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Whfkqltxhv iru jhqhudwlqj xowud 0zlgh edqgzlgwk +XZE,
ru _edvhedqg fduulhuohvv vkruw sxovh% vljqdov kdyh ehhq lq
h{lvwhqfh iru pruh wkdq wkuhh ghfdghv ^4`/ zlwk sulpdu|
xwlolw| lq wkh udgdu frppxqlw|1 D frpsuhkhqvlyh uhihuhqfh
ri hduo| zrun lq wklv duhd fdq eh irxqg lq wkh sdshu e|
Ehqqhww dqg Urvv ^5`1 Pruh uhfhqwo|/ XZE vljqdov kdyh
ehhq frqvlghuhg iru dssolfdwlrq lq frppxqlfdwlrq v|vwhpv/
lq sduwlfxodu vsuhdg0vshfwuxp frppxqlfdwlrqv/ lq sduw eh0
fdxvh ri wkh �qh wlph uhvroxwlrq d�rughg e| wkhvh vljqdov
^:`/ ^;`1 Wkhvh wlph uhvroxwlrq surshuwlhv pdnh XZE udglr
d fdqglgdwh iru vkruw udqjh frppxqlfdwlrqv lq ghqvh pxo0
wlsdwk hqylurqphqwv ^<`/ ^43`1 Lq rughu wr jdlq d pruh frp0
sohwh xqghuvwdqglqj ri wklv srwhqwldo/ dq dffxudwh prgho
ri wkh sursdjdwlrq fkdudfwhulvwlfv ri wkh wudqvplwwhg zdyh0
irupv lv uhtxluhg1 Lq sduwlfxodu/ wkh h{lvwhqfh ri pxowlsdwk
frpsrqhqwv duulylqj dw wkh uhfhlyhu zlwk gl�huhqw wlph gh0
od|v dqg iurp gl�huhqw gluhfwlrqv fdq fuhdwh d g|qdplf
dqg h{whqghg fkdqqho lpsxovh uhvsrqvh1 Fkdudfwhul}dwlrq
ri wkh sursdjdwlrq fkdqqho pd| wkhuhiruh lq�xhqfh wkh gh0
vljq ri Udnh uhfhlyhu glyhuvlw| dojrulwkpv iru wklv fkdqqho1
D jrdo ri wklv zrun lv wr ghyhors fkdqqho prghov rq zklfk
vsdwlr0whpsrudo dojrulwkpv iru XZE frppxqlfdwlrq v|v0
whpv fdq eh whvwhg zlwk frq�ghqfh1 Lpsolflw lq wklv lv dq
xqghuvwdqglqj ri wkh glvwruwlrqv h{shulhqfhg dorqj lqglylg0
xdo sursdjdwlrq sdwkv1

Wklv sdshu suhvhqwv wkh uhvxowv ri ghod|0dqg0vxp ehdp0
iruplqj/ dssolhg wr lghdo XZE vljqdov dqg wr phdvxuhg
XZE sursdjdwlrq gdwd wdnhq rq dq duud| ri vhqvruv dw
gl�huhqw orfdwlrqv zlwklq dq r�fh exloglqj1 Wkh srwhqwldo
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ri wkh FOHDQ dojrulwkp lv ghprqvwudwhg lq uhvroylqj vlp0
xodwhg XZE vljqdov1 Lq sduwlfxodu/ wkh g|qdplf udqjh dqg
dqjxodu uhvroxwlrq shuirupdqfh lv vkrzq1

D edqgzlgwk phdvxuh iru XZE vljqdov fdq eh gh�qhg
e| wkh iudfwlrqdo edqgzlgwk Ei dv ^6`/

Ei @ 5
iK � iO
iK . iO

+4,

zkhuh iK dqg iO duh wkh xsshu dqg orzhu 6 gE srlqwv ri
wkh vljqdo vshfwuxp/ uhvshfwlyho|1 XZE vljqdov duh gh�qhg
dv kdylqj d iudfwlrqdo edqgzlgwk juhdwhu wkdq 58( ^6`/ ^7`1
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Wkh wkhruhwlfdo shuirupdqfh ri XZE lpsxovh udglr frp0
pxqlfdwlrq v|vwhpv kdv ehhq lqyhvwljdwhg lq wkh devhqfh
ri ghjudgdwlrqv gxh wr pxowlsdwk lqwhuihuhqfh ^8`/ ^9`/ ^:`/
^;`1 Wkh lqirupdwlrq ehdulqj vljqdo dvvrfldwhg zlwk lpsxovh
udglr lv d wlph0krsshg/ sxovh0srvlwlrq prgxodwhg vljqdo/
jlyhq iru wkh nwk wudqvplwwhu e|
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+5,

