
$1$/é=$�',63(5=1Ë&+�1$3 29é&+�9/1
632-,728�:$9(/(72928�75$16)250$&Ë

3��+RUD
�

ÒYRG
$QDOê]D� ãt HQt� YOQ� YH� VWURMQtFK� NRQVWUXNFtFK� MH� ]iNODGQtP� S HGP WHP� Y� DG � LQåHQêUVNêFK
SUREOpP �� MDNR� QDS �� DQDOê]D� RGH]Y\� NRQVWUXNFH� QD� Ui]�� FKDUDNWHUL]DFH� YLEUDFt� NRQVWUXNFH�
XOWUD]YXNRYi�LGHQWLILNDFH�PDWHULiORYêFK�YODVWQRVWt�DSRG��1DS RYp�YOQ\�Y�W OHVHFK�PDMt�þDVWR
GLVSHU]Qt�FKDUDNWHU��MH�WHG\�]DSRW HEt�SUR]NRXPDW�ãt HQt�YOQ\�YH�YãHFK�IUHNYHQFtFK��=�WRKRWR
G YRGX�S LWDKXMH�SR]RUQRVW�PQRKD�Yê]NXPQtN �þDVRIUHNYHQþQt�DQDOê]D�

0H]L� QHMG OHåLW Mãt� �WM�� QHMSRXåtYDQ Mãt�� PHWRG\� þDVRIUHNYHQþQt� DQDOê]\� VLJQiO � SDW t
RNpQNRYi�)RXULHURYD�WUDQVIRUPDFH��VKRUW�WLPH�)RXULHU�WUDQVIRUP���:LJQHU�9LOOHRYD�GLVWULEXFH
D� ZDYHOHWRYi� WUDQVIRUPDFH�� 9� WRPWR� þOiQNX� VH� ]DP tPH� QD� SRXåLWt� VSRMLWp� ZDYHOHWRYp
WUDQVIRUPDFH�SUR�þDVRIUHNYHQþQt�DQDOê]X�GLVSHU]QtFK�QDS RYêFK�YOQ�Y�WOXVWp�GHVFH�

6SRMLWi�ZDYHOHWRYi�WUDQVIRUPDFH
6SRMLWi�ZDYHOHWRYi�WUDQVIRUPDFH��&:7��IXQNFH� I W� � �MH�SRSViQD

� �� � � � �:I D E
D

I W
W E

D
GW=

-¼
¾«

²
Ö³� �

�

Ð
�

y � ���

NGH�D!��D�QDGWUåHQt�R]QDþXMH�NRPSOH[Q �VGUXåHQRX�KRGQRWX�

$SOLNDFt�3DUVHYDORY\�URYQRVWL�QD�����GRVWiYiPH

( )Ð
�

��
= wwyw

�
GDHIDED:I

� �
Ö��Ö����� � ���

NGH� ��Ö wI �R]QDþXMH�)RXULHURYX�WUDQVIRUPDFL� I W� � �GHILQRYDQRX

Ð
�

�	

	
= GWHWII


� �

w ����Ö � � � ���

)XQNFH� y � �W � VH� QD]êYi� DQDO\]XMtFt� ZDYHOHW� D� DE\� E\OD� VSRMLWi� ZDYHOHWRYi� WUDQVIRUPDFH
LQYHUWDELOQt�PXVt�y � �W �VSO RYDW�SRGPtQNX�S tSXVWQRVWL�

������������������������������������������������
�
� ,QJ��3HWU�+RUD��&6F���&HQWUXP�GLDJQRVWLN\�PDWHULiO �Ò7�$9�ý5�3O]H ��9HOHVODYtQRYD����
�������3O]H ��WHO����������������ID[����������������H�PDLO��KRUD#XI\�]FX�F]���



¹<Ð
�

�	
w�

��
G

����

� ���

=� SRGPtQN\� S tSXVWQRVWL� Y\SOêYi�� åH� DQDO\]XMtFt� ZDYHOHW� QHPi� VWHMQRVP UQRX� VORåNX�� WM�
����Ö =y �� 9� SUD[L� P åH� EêW� DQDO\]XMtFt� ZDYHOHW� SRYDåRYiQ� ]D� RNpQNRYRX� IXQNFL� Y� þDVH

