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@ �t @ � @?_ @ � @hi TihTi?_�U�*@h |L @ � � Wu |�i LM�iU| �@t �?�uLh4 _i?t�|) �i |�i? �@�i
U � ' U � ' U 
 �{U J *�c U � ' U 
 n2*�{U J c tL |�@| �i �@�i U � �U � ' {U J � U 
 �t |�i @�ih@}i
�@*�i Lu |�i 4L4i?| Lu �?ih|�@ @?_ {U J �t @ t4@** ^�@?|�|)�

� 4Lhi UL4T*i|i @?_ hi@*�t|�U 4L_i* �t UL?t�_ihi_ u�h|�ih( M�| |�i t�4T*it| U@ti
hi4@�?t |�i M@t�t uLh |�i _�tU�tt�L? Lu ThiUitt�?} ?i�|hL? t|@ht� A�i 4@�? i^�@|�L?t @hi
|�i t@4i i�i? �? |�i 4Lhi hi@*�t|�U U@tic ��|� 4�?Lh 4L_��U@|�L?t� 6�}�hi D�� t�L�t
L�h UL?�i?|�L? �? |�i Lh�i?|@|�L? Lu |�i �4TLh|@?| �iU|Lh�@* ^�@?|�|�it �?�L*�i_ �? |�i
ThLM*i4�

A�i tT�ihL�_ hL|@|it ��|� @?}�*@h uhi^�i?U) / @?_ |�i |L|@* @?}�*@h 4L4i?�

�S



|�4 a �@t � i_ Lh�i?|@|�L? �? tT@Ui� A�i LM�iU| *LLtit @?}�*@h 4L4i?|�4 ���U� �t
U@hh�i_ @�@) M) }h@��|@|�L?@* �@�it M�| L? @ *L?}ih |�4i tU@*i |�@? |�i L?i ti| M) |�i
hL|@|�L? Lh ThiUitt�L?� 5Lc uLh @** T�hTLtitc �i U@? UL?t�_ih |�i @?}�*@h 4L4i?|�4 @t
UL?tih�i_� � _�tU�tt�L? Lu |�i _@4T�?} |�4i tU@*it _�i |L }h@��|@|�L?@* h@_�@|�L? @?_
L|�ih 4iU�@?�t4t �t }��i? �? *@|ih ��@T|iht� �? �4TLh|@?| T@h@4i|ih uLh |�i }iL4i|h)
Lu |�i t)t|i4 �t |�i @?}*i w Mi|�ii? |�i @?}�*@h 4L4i?|�4 �iU|Lh a @?_ |�i @ �t @ � �
A�i @?}*i � �t |�i L?i Mi|�ii? |�i @ �t @ � @?_ |�i hL|@|�L? @ �t $� 5ii 6�}�hi D���
W| �t TLtt�M*i |L t�L� d�Do |�@| ew ' � � w ' 0 ' K�L � K?MK L � A�i i**�T|�U�|) 0 �t @ 4i@t�hi
Lu |�i _iuLh4@|�L? uhL4 TihuiU| tT�ih�U@* t)44i|h)� W? ?i�|hL? t|@ht 0 �t t�TTLti_
|L Mi @ t4@** ^�@?|�|) E�? }i?ih@* 0 	 �f � � L|�ih��ti |�i Uh�t| ��** Uh@U! _�i |L |�i
_iuLh4@|�L? t|hittit�� 5L �i ��** @tt�4i Lu|i? � � w�
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General Relativity Energy loss equation

Classical mechanics precession formula 

I=1e45 g cm2

frequency dot=1e-10 Hz/sec
frequency rot.=467.5 Hz
frequecy precession=1e-3 Hz 
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Iljxuh 817= Wkh ghshqghqfh ri wkh zreeoh dqjoh rq wkh prphqw ri lqhuwld lqyroyhg lq wkh
suhfhvvlrq1 Wkh udqjh ri ydoxhv iru wkh prphqw ri lqhuwld vsdqv iurp 43h76 j fp � +mxvw wkh
fuxvw suhfhvvhv, wr 415h78 j fp � +doo wkh vwdu suhfhvvhv,1
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Iljxuh 914= Vwudlq k iru rp1 +wrs fxuyh, dqg 5 rp1 +erwwrp fxuyh, udgldwlrq dv ixqfwlrq ridqjoh1
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Iljxuh 915= Udwlr ri vslq0grzq gxh wr JZ dqg HP udgldwlrq1
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Iljxuh 916= Qhfhvvdu| E wr dffrxqw iru revhuyhg vslq0grzq1

|�@| |�i t|h@�}�| *�?i }Litc ��|��? t4@** 4i@t�hi4i?| ihhLhtc |�hL�}� |�i Lh�}�?�
�?L|�ih �?|ihit|�?} u@U| @ML�| |�i 5� �bH.� hi4?@?| T�*t@h |�@| UL�*_ Mi

t�}}it|��i Lu |�i i4�tt�L? ThLTih|�it Lu |��t t|@h �t �|t *LU@|�L? �? |�i � �� _�@}h@4�
W| U@? Mi tii? uhL4 6�}�hi S�e |�@| |�i 5� �bH.� hi4?@?| LUU�T�it @ �ih)

T@h|�U�*@h T*@Ui �? |�i _�@}h@4� �Lt| Lu |�i !?L�? T�*t@ht @hi *LLti*) U*�4Ti_ L?
|�i Ui?|ih�h�}�| t�_i Lu |�i � �� _�@}h@4� A��t }hL�T �@t tT�?�_L�? UL4T@h@M*i |L
|�@| Lu 5� �bH.�c �? }i?ih@* U*Lti |L �f �)� , t%tc M�| �| �@t @ 4�U� M�}}ih �� A�ihi �t
@ 4�?Lh }hL�T Lu T�*t@ht ��|� �ih) t4@** �c L? |�i Lh_ih Lu 4�**�tiUL?_tc @?_ ^��|i
t4@** �� � A��t T*@Uit |�i 4�**�tiUL?_ T�*t@ht<t }hL�T @| |�i *iu|�ML||L4 Lu |�i _�@}h@4�
A�i T�*t@h 5� �bH.� |�i? �t ^��|i �?�^�i �? �@��?} @ t4@** � @?_ @ hi*@|��i*) M�} �� c
*LU@|�?} |�i T�*t@h L? |�i Ui?|ih�*iu| Lu |�i _�@}h@4� `�@| _Lit |��t 4i@?q

Wu |�i tT�?�_L�? �@t |L Mi @||h�M�|i_ |L i*iU|hL4@}?i|�t4 |�i? |�i 4@}?i|�U
�i*_ Lu |�i t|@h ��** Mi ^��|i t4@** �? UL4T@h�tL? ��|� ?Lh4@* T�*t@ht @?_ �ih) ��}� �?