zkhuh w+n, uhsuhvhqwv wkh wudqvplwwhuv* forfn wlph/ dqg
zwu+w, uhsuhvhqwv wkh wudqvplwwhg zdyhirup1 Wkh wudqv0
plvvlrq iudph wlph lv jlyhq e| Wi dqg wkh xqltxh wlph0
krsslqj vhtxhqfh ru frgh dvvljqhg wr wkh nwk xvhu lv jlyhq

e|
q
f
+n,
m

r
1 Wkh sdudphwhu Wf lv wkh gxudwlrq ri dq dgguhvv0

deoh wlph elq1 Wkh vhtxhqfh
q
g
+n,
m

r
lv ghwhuplqhg iurp wkh

gdwd vhtxhqfh/ zlwk pdq| sxovhv +ydoxhv ri m, xvhg wr uhs0
uhvhqw rqh gdwd v|pero1 Erwk pxowlsoh0dffhvv dgguhvvlqj
yld glvwlqfw krsslqj sdwwhuqv dqg lqirupdwlrq duh hqfrghg
lq wlph0vkliwv uhodwlyh wr wkh iudph forfn1

Wkh lghdoo| prghohg sxovh vkdsh sursdjdwlqj lq iuhh
vsdfh lv wkh �uvw ghulydwlyh ri wkh Jdxvvldq sxovh jhqhudwhg
e| wkh wudqvplwwhu1 Wkh uhvsrqvh ri wkh uhfhlyh dqwhqqd wr
wklv lghdo sxovh lv jlyhq e| wkh vhfrqg ghulydwlyh Jdxvvldq
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zkhuh wg uhsuhvhqwv wkh orfdwlrq ri wkh sxovh fhqwhu lq wlph
dqg �p lv d sdudphwhu zklfk ghwhuplqhv wkh whpsrudo
zlgwk ri wkh sxovh/ dqg lv dssur{lpdwho| 31; qdqrvhfrqgv
+qv, lq wklv zrun1 Wklv lghdo vljqdo lv vkrzq lq Iljxuh 41
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D XZE vljqdo sursdjdwlrq h{shulphqw zdv shuiruphg
lq dq r�fh exloglqj e| vrxqglqj wkh fkdqqho zlwk wkh
XZE zdyhirupv ^<`1 Vljqdo sursdjdwlrq phdvxuhphqwv
zhuh pdgh iurp d �{hg lpsxovh wudqvplwwhu orfdwlrq wr 47
gl�huhqw urrpv dqg kdoozd|v ri wkh r�fh exloglqj/ wudqv0
plwwlqj d sxovh wudlq ri gxw| f|foh 315( dqg ri shulrg
ri 833 qdqrvhfrqgv1 Lq hdfk urrp/ phdvxuhphqwv ryhu d
zlqgrz ri 633 qdqrvhfrqgv zhuh pdgh dw 7< gl�huhqw or0
fdwlrqv duudqjhg vsdwldoo| lq d �{hg0khljkw/ : vhqvru � :
vhqvru vtxduh julg zlwk 9 lqfk lqwhu0vhqvru vsdflqj/ vkrzq
lq Iljxuh 51 Lq wklv �jxuh/ � uhsuhvhqwv wkh d}lpxwk orrn
gluhfwlrq1 Wkh hohydwlrq orrn dqjoh lv phdvxuhg iurp shu0
shqglfxodu wr wkh duud|1 Wkh vdph devroxwh ghod| uhihuhqfh
iru doo uhfrughg sur�ohv zdv xvhg1 W|slfdo phdvxuhg kljk
VQU sur�ohv duh vkrzq lq Iljxuh 6/ 7 dqg 8 iru wkuhh gl�hu0
hqw vhqvruv orfdwhg dorqj d gldjrqdo ri wkh duud|1 Edvhg rq
wkh duud| jhrphwu|/ wklv froohfwlrq ri phdvxuhphqwv vxj0
jhvwv dq duulydo gluhfwlrq iru wkh gluhfw sdwk +ohdglqj hgjh
ri wkh gdwd,1
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Jlyhq wkh edqgzlgwk h{whqw ri wkh XZE vljqdov/ d ghod|0
dqg0vxp ehdpiruphu lv xvhg wr surfhvv wkh uhfhlyhg duud|
ri vljqdov1 Ohw wkh ehdpiruphu rxwsxw iru d sodqdu duud| ri
vhqvruv vwhhuhg wr dq d}lpxwk dqjoh ri � dqg dq hohydwlrq
dqjoh ri !/ rq lqflghqfh ri d sodqh zdyh iurp dq d}lpxwk
dqjoh ri �r dqg dq hohydwlrq dqjoh ri !r/ eh uhsuhvhqwhg e|
^6`/

(0,0) (0,6)

(6,0) (6,6)

θ

6�}� 2� BiL4i|h) @?_ �?_i �?} Lu |�i @hh@) L? ���U� N`� t�}?@*
ThLT@}@|�L? 4i@t�hi4i?|t �ihi 4@_i�

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

15 20 25 30 35 40 45 50 55
Time (ns)

6�}� �� �i@t�hi_ @4T*�|�_i �t� |�4i @| ti?tLh EfcS��

-0.1

-0.05

0

0.05

0.1

15 20 25 30 35 40 45 50 55
Time (ns)

6�}� e� �i@t�hi_ @4T*�|�_i �t� |�4i @| ti?tLh E�c���

-0.1

-0.05

0

0.05

0.1

15 20 25 30 35 40 45 50 55
Time (ns)

6�}� D� �i@t�hi_ @4T*�|�_i �t� |�4i @| ti?tLh EScf��



6�}� S� �i@4uLh4ih hitTL?ti |L |�i �_i@* t�}?@* E�� �t� |�4i @?_
@3�4�|� *LL! @?}*i @| bfJ i*i�@|�L?c uLh |�i eb i*i4i?| T*@?@h
@hh@) ��|� roeS E|� �?U�_i?| @| @? @3�4�|� @?}*i Lu eDJ @?_ bfJ

i*i�@|�L?�

E +�> !> w, @
[
p>q

dp>q +�> !,�

vuhf

�
w� +P �p,

g{
f

+x� xr,� +q�Q,
g|
f
+y � yr,

�
+7,

zkhuh x @ vlq � vlq!/ y @ frv � vlq!/ xr @ vlq �r vlq!r/
yr @ frv �r vlq!r/ g{ dqg g| uhsuhvhqw wkh lqwhu0hohphqw
vsdflqjv lq wkh { dqg |0gluhfwlrqv/ uhvshfwlyho|/ dqg
dp>q+�> !, lv wkh dqwhqqd sdwwhuq ri wkh hohphqw dw srvl0
wlrq +pg{> qg|, lq wkh duud|1 Doo wlph0vkliwv duh uhihuhqfhg
wr wkh duud| jhrphwulf fhqwhu dw +Pg{>Qg|,1 Lw lv dvvxphg
khuh wkdw hdfk hohphqw kdv dq lvrwurslf sdwwhuq1 Mxvw dv
wkh h{suhvvlrq iru wkh duud| idfwru lq wkh qduurzedqg fdvh
lv ghshqghqw rq wkh dvvxphg vlqxvrlgdo vljqdo fkdudfwhulv0
wlfv/ wklv h{suhvvlrq dovr h{solflwo| ghshqgv rq wkh uhfhlyhg
sxovh vkdsh1 Glvwlqfw iurp wkh lghdo qduurzedqg fdvh/ lw
lv vhhq lq +7, wkdw wkh ehdpiruphu fdq lpsduw glvwruwlrqv
wr wkh uhfhlyhg vljqdo dv lw lv vwhhuhg dzd| iurp wkh dfwxdo
dqjoh0ri0duulydo1
Wkh uhvsrqvh ri wkh duud| lq Iljxuh 5 wr vuhf +w, ri Iljxuh

4 lv jlyhq lq Iljxuh 91 Wkh ghod|0dqg0vxp ehdpiruphu zdv
dssolhg wr phdvxuhg gdwd dv zhoo/ dqg rqh fdvh frqwdlqlqj d
sxovh zlwk duulydo dqjoh vlplodu wr wkdw lq Iljxuh 9 lv vkrzq
lq Iljxuh :1 Rwkhu vljqdo frpsrqhqwv duh suhvhqw lq wklv
fdvh/ exw duh qrw dv hdvlo| glvwlqjxlvkdeoh1
Dqrwkhu sorw ri wkh ehdpiruphu rxwsxw/ zkhuh wkh wlph