L�IUHNYHQFL��SRNXG�DQDO\]XMtFt�ZDYHOHW�y � �W �UHVS��MHKR�)RXULHURYD�WUDQVIRUPDFH� ��Ö wy �VSO XMH
W\WR�SRGPtQN\�>�@�

W W GWy � �
�

� �

�

Ð < ¹ ���

UHVS�

¹<Ð
�

�	
wwyw G
�

��Ö � ���

3 HGSRNOiGHMPH��åH�þDVRYp�RNpQNR�y � �W �Pi�VW HG�SUR� W = � �D�IUHNYHQþQt�RNpQNR� ��Ö wy �SUR

w w= 	 �� )XQNFH�y �� � � �W E D- � MH� SDN� UR]ORåHQD� RNROR� W E= � D� MHMt� )RXULHURYD� WUDQVIRUPDFH

�@�Ö�H[S�> wyw DLED -� �RNROR�w w= 
 � D ��=�URYQLF�����D�����MH�] HMPp��åH� � �� � �:I D E �RGSRYtGi

þDVRIUHNYHQþQt�VORåFH� I W� � �Y�RNROt� W E= �D�w w= 
 � D ��-HVWOLåH�MVRX�SDUDPHWU\� D �D�E �P Q Q\
QH]iYLVOH�� SRVN\WXMH� E D� �URYLQD� �þDVRIUHNYHQþQt� URYLQD�� GLVWULEXFL� NDåGp� þDVRIUHNYHQþQt
VORåN\��7HG\�&:7�XPRå XMH�þDVRIUHNYHQþQt�DQDOê]X�

3RGOH�Y]RURYDFt�Y W\�MH�SUR�S LP HQRX�FKDUDNWHUL]DFL�Qt]NRIUHNYHQþQtFK�VLJQiO �Y\åDGRYiQR
GRVWDWHþQ �ãLURNp�þDVRYp�RNpQNR��1DRSDN�SUR�~VS ãQp�VWDQRYHQt�SR]LFH�Y\VRNRIUHNYHQþQtFK
VORåHN�VLJQiOX�QD�þDVRYp�RVH�MH�Y\åDGRYiQR�GRVWDWHþQ �~]Np�þDVRYp�RNpQNR��7\WR�SRåDGDYN\
&:7� DXWRPDWLFN\� VSO XMH�� SRQ YDGå� ãt ND� þDVRYpKR� RNpQND� y �� � � �W E D- � MH� ~P UQi
SDUDPHWUX� D �� NWHUê� MH� QHS tPR� ~P UQê� IUHNYHQFL�� 7HQWR� FKDUDNWHU� &:7� MH� XåLWHþQê� SUR
DQDOê]X�QDS RYêFK�YOQ��NWHUp�REY\NOH�REVDKXMt�PQRKR�IUHNYHQþQtFK�VORåHN�

9êE U�DQDO\]XMtFtKR�ZDYHOHWX
-DNR�DQDO\]XMtFt�ZDYHOHW�MH�þDVWR�SRXåtYiQ�0RUOHW Y�ZDYHOHW��NWHUê�MH�GHILQRYDQê�Y]WDKHP

( )y
�
�����

� �
� �

W H H H
�����

= -
� �

�
��� ��� �

� ���

3DUDPHWUHP� a � O]H� QDVWDYLW� SRåDGRYDQp� þDVRIUHNYHQþQt� WYDURYiQt� Y� &:7�� 1D� REU���� MH

]Qi]RUQ Q�0RUOHW Y�ZDYHOHW�SUR�a = � �

)RXULHURYX�WUDQVIRUPDFL�WRKRWR�ZDYHOHWX�O]H�Y\SRþtWDW�S tPR��WM�

( )���Ö
������ ����
-=

 ! "# $"#$
awy HH � ����

=�WpWR�URYQLFH�MH�RNDPåLW �SDWUQp��åH� ����Ö =y �D�WHG\�SRGPtQND�S tSXVWQRVWL�SODWt�



1D� REU���� YLGtPH�� åH� VH� 0RUOHW Y� ZDYHOHW� FKRYi� YH� IUHNYHQþQt� REODVWL� MDNR� NRPSOH[Qt

SiVPRYê� ILOWU�� 6W HG� WRKRWR� ILOWUX� MH� S LEOLåQ � p � UDG�V� �N�p �VH� EOtåt� VH� ]Y WãXMtFtP� VH

SDUDPHWUHP�a ��

−10 0 10
−2

−1

0

1

2
a)