eb



UL4T@h�tL? ��|� 4�**�tiUL?_ T�*t@ht� W| �t hi@tL?@M*i |L @tt�4i |�@| 5� �bH.� �@t @
*L� 4@}?i|�U �i*_� A�i �t�@* i T*@?@|�L? Lu |�i ��}� 4@}?i|�U �i*_t �? ?i�|hL? t|@ht
�t |�i �?Uhi4i?| Lu |�i �i*_ *�?i _i?t�|) @u|ih UL**@Tti Lu |�i ThL}i?�|Lh t|@h 4@}?i|�U
�hL? ULhi� W? |�i U@ti Lu 5� �bH.� |�i }i?ih@**) @UUiT|i_ tUi?@h�L uLh |�i t�Tih?L�@
i T*Lt�L? �t |�@| �@t �?�|�@|i_ M) UL**�t�L? Lu |�L t|@ht �? @ U*Lti M�?@h) t)t|i4� W?
|��t U@ti �i ��** ?L| i TiU| |�i t|@ht < 4@}?i|�U �i*_t |L Mi UL?tih�i_ �? @ Lh_ih*) �@)
M�| ^��|i _�th�T|i_ M) |�i ThLUitt Lu UL**�t�L?� ì Thi_�U| @ �ih) *L� 4@}?i|�U �i*_
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P-Pdot Diagram for known Pulsars
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@ u�?U|�L? Lu |�i uhi^�i?U)� ì U@? tii |�@| i�i? @| @ hL|@|�L?@* uhi^�i?U) Lu Hf O3 |�i
TL�ih �? |�i t�_iM@?_t �t 4�U� *itt |�@? |�i TL�ih �? |�i 4@�? i4�tt�L? uhi^�i?U)� A�i
h@|�L Mi|�ii? |�i TL�ih �? |�i 4@�? uhi^�i?U) @?_ |�i L?i �? |�i t�_iM@?_t _iTi?_t L?
|�i hL|@|�L?@* uhi^�i?U)� �t |�i t|@h hL|@|it u@t|ih @?_ u@t|ih |�i TL�ih �? |�i t�_iM@?_t
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Iljxuh 4516= Wkh ydoxh ri wkh vwdudlq k iru wkh $ +eoxh, dqg 5 $ +uhg, udgldwlrq dw Hduwk dv
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Iljxuh 4517= Wkh uhtxluhg wlph ri lqwhjudwlrq iru d 7 vljpd ghwhfwlrq ri wkh $ +eoxh, dqg 5 $
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cross (light line) and plus (thick line) polarizations for om radiation

Iljxuh 4518= Wkh hplvvlrq iru wkh soxv +wklfn olqh, dqg furvv +oljwk olqh, srodul}dwlrq ri wkh 
udgldwlrq1
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total strain at earth; cross (light line) and plus (thick line) polarizations

Iljxuh 4519= Udgldwlrq zlwk fkrvhq lqfolqdwlrq dqjoh derxw <3 ghjuhhv> zreeoh dqjoh 63ghjuhhv1
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Iljxuh 4714= Wkh Dftxlvlwlrq dqg Gdwd Dqdo|lvlv surfhgxuh lpsohphqwhg lq wkh DOOHJURghwhfwru1 Wkh dqwhqqd rxwsxw lv wkh uhodwlyh prwlrq ri wkh edu dqg wkh wudqvgxfhu1 Wkh orfn0
lq ghprgxodwru vkliwv wkh }hur iuhtxhqf| wr wkh uhihuhqfh iuhtxhqf| 
 Ã +d iuhtxhqf| ehwzhhq
wkh wzr uhvrqdqw prghv 
 ± dqg 
 « ,1 Wkh gdwd lv orz0sdvv �owhuhg/ wr dyrlg doldvlqj/ dqg
vdpsohg dw d uhodwlyh vorz sdfh +dw 458 K},1 Wkh ghprgxodwlrq vhsdudwhv wkh gdwd lq wzrfkdqqhov= wkh lq0skdvh { dqg lq0txdgudwxuh | frpsrqhqwv ri wkh gdwd vhtxhqfh1 Wkh gdwd lvvwruhg rq glvn/ zlwk lqirupdwlrq rq wkh dqwhqqd*v hqylurqphqw dqg rq wkh wlph1 Wkh gdwd lvfrqvhtxhqwho| surfhvvhg wkurxjk vriwzduh wr surgxfh d �qdo wlph vhulhv fdoohg wkh %Hqhuj|Lqqrydwlrq%1
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Fast Filter Process: 
Simulation
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Iljxuh 4715= Wkh eorfn0gldjudp iru wkh idvw �owhu1 Wklv lv d uhodwlyh vwudljwkiruzdug surfh0gxuh1 Wkh lqsxw gdwd lv vdpsohg dw d idvw udwh +73<9 K}, dqg qrw ghprgxodwhg1 Wkh idvw
�owhu lv lpsohphqwhg lq wkh Irxulhu grpdlq1 Wkh lqsxw gdwd j+w, lv wkh gl�huhqfh { Ä � { Å lq
wkh glvsodfhphqw ri wkh edu dqg wkh wudqvgxfhu1 Wkh Irxulhu wudqvirup ri wkh lqsxw gdwd+qrlvh.hyhqwxdo vljqdo, hj Æ�Ç2È Ç +$, lv pxowlsolhg e| wkh frqmxjdwh ri wkh Irxulhu wudqvirup ri
wkh whpsodwh vljqdo hj ÉbÊ Ë2Ì
Ç2Í +$,= Wklv surgxfw lv glylghg e| wkh wrwdo qrlvh vshfwuxp V Ì�Î/Ê É?Ï
wr rewdlq wkh �owhu gdwd hj Ð"Ê�Í È Ï?Ñ�Ï/Æ +$,= Wr jr edfn wr wkh wlph grpdlq zh shuirup dq lqyhuvh
Irxulhu wudqvirup1 Wkh hqhuj| H Ð[ÇCÉbÈ lv ghwhuplqhg e| wkh vtxduh ri wkh wlph grpdlq �owhuhg
gdwd j Ð�Ê�Í È Ï?Ñ�Ï?Æ +w,=
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Iljxuh 4716= Wkh eorfn gldjudp iru wkh vorz �owhu1 Wkh �uvw jud| eorfn lv wkh htxlydohqw lqrxu vlpxodwlrq ri wkh orfn0lq ghprgxodwru lq wkh uhdo dqwhqqd1 Zh xvh wkh skdvru ixqfwlrqh{s+l$w, wr ghprgxodwh wkh gdwd1 Wklv lv htxlydohqw wr vhsdudwh wkh gdwd lq wkh lq0skdvh dqglq0txdgudwxuh frpsrqhqwv1 Wkh rxwsxwv ri wkh ghprgxodwlrq duh wkhq frpsoh{ yduldeohv1 Zhxvh lq rxu gldjudp wklfn olqhv wr lqglfdwh wkh �rz ri wkhvh frpsoh{ yduldeohv +dv li frpsrvhg
ri wzr fkdqqhov { dqg |,= Diwhu wkh �uvw ghprgxodwlrq zh vkliw wkh }hur iuhtxhqf| wr wkh soxv
dqg plqxv prgh1 Wkhq zh orz sdvv �owhu dqg ghflpdwh wkh gdwd wr nhhs mxvw d qduurz zlqgrzri iuhtxhqflhv durxqg wkh wzr uhvrqdqw prghv1 Zh dsso| wkh pdwfkhg �owhuhg wr wkh soxv dqgplqxv sduw ri wkh gdwd1 Wkh devroxwh vtxduh ri wkh soxv dqg plqxv �owhuhg gdwd lv vxpphgwrjhwkhu +zlwk dssursuldwh zhljkwv wr wdnh lq frqvlghudwlrq gl�huhqfhv lq wkh whpshudwxuh ri
wkh wzr prghv,1 Wklv �qdo rshudwlrq jlyhv wkh hqhuj| lqqrydwlrq ri wkh vorz �owhuhg gdwd1
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The interaction of gravitational waves with a bar
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A�i _i|iU|Lh �t UL?t|�|�|i_ M) @ 4@tt��i @*�4�?�4 M@h @?_ @ 4iU�@?�U@*�
i*iU|h�U@* |h@?t_�Uihc @?_ L|�ih i*iU|hL?�U _i��Uit |L @4T*�u) @?_ hiULh_ |�i _@|@� A�i
t)t|i4 U@? Mi _itUh�Mi_ @t @ |�L 4L_i UL�T*i_ �@h4L?�U LtU�**@|Lh� �ww,B+� �t
@ �ih) |)T�U@* }h@��|@|�L?@* �@�i hitL?@?| _i|iU|Lh @?_ uLh *@|ih �ti �i *�t| �? |�i
uL**L��?} |@M*it tL4i Lu �|t T�)t�U@* U�@h@U|ih�t|�Ut�

A�i M@h �t �ih) 4@tt��i |L Lgih @ M�}}ih UhLtt tiU|�L? |L |�i }h@��|@|�L?@* �@�it�

��f



Wdeoh 4814= Sk|vlfdo sdudphwhuv ri wkh DOOHJUR ghwhfwru

�@tt Lu M@h E�*�4�?�4 @**L)� 22bS !} EigU|� 4@tt'��eH !}�
�@tt Lu |h@?t_�Uih � f�Se !}
hitL?@?| uhi^�i?U) M@h b���H� O3
hitL?@?| uhi^�i?U) |h@?t_�Uih bf2�DH O3
|i4Tih@|�hi ?L�ti �? |�i M@h e�2 k
|i4Tih@|�hi Lu ?L�ti �? |�i |h@?t_�Uih e�2 k
tTh�?} UL?t|@?|tc *i?}|� �ff U4

�? L?i i?_ Lu |�i M@h �t @ |h@?t_�Uih |�@| UL?�ih|t |�i 4iU�@?�U@* 4L|�L? Lu |�i
M@h �? @ �L*|@}i TL|i?|�@* _�gihi?Ui� A��t i*iU|h�U@* L�|T�| �t @4T*��i_ M) @ 5"NW#
Et�TihUL?_�U|��i ^�@?|�4 �?|ihuihi?Ui _i��Ui�� A�i 4� �?} @?}*i k �t @ T@h@4i|ih |�@|
_i|ih4�?it |�i *i�i* Lu �|�?�?}� Mi|�ii? |�i M@h @?_ |�i |h@?t_�Uih� W? L|�ih �Lh_t
|�i 4� �?} @?}*i |i**t �L� U*Lti |�i hitL?@?| uhi^�i?U�it Lu |�i M@h @?_ |h@?t_�Uih @hi�
�ihuiU| |�?�?} �t i^���@*i?| |L |�i 4� �?} @?}*i k i^�@* |L eD î Etii uL**L��?} tiU|�L?
uLh @ 4Lhi _i|@�*i_ _�tU�tt�L? Lu |�i 4� �?} @?}*i uLh4@*�t4�� A�i M@h �t t�TTLti_*)
i U�|i_ M) @ M@|� Lu }h@��|@|�L?@* �@�it uhL4 UL?|�?�L�t @?_ M�ht| tL�hUit �? |�i t!)�
N?uLh|�?@|i*) |�i }h@��|@|�L?@* �@�it< uLhUit L? |�i M@h @hi 4�U� �i@!ih |�@? |�i
|�ih4@* ?L�ti �4T�*tit� A�i M@h �t �? UL?|@U| ��|� @ *�^��_ �i*��4 hitih�L�h |�hL�}�
|�i U@M*i uhL4 ���U� |�i M@h �t t�tTi?_i_� A��t *�4�|t |�i |�ih4@* ?L�ti �? |�i M@hc M�|
i�i? ��i? ULL*i_ _L�? |L @ ui� !i*��?tc |�i |�ih4@* ?L�ti _L4�?@|it L�ih |�i 4@�Lh�|)

���



Lu }h@��|@|�L?@* �@�i �4T�*tit� �?L|�ih �4TLh|@?| tL�hUi Lu ?L�ti �t |�i i*iU|h�U@*
t�L| ?L�ti _�i |L |�i 5"NW#� A�i M@h �t t�TTLti_*) �tL*@|i_ uhL4 �?��i?Uit Lu |�i
i |ih?@* i?��hL?4i?|c �? T@h|�U�*@hc ti�t4�U ��Mh@|�L?t Lu |�i }hL�?_� A�i �tL*@|�L?
�t @U��i�i_ |�hL�}� @ tLT��t|�U@|i_ t�tTi?t�L? t)t|i4 |�@| �ih) i�U�i?|*) _�4Tt |�i
��}� uhi^�i?U) ��Mh@|�L? Lu |�i }hL�?_� A�i U�L�Ui Lu 4@|ih�@*c �? |��t U@ti @ tTiU�@*
@**L) Lu @*�4�?�4c @?_ |�i t�3i Lu |�i M@h �t _it�}?i_ �? t�U� @ �@) |L �@�i |�i M@h
hitL?@?| 4L_i U*Lti |L |�@| Lu |�i hitL?@?| uhi^�i?U) Lu |)T�U@* UL4T@U| @t|hLT�)t�U@*
tL�hUitc |�i Mit| U@?_�_@|i uLh }h@��|@|�L?@* �@�i tL�hUit�

A��t uhi^�i?U) U@? Mi _ih��i_ uhL4 M@t�U Th�?U�T*it @?_ �| �t @hL�?_ �fff O3�
5ii ��@T|ih �� uLh @ _�tU�tt�L? Lu |�i @t|hLT�)t�U@* |�4i tU@*it� A�i t�tTi?t�L? t)t|i4
�t _it�}?i_ �? t�U� @ �@) |L �@�i �|t 4@�? hitL?@?| 4L_i @| @ ^��|i *L�ih uhi^�i?U)
|�@? �fff O3c tL ?L }hL�?_ 4L|�L? @hL�?_ |�i @t|hLT�)t�U@* �?|ihit|�?} uhi^�i?U) U@?
hi@U� |�i M@h� �UU@t�L?@**) �ih) *@h}i }hL�?_ 4L|�L?t _L }L |�hL�}� |�i t�tTi?t�L?
t)t|i4� � tih�it Lu ti�t4L4i|iht t�|t @hL�?_ |�i _i|iU|Lh |L hi}�t|ih �?uLh4@|�L? L? |�i
t�hhL�?_�?} i?��hL?4i?|� � �i|L ThLUi_�hi �t �? T*@Ui �? |�i �ww,B+� _@|@ @?@*)t�t
ThL|LUL* |L _�tU@h_ |�i _@|@ |�@| UL�?U�_i ��|� *@h}i hitTL?tit uhL4 |�i ti�t4L4i|iht�

��2



Wdeoh 4815= Sdudphwhuv ri wkh qrupdo prghv ri wkh ghwhfwru1
T*�t ?Lh4@* 4L_i uhi^�i?U) HbS�H O3
4�?�t ?Lh4@* 4L_i uhi^�i?U) b2f�� O3
" Lu T*�t 4L_i ��f	S
" Lu 4�?�t 4L_i ��f	S
�� �?} @?}*i k �f�H î

���



�O��A,+ �S
���wvAW� 6�+� �6 AO, 5WB��w ��# ��W5,

W? |��t U�@T|ih �i �h�|i |�i i^�@|�L?t uLh |�i @?@*)|�U _itUh�T|�L? Lu L�h LtU�**@|Lh
t)t|i4 uLh |�i L?i 4L_i @?_ |�L 4L_i U@tit� A�iti i^�@|�L?t @hi UL?|�?�L�t @?_ tL
@M*i |L hiThL_�Ui |�i @?@*L} hitTL?ti Lu |�i hi@* t)t|i4� A�i }L@* Lu |��t U�@T|ih �t
|L _ih��i i^�@|�L?t |�@| _itUh�Mi |�i hitTL?ti Lu |�i M@h |L ML|� @ }h@��|@|�L?@* t�}?@*
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|�ih4@* 4L|�L? Lu |�i T@h|�U*i �? i^��*�Mh��4 ��|� @ �i@| M@|� @| @ |i4Tih@|�hi Ae6R�
W? |��t U@ti M) |�i i^��T@h|�|�L? |�iLhi4 |�i @�ih@}i !�?i|�U i?ih}) �t ÷ø & æ Ae6Rc ��ihi
& æ �t |�i �L*34@? UL?t|@?|�
�S���2 �L�ih 5TiU|h�4 @?_ ��|L��Lhhi*@|�L? 6�?U|�L? � �ih) �4TLh|@?| @?_ �tiu�*
^�@?|�|) |L t|�_) t|LU�@t|�U ThLUittit �t |�i �L�ih 5TiU|h�4 E�5�� `�i? �i @hi _i@*�?}
��|� hi@* i Tih�4i?|t �i �@�i �?�|i |�4i tih�it Lu *i?}|� A uLh |�i t|LU�@t|�U �@h�@M*i
8 E|��

��S



A�i? |�i �L�ih 5TiU|h�4 7 ù�Ô ù �t _i�?i_ @tG

7 ù�Ô ù E/� ' *�4ß@úüû �
A h8 ý E/c |� h8 E/c |�c E�S���

��ihi h8 �?_�U@|it |�i 6L�h�ih |h@?tuLh4 Lu |�i �@h�@M*i 8 @?_ |�i t|@h t�}?��it UL4T*i 
UL?��}@|�L?�
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ì �@�i |�@|G
8 æ ' � æ BE|� | � � E�S�S�

��ihi � æ �t |�i 4L4i?| |h@?tuih _�i |L |�i ?L�ti uLhUi @U|�?} L? |�i M@h�
A�i �?�|�@* �4T�*ti uLhUi L? |�i M@h 8 æ �t hi*@|i_ |L |�i 5TiU|h�4 Lu |�i |�ih4@*

uLhUit 7 þ M)G
7 þ�æ ' 8 øæ _A ( E�S�.�

��.



��ihi |�i |ih4 _A �t |�i t@4T*�?} |�4i� A�i ���|i ?L�ti Lu |�i 5"NW# hit�*|t �? @?
�?Uih|@�?|) Lu |�i �L*|@}i L�|T�| Lu |�i _i|iU|�L? @TT@h@|�t� A��t �? |�h? �t i^���@*i?|
�? @? �?Uih|@�?|) �? |�i _�tT*@Ui4i?| Lu |�i M@h� A�i _�t|h�M�|�L? Lu |�i 5"NW#
_�tT*@Ui4i?| ihhLh �t B@�tt�@?c ��|� 3ihL 4i@?� Wu |�i @�ih@}i _�tT*@Ui4i?| ihhLh _�i
|L |�i 5"NW# �t % å"àPõ |�i? �i U@? �h�|i |��t ���|i ?L�ti tTiU|h�4 7 � @tG

7 � ' % øåCàbõ _A� E�S�H�

A�i? |�i |L|@* ?L�ti tTiU|h�4 7 � î � �tG

7 � î � E/� ' 7 þ mC � E/�m ø n 7 � E/� E�S�b�

A�i _i�?�|�L? Lu ��|L�ULhhi*@|�L? - ù�Ô ù Lu |�i �@h�@M*i 8 �tG

- ù�Ô ù E� � ' k8 E| ÷ n ��8 E| ÷ �l � E�S��f�

A�i ��|L�ULhhi*@|�L? u�?U|�L? - ù�Ô ù Lu |�i ?L�ti �t |�i �?�ihti 6L�h�ih |h@?tuLh4
Lu |�i �L�ih 5TiU|h�4 7 æPå2ò G

- ù Ô ù E� � '
]

_/ e ó ÿ�� 7 æbå�ò E/� � E�S����

A�i uL**L��?} 6�}�hit t�L� |�i UL4T@h�tL? Mi|�ii? |�i @?@*)|�U@* @?_ i Tih��
4i?|@* EuhL4 |�i t�4�*@|�L?� ��|L�ULhhi*@|�L? @?_ �L�ih 5TiU|h@* #i?t�|)� A�i @}hii�
4i?| �t ^��|i }LL_ @?_ |�i �?Uih|@�?|) �t _�i ��t| |L |�i �?�|i *i?}|� Lu |�i i Tih�4i?|@*
_@|@ �ti_ |L U@*U�*@|i |�i i Tih�4i?|@* tTiU|h�4�

��H



885 890 895 900 905 910 915 920 925

10
-39

10
-38

10
-37

10
-36

10
-35

frequency/Hz

P
ow

er
 D

en
si

ty
/W

at
ts

/H
z

Iljxuh 4914= Wkh dqdo|wlfdo +uhg, dqg h{shulphqwdo vshfwud +eoxh, duh frpsduhg1

�S�2 A�i A�L �L_i 5)t|i4G A�i �� �?}��?}*i +iThiti?|@|�L?
6L**L��?} �� �Lhti _�ttih|@|�L? d�Do |��t �t |�i 4@tt ?Lh4@*�3@|�L? 4@|h� � Etii