ghshqghqfh kdv ehhq uhpryhg/ dqg wkh pd{lpxp dpsol0
wxgh dw hdfk orrn gluhfwlrq lv uhfrughg/ lv jlyhq lq Iljxuh ;
iru wkh ehdpiruphu rxwsxw ri Iljxuh 91 XZE duud| shuiru0
pdqfh lv jryhuqhg e| wkh vlghoreh ohyho ri wkh ehdpiruphu
dqg wkh delolw| wr uhvroyh forvho| vsdfhg vrxufhv1 Wkh pd{0
lpxp vlghoreh ohyho ri d XZE duud| lv ghwhuplqhg e| wkh
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qxpehu ri vhqvruv wkdw fdq dgg frkhuhqwo| dw dq| r�0shdn
orrn gluhfwlrq1 Vlghorehv zlwk dpsolwxgh ri qhduo| 42: wkdw
ri wkh pdlq ehdp dsshdu lq Iljxuh ;/ fruuhvsrqglqj wr wkh
frkhuhqw dgglwlrq ri d urz/ froxpq ru gldjrqdo ri wkh duud|1
Wkh g|qdplf udqjh ri wklv ehdpiruphu lq wkh devhqfh ri
dq| srvw0surfhvvlqj lv wkhuhiruh olplwhg e| wkhvh vlghorehv
wr dssur{lpdwho| 53orj43 +:@4, ru 491< gE1 Wkh uhvroxwlrq
fdsdelolw| ri wkh duud| lv d ixqfwlrq ri erwk wkh whpsrudo
dqg dqjxodu vhsdudwlrq ri wkh lqflghqw XZE vljqdov1 Lj0
qrulqj hohydwlrq dqjoh/ vrxufhv fr0lqflghqw lq wlph zlwk dq
d}lpxwk dqjxodu vhsdudwlrq ri ohvv wkdq f�@O udgldqv duh
qrw uhvroyhg/ e| dvvxpswlrq/ zlwkrxw ixuwkhu surfhvvlqj ^6`1
Khuh � lv wkh wlph gxudwlrq ri wkh sxovh/ f lv wkh vshhg ri
oljkw dqg O lv wkh ohqjwk ri wkh duud|1 Iru wkh duud| jh0
rphwu| xwlol}hg khuh dqg lghdo vljqdov zlwk �p@31; qv/ wklv
fruuhvsrqgv wr dq d}lpxwk dqjxodu vhsdudwlrq ri urxjko|
48r1 Wkhvh olplwdwlrqv duh ixqgdphqwdo wr lqwhusuhwdwlrq
ri wkh phdvxuhg gdwd dqg vxjjhvw frqwlqxhg uhvhdufk rq
XZE duud| ghvljq dqg srvw0surfhvvlqj dojrulwkpv1
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Wkh jrdo ri d fkdqqho fkdudfwhul}dwlrq lq wklv frqwh{w lv
wr h{wudfw wkh vwuxfwxuh ri wkh fkdqqho iurp wkh uhfhlyhg
gdwd1 Gh�qh wkh fkdqqho prgho iru lpsxovh udglr frppx0
qlfdwlrqv wr eh

u +w, @
Q[

n@4

Dnvuhf>n +w� �n> �n> !n, . q+w, +8,

zkhuh �n lv wkh wlph0ri0duulydo ri wkh nwk rxw ri Q frp0
srqhqwv/ dw dq d}lpxwk dqjoh ri �n ghjuhhv dqg dq hohyd0
wlrq dqjoh ri !n ghjuhhv1 Wkh uhfhlyhg lpsxovh zdyhirup/
vuhf>n+w, ghshqgv rq wkh lqgh{ n/ gxh wr yduldwlrqv lq wkh
uhfhlyhg vljqdo vkdsh1 Wklv glfwdwhv wkdw wkh dojrulwkp
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vkrxog hvwlpdwh vuhf>n+w, iurp wkh uhfhlyhg gdwd1 Wkh whfk0
qltxh sursrvhg khuh iru hydoxdwlrq ri wkh XZE fkdqqho lv
wkh FOHDQ dojrulwkp/ lqwurgxfhg lq ^46` iru wkh hqkdqfh0
phqw ri udglr dvwurqrplfdo pdsv ri wkh vn|1 Wkh dojrulwkp
kdv dovr irxqg xwlolw| lq wkh plfurzdyh dqg udgdu lpdjlqj
frppxqlwlhv ^45`/ ^47`/ iru wkh uhgxfwlrq ri dqwhqqd vlgh0
orehv1 Xvh ri wkh FOHDQ dojrulwkp khuh lqyroyhv d yduldeoh
duud| uhvsrqvh zlwk h{whqw erwk lq wlph dqg vsdfh1 Prg0
l�fdwlrqv zhuh wkhuhiruh pdgh/ doorzlqj hvwlpdwlrq ri wkh
duud| uhvsrqvh iurp wkh ehdpiruphu rxwsxw1 Wkh vwhsv lq
wklv prgl�hg FOHDQ dojrulwkp duh dv iroorzv=
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FOHDQ kdv ehhq fkdudfwhul}hg xvlqj vlpxodwhg lpsxovh
udglr zdyhirupv wr gh�qh lwv shuirupdqfh olplwv1 Wkh delo0
lw| wr lghqwli| lpsxovhv zklfk duh frlqflghqw lq wlph/ zlwk
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Gamma = 0.0100
CLEAN Iterations = 681
Threshold = 1.5183e-01