t

ψ
(t

)

−10 0 10
−2

−1

0

1

2
b)

t

ψ
(t

)

−10 0 10
0

0.5

1

1.5
c)

t

ψ
(t

)

−10 0 10
−4

−2

0

2

4
d)

t

ψ
(
t
)

2EU�����0RUOHW Y�ZDYHOHW�SUR�a = � ���D��UHiOQi�þiVW��E��LPDJLQiUQt�þiVW�

F��PRGXO�D�G��Ii]H�

0 1 2 3 4 5
0

2

4

6

8

10

12

14

16

↓
π

ω

|
ψ
(

ω
)
|
2

2EU�����9êNRQRYp�VSHNWUXP�0RUOHWRYD�ZDYHOHWX�



9� PQRKD� DSOLNDFtFK� VH� SRXåtYi� PRGLILNRYDQi� YHU]H� 0RUOHWRYD� ZDYHOHWX�� NWHURX� QD]êYi

6DGRZVN\�0RUOHWRYêP�SVHXGRZDYHOHWHP�>�@�D�.LVKLPRWR�ZDYHOHWHP�*DERURYêP�>�@��7HQWR

ZDYHOHW�E\O�~VS ãQ �SRXåtYiQ�SUR�DQDOê]X�]YXNX�>�@�QHER�SUR�DQDOê]X�KXGHEQtFK�QiVWURM �>�@�

-HKR�REHFQi�IRUPD�MH

y �
�

� �
�����

W H
�	�
�

= � �
�
����

� ����

NGH� w � � MH�SDUDPHWU��NWHUêP�P åH�EêW�QDVWDYHQ� VW HG�ZDYHOHWX�QD�YKRGQê� UR]VDK� IUHNYHQFt�

9�>�@�MH�SUR�DQDOê]X� HþL�QHER�KXGE\�QDYUKRYiQD�KRGQRWD�w � �Y�UR]VDKX���Då���
6WULNWQ � HþHQR�� 0RUOHW Y� SVHXGRZDYHOHW� QHQt� DQDO\]XMtFtP� ZDYHOHW�� QHER � O]H� XNi]DW�� åH

