NRQVWDQW� ELV� QDFK� ��� V� HLQ�ZHLWHUHU� VWDUNHU�
7HLOFKHQYHUOXVW�DXIWULWW��GHU�DXFK�LQ�GHU�+��5DWH�VLFKWEDU�ZLUG���

�
$EELOGXQJ�����%&7�6LJQDO� XQG�+� �=lKOUDWH �]HLJHQ�6WUDKOYHUOXVWH�ZlKUHQG�GHU�
(�.�KOXQJ�DQ��(LQ�=HLWEHUHL FK�YRQ����6HNXQGHQ�LV W�GDUJHV WHO O W � � �

*OHLFK]HLWLJH�%HREDFKWXQJ�GHU�KRUL]RQWDOHQ�XQG�YHUWLNDOHQ�'HOWD�6LJQDOH�GHU�%30V�
�$EELOGXQJ� ���� ]HLJWHQ� QDFK� JHQ�JHQGHU�.�KOXQJ� HLQ� $QZDFKVHQ� GHU�$PSOLWXGH�
GHU�EHLGHQ�'HOWD�6LJQDOH��HUVW�LQ�GHU�KRUL]RQWDOHQ�XQG�GDQQ�LQ�GHU�YHUWLNDOHQ�(EHQH�
>��@�� :HLO� GLH� &26<�%30V� GLH� 3RVLWLRQ� GHV� /DGXQJVVFKZHUSXQNWHV� � PHVVHQ��
KDQGHOW�HV�VLFK�XP�NRKlUHQWH�6WUDKORV]LOODWLRQHQ����
,Q�GHP�JH]HLJWHQ�)DOO�HQWZLFNHOW�VLFK�QDFK����6HNXQGHQ�GLH�KRUL]RQWDOH�NRKlUHQWH�
,QVWDELOLWlW�� VLH� YHUXUVDFKW� MHGRFK� NDXP� 7HLOFKHQYHUOXVWH�� (UVW� DOV� GLH� YHUWLNDOH�
2V]LOODWLRQ� HLQH� EHVWLPPWH� $PSOLWXGH� HUUHLFKW�� JHKHQ� 7HLOFKHQ� YHUORUHQ�� 'LH�
YHUWLNDOH� 6WUDKORV]LOODWLRQ� I�KUW� ]X� 6WURPYHUOXVWHQ�� ZHLO� GLH� $PSOLWXGH� GHU�
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6FKZLQJXQJ� IDVW� ]ZHLPDO� JU|�HU� LVW� DOV� GLH� GHU� KRUL]RQWDOHQ� XQG� GLH� YHUWLNDOH�
$SHUWXU�QXU����PP�VWDWW�����PP�GHU�KRUL]RQWDOHQ�(EHQH�EHWUlJW���

�
$EELOGXQJ�����%&7��XQG�∆�6LJQDOH�ZlKUHQG�GHU�(�.�KOXQJ� �(LQ�=HLWLQWHUYDOO �
YRQ� ��� 6HNXQGHQ� LVW� GDUJHVWHO O W � � �$EELOGXQJ� ��� ELV� $EELOGXQJ� ��� ]HLJHQ� GLH �
'HOWD�6LJQDOH �LP�)UHTXHQ]EHUHL FK���

'LH�$PSOLWXGH�GHU�YHUWLNDOHQ�2V]LOODWLRQ�OlVVW�QDFK�PLW�$EQDKPH�GHV�6WUDKOVWURPV��
8QWHU� 8PVWlQGHQ� NRPPW� HV� ]X� HLQHP� 6WUDKOYHUOXVW� YRQ� ELV� ]X� ���� �VLHKH�
$EELOGXQJ� ����� 'LH� $QZDFKV]HLWHQ� OLHJHQ� LP� %HUHLFK� YRQ� HLQLJHQ� KXQGHUW�
0LOOLVHNXQGHQ��

���� 7UDQVYHUVDOH�(IIHNWH���0HVVXQJHQ��
LP�)UHTXHQ]EHUHLFK�

,Q� GLHVHP� $EVFKQLWW� ZHUGHQ� GLH� WUDQVYHUVDOHQ� ,QVWDELOLWlWHQ� LP� )UHTXHQ]EHUHLFK�
XQWHUVXFKW�� 1HEHQ� 6FKRWWN\�0HVVXQJHQ� �RKQH� lX�HUH� $QUHJXQJ� GHV� 7HLOFKHQ�
VWUDKOV��ZXUGH�DXFK�GLH�%7)�JHPHVVHQ��(LQH�GHWDLOOLHUWH�$QDO\VH�GHU�0HVVXQJHQ�XQG�
HLQH�=XVDPPHQIDVVXQJ�GHU�6WUDKOHLJHQVFKDIWHQ�VLQG�LQ�$EVFKQLWW�����]X�ILQGHQ��
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������ 6FKRWWN\�6SHNWUHQ�
:HLWHUH� 8QWHUVXFKXQJ� GHU� 6WUDKOVWDELOLWlW� HUIROJWHQ� PLW� +LOIH� GHV� NDSD]LWLYHQ�
6FKRWWN\�3LFN�XSV��YHUWLNDO�XQG�KRUL]RQWDO��>��@�>��@��XQG�HLQHV�(FKW]HLW�6LJQDODQDO\�
VDWRUV�>��@��'LH�0HVVXQJ�HUIROJWH�EHL�HLQHP�KRUL]RQWDOHQ�$UEHLWVSXQNW�YRQ������XQG�
HLQHP� YHUWLNDOHQ� YRQ� ������ =LHO� ZDU� HV� X�D��� GLH� $Q]DKO� GHU� DQJHUHJWHQ� 0RGHQ�
IHVW]XVWHOOHQ��ZDV�HQWVFKHLGHQG�I�U�GLH�:DKO�GHU�'lPSIXQJVPD�QDKPHQ�LVW��
,Q� GHQ� IROJHQGHQ� $EELOGXQJHQ� LVW� DXI� GHQ� KRUL]RQWDOHQ� $FKVHQ� GLH� )UHTXHQ]�
GDUJHVWHOOW�� ,Q� GHQ� 6SHNWUHQ� VWHOOHQ� GLH� YHUWLNDOHQ� $FKVHQ� GLH� $PSOLWXGH� GHU�
)UHTXHQ]NRPSRQHQWHQ�GHV�∆�6LJQDOV�LQ�µ9UPV�GDU��LQ�GHQ�6SHNWURJUDPPHQ�GLH�=HLW��
ZREHL�GLH�$PSOLWXGH�GXUFK�)DUEHQ�HQWVSUHFKHQG�GHU�)DUEVNDOD�DEJHELOGHW�LVW���8P�
GLH�/HVEDUNHLW�]X�YHUEHVVHUQ��ZXUGH�GLH�6NDOLHUXQJ�I�U�6SHNWUHQ�XQG�6SHNWURJUDP�
PH� XQWHUVFKLHGOLFK� JHZlKOW��'LH� VFKZDU]H�/LQLH� LQ� GHQ� 6SHNWURJUDPPHQ�PDUNLHUW�
GHQ�=HLWSXQNW�I�U�GLH�6SHNWUHQDXIQDKPH��6SHNWUHQ�XQG�6SHNWURJUDPPH�VLQG�LQ�GHQ�
)UHTXHQ]LQWHUYDOOHQ� � �� ²� ��0+]�� � ����0+]� �� �����0+]�� ���0+]�²� ���0+]�� ���
0+]��������0+]�GDUJHVWHOOW��$EELOGXQJ������$EELOGXQJ�������
'LH�KRUL]RQWDOHQ�E]Z��GLH�YHUWLNDOHQ�6SHNWUHQ� ]HLJHQ�%HWDWURQVHLWHQElQGHU� I�U�GLH�
HQWVSUHFKHQGH�(EHQH��,Q�6SHNWURJUDPPHQ��GLH�PLW�HLQHP�I�U�HLQH�EHVWLPPWH�(EHQH�
HLQJHVWHOOWHQ� 38� JHPHVVHQ�ZXUGHQ�� VLQG�%HWDWURQVHLWHQElQGHU� GHU� EHLGHQ�(EHQHQ�
VLFKWEDU��'LH�6HLWHQElQGHU�GHU�ÅXQHUZ�QVFKWHQ´�(EHQH�HUVFKHLQHQ�VWDUN�JHGlPSIW��
'LHVHV� 9HUKDOWHQ� NDQQ� GXUFK� GLH� (OHNWURGHQJHRPHWULH� GHV� YHUZHQGHWHQ� 6FKRWWN\�
3LFN�XSV� HUNOlUW� ZHUGHQ�� +LHU� WUlJW� GLHVHU� (IIHNW� ]XP� 9HUVWlQGQLV� GHU� ]HLWOLFKHQ�
$EKlQJLJNHLWHQ�EHL��
0DQ� VWHOOW� IHVW�� GDVV� GLH� KRUL]RQWDOHQ� %HWDWURQVHLWHQElQGHU� JUR�H�$PSOLWXGHQ� EHL�
QLHGULJHQ� )UHTXHQ]HQ� DXIZHLVHQ�� 'HQQRFK� VLQG� GLH� YHUWLNDOHQ� 6HLWHQElQGHU� LP�
'XUFKVFKQLWW�VWlUNHU�DXVJHSUlJW��,Q�9HUELQGXQJ�PLW�GHU�NOHLQHUHQ�$SHUWXU�I�KUW�GLH�
YHUWLNDOH� ,QVWDELOLWlW� ]X� HUKHEOLFKHQ� 6WUDKOYHUOXVWHQ�� $X�HUGHP� HUVWUHFNW� VLH� VLFK�
�EHU� HLQHQ� JU|�HUHQ� )UHTXHQ]EHUHLFK� ELV� HWZD� ���0+]�� 'LH� YHUWLNDOHQ� 6SHNWUHQ�
VLQG�PLW�GHP�YHUWLNDOHQ�6FKRWWN\�38�JHPHVVHQ�ZRUGHQ��GLH�KRUL]RQWDOHQ�6SHNWUHQ�
HQWVSUHFKHQG�PLW�GHP�KRUL]RQWDOHQ�6FKRWWN\�38��
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�
$EELOGXQJ� ���� 9HUWLNDOHV� 6FKRWWN\�6LJQDO� LP� )UHTXHQ]EHUHL FK� YRQ� �� ELV � ��
0+]�� 'DV� 6SHNWUXP� $� HQWKlO W� DXVVFKO LH�O LFK� YHUWLNDOH� %HWDWURQVHLW HQElQGHU�
XQG� HQWVSUL FKW � GHP� DXI� GHP� 6SHNWURJUDPP� %� PLW� HLQHU� V FKZDU]HQ� /LQLH �
PDUNLHUWHQ� =HLWSXQNW� � 'DV� 6SHNWURJUDPP� %� VWHO O W � HLQ� =HLWLQWHUYDOO� YRQ� ��� V�
GDU�� 'LH� $PSOL WXGH� L V W� HQWVSUHFKHQG� GHU� )DUEVNDOD� DEJHELOGHW� � ,P� REHUHQ� 7HLO�
GHV�6SHNWURJUDPPV�%� HUVFKHLQHQ�KRUL]RQWDOH�6HLW HQElQGHU��6LH� VLQG�QXU� VFKZDFK�
VL FKWEDU�� ZHLO� GHU� 38� DXI� GLH� YHUW LNDOH� (EHQH� H LQJHV WHO O W � ZDU�� $X�HUGHP� VLQG�
LP� 6SHNWURJUDPP� %� GLH � +DUPRQLVFKHQ� GHU� 8PODXIIUHTXHQ]� Q�  � ������������
I�U� HLQLJH �6HNXQGHQ� VL FKWEDU� �=HLWPDUNLHUXQJ������.���%HL �GHU�%HWUDFKWXQJ�GHV �
6SHNWURJUDPPV�%�YRQ� REHQ� QDFK�XQWHQ� �]H LW O L FKHU�9HUODXI�� VW HO O W �PDQ� IHVW � � GDVV�
GLH� KRUL]RQWDOHQ� %HWDWURQVHL W HQElQGHU� �T[�  � ������ ]XHUVW� DQJHUHJW � ZHUGHQ�� ,P�ZHLWHUHQ�9HUODXI� HUVFKHLQHQ� GLH� YHUW LNDOHQ� 6HLWHQElQGHU� �T \ �  � ������� ZREHL � GLH �
KRUL]RQWDOHQ� YHUVFKZLQGHQ�� 'LHVHV� 9HUKDOWHQ� HQWVSUL FKW� HLQHP� hEHUJDQJ� GHU�
KRUL]RQWDOHQ� 6WUDKORV]LO ODW LRQ� LQ� GLH � YHU WLNDOH� �$EELOGXQJ� ��� ]HLJW� GLHVHQ�
hEHUJDQJ� LP� =HLWEHUHL FK��� ZDV� DXI� HLQH� .RSSOXQJ� ]ZLVFKHQ� GHU� %HWDWURQEHZH�
JXQJ�LQ�EHLGHQ�WUDQVYHUVDOHQ�(EHQHQ�GHV�%HVFKOHXQLJHUV�]XU�FN]XI�KUHQ�LVW � ���



�

���

�
$EELOGXQJ� ���� +RUL]RQWDOHV� 6FKRWWN\�6LJQDO� LP� )UHTXHQ]EHUHL FK� YRQ� �� ELV� ��
0+]��'DV�6SHNWUXP�$�HQWKlO W�DXVVFKOL H�OL FK�KRUL]RQWDOH�%HWDWURQVHLW HQElQGHU�
XQG� HQWVSUL FKW � GHP� DXI� GHP� 6SHNWURJUDPP� %� PLW� HLQHU� V FKZDU]HQ� /LQLH �
PDUNLHUWHQ� =HL WSXQNW� �'DV� 6SHNWURJUDPP� %� VWHO O W� HLQHQ� =HL WLQWHUYDO� YRQ� ��� V�
GDU�� ,P� XQWHUHQ�7HLO� GHV� 6SHNWURJUDPPV�%� HUVFKHLQHQ� GLH� YHUW LNDOHQ�6HL WHQElQ�
GHU� �T \� ��������6LH� VLQG�QXU� VFKZDFK� VL FKWEDU��ZHLO�GHU�38�DXI�GLH�KRUL]RQWDOH �
(EHQH� HLQJHVWHO O W � ZDU� � $X�HUGHP� VLQG� LP� 6SHNWURJUDPP� %� GLH� +DUPRQLVFKHQ�
GHU�8PODXIIUHTXHQ]�I�U�H LQLJH�6HNXQGHQ�HUNHQQEDU��=HLWPDUNLHUXQJ�����.����

�
$EELOGXQJ� ����9HUWLNDOHV� 6FKRWWN\�6LJQDO� LP�)UHTXHQ]EHUHL FK� YRQ� ����0+]�
ELV ������0+]��V LHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������
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�
$EELOGXQJ�����+RUL]RQWDOHV�6FKRWWN\�6LJQDO� LP�)UHTXHQ]EHUHLFK�YRQ�����0+]�
ELV ������0+]��V LHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������

�

�
$EELOGXQJ� ���� 9HUWLNDOHV� 6FKRWWN\�6LJQDO� LP� )UHTXHQ]EHUH LFK� YRQ� ��� 0+]�
ELV ����0+]��VLHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������
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�
$EELOGXQJ� ����+RUL]RQWDOHV� 6FKRWWN\�6LJQDO� LP�)UHTXHQ]EHUHL FK� YRQ� ���0+]�
ELV ����0+]��VLHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������

�

�
$EELOGXQJ� ���� 9HUWLNDOHV� 6FKRWWN\�6LJQDO� LP� )UHTXHQ]EHUH LFK� YRQ� ��� 0+]�
ELV ������0+]��V LHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������
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�
$EELOGXQJ� ����+RUL]RQWDOHV� 6FKRWWN\�6LJQDO� LP�)UHTXHQ]EHUHL FK� YRQ� ���0+]�
ELV ������0+]��V LHKH�(UOlXWHUXQJ�]XU�$EELOGXQJ������

'LH�RELJHQ�$EELOGXQJHQ�]HLJHQ��GDVV�GLH�KRUL]RQWDOHQ� IDVW�ZDYHV�VFKRQ�DE����0+]�
QLFKW�PHKU�DQJHUHJW�ZHUGHQ��'LH�.RSSOXQJ�]ZLVFKHQ�EHLGHQ�WUDQVYHUVDOHQ�(EHQHQ�
KDW�]XU�)ROJH��GDVV�GLH�KRUL]RQWDOH�2V]LOODWLRQ�NXU]H�=HLW�QDFK�GHP�(LQVHW]HQ�GHU�
YHUWLNDOHQ�YHUVFKZLQGHW��'LH�KRUL]RQWDOH�6WUDKORV]LOODWLRQ�JHKW�LQ�GLH�YHUWLNDOH��EHU��
(LQ� XPJHNHKUWHU� hEHUJDQJ� NRQQWH� ELVKHU� QLFKW� UHJLVWULHUW� ZHUGHQ�� $XFK� HLQH�
.RH[LVWHQ]�GHU�2V]LOODWLRQHQ�LQ�EHLGHQ�(EHQHQ��EHU� OlQJHUH�=HLW�NRQQWH�EHL�HLQHU�
DQGHUHQ� 0DVFKLQHQHLQVWHOOXQJ� QDFKJHZLHVHQ� ZHUGHQ�� (LQH� GHU� 8UVDFKHQ� GHU�
JHNRSSHOWHQ�%HWDWURQEHZHJXQJ�GHU�7HLOFKHQ�LVW�GHU�(LQIOXVV�GHU�.�KOHUVROHQRLGHQ��
$EKlQJLJ�YRQ�GHU�0DVFKLQHQHLQVWHOOXQJHQ�NRPPW�HV�DXFK�]XU�6WUDKORV]LOODWLRQ�QXU�
LQ�GHU�YHUWLNDOHQ�(EHQH���

������%7)�0HVVXQJHQ��
'LH�%7)�0HVVXQJHQ�ZXUGHQ�PLW�HLQHP�XQJHN�KOWHQ�3URWRQHQVWUDKO�EHL�,QMHNWLRQV�
HQHUJLH� XQG� ���⋅����� 7HLOFKHQ� LP�5LQJ� ���P$�� GXUFKJHI�KUW��'LH� %7)�ZXUGH�PLW�
HLQHP� ����%� 1HW]ZHUNDQDO\VDWRU� GHU� )LUPD� $JLOHQW� JHPHVVHQ�� 'LH� VLQXVI|UPLJH�
$QUHJXQJ�HUIROJWH�PLW�+LOIH�GHU�6WUHLIHQNLFNHUV��VWULSOLQH�XQLW��>��@��$OV�38�GLHQWH�HLQ�
%30� >��@�� )�U� GLH� KRUL]RQWDOH� (EHQH� ZXUGHQ� VORZ� ZDYHV� �Q���T�I�� XQG� IDVW� ZDYHV�
�Q�T�I��EHL�GHQ�+DUPRQLVFKHQ�GHU�8PODXIIUHTXHQ]�PLW�Q� ���������������������������
���XQG�I�U�GLH�YHUWLNDOH�(EHQH�PLW�Q� ���������������������������DQJHUHJW���
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'HU� 1HW]ZHUNDQDO\VDWRU� VSHLFKHUW� 5HDO�� XQG� ,PDJLQlUWHLO� GHU� %7)�� )�U� GLH�
$XVZHUWXQJ� GHU�0HVVGDWHQ� ZXUGH� GLH� LP� 5DKPHQ� YRQ� >��@� HQWZLFNHOWH� 6RIWZDUH�
PRGLIL]LHUW�� 'D� GLH� JHPHVVHQHQ� 6LJQDOH� EHVRQGHUV� EHL� NOHLQHQ� Q� VWDUN� YHUUDXVFKW�
VLQG�� ZXUGH� GLH� WLPH� JDWLQJ� 0HWKRGH� >��@� ]XU� 8QWHUGU�FNXQJ� GHV� 5DXVFKHQV�
DQJHZHQGHW��'DV�=LHO�ZDU�HV��GLH�.RSSHOLPSHGDQ]�GHV�&26<�5LQJV�DE]XVFKlW]HQ��
(LQH�(LQI�KUXQJ� LQ� GDV� 3ULQ]LS� GHU� ,PSHGDQ]EHVWLPPXQJ�PLWWHOV�%7)�ZXUGH� LP�
$EVFKQLWW�����JHJHEHQ���
'LH�$EELOGXQJ����]HLJW�GDV�6WDELOLWlWVGLDJUDPP�I�U�XQWHUVFKLHGOLFKH�+DUPRQLVFKH��
$XIJHWUDJHQ� LVW� GHU� ,PDJLQlUWHLO� GHU� YHUWLNDOHQ� LQYHUWLHUWHQ� %7)� JHJHQ�EHU� GHP�
5HDOWHLO�� 'LH� VORZ� ZDYHV� XQG� GLH� IDVW� ZDYHV� VLQG� SDDUZHLVH� LQ� GHU� JOHLFKHQ� )DUEH�
GDUJHVWHOOW���
'HU�VWDELOH�%HUHLFK� �VLHKH�$EVFKQLWW������YHUJU|�HUW� VLFK�PLW�Q��GDV� LVW�HLQH�GLUHNWH�
)ROJH� GHU� EUHLWHUHQ� 9HUWHLOXQJHQ� GHU� 6HLWHQEDQGIUHTXHQ]HQ�� -H� K|KHU� GLH� 6HLWHQ�
EDQGIUHTXHQ]�GHVWR�HIIHNWLYHU�LVW�GLH�/DQGDX�'lPSIXQJ��$QGHUHUVHLWV�VLQG�GLH�VORZ�
ZDYHV� EHL� Q�  � ��� XQG� Q�  � �� EHVRQGHUV� JHIlKUGHW�� 'LH� 6HLWHQElQGHU� EHL� QLHGULJHQ�
)UHTXHQ]HQ�KDEHQ� HLQHQ� VWDUN� UHVRQDQWHQ�&KDUDNWHU�� ,Q� VROFKHQ�)lOOHQ�ZXUGH�GDV�
=HLWIHQVWHU�I�U�WLPH�JDWLQJ�EHVRQGHUV�HQJ�HLQJHVWHOOW�PLW�GHP�=LHO��GLH�'LDJUDPPH�]X�
JOlWWHQ����
'LH�YHUWLNDOH�.RSSHOLPSHGDQ]�ZXUGH�DOV�9HUVFKLHEXQJVYHNWRU�GHV�'LDJUDPPV�YRP�
.RRUGLQDWHQXUVSUXQJ� EHUHFKQHW�� 'LH� 'DWHQDXVZHUWXQJ� ]HLJW�� GDVV� GLH� ,PSHGDQ]�
ZHUWH�VHKU�VWDUN�YRQ�GHU�UHFKQHULVFKHQ�.RUUHNWXU�GHU�9HU]|JHUXQJ�XQG�GHU�3KDVH�
DEKlQJHQ��$X�HUGHP�JHKW�GLH�,QIRUPDWLRQ��EHU�VFKPDOEDQGLJH�5HVRQDQ]HQ�EHL�GHU�
5DXVFKXQWHUGU�FNXQJ�PLWWHOV� WLPH� JDWLQJ� ]XP�7HLO�YHUORUHQ��'LHV� JLOW� EHVRQGHUV� I�U�
QLHGULJH�)UHTXHQ]HQ��'DKHU�N|QQHQ�GLH� LQ�GHU�$EELOGXQJ����JH]HLJWHQ�:HUWH� GHV�
5HDO��XQG�,PDJLQlUWHLOV�GHU�YHUWLNDOHQ�.RSSHOLPSHGDQ]�QXU�DOV�2ULHQWLHUXQJVZHUWH�
EHWUDFKWHQ�ZHUGHQ��
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$EELOGXQJ� ���� 6WDELO LWlWVGLDJUDPP� HLQHV� XQJHN�KOWHQ� 3URWRQHQVWUDKOV� LQ� GHU�
YHUWLNDOHQ�(EHQH�I�U�XQWHUVFKLHGOLFKH�+DUPRQLVFKH�Q��
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$EELOGXQJ� ���� 5HDO� � XQG� ,PDJLQlUWHL O � GHU� YHU WLNDOHQ� .RSSHOLPSHGDQ]� LQ�
$EKlQJLJNHLW �YRQ�GHU�)UHTXHQ]��
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$EELOGXQJ� ���� 6WDELO LWlWVGLDJUDPP� HLQHV� XQJHN�KOWHQ� 3URWRQHQVWUDKOV� LQ� GHU�
KRUL]RQWDOHQ�(EHQH�I�U�XQWHUVFKLHGOLFKH�+DUPRQLVFKH�Q��
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$EELOGXQJ� ���� 5HDO� � XQG� ,PDJLQlUWHL O � GHU� KRUL]RQWDOHQ� .RSSHO LPSHGDQ]� LQ�
$EKlQJLJNHLW �YRQ�GHU�)UHTXHQ]��
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6FKRQ� ZlKUHQG� GHU� 0HVVXQJ� GHU� KRUL]RQWDOHQ� %7)� ILHO� DXI�� GDVV� GLH� IDVW� ZDYH�
6HLWHQElQGHU�HLQHQ�YLHO�VFKlUIHUHQ�3HDN�JU|�HUHU�$PSOLWXGH�JHJHQ�EHU�GHQ�VORZ�ZDYH�
6HLWHQElQGHUQ�DXI]HLJWHQ�� ,P�6WDELOLWlWVGLDJUDPP�HUJLEW�GDV�HLQHQ�JU|�HUHQ� VWDELOHQ�
%HUHLFK�I�U�GLH� VORZ�ZDYHV��'LH�$EELOGXQJ����]HLJW�GLH�KRUL]RQWDOH�.RSSHOLPSHGDQ]��
GLH� DXV� GHP� 6WDELOLWlWVGLDJUDPP� EHL� XQWHUVFKLHGOLFKHQ� +DUPRQLVFKHQ� EHUHFKQHW�
ZXUGH��$OV�)ROJH�GHU� VWDELOHUHQ� VORZ�ZDYHV� HUJLEW�GHU�5HDOWHLO�GHU� ,PSHGDQ]�QHJDWLYH�
:HUWH�� (LQ� QHJDWLYHU� 5HDOWHLO� VROOWH� VWUDKOVWDELOLVLHUHQG� ZLUNHQ�� 'LHV� EOHLEW� MHGRFK�
XQYHUVWlQGOLFK�� GD� SDVVLYH� .RPSRQHQWHQ� GHV� %HVFKOHXQLJHUV� SK\VLNDOLVFK� JHVHKHQ�
NHLQH� QHJDWLYHQ� 5HDOWHLOH� GHU� .RSSHOLPSHGDQ]HQ� HU]HXJHQ� N|QQHQ�� $OOHUGLQJV� VLQG�
)HKOHUTXHOOHQ�LP�0HVVYHUIDKUHQ�VHOEVW�QLFKW�DXV]XVFKOLH�HQ��
�
(LQH�P|JOLFKH�(UNOlUXQJ�EDVLHUW� DXI�GHU�7DWVDFKH��GDVV�GLH�%7)�0HVVXQJ�EHL� HLQHU�
0DVFKLQHQHLQVWHOOXQJ� QDKH� DQ� HLQHU� 'LIIHUHQ]UHVRQDQ]� �4[�  � ������ 4\�  � ������
GXUFKJHI�KUW� ZXUGH�� 'DV� NDQQ� ]X� HLQHU� .RSSOXQJ� ]ZLVFKHQ� EHLGHQ� WUDQVYHUVDOHQ�
(EHQHQ� I�KUHQ�� ZRGXUFK� GLH� %HWDWURQRV]LOODWLRQ� YRQ� HLQHU� (EHQH� LQ� GLH� DQGHUH�
�EHUJHKW�� 6ROFKH� (IIHNWH� ZXUGHQ� I�U� GHQ� HOHNWURQHQJHN�KOWHQ� 3URWRQHQVWUDKO��
EHREDFKWHW� �VLHKH� $EVFKQLWW� �������� 0DQ� NRQQWH� HLQHQ� hEHUJDQJ� GHU� KRUL]RQWDOHQ�
%HWDWURQRV]LOODWLRQ� LQ� GLH� YHUWLNDOH� (EHQH� IHVWVWHOOHQ�� ZRGXUFK� GLH� XUVSU�QJOLFKH�
KRUL]RQWDOH�2V]LOODWLRQ�DXIK|UWH��(LQ�VROFKHV�9HUKDOWHQ�HQWVSUlFKH�HLQHU�VWDELOLVLHUHQ�
GHQ� :LUNXQJ� DXI� GLH� %HWDWURQEHZHJXQJ� LQ� GHU� KRUL]RQWDOHQ� (EHQH�� )DOOV� HLQ�
hEHUJDQJ�GHU�%HWDWURQRV]LOODWLRQ�YRQ�GHU�YHUWLNDOHQ�(EHQH�LQ�GLH�KRUL]RQWDOH�(EHQH�
P|JOLFK� LVW�� NDQQ� GLHV� GLH� UHODWLY� NOHLQHQ� :HUWH� GHU� EHUHFKQHWHQ� 5HDOWHLOH� GHU�
YHUWLNDOHQ�.RSSHOLPSHGDQ]�HUNOlUHQ���
�
=XVDPPHQIDVVHQG� OlVVW� VLFK� VDJHQ�� GDVV� GLH� DXV� GHU� TXDOLWDWLYHQ� $QDO\VH� GHV�
YHUWLNDOHQ� 6WDELOLWlWVGLDJUDPPV� JHZRQQHQHQ� (UNHQQWQLVVH� PLW� GHQ� WKHRUHWLVFKHQ�
(UZDUWXQJHQ� �EHUHLQVWLPPHQ�� $OOHUGLQJV� OLHIHUW� GLH� $QDO\VH� GHV� KRUL]RQWDOHQ�
6WDELOLWlWVGLDJUDPPV� XQHUZDUWHWH� (UJHEQLVVH�� (LQ� 8QWHUVFKLHG� GLHVHU� $UW� HUIRUGHUW�
ZHLWHUH� VSH]LHOOH� 8QWHUVXFKXQJHQ�� %7)�0HVVXQJHQ� EHL� XQWHUVFKLHGOLFKHQ� $UEHLWV�
SXQNWHQ�N|QQHQ�KLHU�.ODUKHLW�VFKDIIHQ���

���� /RQJLWXGLQDOH�(IIHNWH�
$XFK� GLH� ORQJLWXGLQDOH� 6HOEVWDQUHJXQJ�� GLH� DXI� GLH� .DYLWlW� ]XU�FN]XI�KUHQ� LVW��
ZXUGH� LQ� &26<� EHREDFKWHW�� %HL� KRKHU� ,QWHQVLWlW� GHV� HOHNWURQHQJHN�KOWHQ� 6WUDKOV�
NRPPW�HV�]X�HLQHP�SHULRGLVFKHQ�$QZDFKVHQ�GHU�Σ�6LJQDODPSOLWXGH��$EELOGXQJ����
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]HLJW�GDV�6XPPHQVLJQDO�HLQHV�%30V��0LW�GHU�3HULRGL]LWlW�YRQ���6HNXQGH�ZlFKVW�GLH�
$PSOLWXGH�GHU�ORQJLWXGLQDOHQ�0RGXODWLRQ�DQ�XQG�YHUVFKZLQGHW�GDQQ�ZLHGHU���

�
$EELOGXQJ�����/RQJLWXGLQDOH �6HOEVWDQUHJXQJ� GHV� JHN�KOWHQ�6WUDKOV � �'DUJHV WHO O W �
LVW � HLQ�=HLWLQWHUYDOO �YRQ����V���

'LH� $EELOGXQJ� ��� ]HLJW�� GDVV� GLH� ORQJLWXGLQDOH� 6WUDKOPRGXODWLRQ� GHU� 8PODXIIUH�
TXHQ]� HQWVSULFKW�� :HQQ� PDQ� GDV� .DYLWlWVJDS� HOHNWULVFK� NXU]VFKOLH�W� >��@��
YHUVFKZLQGHW�GLH�6HOEVWDQUHJXQJ�YROOVWlQGLJ���
'LHVH�0HVVXQJ� LVW� HLQ� VLJQLILNDQWHV�%HLVSLHO� I�U�GLH� LP�$EVFKQLWW�����EHVFKULHEHQH�
5HVRQDWRULPSHGDQ]�� 'DV� SHULRGLVFKH� 9HUKDOWHQ� GHU� 6WUDKOPRGXODWLRQ� NDQQ� GXUFK�
HLQHQ� JHULQJHQ� 8QWHUVFKLHG� ]ZLVFKHQ� GHU� 8PODXIIUHTXHQ]� XQG� GHU� .DYLWlWVUHVR�
QDQ]IUHTXHQ]�HUNOlUW�ZHUGHQ��
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�
$EELOGXQJ� ���� 6XPPHQVLJQDO� HLQHV� %30V� LP� )UHTXHQ]EHUHL FK� ZlKUHQG� GHU�
ORQJLWXGLQDOHQ� 6HOEVWDQUHJXQJ� GHV� HO HNWURQHQJHN�KOWHQ� 3URWRQHQVWUDKOV� EHL�
���� � 7HLO FKHQ� LP� 5LQJ� �.DYLWlW� QLFKW� NXU]JHVFKORVVHQ��� 6SHNWUXP� �$�� ]HLJW �
GDV� 6LJQDOV� EHL� PD[LPDOHU� $PSOLWXGH�� 6SHNWURJUDPP� �%�� VSLHJHO W� GHQ�
]HLW O L FKHQ�9HUODXI�ZLHGHU� �ZREHL� GLH�$PSOLWXGH� GXUFK�)DUEH� HQWVSUHFKHQG� GHU�
6NDOD� DEJHELOGHW� L V W � � 6SHNWUXP� �&�� ZXUGH� EHL� PLQLPDOHU� $PSOLWXGH� GHV�
6LJQDOV�DXIJHQRPPHQ��

���� (LJHQVFKDIWHQ�GHV�&26<�6WUDKOV��
:LU�ZROOHQ�KLHU�NXU]�GHQ�,QKDOW�GLHVHV�.DSLWHOV�]XVDPPHQIDVVHQ�XQG�GLH�P|JOLFKHQ�
0D�QDKPHQ�]XU�(UK|KXQJ�GHU�6WUDKOVWDELOLWlW�LQ�&26<�GLVNXWLHUHQ���
'LH�6W|UXQJ� LQ�GHU� ORQJLWXGLQDOHQ�(EHQH�ZXUGH�GXUFK�GLH�.DYLWlW�YHUXUVDFKW��8P�
GLHV�]X�YHUKLQGHUQ��JHQ�JWH�GDV�HOHNWULVFKH�.XU]VFKOLH�HQ�GHV�*DSV��$EELOGXQJ�����
>��@��
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'LH� WUDQVYHUVDOH� ,QVWDELOLWlW� LVW� DXI� GLH� XQ]XUHLFKHQGH� /DQGDX�'lPSIXQJ� XQG� GLH�
JUR�H� 5DXPODGXQJVLPSHGDQ]� EHL� VWDUN� JHN�KOWHP� 6WUDKO� ]XU�FN]XI�KUHQ�� +LQ]X�
NRPPW�QRFK�GLH�5:�,PSHGDQ]��GLH�EHL�QLHGULJHQ�)UHTXHQ]HQ�EHVRQGHUV�JUR�� LVW��
'LH�5DXPODGXQJVLPSHGDQ]� OlVVW� VLFK� QXU�PLW� GHU�9HUJU|�HUXQJ� GHU� WUDQVYHUVDOHQ�
(PLWWDQ]� UHGX]LHUHQ��ZDV�DEHU�GHP�.RQ]HSW�GHU�(OHNWURQHQN�KOXQJ�ZLGHUVSULFKW��
'LH� QlFKVWH�0|JOLFKNHLW�ZlUH� GLH�/DQGDX�'lPSIXQJ�PLW�+LOIH� GHU� ORQJLWXGLQDOHQ�
5DXVFKDQUHJXQJ� RGHU� GXUFK� GLH� 9HUJU|�HUXQJ� GHU�$UEHLWVSXQNWYHUVFKPLHUXQJ� ]X�
YHUVWlUNHQ�� %HLGH� 7HFKQLNHQ� ZXUGHQ� EHL� &26<� PLW� (UIROJ� HLQJHVHW]W� >��@�� 'LH�
9HUJU|�HUXQJ�GHU�$UEHLWVSXQNWYHUVFKPLHUXQJ�HUIRUGHW�LQ�GHU�3UD[LV�HLQH�&KURPDWL�
]LWlWVNRPSHQVDWLRQ�PLW�+LOIH� GHU� 6H[WXSROPDJQHWH� >��@�� ZHLO� GLH� ,PSXOVEUHLWH�PLW�
GHU� $UEHLWVSXQNWYHUVFKPLHUXQJ� GXUFK� GLH� &KURPDWL]LWlW� YHUNQ�SIW� LVW�� 'D�
.RUUHNWXUHQ� GHU� &KURPDWL]LWlW�PLW�2SWLNYHUlQGHUXQJHQ� YHUEXQGHQ� VLQG� >��@� XQG�
GLH�2EHUJUHQ]H�GHU�$UEHLWVSXQNWYHUVFKPLHUXQJ�GXUFK�5HVRQDQ]HQ�>��@�JHJHEHQ�LVW��
NDQQ�PDQ�GLHVH�0HWKRGH�QXU�EHJUHQ]W�DQZHQGHQ���
0LW�HLQHP�WUDQVYHUVDOHQ�)HHGEDFN�6\VWHPV� >��@�N|QQHQ�GLH� WUDQVYHUVDOHQ�6WUDKORV�
]LOODWLRQHQ�RKQH�(LQJULII�LQ�GLH�0DVFKLQHQRSWLN�XQWHUGU�FNW�ZHUGHQ��=XGHP�LVW�GLH�
WHFKQLVFKH� 5HDOLVLHUXQJ� LP� XQWHUHQ� )UHTXHQ]EHUHLFK� HLQIDFKHU�� %H]RJHQ� DXI� GLH�
6WUDKODEODJH�VWHOOW�HLQ�VROFKHV�6\VWHP�HLQH�QHJDWLYH�SURSRUWLRQDOH�5�FNNRSSOXQJ�GDU��
(V� ZLUG� RIW� DXFK� DOV� UHVLVWLYHV� )HHGEDFN� EH]HLFKQHW�� ZHLO� GLH� $PSOLWXGH� GHU�
%HWDWURQRV]LOODWLRQ�JHGlPSIW�ZLUG�RKQH�GLH�)UHTXHQ]�]X�lQGHUQ��
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�� 7UDQVYHUVDOHV�)HHGEDFN�6\VWHP�
,Q�GLHVHP�.DSLWHO�ZLUG�HLQH�0HWKRGH�]XU�6WUDKOVWDELOLVLHUXQJ�YRUJHVWHOOW��GLH�DXI�GHU�
DNWLYHQ�'lPSIXQJ�GHU�NRKlUHQWHQ�6WUDKORV]LOODWLRQHQ�EDVLHUW���
(LQ�38�HUIDVVW�GLH�6WUDKORV]LOODWLRQHQ� LQ� HLQHU� EHVWLPPWHQ�(EHQH�� 6HLQ�$XVJDQJV�
VLJQDO�GLHQW�DOV�.RUUHNWXUVLJQDO�I�U�GHQ�.LFNHU��GHU�GLH�2V]LOODWLRQ�GlPSIW�>��@��8P�
HLQH�UHVLVWLYH�:LUNXQJ�]X�HU]LHOHQ��VROOWH�GHU�%HWDWURQSKDVHQYRUVFKXE�]ZLVFKHQ�GHP�
3LFN�XS�XQG�GHP�.LFNHU�HLQ�XQJHUDG]DKOLJHV�9LHOIDFKHV�YRQ���°�EHWUDJHQ��ZHLO�GHU�
38�SRVLWLRQVHPSILQGOLFK�LVW�XQG�GHU�.LFNHU�GHQ�:LQNHO�YHUlQGHUW�>��@����

�
$EELOGXQJ�����*UXQGSULQ]LS�GHV�6WUDKOI HHGEDFNV��

'LH� 6LJQDOYHU]|JHUXQJ�� GLH� GXUFK� HOHNWURQLVFKH� .RPSRQHQWHQ� XQG� .DEHO�
YHUXUVDFKW� ZLUG�� PXVV� JHQDX�PLW� GHU� )OXJ]HLW� GHU� 7HLOFKHQ� YRP� 38� ]XP�.LFNHU�
�EHUHLQVWLPPHQ��'LH�HIIL]LHQWH�'lPSIXQJ�GHU�NRKlUHQWHQ�6WUDKORV]LOODWLRQQHQ�RKQH�
HLQHQ�VW|UHQGHQ�(LQIOXVV�DXI�GHQ�6WUDKO�LVW�QXU�XQWHU�GLHVHU�%HGLQJXQJ�P|JOLFK����

���� 0|JOLFKNHLWHQ�GHU�5HDOLVLHUXQJ��
=XU� =HLW� VLQG� YLHOH� ORQJLWXGLQDOH� VRZLH� WUDQVYHUVDOH� )HHGEDFN� 6\VWHPH� �)%6�� LQ�
DQGHUHQ� %HVFKOHXQLJHUQ� LP� (LQVDW]�� 'HU� ORQJLWXGLQDOH� )DOO� ZLUG� KLHU� QLFKW� ZHLWHU�
YHUIROJW��'LH�PHLVWHQ� WUDQVYHUVDOHQ� 6\VWHPH� VLQG� I�U� JHEXQFKWH� 6WUDKOHQ� DXVJHOHJW�
XQG�GHVKDOE�PLW�DXIZHQGLJHQ�0|JOLFKNHLWHQ�]XU�6LJQDOYHUDUEHLWXQJ�DXVJHVWDWWHW��'LH�
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ZLFKWLJVWH�$XIJDEH�GDEHL� LVW�GLH�8PODXIIUHTXHQ]NRPSRQHQWHQ�DXV�GHP�38�6LJQDO�
KHUDXV]XILOWHUQ��ZREHL�GLH�3KDVHQLQIRUPDWLRQ�HUKDOWHQ�EOHLEHQ�PXVV�>��@��'LHV�VWHOOW�
HLQ� QLFKWWULYLDOHV� WHFKQLVFKHV� 3UREOHP� GDU� >��@�� 'D� GLH� $PSOLWXGH� GHU� VW|UHQGHQ�
VSHNWUDOHQ�.RPSRQHQWHQ�XP�HLQLJH�*U|�HQRUGQXQJHQ�K|KHU�LVW�DOV�GLH�$PSOLWXGH�
GHU� .RPSRQHQWHQ� GLH� GHU� WUDQVYHUVDOHQ� 6WUDKORV]LOODWLRQ� HQWVSUHFKHQ�� VLQG�
.DPPILOWHU�PLW�VHKU�KRKHU�6WHLOKHLW�QRWZHQGLJ��(LQH�GHU�0|JOLFKNHLWHQ�HLQ�VROFKHV�
)LOWHU�]X�UHDOLVLHUHQ��OLHJW�LQ�GHU�9HUZHQGXQJ�YRQ�9HU]|JHUXQJHQ��GLH�DXI�KHUN|PP�
OLFKHQ� .DEHOQ� RGHU� /LFKWOHLWHUQ� EDVLHUHQ�� 'LHVH�0HWKRGH� KDW� ]XU� )ROJH�� GDVV� EHL�
QLHGULJHQ�)UHTXHQ]HQ�VHKU�JUR�H�0HQJHQ�DQ�.DEHO�EHQ|WLJW�ZHUGHQ��$X�HUGHP�LVW�
GLH�bQGHUXQJ�GHU�1RWFKIUHTXHQ]�XPVWlQGOLFK��$XV�GLHVHP�*UXQGH�ZHUGHQ�LPPHU�
KlXILJHU� GLJLWDOH� /|VXQJHQ� YRUJHVFKODJHQ�� ]XPDO� GLH� NRPPHU]LHOO� YHUI�JEDUHQ�
HOHNWURQLVFKHQ�.RPSRQHQWHQ�LPPHU�OHLVWXQJVIlKLJHU�ZHUGHQ��'LH�GLJLWDOHQ�6\VWHPH�
VLQG�LQ�GHU�5HJHO�IOH[LEOHU�DOV�GLH�DQDORJHQ��DX�HUGHP�VLQG�VLH�HLQIDFKHU�]X�HUZHLWHUQ��
RIW� JHQ�JW� VFKRQ� HLQH� 6RIWZDUHNRUUHNWXU�� =XP� %HLVSLHO� HUODXEW� HLQ� PRGHUQHU�
'LJLWDOHU� 6LJQDO� 3UR]HVVRU� �'63�� VHKU� NRPSOH[H� )LOWHUXQJVDOJRULWKPHQ� ]X�
LPSOHPHQWLHUHQ�� 2IW� ZHUGHQ� )LQDO� ,PSXOV� 5HVSRQVH� �),5�� )LOWHU� DOV� .DPPILOWHU�
HLQJHVHW]W��ZHLO�VLH�HLQHQ�OLQHDUHQ�3KDVHQYHUODXI�JHZlKUOHLVWHQ���
)DOOV�HV�QRWZHQGLJ�LVW��GDV�)%6�ZlKUHQG�GHU�%HVFKOHXQLJXQJ�HLQ]XVHW]HQ��PXVV�GLH�
6FKOHLIHQYHU]|JHUXQJ�NRQWLQXLHUOLFK�DQ�GLH�7HLOFKHQIOXJ]HLW� DQJHSDVVW�ZHUGHQ��ZDV�
SUDNWLVFK� PLW� DQJHPHVVHQHP� $XIZDQG� XQG� HUIRUGHUOLFKHQ� (LJHQVFKDIWHQ� QXU� I�U�
GLJLWDOH� 6\VWHPH� UHDOLVLHUEDU� LVW��9DULDEOH�9HU]|JHUXQJHQ�PLW� JUR�HP�G\QDPLVFKHQ�
%HUHLFK�XQG�IHLQHQ�6FKULWWHQ�N|QQHQ�DXI�GHU�%DVLV�YRQ�]ZHL�3RUW�6SHLFKHUQ��),)2��
JHEDXW�ZHUGHQ��8P�GLH�,QIRUPDWLRQVYHUOXVWH�ZlKUHQG�GHU�bQGHUXQJ�GHU�9HU]|JH�
UXQJ� ]X� YHUPHLGHQ�� LVW� HV� LQ� YLHOHQ�)lOOHQ� VLQQYROO�� GLH�7DNWIUHTXHQ]� GHU� GLJLWDOHQ�
6LJQDOYHUDUEHLWXQJVHLQKHLWHQ�SURSRUWLRQDO�]XU�8PODXIIUHTXHQ]�]X�YHUlQGHUQ��ZRPLW�
GLH� DXWRPDWLVFKH� 9HU]|JHUXQJVDQSDVVXQJ� DQ� GLH� DNWXHOOH� 7HLOFKHQXPODXIIUHTXHQ]�
HUUHLFKW�ZLUG��
2IW�EHVWHKW�GLH�1RWZHQGLJNHLW�HLQ]HOQH�%XQFKH�]X��EHUZDFKHQ�XQG�GHUHQ�3RVLWLRQ�
XQDEKlQJLJ� YRQHLQDQGHU� ]X� NRUULJLHUHQ�� 'DV� HUIRUGHUW� LQ� GHU� 5HJHO� VHKU� JUR�H�
%DQGEUHLWHQ��+XQGHUWH�0+]��XQG�PHKUHUH�XQDEKlQJLJH�6LJQDOYHUDUEHLWXQJVNDQlOH��
,Q�VROFKHQ�)lOOHQ�LVW�GLH�$Q]DKO�GHU�.DQlOH�GXUFK�GLH�$Q]DKO�GHU�%XQFKH�LP�5LQJ�
XQG� GLH� /HLVWXQJVIlKLJNHLW� GHU� .RPSRQHQWHQ� EHVWLPPW�� )�U� GLH� 'lPSIXQJ� GHU�
70&,� �WUDQVYHUVH� PRGH� FRXSOLQJ� LQVWDELOLW\�� ZHUGHQ� UHDNWLYH� )%6� HLQJHVHW]W� >��@�� 'LH�
$XIJDEH� GLHVHU� 6\VWHPH� LVW� HV�� GLH� 9HUlQGHUXQJ� GHU� 0RGH�)UHTXHQ]HQ� PLW�
VWHLJHQGHP� 6WUDKOVWURP� ]X� YHUKLQGHUQ�� (V� ZLUG� KDXSWVlFKOLFK� GLH� )UHTXHQ]� GHU�
WUDQVYHUVDOHQ� 0RGHQ� YHUlQGHUW� XQG� QLFKW� GLH� $PSOLWXGH�� 'LH� UHVLVWLYHQ� )%6�
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GlPSIHQ� GDJHJHQ� DXVVFKOLH�OLFK� GLH� $PSOLWXGH� GHU� 6WUDKORV]LOODWLRQ�� :HQQ�
DXIWUHWHQGH� ,QVWDELOLWlWHQ� XQWHUVFKLHGOLFKH� 8UVDFKHQ� KDEHQ�� LVW� HV� PDQFKPDO�
QRWZHQGLJ�� NRPELQLHUWH� 6\VWHPH�PLW� UHDNWLYHU� XQG� UHVLVWLYHU�:LUNXQJ� HLQ]XVHW]HQ�
>��@��8P�HLQH�UHDNWLYH�:LUNXQJ�]X�HU]LHOHQ��VROOWH�GHU�.LFNHU����°�%HWDWURQSKDVHQ�
YRUVFKXE� ]XP� 38� KDEHQ�� 'LH� 7KHRULH� VROFKHU� 6\VWHPH� LVW� LQ� >��@� DXVI�KUOLFK�
EHVFKULHEHQ��5HDNWLYH�6\VWHPH�HUODXEHQ�HV��GHQ�NRKlUHQWHQ�$UEHLWVSXQNW�JH]LHOW�]X�
YHUlQGHUQ���
)�U�&26<�LVW�HLQ�UHVLVWLYHV�6\VWHP�QRWZHQGLJ��=XU�=HLW�EHVWHKW�NHLQH�1RWZHQGLJ�
NHLW�GHQ�JHEXQFKWHQ�7HLOFKHQVWUDKO�EHL�K|KHUHQ�(QHUJLHQ�PLW�+LOIH�HLQHV�)HHGEDFNV�
]X� VWDELOLVLHUHQ�� $XV� GLHVHP� *UXQGH� ZLUG� GDV� 6\VWHP� I�U� HLQHQ� GF�6WUDKO� EHL�
,QMHNWLRQVHQHUJLH� NRQ]LSLHUW�� 'HQQRFK� ZHUGHQ� (UZHLWHUXQJVP|JOLFKNHLWHQ� RIIHQ�
JHODVVHQ��(V�EHGDUI�HLQHU�EUHLWEDQGLJHQ�'lPSIXQJ��ZHLO�LQ�&26<�YLHOH�WUDQVYHUVDOH�
0RGHQ�DQJHUHJW�ZHUGHQ���
'LH� H[LVWLHUHQGHQ� )%6� YHUI�JHQ� �EHU� /HLVWXQJVYHUVWlUNHU� PLW� $XVJDQJVOHLVWXQJHQ�
LP� %HUHLFK� YRQ� ZHQLJHQ� :DWW� �+DOEOHLWHUWHFKQRORJLH�� ELV� PHKUHUHQ� .LORZDWW�
�5|KUHQWHFKQLN��>��@��'D�GLH�,QMHNWLRQVHQHUJLH�QXU����0H9�XQG�GLH�N�U]HVWH�ELVKHU�
JHPHVVHQH�$QVWLHJV]HLW�GHU�YHUWLNDOHQ�,QVWDELOLWlW�����PV�EHWUDJHQ��UHLFKW�I�U�&26<�
HLQH� /HLVWXQJ� XQWHU� ���� :�� 'DKHU� NDQQ� GLH� +DOEOHLWHUWHFKQRORJLH� YHUZHQGHW�
ZHUGHQ���

���� (UPLWWOXQJ�GHU�%DQGEUHLWH�GHV�6\VWHPV��
'LH� %DQGEUHLWH� GHV� )%6� LVW� I�U� GLH� DXVUHLFKHQGH� 'lPSIXQJ� GHU� NRKlUHQWHQ�
6WUDKORV]LOODWLRQHQ�YRQ�SULQ]LSLHOOHU�%HGHXWXQJ��'HQQ�DOOH�LQVWDELOHQ�%HWDWURQVHLWHQ�
ElQGHU�P�VVHQ� JHGlPSIW�ZHUGHQ��'LH�PLQLPDOH�)UHTXHQ]� IPLQ�� EHL�GHU�GDV�6\VWHP�
QRFK� HLQZDQGIUHL� IXQNWLRQLHUHQ� PXVV�� HQWVSULFKW� GHP� XQWHUVWHQ� 6HLWHQEDQG� LP�
WUDQVYHUVDOHQ�6WUDKOVSHNWUXP�
� ( )0min min fQnf ±= ��� ������

ZREHL� � I�� GLH� 7HLOFKHQXPODXIIUHTXHQ]�� 4� GHQ� $UEHLWVSXQNW� EH]HLFKQHW�� )�U� GLH�
$XVOHJXQJ�GHV�)%6�ZLUG�GHU� I�U�&26<� W\SLVFKHU�$UEHLWVSXQNWEHUHLFK�YRQ������²�
�����JHZlKOW��'DPLW�HUJLEW�VLFK�DXV�GHU�*OHLFKXQJ������GLH�PLQLPDOH�)UHTXHQ]�YRQ�
IPLQ� ������N+]���
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'LH�REHUH�*UHQ]H�LVW�GXUFK�GLH�/DQGDX�'lPSIXQJ�XQG�GLH�.RSSHOLPSHGDQ]HQ�GHV�
5LQJHV� IHVWJHOHJW��'D�GLH�0HWKRGHQ�]XU�,PSHGDQ]EHVWLPPXQJ�NHLQH�VHKU�JHQDXHQ�
:HUWH� OLHIHUQ�� LVW� HV� VFKZLHULJ�� GLH� REHUH� )UHTXHQ]� GHU� ,QVWDELOLWlWHQ� WKHRUHWLVFK�
JHQDX� ]X� EHVWLPPHQ�� � $XV� GLHVHP� *UXQG� ZLUG� VLH� DQKDQG� GHU� K|FKVWHQ� ELVKHU�
UHJLVWULHUWHQ� LQVWDELOHQ� WUDQVYHUVDOHQ� 0RGH� IHVWJHOHJW�� 'LH� 8QWHUVXFKXQJHQ� GHV�
LQVWDELOHQ�6WUDKOYHUKDOWHQ��VLHKH�.DSLWHO����]HLJHQ��GDVV�GLH�YHUWLNDOH�,QVWDELOLWlW�VLFK�
ELV� HWZD� ���0+]� HUVWUHFNW��8P� DXI� GHU� VLFKHUHQ� 6HLWH� ]X� VHLQ��ZLUG� I�U� GDV� )%6��
���0+]�DOV�GLH�REHUH�)UHTXHQ]�JHZlKOW�������

����+DUGZDUH�
$Q�GLHVHU�6WHOOH�EHVFKlIWLJHQ�ZLU�XQV�PLW�GHU�+DUGZDUH�GHV�)HHGEDFN�6\VWHPV��(V�
ZLUG� DXI� GDV� 'HVLJQ� GHV� 3LFN�XSV� XQG� GHV� .LFNHUV� VRZLH� GHU� HOHNWURQLVFKHQ�
.RPSRQHQWHQ�HLQJHJDQJHQ��
'LH�$EELOGXQJ����]HLJW�GDV�%ORFNVFKDOWELOG�GHV�)%6��'DV�.RUUHNWXUVLJQDO�ZLUG�PLW�
+LOIH� HLQHV� HOHNWURVWDWLVFKHQ� 3LFN�XSV� XQG� GD]XJHK|ULJHU� DQDORJHU� (OHNWURQLN�
JHZRQQHQ��1DFK�GHP�GDV�]ZLVFKHQYHUVWlUNWH�∆�6LJQDO�GDV�9HU]|JHUXQJVJOLHG�XQG�
GHQ����°�6SOLWWHU��SDVVLHUW�KDW��GLHQW�HV�DOV�(LQJDQJVLJQDO�I�U�GLH�/HLVWXQJVYHUVWlUNHU��
GLH�HLQHQ�VWULSOLQH�.LFNHU�DQWUHLEHQ��

�
$EELOGXQJ� ���� %ORFNVFKDO WELOG� GHV� )%6�� 3LFN�XS� ����� 9RUYHUV WlUNHU� ���� �
$QDORJH� %30� (OHNWURQLN� ����� 9HU]|JHUXQJ� ����� /HLVWXQJVYHUV WlUNHU� ���� �
���° �6SO LWW HU � ���� �.LFNHU������$EVFKOXVVZLGHUVWDQG������

,Q� GHQ� ZHLWHUHQ� $EVFKQLWWHQ� ZHUGHQ� GLH� HLQ]HOQHQ� .RPSRQHQWHQ� JHQDXHU�
EHVFKULHEHQ��
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������3LFN�XS��
$OV�3LFN�XS�ZLUG�HLQHU�GHU�%30V� �$EELOGXQJ�����YHUZHQGHW��'LH�:DKO�GHV�%30V�
HUIROJW� QDFK� GHU� %HUHFKQXQJ� GHV� %HWDWURQSKDVHQYRUVFKXEHV� ]ZLVFKHQ� DOOHQ� ���
%30V�XQG�GHP�.LFNHU��)�U�GLH�YHUWLNDOH�(EHQH�LVW�GHU�'326��9�JHHLJQHW��GHU�VLFK�
DP� (QGH� GHV� .�KOHUWHOHVNRSV� EHILQGHW�� 'HU� %HWDWURQSKDVHQYRUVFKXE� ]X� GHP�
.LFNHU�OlVVW�VLFK�HLQIDFK�DEVFKlW]HQ��=ZLVFKHQ�GHP�.LFNHU�XQG�GHP�DXVJHZlKOWHQ�
38�EHILQGHW�VLFK�GDV�.�KOHUWHOHVNRS��GDV�HLQHQ�3KDVHQYRUVFKXE�YRQ��π�YHUXUVDFKW��
%HL�HLQHP��YHUWLNDOHQ�$UEHLWVSXQNW�4\� �����LVW�GHU�JHVXFKWH�3KDVHQYRUVFKXE�µS�N�≈�
���⋅�π��π� ����⋅�π��'LH�5HFKQXQJ�PLW�GHP�0$'��0HWKRGLFDO�$FFHOHUDWRU�'HVLJQ��
3URJUDPP�>��@�HUJDE�GHQ�:HUW�µS�N� ������⋅�π�>��@��9RQ�%HGHXWXQJ�I�U�GDV�)%6�LVW�
MHGRFK�QXU�GHU�3KDVHQZLQNHO�ϕS�N� ������⋅���°�Q⋅���°� ��°�PLW�Q� �����������GD�GHU�
6SOLWWHU� �$EELOGXQJ�����XPJHSROW�ZHUGHQ�NDQQ�� ,P�,GHDOIDOO� VROOWH�ϕS�N� ���°� VHLQ��
DOVR� OLHIHUW�'326��9�HLQH�JXWH�1lKHUXQJ��'LH�YHUWLNDOH�%HWDIXQNWLRQ�DP�2UW�GHV�
'326��9�EHWUlJW����P��(LQH�JUR�H�%HWDIXQNWLRQ�DP�38�HUODXEW�HV��GLH�6WUDKOEH�
ZHJXQJ� HIIHNWLY� ]X� GHWHNWLHUHQ� XQG� I�KUW� ]XU� 9HUEHVVHUXQJ� GHV� 6LJQDO�5DXVFK�
9HUKlOWQLVVHV���

�
$EELOGXQJ� ���� &26<� 6WUDKO ODJHPRQLWRU� �%30��� 0LW� $X�HQJHKlXVH� XQG�
9RUYHUVWlUNHU��O LQNV�� �RKQH�$X�HQJHKlXVH� �UHFKWV�REHQ���QXU�(OHNWURGHQ��UHFKWV�
XQWHQ��� ��
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'LH� $EELOGXQJ� ��� ]HLJW� GHQ� UXQGHQ� YHUWLNDOHQ� %30�PLW� GHQ� $X�HQJHKlXVH� XQG�
9RUYHUVWlUNHUQ� �OLQNV��� 5HFKWV� XQWHQ� VLQG� GLH� (OHNWURGHQ� GDUJHVWHOOW�� 'DV� (UVDW]�
VFKDOWELOG�GHV�%30V�LVW�LQ�GHU�$EELOGXQJ����GDUJHVWHOOW��

�
$EELOGXQJ�����(UVDW]VFKDO WELOG�GHV �%30V��

+LHU�EH]HLFKQHQ�&H�GLH�.DSD]LWlW�GHU�(OHNWURGH�]XU�0DVVH��&Y��GLH�(LQJDQJVNDSD]LWlW�
GHV�9RUYHUVWlUNHUV��&G�GLH�.RSSHONDSD]LWlW�]ZLVFKHQ�EHLGHQ�(OHNWURGHQ��XQG�5�GHQ�
(LQJDQJVZLGHUVWDQG� GHV�9RUYHUVWlUNHUV�� ,Q� JXWHU�1lKHUXQJ� JLOW� I�U� GLH� 3RVLWLRQV�
HPSILQGOLFKNHLW�ε\�
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ZREHL�'�GHU�(OHNWURGHQGXUFKPHVVHU�LVW�>��@��'LH�PLW������EHUHFKQHWH�3RVLWLRQVHPS�
ILQGOLFKNHLW�GHV�UXQGHQ�%30V�EHWUlJW�ε\� �����µP�����0LW�∆�DOV�'LIIHUHQ]�]ZLVFKHQ�
EHLGHQ�(OHNWURGHQVLJQDOHQ��Σ� GHU� 6XPPH� GLHVHU� 6LJQDOH� XQG� \�� DOV� GLH� HOHNWULVFKH�
0LWWH�GHV�%30V�I�U�GLH�6WUDKOSRVLWLRQ�\��JLOW�
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$EELOGXQJ����VWHOOW�GHQ�)UHTXHQ]JDQJ�HLQHV�%30V�PLW�KRFKRKPLJHP������NΩ��XQG�
QLHGHURKPLJHP�����Ω��9RUYHUVWlUNHU�GDU��'DV�%LOG�EHZHLVW��GDVV�PLW�GHP�RSWLPDOHQ�
(LQJDQJVZLGHUVWDQG� GHV� 9RUYHUVWlUNHUV� YRQ� ���� NΩ� GHU� $PSOLWXGHQYHUODXI� LP�
%HUHLFK�YRQ����N+]�ELV�����0+]�QDKH]X�NRQVWDQW�LVW�>��@�������
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�
$EELOGXQJ� ���� )UHTXHQ]JDQJ� HLQHV� %30V� PLW� KRFKRKPLJHP� �REHQ�� XQG�
QLHGHURKPLJHP�9RUYHUV WlUNHU��XQWHQ���

������(OHNWURQLN�
'LH� 6WUDKOODJHPRQLWRUHOHNWURQLN� EHVWHKW� DXV� GUHL� IXQNWLRQHOOHQ� (LQKHLWHQ��
9RUYHUVWlUNHU�� DQDORJH� 6LJQDOYHUDUEHLWXQJV�(LQKHLW� XQG� 'DWHQHUIDVVXQJ�,QWHUIDFH�
(LQKHLW� >��@�� 'D� GLH� GULWWH� (LQKHLW� KDXSWVlFKOLFK� ]XU� 'DWHQDXIQDKPH� LQ� GDV�
.RQWUROOV\VWHP� GLHQW�� ZLUG� DQ� GLHVHU� 6WHOOH� QXU� DXI� GLH� HUVWHQ� EHLGHQ� (LQKHLWHQ�
HLQJHJDQJHQ���
�������� 9RUYHUVWlUNHU�
'LH� 6LJQDOH� GHU� NDSD]LWLYHQ� 6RQGHQ� ZHUGHQ� YRQ� GHU� 9RUYHUVWlUNHU�� XQG� ,PSHGDQ]�
7UDQVIRUPDWLRQV�(LQKHLW� PLW� HLQHP� KRKHQ� (LQJDQJVZLGHUVWDQG� �HWZD� ���� 0Ω��
HPSIDQJHQ�� LQ� JHULQJHP� 0D�H� ������ G%�� YHUVWlUNW�� XQG� PLW� HLQHU� QLHGULJHQ�
$XVJDQJVLPSHGDQ]� ���� Ω�� �EHUWUDJHQ�� 'HU� 9RUYHUVWlUNHU� LVW� JHJHQ� lX�HUH�
6W|UVLJQDOH� GXUFK� HLQ� GLFNZDQGLJHV�$OXPLQLXP�$EVFKLUPJHKlXVH� JHVFK�W]W��'LH�
(LQKHLW� VFKOLH�W� VLFK� XQPLWWHOEDU� DQ� GLH� 38�$XVJlQJH� DP� 6WUDKOURKU� DQ�� GLH�
YHUVWlUNWHQ� 6LJQDOH�ZHUGHQ��EHU� HLQ�GRSSHOW� DEJHVFKLUPWHV� O�P� ODQJHV�.DEHO�]XU�
ZHLWHUHQ� 9HUDUEHLWXQJ� �EHUWUDJHQ�� -HGH� 0HVVHEHQH� LVW� PLW� � ]ZHL� � DXIHLQDQGHU��
DEJHVWLPPWHQ� 9RUYHUVWlUNHUQ� DXVJHU�VWHW� ����� G%� $PSOLWXGHQJOHLFKODXI� VRZLH�
3KDVHQYHUVFKLHEXQJ� NOHLQHU� DOV� ��� LP� )UHTXHQ]EDQG� ���� �� ��� 0+]��� :HLWHUH�
WHFKQLVFKH�'DWHQ�VLQG�LQ�GHU�7DEHOOH���DXIJHOLVWHW�>��@��
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(LQJDQJV�
,PSHGDQ]�

$XVJDQJV�
,PSHGDQ]�

9HUVWlU��
NXQJ�

)UHTXHQ]JDQJ� 7HPS��.RHII�� bTXLYDOHQWHV�
(LQJDQJVUDXVFKHQ�

*OHLFKODXI�
IHKOHU�

����0Ω� ���Ω� �����G%�
����+]�����
0+]�
�����G%��

����0+]�����G%��
��������&�
�������&��

���� 9UPV�
LP��������0+]�

%HUHLFK�
��±����G%�

7DEHOO H ����(LJHQVFKDI WHQ�GHV �9RUYHUVWlUNHUV�

�������� $QDORJH�%30�(OHNWURQLN�
'LH�%30H$�DQDORJH� 6LJQDOYHUDUEHLWXQJVHLQKHLW� EHILQGHW� VLFK� LQ� HLQHU� DEJHVFKLUPWHQ�
9;,� 0HFKDQLN�� hEHU� GLH� 5�FNVHLWHQ�$QVFKOXVVVWHFNHU� �%86�� HUKlOW� GDV� 0RGXO�
DXVVFKOLH�OLFK�GLH� 6SHLVHVSDQQXQJHQ��'LH�9HUVWlUNXQJ�XQG�%DQGEUHLWHQ� HLQVWHOOHQ�
GHQ� 77/� 6WHXHUVLJQDOH� NRPPHQ� DXV� GHU� %30H'� 'DWHQHUIDVVXQJV�,QWHUIDFH�
(LQKHLW� �EHU�PHKUSROLJH�$QVFKOXVVVWHFNHU� DQ�GHU�)URQWSODWWH��'LH� 6WHXHUVLJ�
QDOGHFRGHU�XQG�GHU�3HJHONRQYHUWHU�EHILQGHQ�VLFK�XQPLWWHOEDU�DQ�GHU�*UXQGSODWLQH�
>��@��'LH� YRUYHUVWlUNWHQ�$QDORJVLJQDOH�ZHUGHQ� �EHU� GLH�$QVFKOXVVVWHFNHU� 7\SH�
�1�� DQ� GHU� )URQWSODWWH� XQPLWWHOEDU� DQ� GDV� (LQJDQJVSDDU� �/�8�� 5�'�� GHU�
%30H$�$03� 6XE�(LQKHLW� ]XJHI�KUW�� $XV� GHQ� 6LJQDOHQ� ELOGHW� HLQH� PLW� HLQHP�
%UHLWEDQG�7UDQVIRUPDWRU� DXIJHEDXWH� 6FKDOWXQJ� 6XPPHQ�� XQG�'LIIHUHQ]VLJQDOH�
�680��',)��>��@��'LHVH�6LJQDOH�ZHUGHQ�PLW� GXDOHQ�� LP�%HUHLFK���G%� �� ���G%�
LQ� �� G%� 6FKULWWHQ� SURJUDPPLHUEDUHQ� %UHLWEDQGYHUVWlUNHUQ� YHUVWlUNW�� GHVVHQ�
REHUH�*UHQ]IUHTXHQ]�PLW�HLQHP�7LHISDVVILOWHU�DXI����0+]�HLQJHVWHOOW�ZLUG�>��@��
:LU�JHKHQ�GDYRQ�DXV��GDVV�GHU�$QVWLHJ�GHU�$PSOLWXGH�GHV�.RUUHNWXUVLJQDOV�PLW�GHP�
6WUDKOVWURP� VLFK� SRVLWLY� DXI� GLH� (IIL]LHQ]� GHV� )%6� DXVZLUNHQ� ZLUG�� 'D� GLH�
$QVWLHJV]HLWHQ� GHU� ,QVWDELOLWlW� PLW� ZDFKVHQGHP� 6WUDKOVWURP� N�U]HU� ZHUGHQ�� PXVV�
DXFK�GLH�'lPSIXQJVUDWH�HUK|KW�ZHUGHQ��$XV�GLHVHP�*UXQG�ZLUG�GDV�YRP�38�XQG�
VHLQHU� (OHNWURQLN� JHOLHIHUWH� 'HOWD�6LJQDO� DOV� .RUUHNWXUVLJQDO� YHUZHQGHW�� 'LH�
1RUPLHUXQJ� GHV� 'HOWD�6LJQDOV� PLW� GHP� 6XPPHQVLJQDO�� ZLH� HV� I�U� GLH� 3RVLWLRQV�
PHVVXQJ�GHU�)DOO�LVW��HQWIlOOW��
�������� %HDP�2IIVHW�6XSSUHVVRU��%26��
)�U� GLH� 8QWHUGU�FNXQJ� GHU� LP� 38�6LJQDO� HYHQWXHOO� YRUKDQGHQHQ�8PODXIIUHTXHQ]�
ZXUGH� HLQ� 3URWRW\S� GHV� VRJHQDQQWHQ� EHDP� RIIVHW� VXSSUHVVRUV� �%26�� JHEDXW� >��@��'LH�
6FKDOWXQJ� EDVLHUW� DXI� GHU� ,GHH� HLQHU� HLQVWHOOEDUHQ� 6LJQDODEVFKZlFKXQJ�� (LQHV� GHU�
EHLGHQ� 38�6LJQDOH� ZLUG� VR� DEJHVFKZlFKW�� GDVV� GDV� DXV� GLHVHQ� 6LJQDOHQ� JHELOGHWH�
'LIIHUHQ]VLJQDO� PLQLPDO� ZLUG�� 6ROFKH� *HUlWH� KDEHQ� VLFK� LQ� GHU� 3UD[LV� VHKU� JXW�
EHZlKUW�� 'LH� DP� &(51� HQWZLFNHOWH� %26�6FKDOWXQJ� >��@� LVW� ]�%�� DP� 36�%RRVWHU��
XQG� DP� 6,6� >��@� EHL� GHU� *6,� LP� (LQVDW]�� 0LW� GLHVHP� 9HUIDKUHQ� ZLUG� GHU� 6WUDKO�



�

���

HOHNWURQLVFK� LQ� GLH� 0LWWH� GHV� 38� YHUVFKREHQ�� 'HU� %26� ZLUG� ]ZLVFKHQ� GHQ�
9RUYHUVWlUNHUQ� XQG� GHU� GLIIHUHQ]ELOGHQGHQ� (OHNWURQLN� DQJHVFKORVVHQ�� 'LH� KLHU�
YRUJHVWHOOWHQ� 0HVVXQJHQ� ZXUGHQ� PLW� HLQHP� HUVWHQ�� VHKU� HLQIDFKHQ� 3URWRW\S�
GXUFKJHI�KUW����

�
$EELOGXQJ� ���� )UHTXHQ]VSHNWUXP� GHV� YHUW LNDOHQ� 'HOWD�6LJQDOV� EHL � JHEXQFKWHP�
6WUDKO�RKQH�(LQVDW]�GHV�%26��

:HQQ�GHU�6WUDKO�GHQ�38�JHQDX�LQ�GHU�0LWWH�SDVVLHUW��VROOWH�HU�VR�JXW�ZLH�NHLQ�'HOWD�
6LJQDO� HU]HXJHQ�� GD� GDQQ� GLH� 6SDQQXQJ� DQ� EHLGHQ� (OHNWURGHQ� JOHLFK� LVW�� 'LH�
$EELOGXQJ� ��� ]HLJW� HLQ� )UHTXHQ]VSHNWUXP� GHV� YHUWLNDOHQ� 'HOWD�6LJQDOV�� GDV� NXU]�
QDFK� GHU� %HVFKOHXQLJXQJ� HLQHV� 3URWRQHQVWUDKOV� �JHEXQFKW�� RKQH� %26�(LQVDW]�
DXIJHQRPPHQ� ZXUGH�� 0DQ� VLHKW�� GDVV� GLH� $PSOLWXGHQVSLW]HQZHUWH�� GLH� GHQ�
+DUPRQLVFKHQ�GHU�8PODXIIUHTXHQ]�HQWVSUHFKHQ��:HUWH�ELV�����G%P�HUUHLFKHQ�����

�
$EELOGXQJ� ���� )UHTXHQ]VSHNWUXP� GHV� YHUW LNDOHQ� 'HOWD�6LJQDOV� EHL � JHEXQFKWHP�
6WUDKO�PLW�GHP�(LQVDW]�GHV�%26��

'LH�$EELOGXQJ� ��� LOOXVWULHUW� GLH� 5HGX]LHUXQJ� GHU�8PODXIIUHTXHQ]DQWHLOH� GDQN� GHV�
%26�(LQVDW]HV��+LHU�EHWUlJW�GLH�PD[LPDOH�$PSOLWXGH�XQJHIlKU�����G%P��'HU�%26�
GlPSIW�DOVR�GLH�8PODXIIUHTXHQ]NRPSRQHQWH�XP�HWZD����G%��



�
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�������� 9HU]|JHUXQJ�
(LQH� JHQDX� HLQJHVWHOOWH� 9HU]|JHUXQJ� LVW� I�U� GLH� (IIL]LHQ]� GHV� JHVDPWHQ� )%6� VHKU�
ZLFKWLJ��%HL�,QMHNWLRQVHQHUJLH�����0H9��VLQG�GLH�3URWRQHQ�VFKRQ��⋅����P�V��VFKQHOO��
3UDNWLVFK�EHGHXWHW�GDV��GDVV�VLH�QXU����QV�EUDXFKHQ��XP�GHQ�.LFNHU�YRQ���P�/lQJH�
]X�SDVVLHUHQ��'D�GLH�ULFKWLJH�6LJQDOYHU]|JHUXQJ�YRQ�SULQ]LSLHOOHU�%HGHXWXQJ�I�U�GLH�
'lPSIXQJ� GHU�%HWDWURQRV]LOODWLRQ� LVW�� VFKHLQW� �� QV� GLH� DQJHPHVVHQH�$QIRUGHUXQJ�
I�U�GLH�*HQDXLJNHLW�GHU�9HU]|JHUXQJVHLQVWHOOXQJ�]X�VHLQ���
([SHULPHQWHOO� ZXUGH� IHVWJHVWHOOW�� GDVV� EHUHLWV� HLQ� )HKOHU� YRQ� ��� QV� ]X� GHXWOLFKHU�
9HUVFKOHFKWHUXQJ�GHU�'lPSIXQJ�I�KUW���
)�U� GLH� 'lPSIXQJ� EHL� ,QMHNWLRQVHQHUJLH� LVW� HV� P|JOLFK�� GLH� 9HU]|JHUXQJ� VHKU�
HLQIDFK� PLW� HLQHP� 6W�FN� .DEHO� HQWVSUHFKHQGHU� /lQJH� ]X� UHDOLVLHUHQ�� )�U� GLHVHQ�
=ZHFN� ZXUGH� HLQ� .RD[LDONDEHO� �&HOOIOH[� /&)�� YHUZHQGHW�� � 'LH� .DEHOOlQJH� /N�
EHUHFKQHW�VLFK�DXV��

( ) eepk ttL υ⋅∆−∆= ��

ZREHL�∆WS�GLH�)OXJ]HLW�GHU�7HLOFKHQ�YRP�38�]XP�.LFNHU��∆WH�GLH�6LJQDOYHU]|JHUXQJ�
LQ�GHU�(OHNWURQLN�XQG�YH��GLH�6LJQDOJHVFKZLQGLJNHLW�LQ�GHP�.DEHO�VLQG����
��������/HLVWXQJVYHUVWlUNHU��
$OV�.LFNHUHQGVWXIHQ�ZHUGHQ�/HLVWXQJVYHUVWlUNHU�GHU�)LUPD�$PSOLILHU�5HVHDUFK��$5��
0RGHO� ���$���%� YHUZHQGHW�� 'DQN� GHU� SXVK�SXOO� 026)(7� 6FKDOWXQJ� ]HLFKQHQ�
VLFK�GLH�9HUVWlUNHU� GXUFK� VHKU� JHULQJH� 6LJQDOYHU]HUUXQJ�� YHUEHVVHUWH� 6WDELOLWlW� XQG�
VLFKHUHQ�%HWULHE�DXV��XQDEKlQJLJ�YRQ�GHU�/DVWLPSHGDQ]��7DEHOOH�����'LH�)HUQVWHXH�
UXQJ�SHU�56�����RGHU�,(((������*3,%��LVW�YHUI�JEDU�>��@��
$EELOGXQJ����]HLJW�GDV�W\SLVFKH�/HLVWXQJVVSHNWUXP�>��@��2EZRKO�GHU�/HLVWXQJVYHU�
VWlUNHU�PLW�����:�$XVJDQJVOHLVWXQJ�VSH]LIL]LHUW�LVW��NDQQ�HU�/HLVWXQJHQ�ELV�����:DWW�
���G%�'lPSIXQJ��OLHIHUQ���
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�
$EELOGXQJ� ���� /HLV WXQJVVSHNWUXP� GHV� $5� ���$���%� /HLV WXQJVYHUV WlUNHUV�
�QDFK�+HUVWHO O HUDQJDEHQ���

'HU� LP� )UHTXHQ]EHUHLFK� YRQ� ���� N+]� ELV� ���0+]� JHPHVVHQH� $PSOLWXGHQ�� XQG�
3KDVHQJDQJ� GHU� /HLVWXQJVYHUVWlUNHU� LVW� LQ� $EELOGXQJ� ��� XQG� $EELOGXQJ� ���
GDUJHVWHOOW�� 'HU� 9HUVWlUNXQJVIDNWRU� �JDLQ�� GHU� /HLVWXQJVYHUVWlUNHU� ZLUG� PLW� *�
EH]HLFKQHW��'DEHL�KDQGHOW�HV�VLFK�XP�HLQH�=DKO��GLH�YLD�)HUQVWHXHUXQJ�DOV�6ROOZHUW�
]XP�/HLVWXQJVYHUVWlUNHU�JHVFKLFNW�ZLUG��'LH�$EKlQJLJNHLW�GHU�$XVJDQJOHLVWXQJ�YRQ�
*�LVW�VHKU�QLFKWOLQHDU��VLHKH�$EELOGXQJ����LP�$QKDQJ�%����
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'LH�0HVVXQJ�GHV�$PSOLWXGHQJDQJHV�GHV�/HLVWXQJVYHUVWlUNHUV�]HLJW��GDVV�LP�I�U�XQV�
LQWHUHVVDQWHQ�)UHTXHQ]EHUHLFK�GLH�$PSOLWXGHQDEZHLFKXQJ�ZHQLJHU�DOV���G%�EHWUlJW��
'HU�3KDVHQJDQJ�ZHLVW�$EZHLFKXQJHQ�YRQ�ZHQLJHU�DOV���°�DXI���
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$EELOGXQJ�����3KDVHQJDQJ�GHV �$5����$���%�/HLVWXQJVYHUV WlUNHUV��

������.LFNHU�
'LH� $XIJDEH� HLQHV� .LFNHUV� LVW� HV�� GLH� 7HLOFKHQ� XP� HLQHQ� EHVWLPPWHQ� :LQNHO�
DE]XOHQNHQ��,P�)DOOH�HLQHV�WUDQVYHUVDOHQ�)%6�LVW�GHU�$EOHQNZLQNHO�GLUHNW�SURSRUWLR�
QDO�]XU�6WUDKODEODJH��GLH�PLW�GHP�38�JHPHVVHQ�ZLUG��'D�LP�&26<�5LQJ�NHLQ�IUHLHU�
3ODW]�I�U�GHQ�(LQEDX�GHV�.LFNHUV�]X�9HUI�JXQJ�VWDQG��PXVVWH�GLHVHU�LQ�HLQ�7ULSOHWW�
HLQJHEDXW�ZHUGHQ��$QKDQJ�&���'LHVH�$QIRUGHUXQJ�EHHLQIOXVVW�VWDUN�GDV�'HVLJQ�GHV�
.LFNHUV�� 'LH� lX�HUHQ� 0D�H� VLQG� GXUFK� GHQ� 3RODEVWDQG� LQ� GHQ� 4XDGUXSRO�� XQG�
6H[WXSROPDJQHWHQ�EHJUHQ]W��VLHKH�$QKDQJ�&���$QGHUHUVHLWV�N|QQHQ�GLH�(OHNWURGHQ�
QLFKW�]X�QDKH�DP�6WUDKO�SRVLWLRQLHUW�ZHUGHQ��GD�GLH�$SHUWXU�GHU�9DNXXPNDPPHU�DQ�
GLHVHU� 6WHOOH� UHGX]LHUW� Z�UGH�� $XV� GLHVHQ� *U�QGHQ� ZXUGH� GDV� &(51�'HVLJQ�
JHZlKOW��$EELOGXQJ�������
(V� KDQGHOW� VLFK� XP� HLQHQ� VWULSOLQH�.LFNHU�� GHU� LP�'LIIHUHQ]�0RGH� EHWULHEHQ� ZLUG�
�$EELOGXQJ������,Q�GHU�/LWHUDWXU�ZLUG�HU�DXFK�DOV� WUDQVPLVVLRQ�OLQH�.LFNHU�EH]HLFKQHW�
>��@�� (LQ� (OHNWURGHQSDDU� LVW� LQ� KRUL]RQWDOHU� �[�� XQG� GDV� DQGHUH� LQ� YHUWLNDOHU� �\��
5LFKWXQJ�DQJHRUGQHW��ZRGXUFK�HLQH�EHVVHUH�7UHQQXQJ�]ZLVFKHQ�EHLGHQ�(EHQHQ�LP�
9HUJOHLFK�]X�HLQHU�XP���°�*UDG�JHGUHKWHQ�$QRUGQXQJ�GHU�(OHNWURGHQ�JHZlKUOHLVWHW�
LVW��
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�
$EELOGXQJ� ���� (OHNWURGHQDQRUGQXQJ� GHV � .LFNHUV�� 1XU� ]ZHL � YRQ� YLHU �
(OHNWURGHQ�VLQG�GDUJHV WHO O W � � ��

'HU� .LFNHU� ]HLFKQHW� VLFK� GXUFK� HLQH� NRPELQLHUWH� PDJQHWLVFKH� XQG� HOHNWULVFKH�
:LUNXQJ�DXI�GLH�7HLOFKHQ�DXV�>��@��'LH�PLW�GHP�0$),$�3URJUDPP�>��@�EHUHFKQHWH�
9HUWHLOXQJ� GHV� HOHNWULVFKHV� )HOGHV� LVW� LQ� $EELOGXQJ� ��� GDUJHVWHOOW� >��@�� :HLWHUH�
(UJHEQLVVH� GHU� 0$),$�6LPXODWLRQ� VLQG� LP� $QKDQJ� &� DXIJHI�KUW�� )�U� GLH�
6LPXODWLRQ�ZXUGH� HLQH�$QUHJXQJ�PLW�GHU� IHVWHQ�)UHTXHQ]�YRQ���0+]�YHUZHQGHW��
'LH�)HOGHU�]ZLVFKHQ�GHU�(OHNWURGH�XQG�GHP�$X�HQJHKlXVH�VLQG�QLFKW�GDUJHVWHOOW�����

�
$EELOGXQJ� ���� (OHNWU LV FKHV� )HOG� LP� 6WUDKOEHUHL FK� �'LH� DQJHVWHXHUWH� (OHNWURGH�
LVW� LQ� URW� GDUJHVWHO O W � � 'HU� 8UVSUXQJ� GHU� WUDQVYHUVDOHQ� .RRUGLQDWH� EHILQGHW� V LFK�
DXI�GHU�6WUDKODFKVH� �'LH�3IHL OJU|�H� LV W� HLQ�0D��I�U�GLH�HO HNWULV FKH�)HOGVWlUNH��
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'LH� (OHNWURGHQLPSHGDQ]� VRZLH� GHU� $EVFKOXVVZLGHUVWDQG� EHWUDJHQ� ���Ω�� 'DUDXV�
HUJLEW�VLFK�GLH�$PSOLWXGH�GHU�6SDQQXQJ�8(O��DQ�GHQ�(OHNWURGHQ�LP�%HWULHE�
� VWPRU El 5,1225015022 ≈Ω⋅== ��� ������
XQG�GLH�$PSOLWXGH�GHV�6WURPV�,(O���GHU�GXUFK�MHGH�(OHNWURGH�IOLH�W�

� A
W

R

P
I El 5,2

50

1502
2 ≈

Ω
⋅== ��� ������

ZREHL�3�GLH�9HUVWlUNHUOHLVWXQJ�XQG�5�GHU�/DVWZLGHUVWDQG�VLQG��
%HL�JHJHEHQHP�$EVWDQG�]ZLVFKHQ�]ZHL�(OHNWURGHQ�G� �����PP�OlVVW�VLFK�DXFK�GDV�
HOHNWULVFKH� )HOG�((O� ]ZLVFKHQ� ]ZHL� LP�*HJHQWDNW� EHWULHEHQHQ�(OHNWURGHQ� EHUHFK�
QHQ��

�
m

V

d

U
E El 3108,1

2 ⋅≈⋅= ��� ������

)�U� GDV�PDJQHWLVFKH� )HOG� GDV� ]ZLVFKHQ� ]ZHL� PLW� GHP� 6WURP� ,(O� � GXUFKIORVVHQHQ�
(OHNWURGHQ�HQWVWHKW��ZREHL�GLH�6WU|PH�LQ�HQWJHJHQJHVHW]WHU�5LFKWXQJ�IOLH�HQ��JLOW�

�
m

A

m

A

d

I
H El 7,11

136,0

5,222 ≈
⋅
⋅=⋅=

ππ
�� ������

� THB r µµµ 7,140 ≈= ��� ������

'DPLW�N|QQHQ�GLH�HOHNWURVWDWLVFKH�θ(�XQG�PDJQHWLVFKH�θ%�$EOHQNXQJ�GHU�7HLOFKHQ�
PLW� GHQ� 3DUDPHWHUQ� β�  � ���� XQG� S�  � ����0H9�F� EHUHFKQHW� ZHUGHQ�� ZREHL� GLH�
.LFNHUOlQJH�O� ���P�EHWUlJW���

� rad
p

lE
E µ

β
θ 3,20≈≈ �� ������

� rad
p

lB
B µθ 143,0 ≈= ��� ������

$QJHQRPPHQ�GHU�/HLVWXQJVYHUVWlUNHU� OLHIHUW�����:��GDQQ�HUJLEW�VLFK�GHU�PD[LPDO�
HUUHLFKEDUH�$EOHQNZLQNHO�>��@�]X��
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� radBE µθθθ 34≈+= ��� ������
'LH� HOHNWULVFKHQ� (LJHQVFKDIWHQ� GHV� .LFNHUV� ZXUGHQ� PLW� +LOIH� HLQHV� 7HVWVWDQGHV�
�$EELOGXQJ����LP�$QKDQJ�&��JHPHVVHQ��=XU�6LPXODWLRQ�GHV�7HLOFKHQVWUDKOV�ZXUGH�
HLQ�'UDKW�LP�.LFNHU�JHVSDQQW��'LH�$QRUGQXQJ�NDQQ�DOV�HLQH�.RD[LDOOHLWXQJ�PLW�GHP�
$X�HQOHLWHUGXUFKPHVVHU�'� �����PP��GHP�,QQHQOHLWHUGXUFKPHVVHU�G� ���PP��GHP�
:HOOHQZLGHUVWDQG�GHV�IUHLHQ�5DXPV�=��XQG�GHP�:HOOHQZLGHUVWDQG�=/���

�
d

DZ
ZL ln

2
0

π
= ����������� ������

EHWUDFKWHW�ZHUGHQ���'DPLW�HUKlOW�PDQ�=/� �������Ω��
$EELOGXQJ����]HLJW�GLH�(OHNWURGHQLPSHGDQ]�LQ�$EKlQJLJNHLW�YRQ�GHU�)UHTXHQ]��'HU�
1HW]ZHUNDQDO\VDWRU� PLVVW� GHQ� 6WUHXSDUDPHWHU� 6��� XQG� HUUHFKQHW� GDUDXV� GLH�
,PSHGDQ]��GLH�QDKH�DQ����Ω�OLHJW������

�
$EELOGXQJ� ���� (OHNWURGHQLPSHGDQ]�REHQ�� XQG� GHU� 6�� � 3DUDPHWHU� �XQWHQ�� GHV �
.LFNHUV��

'D�GLH�(LQ�$XVJlQJH�GHV�+3������&�1HW]ZHUNDQDO\VDWRUV�XQG�GHV�+3�������$�6�
3DUDPHWHU� 7HVW� 6HWV� DXI� ��� Ω� DXVJHOHJW� VLQG�� P�VVHQ� VLH� DXI� ���� Ω� DQJHSDVVW�
ZHUGHQ��)�U�GLHVHQ�=ZHFN�ZXUGH�HLQ�SDVVLYHV�$QSDVVXQJVJOLHG�JHEDXW���
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'LH� QlFKVWH� 0HVVXQJ� FKDUDNWHULVLHUW� GLH� 6WUDKO�.LFNHU�:HFKVHOZLUNXQJ�� 'DV�
(LQJDQJVVLJQDO� ZXUGH� LQ� GHQ� 'UDKW� HLQJHVSHLVW� XQG� GDV� $XVJDQJVVLJQDO� GHU�
(OHNWURGH� HQWQRPPHQ�� ZREHL� GLH� QLFKW� YHUZHQGHWHQ� $QVFKO�VVH� PLW� GHP�
FKDUDNWHULVWLVFKHQ� :LGHUVWDQG� DEJHVFKORVVHQ� ZXUGHQ�� 'LHVH� 0HVVXQJ� VSLHJHOW� GLH�
3LFN�XS� (LJHQVFKDIWHQ� GHV� .LFNHUV� ZLHGHU�� DXV� GHU� PDQ� DXFK� DXI� GLH� HLJHQWOLFKH�
.LFNHUZLUNXQJ� VFKOLH�HQ� NDQQ�� ZHLO� ]ZLVFKHQ� GHQ� EHLGHQ� (LJHQVFKDIWHQ� HLQ�
HLQGHXWLJHU� =XVDPPHQKDQJ� EHVWHKW�� $EELOGXQJ� ��� ]HLJW� GHQ� 7UDQVPLVVLRQV�
3DUDPHWHU� 6��� XQG� GLH� GDUDXV� EHUHFKQHWH� 7UDQVPLVVLRQV�,PSHGDQ]� =7�� :HLWHUH�
0HVVXQJHQ�DP�.LFNHU�VLQG�LP�$QKDQJ�&�HQWKDOWHQ���

�
$EELOGXQJ� ���� 6��� ²� 3DUDPHWHU� �REHQ�� XQG� GLH� 7UDQVPLVVLRQV�,PSHGDQ]�
�XQWHQ��GHV �.LFNHUV�LP�)DOOH �H LQHV�(LQVDW]HV�DOV �3LFN�XS��

'LH�$XVZDKO�GHU�(LQEDXSRVLWLRQ�HUIROJWH�QDFK�GHU�%HUHFKQXQJ�GHU�%HWDIXQNWLRQ�LP�
5LQJ� �$EELOGXQJ������'DPLW�GHU�.LFNHU�HIIL]LHQW� DUEHLWHW�� VROO�GLH�%HWDIXQNWLRQ�DQ�
GLHVHU�6WHOOH�P|JOLFKVW�JUR��VHLQ���
%HL�&26<�LVW�GLH�$Q]DKO�P|JOLFKHU�(LQEDXVWHOOHQ�VHKU�EHJUHQ]W��'HU�.LFNHU�ZXUGH�
LQ� GHQ� 4XDGUXSRO� �047��� �VLHKH� $EELOGXQJ� ���� EHL� ������ P� HLQJHEDXW�� � 'LH�
%HWDIXQNWLRQ�EHWUlJW�LQ�EHLGHQ�(EHQHQ�HWZD���P��$EELOGXQJ������:HJHQ�GHU�JUR�HQ�
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%HWDIXQNWLRQ� β\�  � ��� P� XQG� GHV� RSWLPDOHQ� %HWDWURQSKDVHQYRUVFKXEV� YRQ� ��°�
ZXUGH�GHU�%30�'326��9�DOV�38�I�U�GLH�YHUWLNDOH�(EHQH�DXVJHZlKOW���

�
$EELOGXQJ� ���� %HWDIXQNWLRQHQ� XQG� 'LVSHUVLRQ� LP� 5LQJ� EHL � ,QMHNWLRQVHQHUJLH �
I�U� HLQH� W\SLVFKH� 0DVFKLQHQHLQVWHO OXQJ� PLW� HLQJHVFKDO WHW HP� (�.�KOHU�� EHUHFKQHW �
PLW�HLQHP�VSH]LHO O HQ�/DWWL F HPRGHO�>��@���

����0HVVXQJ�GHU�6\VWHPSDUDPHWHU��
$EELOGXQJ� ��� XQG� $EELOGXQJ� ��� ]HLJHQ� GHQ� $PSOLWXGHQ�� XQG� 3KDVHQJDQJ� GHV�
JHVDPWHQ� )%6� EHL� XQWHUVFKLHGOLFKHQ� 9HUVWlUNXQJVIDNWRUHQ� *� XQG� J� GHV�
$5���$���%�/HLVWXQJVYHUVWlUNHUV� XQG� GHU� %30�(OHNWURQLN��'LH�0HVVXQJ�ZXUGH�
PLW�HLQHP�1HW]ZHUNDQDO\VDWRU�GHV�7\SV�����%�GHU�)LUPD�$JLOHQW�GXUFKJHI�KUW��'DV�
6LJQDO�ZXUGH� LQ� GHQ�%30�9RUYHUVWlUNHU� HLQJHVSHLVW� XQG�GHP����G%�'lPSIXQJV�
JOLHG�� GDV� DOV� $EVFKOXVVZLGHUVWDQG� GHU� .LFNHU�(OHNWURGH� HLQJHVHW]W� ZDU�� ZLHGHU�
HQWQRPPHQ��VLHKH�$EELOGXQJ������'DPLW�VSLHJHOW�GLHVH�0HVVXQJ�GDV�9HUKDOWHQ�DOOHU�
HOHNWURQLVFKHQ�.RPSRQHQWHQ�GHV� � 6\VWHPV� LP�)UHTXHQ]EHUHLFK�ZLGHU�� HLQVFKOLH��
OLFK� .DEHO� XQG� .LFNHU�(OHNWURGH�� :LH� PDQ� GHQ� *UDSKHQ� LQ� $EELOGXQJ� ��� XQG�
$EELOGXQJ� ��� HQWQHKPHQ� NDQQ�� EOHLEW� GLH� $PSOLWXGH� YRQ� ���� N+]� �XQWHUH�
0HVVJUHQ]H�GHV�1HW]ZHUNDQDO\VDWRUV��ELV����0+]�QDKH]X�NRQVWDQW��'LH�3KDVHQIHK�
OHU� EOHLEHQ� XQWHU� ��°� ELV� ��� 0+]� XQG� �EHUVFKUHLWHQ� GLH� ��°�*UHQ]H� HUVW� EHL�
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)UHTXHQ]HQ�K|KHU����0+]��)D]LW��GDV�6\VWHP�HQWVSULFKW�GHQ�JHVWHOOWHQ�$QIRUGHUXQ�
JHQ���
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�� $QZHQGXQJ�GHV�)HHGEDFN�6\VWHPV��
,Q� GLHVHP� .DSLWHO� ZHUGHQ� GLH� )HHGEDFN� ([SHULPHQWH� PLW� GHP� 3URWRQHQVWUDKO�
YRUJHVWHOOW�� (V� ZHUGHQ� GLH� 9RUWHLOH� I�U� GHQ� %HVFKOHXQLJHUEHWULHE� EHVFKULHEHQ�� GLH�
GXUFK� GHQ� (LQVDW]� GHV� WUDQVYHUVDOHQ� )HHGEDFN� 6\VWHPV� HQWVWHKHQ�� :HVHQWOLFKHV�
(UJHEQLV� LVW� GHU� ,QWHQVLWlWVJHZLQQ� XP� HLQHQ� )DNWRU� �� EHL� 0HKUIDFKLQMHNWLRQ�
�VWDFNLQJ�� GHV� HOHNWURQJHN�KOWHQ� 3URWRQHQVWUDKOV�� 0HVVXQJHQ� LP� =HLW�� XQG�
)UHTXHQ]EHUHLFK�ZHUGHQ�YRUJHVWHOOW�XQG�GLVNXWLHUW����

���� 'lPSIXQJ�GHU�%HWDWURQVHLWHQElQGHU�
,Q�$EELOGXQJ���� LVW�GDV�38�6LJQDO�GHV�'326��9� LP�)UHTXHQ]EHUHLFK�GDUJHVWHOOW��
%HL�DXVJHVFKDOWHWHP�)%6�VLQG�GLH�YHUWLNDOHQ�%HWDWURQVHLWHQElQGHU�GHXWOLFK�VLFKWEDU��
8QPLWWHOEDU�QDFK�GHP�(LQVFKDOWHQ�GHV�6\VWHPV�NDQQ�PDQ�GLH�%HWDWURQVHLWHQElQGHU�
QLFKW�PHKU�HUNHQQHQ��'LH�0HVVXQJ�ZXUGH�PLW�HLQHP�(FKW]HLW�6LJQDODQDO\VDWRU��>��@�
GXUFKJHI�KUW��VLHKH�$EVFKQLWW���������
'HU�JOHLFKH�(LQVFKDOWYRUJDQJ�LVW�DXFK�LQ�GHU�$EELOGXQJ����]X�VHKHQ��'LH�'DWHQ�VLQG�
KLHU�LQ�)RUP�YRQ�6SHNWUHQ�XQG�)DUEVSHNWURJUDPPHQ�GDUJHVWHOOW�� �'LH�EODXH�)DUEH�
HQWVSULFKW�HLQHP�6FKZHOOZHUW�YRQ����G%P��'LHVH�(LQVWHOOXQJ�ZXUGH�I�U�GLH�EHVVHUH�
RSWLVFKH�(UNHQQEDUNHLW�GHV�6SHNWURJUDPPV�YRUJHQRPPHQ������
'DV�5DXVFKHQ�XQWHUKDOE�����0+]�LQ�EHLGHQ�%LOGHUQ�ZXUGH�GXUFK�H[WHUQH�6W|UVLJQD�
OH�YHUXUVDFKW��GLH�YRQ�GHU�0HVVOHLWXQJ�HLQJHIDQJHQ�ZXUGHQ��$EELOGXQJ����]HLJW�GDV�
JOHLFKH�6LJQDO�RKQH�6WUDKO��0DQ�VLHKW��GDV�HV�NHLQHUOHL�=XVDPPHQKDQJ�]ZLVFKHQ�GHP�
5DXVFKHQ�XQG�GHP�6WUDKO�EHVWHKW��
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�
$EELOGXQJ� ���� :DVVHUIDOOVSHNWUXP� GHV� YHUW LNDOHQ� 38� 6LJQDOV� YRU� XQG� QDFK�
GHP� �(LQVFKDO WHQ� GHV�)%6��9RU� GHP�(LQVFKDOWHQ� VLQG� YHUWLNDOH�%HWDWURQVH LW HQ�
ElQGHU� ]X� VHKHQ�� GDQDFK� VLQG� VL H� YROO V WlQGLJ� JHGlPSIW�� 'DV� 5DXVFKHQ� EHL�
QLHGULJHQ� )UHTXHQ]HQ� LV W� HLQ� PLW� GHU� 0HVVOHLWXQJ� DXIJHQRPPHQHV� 6W|UVLJQDO �
�VL HKH�$EELOGXQJ����� � ��

�
$EELOGXQJ� ���� (LQVFKDOWHQ� GHV � )%6�� )HHGEDFN� DXV� �$��� (LQVFKDOWHQ� GHV �
)HHGEDFNV� �%��� )HHGEDFN� HLQ� �&��� 'DV� 5DXVFKHQ� EHL� QLHGULJHQ� )UHTXHQ]HQ� LVW �
HLQ�PLW�GHU�0HVVOHL WXQJ�DXIJHQRPPHQHV�6W|UV LJQDO� �VL HKH�$EELOGXQJ������
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�
$EELOGXQJ� ���� ([WHUQH� 6W|UVLJQDOH� RKQH� 7HLO FKHQVWUDKO�� 'LH� (PSILQGOLFKNHLW �
GHV �0HVVJHUlWV�ZXUGH� LP�9HUJOHL FK�]X�$EELOGXQJ����HUK|KW���

����$XVZLUNXQJHQ�DXI �GLH�6WUDKOLQWHQVLWlW�
'LH�VWDUNHQ�NRKlUHQWHQ�6WUDKOYHUOXVWH��ZLH�VLH�LQ�.DSLWHO���EHVFKULHEHQ�VLQG��N|QQHQ�
PLWWHOV�GHV�)HHGEDFN�6\VWHPV�YHUKLQGHUW�ZHUGHQ��,Q�$EELOGXQJ����VLQG�6WUDKOVWURP�
XQG�+��=lKOUDWH�GDUJHVWHOOW��2KQH�)HHGEDFN�WULWW�HLQ�VWDUNHU�6WUDKOYHUOXVW�QDFK�]HKQ�
6HNXQGHQ�(OHNWURQHQN�KOXQJ� DXI��'LHV� JHVFKLHKW�QLFKW�PHKU��ZHQQ�GDV�)HHGEDFN�
HLQJHVFKDOWHW�ZLUG���

�$EELOGXQJ� ���� %&7�6LJQDO� ����P9� HQWVSUHFKHQ� �P$�6WUDKOVWURP�� XQG�+��
6LJQDO�RKQH�PLW�)HHGEDFN��'DV�%LOG�V WHO O W � HLQ�=HLWLQWHUYDOO �YRQ�����V�GDU���
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'HU�6WUDKOVWURP�DP�(QGH�GHV�=\NOXV�EHWUXJ�LQ�GLHVHP�)DOO�RKQH�)HHGEDFN�����P$�
XQG� PLW� HLQJHVFKDOWHWHP� )%6� HWZD� ���� P$�� � 'LH� $QIDQJVYHUOXVWH� LQ� GHQ� HUVWHQ�
6HNXQGHQ� GHU� (�.�KOXQJ� >��@� ZHUGHQ� YRP� )HHGEDFN� QLFKW� EHHLQIOXVVW�� GD� GHUHQ�
8UVSUXQJ�QLFKW�NRKlUHQWHU�1DWXU� LVW��$EELOGXQJ�����]HLJW�GLH�5HDNWLRQ�GHV�6WUDKOV�
DXI�HLQH�NXU]H�$EVFKDOWXQJ�GHV�)%6��(V�HUIROJWHQ�LQVJHVDPW�YLHU�$EVFKDOWXQJHQ�I�U�
HWZD�����V������V����V�XQG���V��0DQ�VLHKW��GDVV�LQ�GHQ�EHLGHQ�HUVWHQ�)lOOHQ�GLH�YHUWLNDOH�
2V]LOODWLRQ� ]ZDU� VRIRUW� HLQVHW]W�� DEHU� HV� ]X�NHLQHP�6WUDKOYHUOXVW� NRPPW��$EVFKDO�
WXQJ� I�U� �� V� I�KUW� ]X� HLQHP� VHKU� JHULQJHQ� 9HUOXVW�� (LQ� ���LJHU� 7HLOFKHQYHUOXVW�
UHVXOWLHUW�DXV�GHU���V�3DXVH��%HL�����P$�6WUDKOVWURP� �YRU�GHP�9HUOXVW��EHWUlJW�GLH�
9HUOXVWUDWH�XQJHIlKU����µ$�V��'LHVHU�:HUW�VWHLJW�GUDVWLVFK�MH�K|KHU�GHU�6WUDKOVWURP�
LVW��'D�GDV�)%6�ELVODQJ�QXU�I�U�GLH�YHUWLNDOH�(EHQH�UHDOLVLHUW�ZXUGH��LVW�LP�KRUL]RQWD�
OHQ�38�6LJQDO�SUDNWLVFK�NHLQH�:LUNXQJ�]X�VHKHQ�����

�
$EELOGXQJ� ���� 9HUKDOWHQ� GHV� HO HNWURQHQJHN�KOWHQ� 6WUDKOV� ZlKUHQG� NXU]HU�
$EVFKDO WXQJHQ� ����� V �� ���� V �� �� V�� �V�� GHV� )HHGEDFNV�� 'DUJHVWHO O W � L VW� HLQ�
=HLWLQWHUYDOO �YRQ����V� �

0D[LPDOH� ,QWHQVLWlW� ZXUGH� HUUHLFKW�� ZHQQ� ZlKUHQG� GHU� (OHNWURQHQN�KOXQJ�
PHKUIDFK�QHXH�7HLOFKHQ�LQ�GHQ�&26<�5LQJ�LQML]LHUW�ZXUGHQ��$EELOGXQJ������'XUFK�
GLH�.�KOXQJ�ZLUG�HLQ�7HLO�GHV�WUDQVYHUVDOHQ�3KDVHQUDXPV�ZLHGHU�IUHL��GLHV�I�KUW�]X�
HLQHU�,QWHQVLWlWVHUK|KXQJ�PLW�MHGHU�QHXHQ�,QMHNWLRQ��'LH�,QMHNWLRQHQ�HUIROJHQ�DOOH���
V�� 1DFK� ��� ,QMHNWLRQHQ� HUUHLFKWH� GHU� 6WUDKOVWURP� GLH� �� P$� 0DUNH� XQG� EOLHE�
NRQVWDQW��9HUN�U]XQJ�GHU�,QMHNWLRQVSHULRGH�DXI���6HNXQGHQ�VWHLJHUWH�GHQ�6WURP�XP�
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HWZD� �� P$�� 'HU� PD[LPDO� HUUHLFKWH� 6WUDKOVWURP� EHWUXJ� ���� P$�� HQWVSUHFKHQG�
���⋅�����3URWRQHQ�LP�5LQJ��

��
$EELOGXQJ�����6WDFNLQJ�GHV�3URWRQHQVWUDKOV� � ,QMHNWLRQ�]XQlFKVW� DOO H��V� �GDQQ�
DOOH ��V��VL HKH�%&7�6LJQDO���(LQ�=HLWEHUHL FK�YRQ�����V�L VW �GDUJHVWHO O W � �

%HL�JHN�KOWHQ�6WUDKOHQ�NRPPW�GLH�.�KONUDIW�QDFK�HLQHU�JHZLVVHQ�=HLW�PLW�(IIHNWHQ�
ZLH� LQWUD�EHDP�VFDWWHULQJ�XQG�6WUHXXQJ�DP�5HVWJDV� LQV�*OHLFKJHZLFKW��:HQQ�GLHV�GHU�
)DOO�LVW��VWHLJW�GLH�7HLOFKHQGLFKWH�QLFKW�PHKU�DQ��'DV�I�KUW�GD]X��GDVV�GHU�6WUDKOTXHU�
VFKQLWW� PLW� MHGHU� ,QMHNWLRQ� JU|�HU� ZLUG�� 'LH� /HEHQVGDXHU� GHU� 7HLOFKHQ�� GLH� GLH�
.�KOHUVHNWLRQ� DX�HUKDOE� GHV�(OHNWURQHQVWUDKOV� SDVVLHUHQ�� LVW� VHKU� JHULQJ� >��@��0LW�
GHU�$QQDKPH��GDVV�NHLQH�ZHLWHUHQ�6W|UIDNWRUHQ��]�%��$SHUWXUEHJUHQ]XQJHQ��LP�6SLHO�
VLQG�� LVW� GLH� PD[LPDOH� 6WUDKOLQWHQVLWlW� GXUFK� GLH� .�KONUDIW� XQG� GHQ� (OHNWURQHQ�
VWUDKOTXHUVFKQLWW� JHJHEHQ�� *UR�H� 6XPPHQVLJQDODPSOLWXGHQ� LQ� GHU� $EELOGXQJ� ���
XQG�$EELOGXQJ� ��� �REHUH�.XUYH�� NRPPHQ�ZDKUVFKHLQOLFK� GXUFK�7HLOFKHQYHUOXVWH�
]XVWDQGH�� %HLGH� %HVFKOHXQLJXQJVVWUXNWXUHQ� ZDUHQ� ZlKUHQG� GLHVHU� 0HVVXQJHQ�
ÅNXU]JHVFKORVVHQ´�>��@�>��@��GDKHU�HUZDUWHW�PDQ�NHLQH�ORQJLWXGLQDOH�6HOEVWDQUHJXQJ��
ZLH�HV�LQ�GHP�GHU�$EELOGXQJ����JH]HLJWHQ�%HLVSLHO�GHU�)DOO�ZDU���
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���� (LQIOXVV�GHU�6FKOHLIHQYHU]|JHUXQJ�
:LH� EHUHLWV� LQ� GHP� $EVFKQLWW� �������� HUZlKQW�� LVW� GLH� 6LJQDOYHU]|JHUXQJ� HLQ� VHKU�
NULWLVFKHU� 3DUDPHWHU� I�U� GLH� (IIL]LHQ]� GHV� JHVDPWHQ� )HHGEDFN� 6\VWHPV��$Q� GLHVHU�
6WHOOH� VROO� GDV� H[SHULPHQWHOO� XQWHUVXFKW� ZHUGHQ�� 'HU� %HWDWURQSKDVHQIHKOHU� ∆ϕ�
HUUHFKQHW�VLFK�]X��

∆ϕ� ��π�I��∆W�4���
0LW�I�� �������N+]�XQG�4\� ������HQWVSULFKW�HLQ�9HU]|JHUXQJVIHKOHU�YRQ�∆W� ����QV�
GHP�3KDVHQIHKOHU�YRQ�∆ϕ� ������.XUYH��� LQ�$EELOGXQJ����]HLJW�GHQ�6WUDKOVWURP�
EHL�RSWLPDOHU�(LQVWHOOXQJ�GHU�9HU]|JHUXQJ��.XUYH���XQG���VSLHJHOQ�GDV�6WUDKOYHUKDO�
WHQ�EHL�9HU]|JHUXQJVIHKOHUQ�YRQ����QV�XQG�²���QV�ZLGHU��'HXWOLFK�]X�VHKHQ�LVW�HLQ�
VHKU� VFKQHOOHU� 6WUDKOYHUOXVW� XQPLWWHOEDU� QDFK� GHU� ,QMHNWLRQ� XQG� VFKOHFKWH� /HEHQV�
GDXHU� EHL� ]X� JUR�HU� 9HU]|JHUXQJ� �.XUYH� ���� ,Q� GLHVHP� )DOO� ZLUG� HLQ� 7HLO� GHV�
7HLOFKHQVWUDKOV�GXUFK�GDV�)%6�YHUQLFKWHW��$QGHUHUVHLWV� LVW�GLH�'lPSIXQJ�XQ]XUHL�
FKHQG���ZHQQ�GLH�6LJQDOYHU]|JHUXQJ�]X�NOHLQ�LVW���
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�$EELOGXQJ� ���� (LQIOXVV� GHU� 6LJQDOYHU]|JHUXQJ� DXI� GL H� (IIL]LHQ]� GHV� )%6�
�* ������'326��9���G%��W , Q M ���PV���

'LHVHV�([SHULPHQW�]HLJW��GDVV�HLQ�YHU]|JHUXQJVEHGLQJWHU�3KDVHQIHKOHU�YRQ����� LP�
)%6�]XP�$XVIDOO�GHV�6\VWHPV�RGHU�VRJDU�]X�]XVlW]OLFKHQ�6WUDKOYHUOXVWHQ�I�KUW�����
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���� 9HUVWlUNXQJ�GHU�)HHGEDFNVFKOHLIH���
$XVZLUNXQJ�DXI �GHQ�6WUDKO�

'HU�(LQIOXVV�GHU�6FKOHLIHQYHUVWlUNXQJ�ZXUGH�H[SHULPHQWHOO�XQWHUVXFKW��LQ�GHP�PDQ�
GLHVHQ�:HUW�VFKULWWZHLVH�JHlQGHUW�KDW�XQG�JOHLFK]HLWLJ�GLH�'HOWD��XQG�6XPPHQVLJQD�
OH� GHV� 38� �%30�� ]XVDPPHQ� PLW� GHP� %&7�6LJQDO� PLW� +LOIH� HLQHV� 2V]LOORVNRSV�
JHPHVVHQ�KDW��8P�GDV�6LJQDO�]X�5DXVFK�9HUKlOWQLV�]X�YHUEHVVHUQ��ZXUGH�GHU�JDLQ�*�
GHU� /HLVWXQJVYHUVWlUNHU� DXI� HLQHQ� NOHLQHQ� �VLHKH� $QKDQJ� %�� :HUW� �* ������
HLQJHVWHOOW��'LH�bQGHUXQJ�GHU�*HVDPWVFKOHLIHQYHUVWlUNXQJ�HUIROJWH�PLW�+LOIH�GHU�38�
(OHNWURQLN� LQ� �G%� 6FKULWWHQ�� ,Q� $EELOGXQJ� ��� VLQG� GLH� 38�� XQG� %&7�6LJQDOH� LP�
=HLWEHUHLFK�GDUJHVWHOOW���

�
$EELOGXQJ� ���� (IIL]LHQ]� GHV� )%6� EHL� XQWHUVFKLHGOLFKHQ�9HUVWlUNXQJVIDNWRUHQ� �
6XPPHQVLJQDO� ����� KRUL]RQWDOHV�� ����� � YHUWLNDOHV� 'HOWD�6LJQDO� ���� XQG� %&7�
6LJQDO� �����(LQ�=HL WEHUHL FK�YRQ�����V�L V W�GDUJHV WH O O W � �

'LH� 0DUNLHUXQJ� �� G%� ²� ��� G%� EH]HLFKQHW� GHQ� 9HUVWlUNXQJVIDNWRU� J� GHU� %30�
(OHNWURQLN��'HU�9HUVWlUNXQJVIDNWRU�*�GHV�/HLVWXQJYHUVWlUNHUV�EOLHE�ZlKUHQG�GLHVHU�
0HVVXQJ�XQYHUlQGHUW��'DV�VWDFNLQJ�EHJDQQ�PLW�HLQJHVFKDOWHWHP�)%6��1DFK�HWZD����V�
EHJDQQ� GHU� 6WUDKO� YHUWLNDO� ]X� RV]LOOLHUHQ� �ODQJVDPHV�:DFKVWXP� GHU� 6FKZLQJXQJV�
DPSOLWXGH���0LW�HLQHU�(UK|KXQJ�GHU�9HUVWlUNXQJ�XP����G%�JHODQJ�HV�GLH�$PSOLWXGH�
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GHU� 2V]LOODWLRQ� ]X� UHGX]LHUHQ�� %HL� HWZD� �� P$� 6WUDKOVWURP� VHW]WH� GLH� YHUWLNDOH�
6WUDKORV]LOODWLRQ�HUQHXW� HLQ��'LHVHV�0DO�ZDU�GLH�$QZDFKV]HLW�GHXWOLFK�N�U]HU��(LQH�
ZHLWHUH�(UK|KXQJ�GHU�9HUVWlUNXQJ�XP����G%�KDOI�GLH�2V]LOODWLRQ�]X�GlPSIHQ��'LH�
ZHLWHUH�(UK|KXQJ�GHU�6FKOHLIHQYHUVWlUNXQJ�EHZLUNWH�NHLQH�ZHVHQWOLFKHQ�bQGHUXQ�
JHQ�LQ�GHQ�∆�6LJQDOHQ�VRZLH�LP�%&7�6LJQDO��

���� 6WUDKOTXDOLWlW�
'LH� )UDJHQ� ]XU� WUDQVYHUVDOHQ� 6WUDKOTXDOLWlW� ODVVHQ� VLFK� PLW� +LOIH� GHU� +��
6WUDKOSURILOPHVVXQJHQ�EHDQWZRUWHQ��'LHVH�6WUDKOSURILOH� HQWVWHKHQ�GXUFK�1DFKZHLV�
GHU�LP�(�.�KOHU�GXUFK�5HNRPELQDWLRQ�HU]HXJWHQ�QHXWUDOHQ�:DVVHUVWRIIDWRPH��+���
PLW�HLQHU�]ZHLGLPHQVLRQDOHQ�9LHOGUDKWNDPPHU��+��3URILOPRQLWRU��QDFK�GHP�HUVWHQ�
'LSROPDJQHWHQ�DP�(QGH�GHV�.�KOHUWHOHVNRSV��'LH�JHPHVVHQHQ�3URILOH�HQWVSUHFKHQ�
GHP� EHUHLWV� JHN�KOWHQ� 7HLO� GHV� 6WUDKOV�� GD� GLH� 5HNRPELQDWLRQ� QXU� � ]ZLVFKHQ�
ÅNDOWHQ´�3URWRQHQ�XQG�(OHNWURQHQ�VWDWW�ILQGHW��'LH�'UlKWH�LQ�GHU�9LHOGUDKWNDPPHU�
�0:3&�� >��@� VLQG� PLW� HLQHP� $EVWDQG� YRQ� �� PP� DQJHRUGQHW�� 'HU� .RQYHQWLRQ�
HQWVSUHFKHQG�>�@�JHEHQ�ZLU�GLH�6WUDKOHPLWWDQ]�DQ�PLW��
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�����P�ELV�]XP�+��3URILOPRQLWRU�
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*U|�H�XQG�'LYHUJHQ]�GHV�JHN�KOWHQ�3URWRQHQVWUDKOV�LP�(�.�KOHU�JHPDFKW�ZHUGHQ��
'DQQ�HUUHFKQHW�VLFK�GLH�6WUDKOGLYHUJHQ]�QDFK�
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ZREHL�I�U�]�GLH�HQWVSUHFKHQGH�WUDQVYHUVDOH�.RRUGLQDWH�[�RGHU�\�HLQ]XVHW]HQ�LVW��'LH�
$EELOGXQJ� ��� ]HLJW� ]ZHL� %HVSLHOH� GHU� EHL� ���� P$� XQG� ���� P$� 6WUDKOVWURP�
JHPHVVHQHQ�+��6WUDKOSURILOH��MHZHLOV�JHILWWHW�PLW�HLQHU�*DX�YHUWHLOXQJ���
'LH� LQ� GHU� $EELOGXQJ� ��� OLQNV� JH]HLJWHQ� 6WUDKOSURILOH� HQWVSUHFKHQ� GHQ� NOHLQVWHQ�
HUUHLFKWHQ� :HUWHQ� I�U� 6WUDKOTXHUVFKQLWW� XQG� 6WUDKOGLYHUJHQ]�� +RUL]RQWDO� LVW� GLH�
6WUDKOGLYHUJHQ]� LQ�GLHVHP�)DOO� �����PUDG��GLH�YHUWLNDOH������PUDG��ZDV� VLFK� HLQHP�
WKHRUHWLVFKHQ� GXUFK� GLH� (OHNWURQHQWHPSHUDWXU� JHJHEHQHQ� :HUW� QlKHUW� �VLHKH�
$EVFKQLWW�������

�

$EELOGXQJ� ���� *HPHVVHQH� KRUL]RQWDOH� �+RU�� XQG� YHUWLNDOH � �9HUW�� +� �
6WUDKOSURIL O H �EHL�����XQG�����P$�3URWRQHQVWURP�PLW�*DX��)LW��

'LH�$EELOGXQJ� ��� ]HLJW� GLH� 6WDQGDUGDEZHLFKXQJ� GHU�+��6WUDKOSURILOH� XQG� GLH�PLW�
����� XQG� ����� EHUHFKQHWHQ� (PLWWDQ]HQ�� 6WUDKOGXUFKPHVVHU� XQG� 6WUDKOGLYHUJHQ]HQ�
XQG� LQ� $EKlQJLJNHLW� YRP� 6WUDKOVWURP�� %HL� (PLWWDQ]�� 6WUDKOGXUFKPHVVHU� XQG�
'LYHUJHQ]�KDQGHOW� HV� VLFK� XP��σ�:HUWH�� GLH� VLFK� DXI� ����GHV� 6WUDKOV� SUR�(EHQH�
EH]LHKHQ��)�U�GLH�5HFKQXQJ�QDFK�������������ZXUGHQ�IROJHQGH�3DUDPHWHU�HLQJHVHW]W��
β+�[� ����P��β+�\� ����P��I�U�GLH�%HWDIXQNWLRQHQ�DP�2UW�GHV�(�.�KOHUV�β.[� ���P���
β.\� ����P��VLHKH�$EELOGXQJ���������
�
�
�
�
�
�
�
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$EELOGXQJ� ���� 6WDQGDUGDEZHLFKXQJ� GHV � JHPHVVHQHQ� +��3URIL O V� XQG� GLH� GDUDXV�
UHVXOWL HUHQGHQ� �σ�:HUWH� I�U� (PLWWDQ]�� 6WUDKOGXUFKPHVVHU� XQG� 6WUDKOGLYHUJHQ]�
LQ�$EKlQJLJNHL W�YRP�6WUDKOV WURP��

'HU�EHUHFKQHWH�6WUDKOGXUFKPHVVHU�]HLJW��GDVV�DXFK�EHL�GHU�K|FKVWHQ�6WUDKOLQWHQVLWlW�
GHU�(OHNWURQHQVWUDKO�GHQ�3URWRQHQVWUDKO�YROO��EHUGHFNW���



�

���

'LH�K|KHUHQ�6WU|PH�ZXUGHQ�PLWWHOV�PHKUIDFKHU�,QMHNWLRQ��VWDFNLQJ��XQWHU�9HUZHQ�
GXQJ�GHV�)%6�HUUHLFKW��'D�GLH�3URILOH�PLW�OHLFKW�XQWHUVFKLHGOLFKHQ�0DVFKLQHQHLQVWHO�
OXQJHQ� DXIJHQRPPHQ� ZXUGHQ�� NDQQ� NHLQ� TXDQWLWDWLYHU� 9HUJOHLFK� GXUFKJHI�KUW�
ZHUGHQ�� $OOHUGLQJV� JLEW� GLHVH� 0HVVXQJ� GDV� TXDOLWDWLYH� 6WUDKOYHUKDOWHQ� ZLGHU��
6WUDKOGLYHUJHQ]� XQG� (PLWWDQ]� VWHLJHQ� PLW� ]XQHKPHQGHP� 6WUDKOVWURP� DQ�� 'LH�
'LYHUJHQ]HQ�LQ�EHLGHQ�(EHQHQ�NDQQ�PDQ�LP�5DKPHQ�GHU�0HVVJHQDXLJNHLW�DOV�HWZD�
JOHLFK�JUR��EHWUDFKWHQ��ZDV�PDQ�DXFK�DXVJHKHQG�YRQ�JOHLFKHQ�(OHNWURQHQWHPSHUD�
WXUHQ�LQ�EHLGHQ�WUDQVYHUVDOHQ�(EHQHQ�HUZDUWHW��'LH�8QWHUVFKLHGH�LQ�GHQ�(PLWWDQ]HQ�
NRPPHQ�GXUFK�GLH�XQWHUVFKLHGOLFKHQ�:HUWH�GHU�%HWDIXQNWLRQ�LQ�GHU�.�KOHUVHNWLRQ�
]XVWDQGH��%LVKHU�NRQQWHQ�NHLQH�+LQZHLVH�DXI�HLQHQ�QHJDWLYHQ�(LQIOXVV�GHV�)%6�DXI�
GLH� 6WUDKOTXDOLWlW� JHIXQGHQ� ZHUGHQ�� 'DV� (LQVFKDOWHQ� GHV� 6\VWHPV� EHL� VWDELOHP�
HOHNWURQHQJHN�KOWHP�6WUDKO� JHULQJHU� ,QWHQVLWlW� XQG�EHL� XQJHN�KOWHP�6WUDKO� KDW� ]X�
NHLQHU�9HUlQGHUXQJ�LP�6WUDKOYHUKDOWHQ�JHI�KUW��
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�� $XVEOLFN��
'LH� ]DKOUHLFKH� ([SHULPHQWH� KDEHQ� JH]HLJW�� GDVV� GLH� KRUL]RQWDOH� NRKlUHQWH�
6WUDKORV]LOODWLRQ�QLFKW�GHQ�HQWVFKHLGHQGHQ�9HUOXVWPHFKDQLVPXV�LP�JHN�KOWHQ�6WUDKO�
GDUVWHOOW��GHQQRFK�I�KUW�VLH�]X� ODQJVDPHQ�7HLOFKHQYHUOXVWHQ��(V� LVW�Z�QVFKHQVZHUW�
GDV� )%6� DXI� GLH� KRUL]RQWDOH� (EHQH� ]X� HUZHLWHUQ�� 9RUEHUHLWHQGH� $UEHLWHQ� VLQG�
EHUHLWV�DQJHODXIHQ��)�U�GLH�EHVVHUH�%HGLHQEDUNHLW�GHU�EHLGHQ��)%6�ZHUGHQ�VLH�LQ�GDV�
&26<�.RQWUROOV\VWHP�LQWHJULHUW���
'LH�%7)�0HVVXQJHQ�LQ�GHU�KRUL]RQWDOHQ�(EHQH�PLW�HLQHP�XQJHN�KOWHQ�3URWRQHQ�
VWUDKO�]HLJWHQ�HLQH�EHVVHUH�6WDELOLWlW�GHU� VORZ�ZDYHV�JHJHQ�EHU�GHQ� IDVW�ZDYHV��'LH�DOV�
9HUVFKLHEXQJVYHNWRU�EHUHFKQHWH�.RSSHOLPSHGDQ]�ZLHV�HLQHQ�QHJDWLYHQ�5HDOWHLO�DXI��
(LQHU� GHU� P|JOLFKHQ� (UNOlUXQJHQ� GLHVHV� (IIHNWV� NDQQ� GLH� .RSSOXQJ� ]ZLVFKHQ�
EHLGHQ� (EHQHQ� VHLQ� �VLHKH� $EVFKQLWW� �������� 'LH� JOHLFK]HLWLJH� 0HVVXQJ� GHU�
6WUDKODQWZRUW� LQ� EHLGHQ� (EHQHQ� EHL� $QUHJXQJ� LQ� HLQHU� (EHQH� ZLUG� EHL� GHU�
hEHUSU�IXQJ� GLHVHU�(UNOlUXQJ� KHOIHQ��'LH�9HUJOHLFKVPHVVXQJHQ� EHL� XQWHUVFKLHGOL�
FKHQ�$UEHLWVSXQNWHQ�GHU�0DVFKLQH�Z�UGHQ�PHKU�.ODUKHLW�YHUVFKDIIHQ��
'LH� %7)�0HVVXQJHQ� HUZLHVHQ� VLFK� DOV� VHKU� ]HLWLQWHQVLY�� 'DPLW� VLH� LP� JUR�HQ�
)UHTXHQ]EHUHLFK� VFKQHOOHU�XQG�]XYHUOlVVLJHU�GXUFKJHI�KUW�ZHUGHQ�N|QQHQ�� LVW� HLQH�
$XWRPDWLVLHUXQJ� GHU� *HUlWHHLQVWHOOXQJ� XQG� GHU� 'DWHQHUIDVVXQJ� QRWZHQGLJ�� (LQH�
RQOLQH�%7)�0HVVXQJ��LVW�HLQ�PlFKWLJHV�'LDJQRVHPLWWHO�XQG�NDQQ�EHL�GHU�2SWLPLH�
UXQJ�GHU�0DVFKLQHQHLQVWHOOXQJHQ�XQG�ZHLWHUHQ�8QWHUVXFKXQJHQ�GHU�9HUOXVWPHFKD�
QLVPHQ�KHOIHQ���
(LQH� %7)�0HVVXQJ� PLW� GHP� HOHNWURQHQJHN�KOWHQ� 6WUDKO� LVW� I�U� GLH� QlFKVWH�
(OHNWURQHQN�KOHU�6WUDKO]HLW�YRUJHVHKHQ��$XFK�GLH�H[SHULPHQWHOOH�8QWHUVXFKXQJ�GHU�
(IIL]LHQ]� �'lPSIXQJVUDWH�� GHV�)HHGEDFN� 6\VWHPV�PLWWHOV�%7)�XQG� GHU� ,PSHGDQ]�
GHV� 6\VWHPV� LVW� YRQ� JUR�HP� ,QWHUHVVH�� %HLP� (LQVDW]� GHV� WUDQVYHUVDOHQ� )HHGEDFN�
6\VWHPV�HUZDUWHW�PDQ�HLQH�9HUJU|�HUXQJ�GHV�VWDELOHQ�%HUHLFKV�LQ�GHP�WUDQVYHUVDOHQ�
6WDELOLWlWVGLDJUDPPV��'DV� LVW� LQVEHVRQGHUH� I�U� GLH� VORZ�ZDYHV� EHL� NOHLQHQ�+DUPRQL�
VFKHQ]DKOHQ�QRWZHQGLJ��
'LH�6WURPEHJUHQ]XQJ�YRQ�����P$�GHV�JHN�KOWHQ�6WUDKOV�QDFK�PHKUIDFKHU�,QMHNWLRQ�
�VWDFNLQJ�� HUIRUGHUW� ZHLWHUH� 8QWHUVXFKXQJHQ�� (LQH� GHU� P|JOLFKHQ� 8UVDFKHQ� LVW� GLH�
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YHUWLNDOH�$N]HSWDQ]�GHU�0DVFKLQH�LQ�9HUELQGXQJ�PLW�GHU�EHJUHQ]WHQ�.�KONUDIW�GHV�
(OHNWURQHQN�KOHUV�� 'LH� $EVFKlW]XQJ� GHU� LQNRKlUHQWHQ� $UEHLWVSXQNWYHUVFKLHEXQJ�
QDFK������OLHIHUW�∆4LQF� ������I�U�����P$�6WUDKOVWURP��ZDV�]X�7HLOFKHQYHUOXVWHQ�EHL�
GHU�KDOE]DKOLJHQ�5HVRQDQ]�I�KUHQ�NDQQ���
:lKUHQG� GHU� .�KOHUH[SHULPHQWH� KDW� VLFK� HLQH� $EKlQJLJNHLW� GHV� HUUHLFKEDUHQ�
6WUDKOVWURPV� QDFK� PHKUIDFKHU� ,QMHNWLRQ� YRQ� GHQ� ,QMHNWLRQVSDUDPHWHUQ� HUJHEHQ��
(LQH� V\VWHPDWLVFKH� 8QWHUVXFKXQJ� GHU� ,QVWDELOLWlWVVFKZHOOH� LQ� $EKlQJLJNHLW� YRP�
$UEHLWVSXQNW� ZLUG� ]XP� EHVVHUHQ� 9HUVWlQGQLV� GHV� LQVWDELOHQ� 6WUDKOYHUKDOWHQV� LQ�
&26<� EHLWUDJHQ��0LWWHOV� VROFKHU�8QWHUVXFKXQJHQ�ZlUH� HV�P|JOLFK�� HLQHQ� WLHIHUHQ�
(LQEOLFN�LQ�GLH�.RSSOXQJVHIIHNWH�]X�JHZLQQHQ���
=XU� =HLW� VWHKW� I�U� GLH� 6WUDKOSURILOPHVVXQJHQ� EHL� KRKHU� ,QWHQVLWlW� QXU� GHU� +��
0RQLWRU� ]XU� 9HUI�JXQJ�� 'LH� PLW� GLHVHU� 0HWKRGH� JHPHVVHQHQ� 6WUDKOSURILOH�
HQWVSUHFKHQ�QXU�GHP�JHN�KOWHQ�7HLO�GHV�6WUDKOV��(LQH�(UZHLWHUXQJ�GHV�5HVWJDVPR�
QLWRUV�I�U�3URILOPHVVXQJHQ�EHL�KRKHQ�6WUDKOLQWHQVLWlWHQ�XQG�GLH�(QWZLFNOXQJ�QLFKW�
VWUDKOVW|UHQGHU� 0HWKRGHQ� ]XU� 6WUDKOSURILOPHVVXQJ� LQ� HLQ]HOQHQ� 8POlXIHQ� VLQG�
HPSIHKOHQVZHUW�����



�

���

=XVDPPHQIDVVXQJ�
'LH�PLW�+LOIH�GHU�PRGHUQHQ�7HLOFKHQEHVFKOHXQLJHU�GXUFKJHI�KUWHQ�3Ul]LVLRQVH[SH�
ULPHQWH� LP�%HUHLFK�GHU�0LWWHOHQHUJLHSK\VLN� HUIRUGHUQ�QHEHQ�HLQHU�KRKHQ�6WUDKOLQ�
WHQVLWlW� HLQH� VHKU� JXWH� 6WUDKOTXDOLWlW�� G�K�� NOHLQH� WUDQVYHUVDOH� (PLWWDQ]HQ� XQG� HLQH�
NOHLQH�,PSXOVEUHLWH��$XV�GLHVHP�*UXQG�NRPPW�LQ�&26<�HLQ�(OHNWURQHQN�KOHU�]XU�
,RQHQVWUDKOSUlSDUDWLRQ� QDFK� GHU� VWULSSLQJ�,QMHNWLRQ� ]XP� (LQVDW]�� 'LH� GDEHL�
HQWVWHKHQGH�KRKH�3KDVHQUDXPGLFKWH�GHV� ,RQHQVWUDKOV�PDFKW� LKQ� I�U� ,QVWDELOLWlWHQ��
GLH�]X�7HLOFKHQYHUOXVWHQ�I�KUHQ��DQIlOOLJ��
=LHO�GLHVHU�$UEHLW� LVW� HV�� GLH�NRKlUHQWHQ� ,QVWDELOLWlWHQ�XQG�GLH�GDPLW� YHUEXQGHQHQ�
9HUOXVWPHFKDQLVPHQ� GHV� ,RQHQVWUDKOV� ]X� XQWHUVXFKHQ� XQG� DXI� GLHVHU� *UXQGODJH��
VWUDKOVWDELOLVLHUHQGH�0D�QDKPHQ�]X�(UK|KXQJ�GHU�6WUDKOLQWHQVLWlW�XQWHU�(UKDOW�GHU�
NOHLQHQ�(PLWWDQ]HQ�]X�HUDUEHLWHQ����
0LW�GHU�VWULSSLQJ�,QMHNWLRQ�ZLUG�GHU�&26<�5LQJ�ELV�]XU�$N]HSWDQ]JUHQ]H�JHI�OOW��'LH�
UHVXOWLHUHQGHQ�(PLWWDQ]HQ� GHV� GF�,RQHQVWUDKOV� �FRDVWLQJ� EHDP�� VLQG� GDKHU� VHKU� JUR���
%HL�(LQVDW]� GHV�(OHNWURQHQN�KOHUV�ZHUGHQ� VWDUNH� 6WUDKOYHUOXVWH� EHREDFKWHW�� GHUHQ�
8UVDFKH� LQ� ]ZHL� XQWHUVFKLHGOLFKHQ� 0HFKDQLVPHQ� ]X� VXFKHQ� VLQG�� ,Q� GHQ� HUVWHQ�
6HNXQGHQ�GHV�.�KOYRUJDQJV� LVW�EHL�&26<�GHU�,RQHQVWUDKOTXHUVFKQLWW�QRFK�JU|�HU�
DOV�GHU�(OHNWURQHQVWUDKOTXHUVFKQLWW��1DFK�GHU]HLWLJHU�(UNHQQWQLV�LVW�GDV�QLFKWOLQHDUH�
HOHNWULVFKH� )HOG� DX�HUKDOE� GHV� (OHNWURQHQVWUDKOV� YHUDQWZRUWOLFK� I�U� GLH� $QUHJXQJ�
YRQ�5HVRQDQ]HQ��GLH�]X�6WUDKOYHUOXVWHQ� LQNRKlUHQWHU�1DWXU�I�KUHQ��0LW�IRUWVFKUHL�
WHQGHU�.�KOXQJ�ELOGHW� VLFK� LP�,RQHQVWUDKO� HLQ�.HUQ�KRKHU�3KDVHQUDXPGLFKWH�DXV��
GHU�GDQQ�WUDQVYHUVDO�NRKlUHQW�RV]LOOLHUW�XQG�ZHLWHUH�7HLOFKHQYHUOXVWH�YHUXUVDFKW��'LH�
6WUDKOLQWHQVLWlW� VLQNW� GDGXUFK� ZHLWHU� DE� XQG� EHJUHQ]W� GLH� DP�(QGH� GHV�.�KOYRU�
JDQJV�]XU�%HVFKOHXQLJXQJ�YHUI�JEDUH�7HLOFKHQ]DKO�����
'LH�+DXSWXUVDFKHQ�I�U�GLH�NRKlUHQWH�,QVWDELOLWlW�VLQG�GLH�ZlKUHQG�GHU�(OHNWURQHQ�
N�KOXQJ� VWDUN� DQZDFKVHQGH� 5DXPODGXQJVLPSHGDQ]� XQG� GLH� VFKZDFK� ZHUGHQGH�
/DQGDX�'lPSIXQJ�� 1DFK� ZHQLJHQ� 6HNXQGHQ� .�KOXQJ� HUUHLFKW� GLH� 5DXPODGXQJV�
LPSHGDQ]�VROFKH�:HUWH��GDVV�GLH�/DQGDX�'lPSIXQJ�QLFKW�PHKU�LQ�GHU�/DJH�LVW��GHQ�
6WUDKO� VWDELO� ]X� KDOWHQ�� ,Q� GLHVHP� )DOO� ZlFKVW� GLH� $PSOLWXGH� GHU� NRKlUHQWHQ�
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%HWDWURQRV]LOODWLRQ� LQVEHVRQGHUH� LQ� GHU� YHUWLNDOHQ� (EHQH� VR� VWDUN� DQ�� GDVV� HV� ]X�
HUKHEOLFKHQ�6WUDKOYHUOXVWHQ�NRPPW���
'LH� $QDO\VH� GHU� P|JOLFKHQ� *HJHQPD�QDKPHQ� ]HLJW�� GDVV� PLW� LRQHQRSWLVFKHQ�
0HWKRGHQ� ]XU� 8QWHUVW�W]XQJ� GHU� /DQGDX�'lPSIXQJ� NHLQH� HQWVFKHLGHQGH�
9HUEHVVHUXQJ�P|JOLFK�LVW��$XV�GLHVHP�*UXQG�ZXUGH�HLQ�YHUWLNDOHV�)HHGEDFN�6\VWHP�
DXIJHEDXW� XQG� LQ� %HWULHE� JHQRPPHQ�� ZRPLW� GLH� NRKlUHQWHQ� ,QVWDELOLWlWHQ� RKQH�
(LQJULII�LQ�GLH�0DVFKLQHQRSWLN�HIIHNWLY�JHGlPSIW�ZHUGHQ�N|QQHQ���
0LW�GHP�(LQVDW]�GLHVHV�6\VWHPV�EHL�&26<�ZXUGH�HLQH�UHSURGX]LHUEDUH�'lPSIXQJ�
GHU�YHUWLNDOHQ�NRKlUHQWHQ�6WUDKORV]LOODWLRQHQ�XQG�DOV�)ROJH�GHVVHQ�HLQH�ZHVHQWOLFKH�
(UK|KXQJ� GHU� 6WUDKOLQWHQVLWlW� EHL� NOHLQHQ� (PLWWDQ]HQ� HU]LHOW�� %LVKHU� ZXUGH� HLQ�
,QWHQVLWlWVJHZLQQ�XP�PLQGHVWHQV� HLQHQ�)DNWRU� YLHU� XQG� LQ� HLQ]HOQHQ�)lOOHQ� HLQHQ�
)DNWRU� VHFKV� HUUHLFKW��'HU�PD[LPDOH� 6WURPZHUW� I�U� HLQHQ� HOHNWURQHQJHN�KOWHQ� GF�
3URWRQHQVWUDKO�� EHWUXJ� ���� P$� HQWVSUHFKHQG� ���⋅����� 7HLOFKHQ� LP� 5LQJ�� 'LHVHU�
6WURPZHUW�ZXUGH�PLWWHOV�YLHOHU�DXIHLQDQGHUIROJHQGHU�,QMHNWLRQHQ��VWDFNLQJ��HUUHLFKW���
0LW�GLHVHP�9HUIDKUHQ��GDV�]XU�6WUDKODNNXPXOLHUXQJ�OlQJHUH�=HLW�EHQ|WLJW��VWHKHQ�I�U�
LQWHUQH� ([SHULPHQWH� PLW� ODQJHQ� IODW� WRS� =HLWHQ� 6WUDKOHQ� K|KHUHU� EULJKWQHVV� ]XU�
9HUI�JXQJ���
([SHULPHQWH� DP� H[WUDKLHUWHQ� 6WUDKO�� GLH� ZHJHQ� GHU� JHIRUGHUWHQ� :LQNHODXIO|VXQJ�
NOHLQVWH� 6WUDKOGXUFKPHVVHU� EHL� JOHLFK]HLWLJ� NOHLQVWHU� (PLWWDQ]� EHQ|WLJHQ�� ZHUGHQ�
GXUFK� GLH� (OHNWURQHQN�KOXQJ� HIIL]LHQWHU�� 'HU� ,QWHQVLWlWVJHZLQQ� GXUFK� GDV�
WUDQVYHUVDOH�)HHGEDFN�6\VWHP�HU|IIQHW�]XVlW]OLFK�QHXH�0|JOLFKNHLWHQ�]XU�8QWHUVX�
FKXQJ�YRQ�5HDNWLRQHQ�PLW�NOHLQHQ�:LUNXQJVTXHUVFKQLWWHQ���
'D� GLH� LQ� &26<� HLQJHVHW]WH� ,RQHQTXHOOH� I�U� SRODULVLHUWH� 7HLOFKHQ� JHULQJHUH�
,QWHQVLWlWHQ� OLHIHUW�� LVW� GDV� VWDFNLQJ� LP� WUDQYHUVDOHQ� 3KDVHQUDXP� PLW� +LOIH� GHU�
(OHNWURQHQN�KOXQJ� XQWHU� (LQVDW]� GHV� WUDQVYHUVDOHQ� )HHGEDFN� 6\VWHP� YRU� GHU�
%HVFKOHXQLJXQJ�I�U�([SHULPHQWH�PLW�SRODULVLHUWHQ�7HLOFKHQ�EHVRQGHUV�DWWUDNWLY��

�
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$QKDQJ�$�

�
$EELOGXQJ�����6WUDKOODJHPRQLWRU��%30���UXQG��
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$QKDQJ�%�

f=50MHz (Amp1)

0

50

100

150

200

0 1000 2000 3000 4000
G

P
fo

r 
[W

] 

0

0,1

0,2

0,3

0,4

0,5

P
re

v 
[W

]

�
$EELOGXQJ� ���� 9RUODXI� � �3 I R U �� XQG� 5�FNODXIO HL VWXQJ� �3 U H Y �� GHV � DQ� GHQ� .LFNHU�
DQJHVFKORVVHQHQ� /HLV WXQJVYHUV WlUNHUV� LQ� $EKlQJLJNHLW� YRQ� GHP� 9HUVWlUNXQJV�
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$EELOGXQJ�����(OHNWULV FKHV�)HOG��\�.RPSRQHQWH��

�
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LVW� LQ� URW� GDUJHVWHO O W � � 'HU� 8UVSUXQJ� GHU� WUDQVYHUVDOHQ� .RRUGLQDWH� EHILQGHW� V LFK�
DXI�GHU�6WUDKODFKVH� �'LH�3IHL OJU|�H� LV W� HLQ�0D��I�U�GLH�PDJQHWL V FKH�,QGXNWLRQ����
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