Time   Amplitude          Angle
410    3.086279e-01    178
410    4.702224e+01   180
410    5.563166e-01    182
410    2.645165e-01    196
410    9.414278e-03    198
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vsdwldo vhsdudwlrq htxdo wr wkh dqjxodu uhvroxwlrq olplw/
erwk iru htxl0dpsolwxgh vljqdov dqg wkrvh zlwk dq dpsol0
wxgh gl�huhqfh ri 73 gE/ zdv ghprqvwudwhg1 Wklv lv d vlj0
ql�fdqw lpsuryhphqw lq wkh g|qdplf udqjh/ dqg wkh rxwsxw
ri wkh dojrulwkp lv vkrzq lq Iljxuh < iru 5r ri dqjxodu txdq0
wl}dwlrq1 Qrwh wkdw wkh delolw| ri wkh dojrulwkp wr uhvroyh
forvho| vsdfhg vrxufhv lv d ixqfwlrq ri erwk wkh dqjxodu
dqg whpsrudo vhsdudwlrq ri wkh vrxufhv1 Wkh shuirupdqfh
ri wkh dojrulwkp zdv dovr whvwhg lq wkh suhvhqfh ri qrlvh1 D
w|slfdo FOHDQ pds iru d prghudwh VQU/ lq wkh suhvhqfh
ri wzr lpsxovhv vhsdudwhg lq wlph e| 318 qv +43 vdpsohv,
dqg lq d}lpxwk dqjoh e| 43r/ lv vkrzq lq Iljxuh 431

Wkh FOHDQ dojrulwkp kdv ehhq dssolhg wr phdvxuhg
gdwd dv zhoo/ xqghu wkh dvvxpswlrqv ri sodqh0zdyh lqflghqfh
dqg dq hohydwlrq dqjoh0ri0lqflghqfh ri <3r1 Wkh rxwsxw ri
wkh dojrulwkp/ xsrq lqsxw ri wkh phdvxuhg gdwd ri Iljxuh
:/ lv vkrzq lq Iljxuh 441

Fxuuhqw zrun lqfoxghv wkh ghyhorsphqw ri d wkhru| iru
wkh vhohfwlrq ri wkh orrs jdlq dqg vwrsslqj fulwhulrq1 Hi0
�flhqw phwkrgv ri dffrxqwlqj iru zdyhiurqw fxuydwxuh dqg
vhqvru srvlwlrq huuruv duh dovr xqghu lqyhvwljdwlrq/ dv duh
lpsuryhg duud| jhrphwulhv iru ixwxuh phdvxuhphqwv1
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Dq ryhuylhz ri lpsxovh udglr dqg XZE duud| vljqdo sur0
fhvvlqj zdv jlyhq dqg vrph ri wkh fxuuhqw sureohpv zhuh
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rxwolqhg1 D yduldqw ri wkh FOHDQ dojrulwkp zdv lqwur0
gxfhg dv d srwhqwldo phdqv ri h{wudfwlqj wkh fkdqqho prgho1
Wkh jrdo ri wklv uhvhdufk lv wr ghyhors dq dojrulwkp fdsd0
eoh ri fkdudfwhul}lqj wkh lqgrru XZE fkdqqho/ dqg dsso|
lw wr phdvxuhg gdwd wdnhq lq wkh fkdqqho1 Wkh �qdo uhvxow
vkrxog eh d vwdwlvwlfdo fkdudfwhul}dwlrq ri w|slfdo XZE lq0
grru sursdjdwlrq fkdqqhov1 Wklv prgho pd| wkhq eh xwl0
ol}hg lq wkh ghvljq ri XZE frppxqlfdwlrq v|vwhpv1
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