QHVSO XMH�SRGPtQNX�S tSXVWQRVWL��6QDGQR�O]H�Y\SRþtWDW��åH

y
�

� �
�

W GW H

� �

� �
Ð = º

�� �
� � ����

5RYQLFL������O]H�YROERX�w � � OLERYROQ �S LEOLåRYDW�N�QXOH��3UR�w � �= � MH� WHQWR�LQWHJUiO�PHQãt

QHå� � ��
�

� � ��$þNROLY� SVHXGRZDYHOHW� QHO]H� SRXåtW� SUR� UHNRQVWUXNFL� VLJQiOX� ]�MHKR�&:7�� MH

GRFHOD�YKRGQê�SUR�þDVRIUHNYHQþQt�]REUD]HQt�VLJQiO ��SURWRåH�]iYDåQp�U\V\�VLJQiOX�VH�REMHYt

MDNR� Y]RU\� QD� SRYUFKX� D� 0RUOHW Y� SVHXGRZDYHOHW� MH� YêSRþHWQ � GDOHNR� MHGQRGXããt� QHå

0RUOHW Y� ZDYHOHW�� 1DS �� )RXULHURYD� WUDQVIRUPDFH� 0RUOHWRYD� SVHXGRZDYHOHWX� QDEêYi

PQRKHP�MHGQRGXããtKR�WYDUX
��� 

� !
"#

��Ö $$%wy &&= H � ����

:DYHOHWRYi�DQDOê]D�]iNODGQtFK�VLJQiO

.� YêSRþWX� &:7� �SUR� 0RUOHW Y� SVHXGRZDYHOHW�� ]iNODGQtFK� VLJQiO � P åH� EêW� SRXåLWR� MDN

IRUPXODFH�Y�þDVRYp�REODVWL��Y]WDK������WDN�IRUPXODFH�YH�IUHNYHQþQt�REODVWL��Y]WDK�����

�� ,PSXOV

1D� REU���� MH� ]REUD]HQD� &:7� LPSXOVX�

I W W W� � � �= -d ' �� NWHUê� VH� QDFKi]t� DVL

Y�MHGQp� W HWLQ � þDVRYp� RV\�� 3UR� WHQWR

VLJQiO� MH� MHGQRGXããt� SRXåtW� þDVRYRX

IRUPXODFL�D�Y\SRþtVW

���������� � �� � �:I D E
D

W E

D
=

-¼
¾«

²
Ö³

� (
y �

9�LGHiOQtP�S tSDG �E\�VH�LPSXOV�REMHYLO

QD� &:7�SRYUFKX� MDNR� YHUWLNiOQt� K EHW�

9 Mt RYê�HIHNW�QD�Qt]NêFK�IUHNYHQFtFK�MH

YêVOHGNHP�VSHFLILFNpKR�WYDUX�0RUOHWRYD

ZDYHOHWX� b

l
o
g
(
a
)

2EU�����&:7�LPSXOVX�



��.RPSOH[Qt�VLQXVRYi�YOQD

3UR� NRPSOH[Qt� VLQXVRYRX� YOQX�� NWHUi�Pi

IUHNYHQFL� I � �+]�� WM�� I W H
�����

� � =
���	

�� MH

MHGQRGXããt� SRXåtW� IUHNYHQþQt� Y]WDK�� NGH

������Ö 
II pwdpw -= ��7HG\

������ ( )
��


HDIDED:I �
�

��Ö������
�

pyp= �

=� WRKRWR� Y]WDKX� Y\SOêYi�� åH� &:7� MH

WYR HQD�VRXþLQHP�IXQNFH�]iYLVOp�SRX]H�QD

D �D�IXQNFH�]iYLVOp�SRX]H�QD�E �

��/LQHiUQ �IUHNYHQþQ �PRGXORYDQê�VLJQiO

3 tNODG� VLJQiOX� V� NRQHþQRX� GRERX� WUYiQt� D� V� þDVRY � SURP QQêP� VSHNWUHP� MH� NPLWRþWRY

UR]PtWDQê��FKLUS��VLJQiO��WM��VLJQiO��MHKRå�RNDPåLWi�IUHNYHQFH��GHULYDFH�MHKR�Ii]H��MH�OLQHiUQt

IXQNFt� þDVX�� SURWR� MH� WHQWR� VLJQiO� þDVWR� QD]êYiQ� OLQHiUQ � IUHNYHQþQ � PRGXORYDQê� �/)0�

VLJQiO��9�QDãHP�S tSDG �Pi�/)0�VLJQiO�WYDU

I W H
������� �

� �
���

= �
����������� � 

�

3DUDPHWU� a � tGt� þDVRYp� WUYiQt�*DXVVRY\� REiON\�� b � MH� NRHILFLHQW� OLQHiUQt� ]P Q\� IUHNYHQFH

D�g �MH�SRþiWHþQt�IUHNYHQFH��1D�REU����MH�]Qi]RUQ Q�/)0�VLJQiO�D�MHKR�&:7�

a)

b

l
o
g
(
a
)

b)

b

c)

b

2EU�����&:7�W t�U ]QêFK�VLQXVRYêFK�YOQ�

0 2 4
−1

−0.5

0

0.5

1

t

f(
t)

b

lo
g

(a
)