Thi��L�t U�@T|ih D uLh ?L|@|�L? hiuih�?} |L |�i 4L_i* Lu @ UL�T*i_ �@h4L?�U _i|iU|Lh�G

� '

5
997

÷	 ã�
 f
f ÷	 ã
�

6
::8 E�S��2�

A�i? |�i t)t|i4 Lu |�L UL�T*i_ LtU�**@|Lh U@? Mi _itUh�Mi_ �t�?} |�i _�tT*@Ui�
4i?| �iU|Lh � @?_ �|t tiUL?_ |�4i _ih��@|��iG

ê ê�' �k �n� 6� E�S����

��ihiG

� '
�% ÷
% ø
�

E�S��e�

��b



@?_

g '

5
997 �

�
/ ø ÷ n ã��ã 
 / øø

� t ã
�ã 
 / øt ã
�ã�
 / ø �/ øø

6
::8 E�S��D�

A�i uLhUit @U|�?} L? |�i M@h @?_ |h@?t_�Uih uLh4 |�i �iU|Lh 8� AL tL*�i |�iti
i^�@|�L?t �i _i�?i |�i 4@tt�?Lh4@*�3i_ ULLh_�?@|it @ M)G

@ ' � �� E�S��S�

A�i?c |�i i^�@|�L? U@? Mi 6L�h�ih |h@?tuLh4i_ @?_ tL*�i_ M) �t�@* *�?i@h |iU��
?�^�it� W? |�i 6L�h�ih #L4@�? |�i tL*�|�L?t uLh |�i i^�@|�L?t Lu 4L|�L? Lu |�i _i|iU|Lh
E�}?Lh�?} _@4T�?}� @hiG

5
997 h@ ÷
h@ ø

6
::8 '

5
997 C ÷�÷ C ÷�ø

C ø2÷ C ø�ø

6
::8
5
997
h8 ÷
h8 ø

6
::8 E�S��.�

��ihi |�i h@ ÷ ch@ ø c h8 ÷ @?_ h8 ø @hi |�i 6L�h�ih |h@?tuLh4i_ _�tT*@Ui4i?| u�?U|�L?t @ ÷ c @ ø
@?_ |�i �4T�*ti _i*|@ uLhUit 8 ÷ @?_ 8 ø � W? |�i U@ti Lu |�i ?L�ti |�i uLhUi ti^�i?Uit @hi
h@?_L4 �@h�@M*it ��|� ?Lh4@* _�t|h�M�|�L?t� W? |�i U@ti Lu |�i t�}?@* �i �@�i |�@| 8 ÷ �t
@ _i*|@ u�?U|�L? ��|� �|t 4@ �4�4 *LU@|i_ @| |�i �?t|@?| Lu @hh��@* Lu |�i }h@��|@|�L?@*
�@�i @?_ 8 ø �@t @ UL?t|@?| 3ihL �@*�i�

A�i i*i4i?|t Lu |�i |h@?tuih u�?U|�L? 4@|h� C @hiG

C ÷�÷ ' ULt ø w
6 ÷ E/ ø� � / ø n �/ � /*' � � n

t�? ø w
6 ÷ E/ ø � � / ø n �/ � /*' � � c E�S��H�

C ÷�ø ' C ø2÷ ' � t�? w ULt ws6 ÷ 6 ø E/ ø� � / ø n �/ � /*' � � n
t�? w ULt ws6 ÷ 6 ø E/ ø � � / ø n �/ � /*' � � c

C ø�ø ' t�? ø w
6 ø E/ ø� � / ø n �/ � /*' � � n

ULt ø w
6 ø E/ ø � � / ø n �/ ��� /*' � � �

�ef
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Iljxuh 4:14= Wkh ghfd| ri wkh vlpxodwhg rvfloodwru +eoxh, frpsduhg zlwk wkh wkhruhwlfdo ghfd|
ixqfwlrq +lq uhg,1 Wkh vdpsolqj udwh khuh lv 73<9 shu vhfrqg1
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Iljxuh 4:15= Wkh wrwdo hqhuj| ri wkh rqh prgh vlpxodwhg rvfloodwru +juhhq,/ wkh srwhqwldo
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Mi�?} ��|�L�| _@4T�?}� ì @_LT|i_ |�i uL**L��?} t|iTt �? Uhi@|�?} |�i t�4�*@|�L? uLh
|�i |�L 4L_it t)t|i4G

5A,��G
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2-mode oscillator simulation’s steps2-mode oscillator simulation’s steps

STEP 1
Set parameter of simulation: Temperature, Quality factor, 

Mass of bar & transducer

STEP 2
Use parameters to calculate the spring coefficients matrix K,

from K calculate eigenvector matrix A.
A is the transformation matrix from mass to normal mode coordinates.

STEP 3
Set 2 independent oscillators with the frequency 

determined by the eigenvalues of K
Use the digital filter to simulate the output of the oscillators.

STEP 4
Go back to the inertial coordinates using A. Calculate the observable: 

the difference between the two mass coordinates.  

Iljxuh 4:18= Wkh irxu gl�huhqw vwhsv lq wkh vlpxodwlrq ri wkh wzr0prghv rvfloodwru1

AL hi|�h? |L |�i Lh�}�?@* 4@tt ULLh_�?@|it �i �@�i |L 4�*|�T*) M) |�i �?�ihti
Lu |�i 4@tt 4@|h� � @u|ih 4�*|�T*)�?} M) |�i hL|@|�L? 4@|h� �� 6�?@**) |�i 4i@�
t�h@M*i �@h�@M*i �t |�i _�gihi?Ui Mi|�ii? |�i |�L 4@tt ULLh_�?@|itc |�@| �t |�i hi*@|��i
_�tT*@Ui4i?| Mi|�ii? |�i M@h @?_ |h@?t_�Uih�

�.�. ,?ih}) �L?tih�@|�L? @?_ #iU@) A�4i uLh |�i A�L �L_i �@ti

A�i i?ih}) uLh |�i |�L 4L_i t)t|i4 U@? Mi i Thitti_ @t d�2oG

.3�F�6 ' �
2 E& ÷ n & ø � % ø ÷ n �

2& ø % øø � & ø % ÷ % ø ( E�.�2e�

. 8 E C ' �
26 ÷ G% ÷ n�

26 ø G% ø

�}@�? �i U@? �ih�u) |�@| |�i i?ih}) _iU@)t ��|� |�i h�}�| |�4i UL?t|@?| @?_
|�i �?�|�@* i?ih}) hitTL?ti Lu |�i M@h �t i^�@* |L |�i �?T�| �4T�*ti� �*tL @tc �? |�i
L?i 4L_i U@tic �i �@�i |�@| |�i TL|i?|�@* i?ih}) @?_ !�?i|�U i?ih}) �@�i @ T�@ti

�Sf



0.036 0.038 0.04 0.042 0.044 0.046 0.048 0.05 0.052 0.054
0

0.5

1

1.5

2

2.5

3

time/sec

en
er

gy
/k

el
vi

n

Iljxuh 4:19= Wkh nlqhwlf +uhg,/ srwhqwldo +eoxh, dqg wrwdo hqhuj| +juhhq, iru wkh wzr prghvfdvh1 Wkh pdjhqwd grw uhsuhvhqwv wkh hqhuj| ri wkh lqsxw lpsxovh1 Dv lq wkh rqh prgh fdvhwkh srwhqwldo hqhuj| dqg nlqhwlf hqhuj| duh rxw ri skdvh e| <3 ghjuhhv1Wkh jhqhudo ehkdylrxuri wkh wzr frpsrqhqwv ri wkh hqhuj| lv pruh frpsolfdwhg wkdq wkh rqh prgh fdvh exw wkhwrwdo hqhuj| +juhhq, lv d vlpsoh h{srqhqwldo ixqfwlrq ri wlph1

_�gihi?Ui Lu bf H � A�i uL**L��?} 6�}�hi �.�� t�L�t |�i hit�*| Lu |�i t�4�*@|�L? uLh |�i
|�L 4L_it U@ti�

�S�



�O��A,+ �H
�+,�6WwA,+W�B� AO, `OWA,�W�B 6WwA,+
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@ttitt�?} |�i U*@�4 |�@| |�i u@t| �*|ih �t @? �4ThL�i4i?| L? |�i t*L� �*|ih�

A�i 4i@t�hi4i?| Lu |�i |i4Tih@|�hi Lu |�i ?L�ti U@? Mi �ih) 4�t*i@_�?}� W? u@U|
*LL!�?} @| |�i uL**L��?} 6�}�hi 2��2 �| tii4t |�@| |�i |i4Tih@|�hi Lu |�i u@t| �*|ih �t
^��|i *itt |�@| Lu |�i t*L� �*|ih� A�i h@|�L Mi|�ii? |�i |�L |i4Tih@|�hit �t �**�t|h@|i_
�? 6�}�hi 2��� @?_ �| tii4 |L UL?�h4 |�@| |�i |i4Tih@|�hi Lu |�i u@t| �*|ih �t �@*u Lu

�H.



0 0.002 0.004 0.006 0.008 0.01 0.012
10

-4

10
-2

10
0

10
2

10
4

10
6

comparison fast(blue), slow(red) filters & unfilterd noise(green)

Energy/kelvins

N
 in

 to
t 

of
 3

25
00

Iljxuh 5414= Wkh phdvxuhdg dqg wkhruhwlfdo +frqwlqxrv olqhv, glvwulexwlrq ixqfwlrqv iru wkh
vorz +uhg, dqg idvw �owhu +eoxh,1 Wkh juhhq srlqwv duh wkh xq�owhuhg gdwd1 Lw vhhpv wr eh dyhu| jrrg pdwfk ehwzhhq phdvxuhg dqg wkhruhwlfdo glvwulexwlrq ixqfwlrqv1
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Iljxuh 5415= Wkh whpshudwxuh vhtxhqfh iru wkh idvw +eoxh, dqg vorz +uhg, �owhuv1 Lw dsshduvwkdw wkh vorz �owhu rxwsxw lv dw kljkhu whpshudwxuh wkdq wkh idvw1
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Wdeoh 5414= Vwdwlvwlfdo sdudphwhuv iru wkh idvw dqg vorz �owhuhg gdwd lq wkh rqh prgh rvfloodwru1
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the noise-energy for fast(blue) and slow(red) filter

Iljxuh 5417= Wkh wlph vhtxhqfh iru wkh idvw +eoxh, dqg vorz +uhg, hyhqwv lv vxshulpsrvhg lqwklv �jxuh1 Zh fdq qrwlfh wkdw hyhq li qrw lghqwlfdo wkh wzr wlph vhtxhqfh lq dyhudjh iroorzhdfk rwkhu1 Lw vhhpv wkdw rqh �owhu lv qrw %txlhwhu% wkdq wkh rwkhu1

10.1 10.2 10.3 10.4 10.5 10.6 10.7
-2

0

2

4

6

8

x 10
-3

time/sec

en
er

gy
/k

el
vi

n

the noise-energy for fast(blue) and slow(red) filter

Iljxuh 5418= D forvhu orrn dw wkh wlph vhtxhqfh ri wkh rxwsxw ri wkh wzr �owhuv1
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Iljxuh 5419= Wkh hqyhorsh ri wkh idvw �owhu lv vkrzq lq uhg/ wkh hqwluh idvw wlph vhtxhqfh lqeoxh1
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Iljxuh 541:= Wkh klvwrjudpv ri wkh hqyhorshv ri wkh idvw +eoxh, dqg vorz �owhuv +uhg,1
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Iljxuh 541;= Wkh vxshusrvlwlrq ri wkh hqyhorsh ri wkh idvw +eoxh, dqg vorz +uhg, �owhu hqyhorshv1
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Iljxuh 541<= Wkh hyhqwv deryh wkuhvkrog1

Iljxuh 54143= D forvh xs ri wkh hyhqwv ryh wkuhvkrog dqg wkh hvwlpdwlrq ri wkh pd{lpxphqhuj| ri wkh hyhqw1 Wkh flufohv lqglfdwh wkh pd{lpxp iru d jlyhq hyhqw deryh wkuhvkrog1
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Iljxuh 54144= Vwdwlvwlfv iru wkh hqhuj| ri wkh hyhqwv deryh wkuhvkrog1 Lw lv hdv| wr vhh wkdwiru jlyhq hqhuj| wkhuh duh pruh hyhqwv iru wkh vorz �owhu1 Wklv surgxfhv d kljkhu idovh dodupudwh zkhq shuiruplqj d frlqflghqfh vhdufk ehwzhhp wzr ghwhfwruv1
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Iljxuh 54145= Wkh glvwulexwlrq ixqfwlrq ri wkh hvwlpdwlrq ri wkh hqhuj| ri wkh vljqdo lq qrlvh1Wkh uhg fxuyh lv wkh uhvxow iru vorz �owhu dqg wkh eoxh lv wkdw iru wkh idvw1 Lw lv srvvleoh wrqrwlfh wkdw iru wkh idvw �owhu wkhuh duh pruh hyhqwv qhdu wkh uhdo ydoxh ri wkh vljqdo dw 3133:7nhoylqv1
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Iljxuh 54146= Wklv �jxuh vkrzv wkh vwdqgdug ghyldwlrqv iru wkh hqhuj| hvwlpdwlrq iru wkhidvw dqg vorz �owhuv1 Wkh vwdqgdug ghyldwlrq lv qrupdol}hg wr wkh ydoxh ri wkh ruljlqdo vljqdohqhuj| dqg lw lv glvsod|hg dv d ixqfwlrq ri wkh hqhuj| ri wkh vljqdo1
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Iljxuh 54147= Wkh hqhuj| ri wkh vljqdo lq qrlvh diwhu wkh rshudwlrq ri �owhulqj zlwk wkh idvwdqg vorz �owhuv duh frpsduhg djdlqvw hdfk rwkhu1 Lw vhhpv wkhuh lv d yhu| jrrg fruuhodwlrqehwzhhq wkh wzr gdwd vhwv1
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Iljxuh 54148= Wkh duulydo wlph dqg hqhuj| ri wkh vljqdo lq qrlvh iru wkh idvw +eoxh, dqg vorz
+uhg,1

Iljxuh 54149= Wkh duulydo wlph ri vljqdo iru wkh vorz �owhu dqg wkh idvw �owhu1 Wkh wlph lv jlyhqlq vdpsolqj srlqwv +73<9 shu vhfrqg,1 Wkh hqhuj| ri wkh lqmhfwhg vljqdo lv 3133:7 nhoylq1
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Wdeoh 5415= Wkh vwdqgdug ghyldwlrq ri wkh duulydo wlphv qrupdol}hg wr wkh hqhuj| ri wkh vljqdo
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Iljxuh 5414:= Wkh frpsdulvrq ehwzhhq wkh hqhuj| wlph vhulhv ri wkh vorz +uhg, dqg idvw +eoxh,
rxwsxw/ iru wkh wzr prghv rvfloodwru1
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Iljxuh 5414<= Wkh glvwulexwlrq ri wkh froodsvhg hyhqwv deryh wkuhvkrog iru idvw +eoxh, dqg vorz
+uhg,1 Wkh vlpxodwlrq frqwdlqv vljqdo soxv qrlvh1
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Iljxuh 54153= Wkh lqwhjudo glvwlexwlrq ri wkh froodsvhg hyhqwv deryh wkuhvkrog> l1h wkh wrwdoqxpehu hyhqwv deryh jlyhq hqhuj|1
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Iljxuh 54154= Wkh udwlr ehwzhhq wkh froodsvhg hyhqwv ryhu d jlyhq wkuhvkrog iru wkh idvw �owhu
eoxh, dqg vorz �owhu +uhg,1
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Iljxuh 54155= Wkh glvwulexwlrq ri hyhqwv deryh wkuhvkrog/ iru idvw +eoxh, dqg vorz +uhg, �owhuv1Qr vljqdo lv suhvhqw1
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Iljxuh 54156= Lqwhjudo glvwulexwlrq ri wkh hyhqwv deryh wkuhvkrog1 Mxvw qrlvh lv suhvhqw1
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Iljxuh 54157= Wkh udwlr ehwzhhq idvw ryhu vorz qxpehu ri hyhqwv deryh wkuhvkrog1 Mxvw qrlvhlv suhvhqw1
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|�ih4@* ?L�ti @| e 4�**�!i*��?� ì @*tL @__i_ |L |�i M@h hitTL?ti tL4i 5"NW# ?L�ti�
`�i? _i4L_�*@|�?} �i |h�i_ _�gihi?| �@*�it Lu ��

A�ihi @hi ti�ih@* hi4@h!t |�@| t�L�*_ Mi 4@_i @ML�| _i|@�*t Lu |�i ThLUi_�hi
|L �*|ih |�i _i4L_�*@|i_ _@|@� #i4L_�*@|�L?c �? |�i uhi^�i?U) _L4@�?c U@�tit @
uhi^�i?U) t��u|� W? UL?t|h�U|�?} |�i u@t| �*|ih uLh |�i _i4L_�*@|i_ _@|@ �i ?ii_ |�i
tTiU|h�4 Lu |�i uhi^�i?U) t��u|i_ ?L�ti� A�@| tTiU|h�4 �t t�4�*@h |L |�i Lh�}�?@* ?L?�
_i4L_�*@|i_ tTiU|h�4 M�| ��|� |�i hitL?@?| Ti@! @| 2f Oih|3 uhL4 |�i 3ihL uhi^�i?U)c
|�@| �t �? |�i 4�__*i Lu |�i tTiU|h�4� W? L�h t�4�*@|�L? �i �ti_ |�i @*}iMh@�U uLh4 Lu
|�i tTiU|h�4 U@*U�*@|i_ @| ThLTih*) t��u|i_ uhi^�i?U�it� �*tL @ _i4L_�*@|i_c *L� T@tt
�*|ihi_ @?_ _iU�4@|i_ t�}?@* �t �ti_ uLh |�i |i4T*@|i |L UL?t|h�U| L�h �*|ih�

��h t�4�*@|�L? t�L�t |�@| _i4L_�*@|�L? _Lit?<| U�@?}i �ih) 4�U� |�i T�)t�U@*
ThLTih|�it Lu |�i u@t| �*|ih L�|T�|� 6Lh i @4T*icUL4T@h�?} |�i _i4L_�*@|i_ @?_ |�i
Lh�}�?@* �iht�L? Lu |�i u@t| �*|ihc �? @ t@4T*i Lu eff tiUL?_t Lu t�4�*@|i_ _@|@ |�i 4i@?
Lu |�i |�L ti^�i?Uit @hi hitTiU|��i*) f�ff22 @?_ f�ff2� !i*��?t� A�@| �t @ ThLTLh|�L?@*
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T�** L�| |�i i?�i*LTi Lu |�i ?L? _i4L_�*@|i_ _@|@� A�i _�hiU| UL4T@h�tL? Lu |�i |�4i

2��



4.55 4.6 4.65 4.7 4.75 4.8

0

2

4

6

8

10

12

14

x 10
-4

time/sec

E
ne

rg
y/

ke
lv

in

Iljxuh 5514= Wkh wlph vhulhv ri wkh ghprgxodwhg gdwd +eoxh, dqg wkh ruljlqdo gdwd +uhg,1 Lwlv vlpsoh wr vhh wkdw wkh ghprgxodwhg gdwd %iroorzv% wkh ruljlqdo vhtxhqfh1
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Iljxuh 5515= Wkh klvwrjudp iru wkh ghprgxodwhg gdwd +eoxh, dqg wkh ruljlqdo gdwd +uhg,1 Lwlv fohdu wkdw dw kljk hqhuj| wkh wzr klvwrjudpv duh frpsdudeoh1
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Iljxuh 5516= Wkh hqyhorsh ri wkh qrq0ghprgxodwhg +uhg, gdwd vxshulpsrvhg rq wkh wlph vhulhv
ri wkh ghprgxodwhg gdwd +eoxh,1
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22�D |�i T�@ti E@t _i�?i_ �? i^�@|�L? 22�e� uLh @ |)T�U@* ?L�ti ti}4i?| �? L�h t�4�*@|�L?�

2�S



0 5 10 15

x 10
-3

-10

-8

-6

-4

-2

0

2

4

6

8

x 10
-18

time/secods

am
pl

itu
de

/m
et

er
s

Iljxuh 5517= Wkh frpsdulvrq ri wkh odujh vljqdo +qr qrlvh, ruljlqdo wlph vhulhv +eoxh, dqg
wkh %uhfrqvwuxfwhg% iurp wkh ghprgxodwhg gdwd wlph vhulhv1 Wkhuh lv frpsohwh djuhhphwqehwzhhq wkh wzr vhulhv1
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Iljxuh 5518= Wkh wlph vhulhv ri wkh skdvh skl iru wkh ghprgxodwhg gdwd1
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Iljxuh 5519= Wkh gl�huhqfh ri wkh ydoxhv ri wkh skdvh skl1 Qrwlfh wkh %jolwfkhv% ru vxgghqfkdqjhv lq wkh skdvh ydoxh1
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Iljxuh 551:= Wkh klvwrjudp ri wkh hqhuj| ri wkh ghprgxodwhg +uhg, dqg qrw ghprgxodwhg
+eoxh, gdwd1
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 sampling rate effect on SNR in the case of white noise detector

Iljxuh 551;= Wkh h�hfw ri wkh vdpsolqj udwh rq wkh VQU1 Wklv h{shulphqw vlpxodwhv wkhsuhvhqfh ri d vkruw olyhg vljqdo lq d zklwh qrlvh +eurdg0edqg, ghwhfwru1
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|�L?�� ì �@�i @| |��t TL�?| uL�h _@|@ ti|t |�i �? T�@ti T*�t @?_ 4�?�t % � @?_ % � c |�i
�? ^�@_h@|�hi T*�t @?_ 4�?�t + � @?_ + � UL4TL?i?|t Lu |�i @4T*�|�_i Lu |�i _i|iU|Lh�

e� wL� T@tt �*|ihG @ H �m� Lh_ih _�}�|@* �itti* @?|��@*�@t�?} �*|ih ��|� @ ULh?ih
uhi^�i?U) @| 2��D O3 �t @TT*�i_ |L |�i uL�h UL4TL?i?|t Lu |�i _@|@c !iiT�?} �? |��t �@)
��t| |�i uhi^�i?U�it ?i@h M) |�i hitL?@?| uhi^�i?U�it�

D� #iU�4@|�L?G |�i _@|@ �t _iU�4@|i_ M) @ u@U|Lh Lu �f hi_�U�?} |�i t@4T*i |�4i
|L Hf 4t�

S� �TT*) |�i t*L� �*|ihG |�i �*|ih _itUh�Mi_ �? ��@T|ih 2f �t @TT*�i_ |L |�i
ThLUiUi_ _@|@ �? |�i |�4i _L4@�?� �*tL |�i �i�}�|t @hi @*hi@_) ?Lh4@*�3i_ �? t�U�
�@) |�@| |�i i?ih}) Lu |�i �*|ih L�|T�| 4@|U�it |�i �i?ih})� |h?@tuih Lu |�i U@*�Mh@|�L?
T�*ti�

b� ,?ih}) ,t|�4@|�L?G |�i i?ih}) �t i�@*�@|i_ t^�@h�?} |�i tiT@h@|i �? T�@ti
@?_ �? ^�@_h@|�hi UL4TL?i?|t uLh i@U� 4L_i @?_ @__�?} |�i4 |L}i|�ih�

�f� #@|@ ti*iU|�L? @?_ t|Lh@}iG @? i?ih}) |�hit�L*_ �t U�Lti? E|)T�U@**) @ �@*�i
�f |�4it *@h}ih |�@? |�i @�ih@}i ?L�ti |i4Tih@|�hi� @?_ |�i t@4T*it @ML�i |�hit�L*_
@hi UL**iU|i_ @?_ |@}}i_ ��|� |�i�h ULhhitTL?_�?} @hh��@* |�4i�

22.



�*tL |�i @�ih@}i L�ih @ hiULh_ Lu |�i @4T*�|�_it Lu |�i �? T�@ti @?_ �? ^�@_h@|�hi
UL4TL?i?|t @?_ |�i i?ih}) uLh i@U� 4L_i �t t|Lhi_ �? @ �*i� �** |�i i?��hL?4i?|@*
_@|@ �t @*tL t|Lhi_�

2��e A�i 6@t|#i4L?
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Iljxuh 5714= Wkh idvw �owhu dssolhg wr d odujh lpsxovh wkd h{flwhv mxvw wkh edu +eoxh/ dv lq wkh
judylwdwlrqdo zdyh vljqdo, dqg erwk wkh edu dqg wudqvgxfhu1 Wkh �owhu dvvljqv pruh hqhuj|wr wkh �uvw w|sh ri hyhqw1

5.6 5.65 5.7 5.75 5.8 5.85 5.9 5.95 6

0

0.05

0.1

0.15

0.2

time/sec

en
er

gy
/k

el
vi

n

Iljxuh 5715= Wkh idvw �owhu rxwsxw lq wkh fdvh ri hqhuj| ehlqj gholyhuhg mxvw lq wkh edu +eoxh,
dqg erwk lq wkh edu dqg wudqvgxfhu +uhg,1
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Iljxuh 5716= Wkh uhodwlrqvkls ehwzhhq wkh lpsxovh rq wkh edu +eoxh, dqg wkh lpsxovh rq wkh
wudqvgxfhu +uhg, iru d ydoxh Jdppd 48 wlphv ohvv wkdq wkh rqh xvhg lq wkh suhylrxv slfwxuh1
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Iljxuh 5717= Wkh uhodwlrqvkls ehwzhhq wkh ydoxh Jdppd dqg wkh udwlr lq hqhuj| rxwsxw zkhqwkh edu lv h{flwhg dqg zkhq rqo| wkh wudqvgxfhu lv h{flwhg1
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Iljxuh 5718= Wkh frpsdulvrq ehwzhhq wkh fdvh ri wkh irufh dfwlqj mxvw rq wkh edu +eoxh, dqgwkh fdvh ri wkh irufh dfwlqj mxvw rq wkh wudqvgxfhu iru erwk idvw dqg vorz �owhu1
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Iljxuh 5719= Wklv �jxuh vkrzv wkh uhodwlrqvkls ehwzhhq wkh udwlrv lq Vljqdo wr Qrlvh udwlr+VQ, dqg wkh udwlr ehwzhhq wkh hqhuj| uhvsrqvh ri wkh fdvh ri dq lpsxovh mxvw rq wkh edudqg wkh fdvh ri dq lpsxovh mxvw rq wkh wudqvgxfhu1
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Iljxuh 571:= Wkh Iljxuh looxvwudwhv wkh fxpxodwlyh srzhu iru wkh irufh qrlvh dpsolwxgh uh0vsrqvh dqg wkh eurdg edqg VTXLG qrlvh1 Wkh fxwr� iuhtxhqf| lv dw orzhu iuhtxhqf| wkdqwkh iuhtxhqf| zkhuh wkh qduurz edqg qrlvh ehfrphv juhdwhu wkdq wkh eurdg edqg qrlvh1
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