2EU�����/)0�VLJQiO�D�MHKR�&:7�



:DYHOHWRYi�DQDOê]D�GLVSHU]QtFK�YOQ

8YDåXMPH�GY �KDUPRQLFNp�YOQ\�MHGQRWNRYp�DPSOLWXG\�D�U ]QêFK�IUHNYHQFt�w � �D�w � �ãt tFtFK

VH�YH�VP UX� [

X [ W H H
� � ����� ���	�

� � �

���

�

= +
���������� ���� �

� ����

NGH� N �D� N � �MVRX�YOQRYi�þtVOD��5RYQLFH������P åH�EêW�XSUDYHQD�QD

X [ W N[ W H
� ��������

� � � FRV� �
���

= -  ! � D Dw
"

� ����

NGH

N N N# = +� � �$�% � ����w w w& = +� � �')( � � ����

D

DN N N= -� � �*�+ � ����Dw w w= -� � �,)- � � ����

3RNXG�MH� Dw �GRVWDWHþQ �PDOp��WDNåH�w w.0/@ ��P åH�EêW�GHILQRYiQD�Ii]RYi�U\FKORVW� F1 �UHVS�

JUXSRYi�U\FKORVW� F2 �R�IUHNYHQFL�w 3 �MDNR

F N46575=w � ���� F N8 = D Dw � � ����

&:7�X [ W� � � �MH�GiQD

[ ]��Ö��Ö������ 9
:;

<
:; ==>>

wywy
??

DHDHDED[:X
@ABC@ABC DDDD

+= � ����

0RGXO�&:7�MH�SRWRP

EFG
EG

E
E

E
G

�`��FRV���Ö��Ö�

�@�Ö>�@�Ö^>_������_

EN[DD

DDDED[:X

wwywy

wywy

D-D+

+=
�������� ����

NGH� VH� S HGSRNOiGi�� åH� ��Ö wy � MH� UHiOQi� IXQNFH�� 1\Qt� XYDåXMPH� QiVOHGXMtFt� GYD� S tSDG\�

�D��Dw �MH�GRVWDWHþQ �PDOp�D��E��Dw �MH�GRVWDWHþQ �YHONp�

��3 tSDG�GRVWDWHþQ �PDOpKR�Dw �

9� WRPWR� S tSDG � X [ W� � � � P åH� EêW� SRYDåRYiQR� ]D� YOQX� V� Ii]RYRX� U\FKORVWt� FH � D�JUXSRYRX

U\FKORVWt� FI ��-H�OL�Dw �GRVWDWHþQ �PDOp��WDNåH� ��Ö��Ö��Ö JK LDDD wywywy @@ ��SDN�GRVWDQHPH

MNO
�@��FRV��>_��Ö_�_������_ EN[DDED[:X P wwy D-D+@ �� ����

3RNXG�MH�SRXåLW�0RUOHW Y�SVHXGRZDYHOHW��Pi�IXQNFH� ��Ö QDwy �VYp�PD[LPXP�SUR� D R=w wS � �

1iVOHGQ � SUR� SHYQp� [ � PRGXO� &:7� GRVDKXMH� VYpKR� PD[LPD� SUR� D R=w wS � � D

E N [ [ FT= =� � � �D Dw � Y� þDVRIUHNYHQþQt� URYLQ �� 7HG\�PD[LPXP�PRGXOX� &:7� RGSRYtGi

ãt HQt�YOQ\�JUXSRYRX�U\FKORVWt� FT �S L�IUHNYHQFL�w U �



��3 tSDG�GRVWDWHþQ �YHONpKR�Dw �

9� WRPWR� S tSDG � H[LVWXMt� SR]RURYDWHOQp� VWDFLRQiUQt� YLEUDþQt� VORåN\� GYRX� KDUPRQLFNêFK

V�IUHNYHQFHPL�w � � D�w � �� -H�OL�SRXåLW�0RUOHW Y�SVHXGRZDYHOHW�� MH� IXQNFH� ��Ö wy D� � UR]ORåHQD

Y�RNROt�w w= � � D ��-H�OL�Dw �GRVWDWHþQ �YHONp��WDNåH� ���Ö��Ö �� @wywy DD �� ��SDN�GRVWDQHPH

����
�

�
� `�@�Ö>�@�Ö^>_������_ wywy DDDED[:X 		 +@ � ����

=�WRKR�Y\SOêYi��åH�PRGXO�&:7�REVDKXMH�GY �ãSLþN\�SUR� D =w w
��� �D� D =w w
��� ��7HG\�GY

IUHNYHQþQt�VORåN\�MVRX�UHSUH]HQWRYiQ\�MDNR�GY �VHSDUiWQt�ãSLþN\�Y�þDVRIUHNYHQþQt�URYLQ �

3 tNODG��&:7�YOQ�Y�WOXVWp�GHVFH

1D� REU���� MH� ]REUD]HQD� YHUWLNiOQt� YêFK\OND� SRYUFKX� GHVN\� R� WORXã FH� ��FP� YH� Y]GiOHQRVWL

���FP�RG�]GURMH�EX]HQt��GRSDG�RFHORYp�NXOLþN\��SU P U���PP��GRED�Ui]X�����V��D�MHMt�&:7�

1D�SRþiWNX� MVRX�SDWUQp�GY �ãSLþN\�Y�REODVWL�Y\VRNêFK� IUHNYHQFt� �S tFKRG�3�D�5�YOQ\���NWHUp

PDMt� FKDUDNWHU� REUD] � LPSXO] �� =D� QLPL� QiVOHGXMH� YêUD]Qi� REODVW� V�FKDUDNWHUHP� REUD]X

/)0�VLJQiOX� �FKLUS��D�]E\WHN�Y\SO XMH�REUD]�S LEOLåQ ����N+]�VLQXVRYN\� ����N+]�RGSRYtGi

ãt FH�EXGtFtKR�SXO]X��

8� VLJQiO � YêFK\OHN� SUXW � D� WHQNêFK� GHVHN� O]H� QD� ]iNODG � MHMLFK� &:7� VWDQRYLW� GLVSHU]Qt

]iYLVORVW�QHER�QDRSDN�]H�]QiPp�GLVSHU]Qt�]iYLVORVWL�VWDQRYLW�QDS ��PtVWR�EX]HQt��$YãDN�&:7

VLJQiO � YêFK\OHN� WOXVWp� GHVN\� QHO]H� SUR� VWDQRYHQt� GLVSHU]QtFK� ]iYLVORVWt� Y\XåtW�� QHER

YêFK\OND�WOXVWp�GHVN\�Y�VRE �REVDKXMH�S tVS YN\�RG�QHNRQHþQ �PQRKD�GLVSHU]QtFK�]iYLVORVWt�

f
(
t
)

50 100 150 200
t [µs]

l
o
g
(
a
)

2EU�����9HUWLNiOQt�YêFK\OND�SRYUFKX�GHVN\�D�MHMt�&:7�



=� REU���� MH� DOH� ] HMPp�� åH� N� GLVSHU]L� GRFKi]t�� D� O]H� VWDQRYLW�� NGH� MH� QHMY Wãt� D� NGH� VLJQiO

S HFKi]t�Y�XVWiOHQp�NPLWiQt�D�FR�MH�MHKR�S tþLQQRX�

&:7� VH� GiOH� Y\XåtYi� SUR� VWDQRYHQt� REODVWt�� NWHUp� FKFHPH� XSUDYLW� QiVOHGQRX� ZDYHOHWRYRX

ILOWUDFt�

/LWHUDWXUD
>�@ 6DGRZVN\��-���,QYHVWLJDWLRQ�RI�6LJQDO�&KDUDNWHULVWLFV�8VLQJ�WKH�&RQWLQXRXV�:DYHOHW

7UDQVIRUPV��-RKQV�+RSNLQV�$SO�7HFKQLFDO�'LJHVW��9RO������1R��������������������
>�@ -RUGDQ��'���0LNVDG��5��:���3RZHUV��(��-���,PSOHPHQWDWLRQ�RI�WKH�&RQWLQXRXV�:DYHOHW

7UDQVIRUP�IRU�'LJLWDO�7LPH�6HULHV�$QDO\VLV��5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV��9RO�����

1R����������������������

>�@ .LVKLPRWR��.���:DYHOHW�$QDO\VLV�RI�'LVSHUVLYH�6WUHVV�:DYHV��-60(�,QWHUQDWLRQDO�-RXUQDO�

6HULHV�$��9RO�����1R��������������������

>�@ .LVKLPRWR��.���,QRXH��+���+DPDGD��0���6KLEX\D��7���7LPH�)UHTXHQF\�$QDO\VLV�RI
'LVSHUVLYH�:DYHV�E\�0HDQV�RI�:DYHOHW�7UDQVIRUP��-RXUQDO�RI�$SSOLHG�0HFKDQLFV�

9RO��������������������

>�@ ,QRXH��+���.LVKLPRWR��.���6KLEX\D��7���([SHULPHQWDO�:DYHOHW�$QDO\VLV�RI�)OH[XUDO�:DYHO
LQ�%HDPV��([SHULPHQWDO�0HFKDQLFV��9RO�����1R��������������������

>�@ 0LVLWL��0���0LVLWL��<���2SSHQKHLP��*���3RJJL��-�0���:DYHOHW�7RROER[�8VHU¶V�*XLGH��7KH
0DWK:RUNV��,QF���������

>�@ &KXL��&�.���$Q�,QWURGXFWLRQ�WR�:DYHOHWV��$FDGHPLF�3UHVV��6DQ�'LHJR��&$��������

>�@ .URQODQG�0DUWLQHW��5���0RUOHW��-���*URVVPDQQ��$���$QDO\VLV�RI�6RXQG�3DWWHUQV�7KURXJK
:DYHOHW�7UDQVIRUPV��,QW��-��3DWWHUQ�5HJRJQLWLRQ�DQG�$UWLILFLDO�,QWHOOLJHQFH��6SHFLDO�,VVXH
RQ�([SHUW�6\VWHPV�DQG�3DWWHUQ�$QDO\VLV��9RO�����������������������

>�@ 'XWLOOHX[��3���$Q�,PSOHPHQWDWLRQ�RI�WKH�
$OJRULWKPH�D�7URXV
�WR�&RPSXWH�WKH�:DYHOHW
7UDQVIRUP��LQ�:DYHOHWV��7LPH�)UHTXHQF\�0HWKRGV�DQG�3KDVH�6SDFH��-��&RPEHV��$�

*URVVPDQQ��3K��7FKDPLWFKLDQ��HGV����6SULQJHU�9HUODJ��1HZ�<RUN�����������������

3UiFH� SRSVDQi� Y� WRPWR� þOiQNX� E\OD� SRGSRURYiQD� *UDQWRYRX� DJHQWXURX� ýHVNp� UHSXEOLN\
SURVW HGQLFWYtP�JUDQWX�þ��������������&KDUDNWHUL]DFH�]GURM �$(�Y�RFHORYêFK�NRQVWUXNFtFK�
D�XVNXWHþQ QD�YH�VSROHþQpP�SUDFRYLãWL�Ò7�$9ý5�3UDKD�D�=ý8�3O]H �

$QDO\VLV�RI�'LVSHUVLYH�6WUHVV�:DYHV
E\�PHDQV�RI�&RQWLQXRXV�:DYHOHW�7UDQVIRUP

7KH� WLPH�IUHTXHQF\� DQDO\VLV� RI� GLVSHUVLYH� VWUHVV� ZDYHV� LV� UHYLHZHG�� ,W� LV� VKRZQ� WKDW

WKH�ZDYHOHW� WUDQVIRUP� XVLQJ� WKH� 0RUOHW� SVHXGRZDYHOHW� HIIHFWLYHO\� GHFRPSRVHV� WKH� VWUDLQ

UHVSRQVH� LQWR� LWV� WLPH�IUHTXHQF\� FRPSRQHQWV� DQG� WKDW� WKH� ZDYHOHW� WUDQVIRUP� HQDEOHV� XV

WR�LGHQWLI\�WKH�GLVSHUVLRQ�UHODWLRQ�RI�WKH�JURXS�YHORFLW\�


