
 

 

 

 

 

 

 

 

 

 

 

 Assessment of otoacoustic emission probe fit at

the workfloor

❱✐♥❝❡♥t ◆❛❞♦♥✱ ❆♥♥❡❧✐❡s ❇♦❝❦st❛❡❧✱ ❉✐❝❦ ❇♦tt❡❧❞♦♦r❡♥
■◆❚❊❈✱ ❆❝♦✉st✐❝s ❘❡s❡❛r❝❤ ❣r♦✉♣✱ ●❤❡♥t ❯♥✐✈❡rs✐t②✱ ❙✐♥t✲P✐❡t❡rs♥✐❡✉✇str❛❛t ✹✶✱ ❇✲✾✵✵✵ ●❤❡♥t✱ ❇❡❧✲
❣✐✉♠

❏❡r❡♠✐❡ ❱♦✐①
➱❝♦❧❡ ❞❡ t❡❝❤♥♦❧♦❣✐❡ s✉♣ér✐❡✉r❡✱ ✶✶✵✵✱ ◆♦tr❡✲❉❛♠❡ ❖✉❡st✱ ▼♦♥tr❡❛❧✱ ◗✉❡❜❡❝✱ ❍✸❈ ✶❑✸✱ ❈❛♥❛❞❛

❙✉♠♠❛r②

■♥ t❤❡ ✇♦r❦♣❧❛❝❡✱ ♣r❛❝t✐❝❡s ✐♥ ♦❝❝✉♣❛t✐♦♥❛❧ ❤❡❛❧t❤ t♦ ♣r❡✈❡♥t ♥♦✐s❡✲✐♥❞✉❝❡❞ ❤❡❛r✐♥❣ ❧♦ss ✭◆■❍▲✮ ❛r❡
❝✉rr❡♥t❧② ❜❛s❡❞ ♦♥ ❛ ❣r♦✉♣ ❛✈❡r❛❣❡ ♦❢ ❡①♣♦s✉r❡✴❞❛♠❛❣❡ r❡❧❛t✐♦♥s❤✐♣s✳ ❚❤❡s❡ ♣r❛❝t✐❝❡s ❞♦ ♥♦t t❛❦❡
✐♥t♦ ❛❝❝♦✉♥t t❤❡ ✐♥❞✐✈✐❞✉❛❧ s✉s❝❡♣t✐❜✐❧✐t② t♦ ◆■❍▲ ✇❤✐❝❤ ✐s ❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐♥ ❛ ✇♦r❦❡r✬s ❛❝t✉❛❧
r✐s❦ ♦❢ ❤❡❛r✐♥❣ ❧♦ss✳ ❚♦ ❡✈❛❧✉❛t❡ ❛♥❞ ✐♠♣r♦✈❡ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ♣❡rs♦♥❛❧ ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥ ❛t t❤❡
✇♦r❦✢♦♦r✱ ❛♥ ✐♥✲✜❡❧❞ ♠❡❛s✉r❡♠❡♥t ♣r♦❝❡❞✉r❡ ♦❢ ♦t♦❛❝♦✉st✐❝ ❡♠✐ss✐♦♥s ✭❖❆❊✮ ❤❛s ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❛♥❞
✈❛❧✐❞❛t❡❞✳ ❯♥s✉♣❡r✈✐s❡❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❖❆❊ ♣r♦❜❡ ♣❧❛❝❡♠❡♥t ❞✉r✐♥❣ t❤❡ ✇♦r❦ s❤✐❢t ✐s ❛♥ ✐♠♣♦rt❛♥t
❝❤❛❧❧❡♥❣❡ ❢♦r ✐♥✲✜❡❧❞ ❖❆❊ ♠❡❛s✉r❡♠❡♥t✳ ■♥ t❤✐s r❡❣❛r❞✱ ♣r♦♣❡r ❖❆❊ ♣r♦❜❡ ✜t ✐♥ t❤❡ ❡❛r ❝❛♥❛❧ ✐s
❛ ♠❛❥♦r ❝♦♥❝❡r♥ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ♦♣t✐♠❛❧ ♣❛ss✐✈❡ ♥♦✐s❡ ❛tt❡♥✉❛t✐♦♥ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ✇♦r❦❡r✬s
❤❡❛r✐♥❣ ✐s ♣r♦t❡❝t❡❞ ❛♥❞ ✐♠♣r♦✈❡ s✐❣♥❛❧✲t♦✲♥♦✐s❡ r❛t✐♦ ♦❢ ❖❆❊ ♠❡❛s✉r❡♠❡♥ts✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ st✉❞②✱
❛ ❧✉♠♣❡❞ ❡❧❡♠❡♥ts ♠♦❞❡❧ ♦❢ ❛♥ ♦❝❝❧✉❞❡❞ ❡❛r ❝❛♥❛❧ ✐s ✉s❡❞❀ ✜rst✱ t♦ ❛♥❛❧②③❡ t❤❡ ❡✛❡❝ts ♦❢ ♣r♦❜❡ ✜t
❧❡❛❦❛❣❡ ♦♥ t❤❡ ❧♦✉❞s♣❡❛❦❡r tr❛♥s❢❡r ❢✉♥❝t✐♦♥✳ ❙❡❝♦♥❞✱ t♦ ✈❛❧✐❞❛t❡ t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ❜② ❝♦♠♣❛r✐♥❣
t❤❡ ♠♦❞❡❧✬s tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ✇✐t❤ t❤♦s❡ ❡st✐♠❛t❡❞ ❞✉r✐♥❣ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❛♥ ❖❆❊ ♣r♦❜❡ ❛♥❞ t✉❜❡
s❡t✉♣✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♣r♦❜❡✬s ♣❛ss✐✈❡ ♥♦✐s❡ ❛tt❡♥✉❛t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ❧❡❛❦s ❜② ♠❡❛s✉r✐♥❣
s♦✉♥❞ ♣r❡ss✉r❡ ❧❡✈❡❧ ✐♥s✐❞❡ ❛♥❞ ♦✉ts✐❞❡ t❤❡ ♦❝❝❧✉❞❡❞ t✉❜❡✳ ❋✐♥❛❧❧②✱ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡
♣r♦❜❡✬s ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥✱ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r r❡s♣♦♥s❡ ❛♥❞ ❧❡❛❦❛❣❡ ✐s ❡st❛❜❧✐s❤❡❞✳ ❚❤✐s ♣r♦♣♦s❡❞
❛♣♣r♦❛❝❤ ❝♦✉❧❞ ❛ss❡ss t❤❡ ♣r♦❜❡ ✜t ✐♥ s✐t✉ ❛♥❞ s♦❧✈❡ ♣r♦❜❧❡♠s ♦❢ ✉♥s✉♣❡r✈✐s❡❞ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣r♦❜❡
♣❧❛❝❡♠❡♥t ❜② ❛✉t♦♠❛t✐❝❛❧❧② ✇❛r♥✐♥❣ t❤❡ ✇❡❛r❡r ♦❢ ❛♥ ✐♠♣r♦♣❡r ✜t ❛❢t❡r t❤❡ ❧♦✉❞s♣❡❛❦❡r r❡s♣♦♥s❡
♠❡❛s✉r❡♠❡♥t✳

P❆❈❙ ♥♦✳ ✹✸✳✺✽✳✰③✱ ✹✸✳✻✵✳✰❞✱ ✹✸✳✻✹✳❏❜

✶✳ ■♥tr♦❞✉❝t✐♦♥

■♥ ♥♦✐s② ✇♦r❦♣❧❛❝❡ ❡♥✈✐r♦♥♠❡♥ts✱ r✐s❦ ♦❢ ♥♦✐s❡✲
✐♥❞✉❝❡❞ ❤❡❛r✐♥❣ ❧♦ss ✭◆■❍▲✮ ❞✉❡ t♦ ♦❝❝✉♣❛t✐♦♥❛❧ ♥♦✐s❡
❡①♣♦s✉r❡ ✐s r❡❞✉❝❡❞ ✉s✐♥❣ ♣❡rs♦♥❛❧ ❤❡❛r✐♥❣ ♣r♦t❡❝t✐♦♥
❞❡✈✐❝❡s ✭❍P❉✮✳ ❊✈❡♥ t❤♦✉❣❤ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ❛r❡
❛✈❛✐❧❛❜❧❡ t♦ ❛ss❡ss ♣❛ss✐✈❡ ♥♦✐s❡ ❛tt❡♥✉❛t✐♦♥ ✐♥❞✐✈✐❞✲
✉❛❧❧② ❬✶✱ ✷❪✱ ♦♥❡ ❢❛❝t♦r ♦❢ ✉♥❝❡rt❛✐♥t② ✐s t❤❡ ❡①♣♦s✉r❡
❧❡✈❡❧ ✉♥❞❡r t❤❡ ❤❡❛r✐♥❣ ♣r♦t❡❝t♦r ❛♥❞ t❤❡ s✉s❝❡♣t✐❜✐❧✲
✐t② t♦ ◆■❍▲ ✇❤✐❝❤ ✈❛r✐❡s ❜❡t✇❡❡♥ ✐♥❞✐✈✐❞✉❛❧s ❬✸❪✳
❚❤❡s❡ ♣r♦❜❧❡♠s ❝♦✉❧❞ ❜❡ s♦❧✈❡❞ ❜② ♣r♦✈✐❞✐♥❣ ❛ s♣❡✲

❝✐❛❧ t②♣❡ ♦❢ ❍P❉ t♦ ✇♦r❦❡rs ❛ss❡ss✐♥❣ t❤❡ ✐♥❞✐✈✐❞✉❛❧✬s
❛✉❞✐t♦r② ❢❛t✐❣✉❡ ✐♥❞✉❝❡❞ ❜② ❞❛✐❧② ♥♦✐s❡ ❡①♣♦s✉r❡✳ ❙✉❝❤
❛ ❞❡✈✐❝❡ ✇♦✉❧❞ ✇❛r♥ t❤❡ ✇♦r❦❡r ♦r ❤✐s s✉♣❡r✐♦r ✐♥ r❡❛❧✲
t✐♠❡ ✇❤❡♥ ❛ ✭t❡♠♣♦r❛r②✮ ❝❤❛♥❣❡ ✐♥ t❤❡ ✇♦r❦❡r✬s ✐♥♥❡r
❡❛r ❞②♥❛♠✐❝s ✐s ❞❡t❡❝t❡❞✳ ❚♦ ♠♦♥✐t♦r t❤❡ ❞✐✉r♥❛❧ ❡❢✲
❢❡❝t ♦❢ ♥♦✐s❡ ❡①♣♦s✉r❡✱ ❛♥❞ t❤✉s ♣r❡✈❡♥t ♣❡r♠❛♥❡♥t

✭❝✮ ❊✉r♦♣❡❛♥ ❆❝♦✉st✐❝s ❆ss♦❝✐❛t✐♦♥

❝❤❛♥❣❡s ✐♥ ❤❡❛r✐♥❣ s❡♥s✐t✐✈✐t②✱ ❛♥ ✐♥✲❡❛r ❤❡❛r✐♥❣ ♣r♦✲
t❡❝t✐♦♥ ❞❡✈✐❝❡ ❢❡❛t✉r✐♥❣ ♦t♦❛❝♦✉st✐❝ ❡♠✐ss✐♦♥ ✭❖❆❊✮
♠♦♥✐t♦r✐♥❣ ✐s ❛ ♣r♦♠✐s✐♥❣ s♦❧✉t✐♦♥✳

❉✐st♦rt✐♦♥ ♣r♦❞✉❝t ❖❆❊s ✭❉P❖❆❊s✮ ❛r❡ ♠❡❛s✉r❡❞
❜② s❡♥❞✐♥❣ t✇♦ ♣✉r❡ t♦♥❡ st✐♠✉❧✐ t♦ t❤❡ ❡❛r✱ f1 ❛♥❞ f2
✇✐t❤ ❛ f2/f1 r❛t✐♦ ♦❢ ✶✳✷✷✱ ❣❡♥❡r❛t❡❞ ❜② t❤❡ t✇♦ ♠✐♥✐❛✲
t✉r❡ ❧♦✉❞s♣❡❛❦❡rs ✇✐t❤✐♥ t❤❡ ❖❆❊ ♣r♦❜❡✳ ▲♦✇✲❧❡✈❡❧
❝✉❜✐❝ ❞✐st♦rt✐♦♥ s✐❣♥❛❧s ✭✐✳❡✳ fdp = 2f1−f2✮ ❛r❡ ❣❡♥❡r✲
❛t❡❞ ❜② t❤❡ ❛❝t✐✈❡ ♥♦♥✲❧✐♥❡❛r ♣r♦❝❡ss ♦❢ t❤❡ ♦✉t❡r ❤❛✐r
❝❡❧❧s ✭❖❍❈✮✱ t❛❦✐♥❣ ♣❧❛❝❡ ✐♥s✐❞❡ t❤❡ ✐♥♥❡r ❡❛r✳ ❚❤❡ ❞✐s✲
t♦rt✐♦♥ ♣r♦❞✉❝t r❡s♣♦♥s❡s tr❛✈❡❧ ❜❛❝❦ ❢r♦♠ t❤❡ ✐♥♥❡r
❡❛r t♦ t❤❡ ♦✉t❡r ❡❛r ✇❤❡r❡ t❤❡② ❝❛♥ ❜❡ r❡❝♦r❞❡❞ ❜② ❛♥
✐♥✲❡❛r ♠✐❝r♦♣❤♦♥❡ ✭■❊▼✮ ♣❧❛❝❡❞ ✐♥s✐❞❡ t❤❡ ❡❛r ❝❛♥❛❧✳
■❢ t❤❡ ❖❍❈ ✐♥s✐❞❡ t❤❡ ✐♥♥❡r ❡❛r ❛r❡ ❢❛t✐❣✉❡❞ ♦r ❞❛♠✲
❛❣❡❞ ✖❢♦r ✐♥st❛♥❝❡ ❞✉❡ t♦ ♣r❡✈✐♦✉s ❡①❝❡ss✐✈❡ ♥♦✐s❡
❡①♣♦s✉r❡✖ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ❉P❖❆❊s ✐s ❢♦✉♥❞ t♦ ❜❡
❧♦✇❡r t❤❛♥ ✐❢ t❤❡② ✇❡r❡ ❤❡❛❧t❤②✳ ❲❤✐❧❡ t❤❡ ♠❡❛s✉r❡❞
❉P❖❆❊ s✐❣♥❛❧s ❛r❡ ♥♦t ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ✐♥❞✐✈✐❞✲
✉❛❧ ❛❜s♦❧✉t❡ ❤❡❛r✐♥❣ t❤r❡s❤♦❧❞s ❛s ❛ss❡ss❡❞ ✇✐t❤ ❛ tr❛✲
❞✐t✐♦♥❛❧ ❛✉❞✐♦❣r❛♠✱ s❝✐❡♥t✐✜❝ ❡✈✐❞❡♥❝❡s s✉❣❣❡sts t❤❛t
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t❤❡s❡ ✐♥❞✐✈✐❞✉❛❧✬s ❉P❖❆❊s ❝❛♥ ❜❡ ✉s❡❞ t♦ tr❛❝❦ t❤❡
r❡❧❛t✐✈❡ ❝❤❛♥❣❡ ✐♥ ❤❡❛r✐♥❣ s❡♥s✐t✐✈✐t② ❬✹❪✳ ▼❡❛s✉r✐♥❣
❉P❖❆❊s ♦✉ts✐❞❡ ❛ ❝♦♥tr♦❧❧❡❞ ❡♥✈✐r♦♥♠❡♥t ✖✐✳❡✳ ✐♥✲
✜❡❧❞ ❤❡❛r✐♥❣ s❝r❡❡♥✐♥❣✖ ✐s ❝✉rr❡♥t❧② str♦♥❣❧② ❤❛♠✲
♣❡r❡❞ ❜② t❤❡✐r s✉s❝❡♣t✐❜✐❧✐t② t♦ ✐♥t❡r❢❡r✐♥❣ ❡♥✈✐r♦♥✲
♠❡♥t❛❧ ♥♦✐s❡ ❬✺❪✳ ❆s t②♣✐❝❛❧ ❉P❖❆❊ s♦✉♥❞ ♣r❡ss✉r❡
❧❡✈❡❧s ✭❙P▲✮ ❢❛❧❧ ❜❡t✇❡❡♥ ✲✷✵ ❞❇ t♦ ✷✵ ❞❇ ❞❡♣❡♥❞✐♥❣
♦♥ st✐♠✉❧✐ ❧❡✈❡❧s ❛♥❞ ❤❡❛❧t❤ ♦❢ ❖❍❈ ❬✻❪✳

❚❤❡ ❛✉t❤♦rs ❤❛✈❡ ❞❡s✐❣♥❡❞ ❛ ♥❡✇ t②♣❡ ♦❢ ❉P❖❆❊
♣r♦❜❡ s✉✐t❛❜❧❡ ❢♦r ✐♥✲✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❬✼❪✳ ❚❤✐s
♣r♦❜❡ ✐♥❝❧✉❞❡s t✇♦ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡rs ✇✐t❤ ❛♥ ✐♥✲
❡❛r ♠✐❝r♦♣❤♦♥❡ ✭■❊▼✲■✮✱ ❛s ♥♦r♠❛❧❧② ❢♦✉♥❞ ✐♥ st❛♥✲
❞❛r❞ ❉P❖❆❊ ♣r♦❜❡s✱ ✇✐t❤ ❛♥ ❛❞❞✐t✐♦♥❛❧ ♦✉t❡r ❡❛r
r❡❢❡r❡♥❝❡ ♠✐❝r♦♣❤♦♥❡ ✭❖❊▼✲■✮ ♠♦✉♥t❡❞ ✢✉s❤ ♦♥ t❤❡
♦✉t❡r ❢❛❝❡♣❧❛t❡ ♦❢ t❤❡ ❡❛r♣✐❡❝❡ ❡♠❜❡❞❞❡❞ ❖❆❊ ♣r♦❜❡✳
❚❤❡ ♣r♦❜❡ ✇❛s ❞❡s✐❣♥❡❞ t♦ ✉s❡ ✐♥t❡r❝❤❛♥❣❡❛❜❧❡ ❝✉s✲
t♦♠ ✜tt❡❞ ❡❛rt✐♣s✱ t❤❡r❡❢♦r❡ ♣r♦✈✐❞✐♥❣ ♦♣t✐♠❛❧ ♣❛ss✐✈❡
❛tt❡♥✉❛t✐♦♥ ❢♦r ❡✈❡r② ✐♥❞✐✈✐❞✉❛❧ ✇♦r❦❡r✳ ❚♦ ❢✉rt❤❡r
✐♠♣r♦✈❡ t❤❡ s✐❣♥❛❧✲t♦✲♥♦✐s❡ r❛t✐♦ ✭❙◆❘✮✱ t❤❡ ❛✉t❤♦rs
❤❛✈❡ ❞❡✈❡❧♦♣❡❞ ❛ ♥♦✐s❡ r❡❥❡❝t✐♦♥ ❛❧❣♦r✐t❤♠ t♦♣♦❧♦❣②
❞❡s✐❣♥❡❞ ❢♦r ❉P❖❆❊ ♠❡❛s✉r❡♠❡♥ts ✐♥✲✜❡❧❞ ❬✼❪✳ ❚✇♦
❉P❖❆❊ ♣r♦❜❡s✱ ♦♥❡ ✐♥ ❡❛❝❤ ❡❛r✱ ❛r❡ ♥❡❝❡ss❛r② ❢♦r s✉❝❤
❛❧❣♦r✐t❤♠ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♣r♦❜❡s ✇♦✉❧❞ ❜❡ ✇♦r♥ ❜②
✇♦r❦❡rs ❛t ❛❧❧ t✐♠❡s ❞✉r✐♥❣ t❤❡✐r ✇♦r❦ s❤✐❢t✳ ❲❡❛r✐♥❣
t❤❡ t✇♦ ♣r♦❜❡s s✐♠✉❧t❛♥❡♦✉s❧② ✇♦✉❧❞ ❛❧s♦ ♣r♦t❡❝t t❤❡
✇♦r❦❡r✬s ❤❡❛r✐♥❣ ❛❣❛✐♥st ❡♥✈✐r♦♥♠❡♥t❛❧ ♥♦✐s❡ ✇✐t❤ t❤❡
♣r♦❜❡✬s ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥✳ ❋♦r ♦♣t✐♠❛❧ ♣❡r❢♦r♠❛♥❝❡
♦❢ s✉❝❤ ❛❧❣♦r✐t❤♠ s❝❤❡♠❡✱ ❛ ♣r♦♣❡r ✜t ♦❢ t❤❡ ❉P❖❆❊
♣r♦❜❡✱ ✐s r❡q✉✐r❡❞ ✐♥ ♦r❞❡r t♦ ❛❝♦✉st✐❝❛❧❧② s❡❛❧ t❤❡ ❡❛r
❝❛♥❛❧ ❢r♦♠ ❡①t❡r♥❛❧ s♦✉♥❞s ❛♥❞ ✐s♦❧❛t❡ t❤❡ ✐♥✲❡❛r ♠✐✲
❝r♦♣❤♦♥❡s✳ ❊♥s✉r✐♥❣ ♣r♦♣❡r ✜t ♦❢ t❤❡ ❉P❖❆❊ ♣r♦❜❡
✇♦✉❧❞ ❛❧s♦ ✐♠♣r♦✈❡ t❤❡ ✇♦r❦❡rs✬ ❡✛❡❝t✐✈❡ ❤❡❛r✐♥❣ ♣r♦✲
t❡❝t✐♦♥ ❧❡✈❡❧✳

❚❤❡ ❛✐♠ ♦❢ t❤❡ ❝✉rr❡♥t ♣❛♣❡r ✐s t♦ ❞❡✈❡❧♦♣ ❛
♠❡t❤♦❞ ❢♦r ♣r♦♣❡r ❛ss❡ss♠❡♥t ♦❢ ❉P❖❆❊ ♣r♦❜❡ ✜t
✐♥✲s✐t✉ ✇✐t❤♦✉t ❛ss✐st❛♥❝❡ ♦❢ ❛♥ ♦❝❝✉♣❛t✐♦♥❛❧ ❤②❣✐❡♥✲
✐st✳ ❚❤❡ ❡♥✈✐s✐♦♥❡❞ ♠❡t❤♦❞ ✇♦✉❧❞ ❜❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡
❉P❖❆❊ s②st❡♠✬s ❬✼❪ ♠❡❛s✉r❡♠❡♥t r♦✉t✐♥❡✳ ■♥ t❤✐s ♣❛✲
♣❡r✱ ❡✛❡❝ts ♦❢ ❞✐✛❡r❡♥t s✐③❡s ♦❢ ❧❡❛❦s ♦♥ t❤❡ ♣r♦❜❡✬s
♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✇❡r❡ s✐♠✲
✉❧❛t❡❞ ✉s✐♥❣ ❛ ❧✉♠♣❡❞ ❡❧❡♠❡♥t ♠♦❞❡❧ ♦❢ t❤❡ ❧♦✉❞✲
s♣❡❛❦❡r ✐♥ ❛ ✷❝❝ ❝❛✈✐t②❀ ❜❡❛r✐♥❣ ✐♥ ♠✐♥❞ t❤❛t ❛ ❧❡❛❦✱
♦r ✐♠♣r♦♣❡r ✜t✱ ✇♦✉❧❞ ❛✛❡❝t t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡
♠❡❛s✉r❡❞ ❜② t❤❡ ■❊▼✳ ❚❤❡ s✐♠✉❧❛t❡❞ ♠♦❞❡❧ ✇❛s ❡①✲
♣❡r✐♠❡♥t❛❧❧② ✈❡r✐✜❡❞ ❜② ✜tt✐♥❣ ❛ ❉P❖❆❊ ♣r♦❜❡ ✇✐t❤
♠♦✉♥t✐♥❣ ♣✉tt② ✐♥ ❛ ✷❝❝ ❝❛✈✐t②✳ ▲❡❛❦s ♦❢ ❞✐✛❡r❡♥t ❞✐✲
❛♠❡t❡r ✇❡r❡ ❝r❡❛t❡❞ ✐♥ t❤❡ ♣r♦❜❡ ❛♥❞ t✉❜❡ s❡t✉♣✳ ❚❤❡
❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ❧♦✉❞s♣❡❛❦❡r ✐♥ t❤❡ ❢♦✉r ❧❡❛❦
❝♦♥❞✐t✐♦♥s ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ t❤❡ ■❊▼ ❛♥❞ ❝♦♠♣❛r❡❞
✇✐t❤ t❤❡ s✐♠✉❧❛t❡❞ r❡s♣♦♥s❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ✷✺✵ ❍③
♣✉r❡ t♦♥❡ ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ♣r♦❜❡✬s ■❊▼ ❛♥❞
✇❛s ❝♦♠♣❛r❡❞ t♦ ❛ r❡❢❡r❡♥❝❡ t♦♥❡ ✐♥s✐❞❡ t❤❡ ❆✉❞✐✲
t♦r② ❘❡s❡❛r❝❤ P❧❛t❢♦r♠✬s ✭❆❘P✮ ❬✽❪ ❉❙Ps t♦ ❡st❛❜❧✐s❤
❛ ❝♦♠♣❛r✐s♦♥ ♣❛r❛♠❡t❡r ❢♦r ❛✉t♦♠❛t✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢
♣r♦❜❡ ✜t✳

✷✳ ▼❛t❡r✐❛❧s ❛♥❞ ▼❡t❤♦❞s

❚♦ ♠❡❛s✉r❡ t❤❡ ❛❝♦✉st✐❝ s✐❣♥❛❧s ✐♥s✐❞❡ t❤❡ t✉❜❡ t❤❡
♣r♦t♦t②♣❡ ❡❛r♣✐❡❝❡✲❡♠❜❡❞❞❡❞ ❖❆❊ ♣r♦❜❡ ✇❛s ✉s❡❞
❬✼❪✳ ❚❤❡ ❉P❖❆❊ ♠❡❛s✉r❡♠❡♥t s②st❡♠ ✐♥❝♦r♣♦r❛t✐♥❣
♠✐❝r♦♣❤♦♥❡ ❝♦♥❞✐t✐♦♥✐♥❣ ❛♠♣❧✐✜❡r ❛♥❞ t❤❡ ❆❘P✱ ❞❡✲
✈❡❧♦♣❡❞ ✇✐t❤✐♥ t❤❡ ❙♦♥♦♠❛①✲❊❚❙ ■♥❞✉str✐❛❧ ❈❤❛✐r ✐♥
■♥✲❊❛r ❚❡❝❤♥♦❧♦❣✐❡s ✭❈❘■❚■❆❙✮❬✽❪✱ ✇❛s ✉s❡❞ t♦ ❣❡♥✲
❡r❛t❡ ❧♦❣❛r✐t❤♠✐❝ s✐♥❡ ❢r❡q✉❡♥❝② s✇❡❡♣ ❛♥❞ ♣✉r❡ t♦♥❡s
✐♥s✐❞❡ t❤❡ t✉❜❡ ❛♥❞ t♦ ❡✈❛❧✉❛t❡ ❞✐✛❡r❡♥❝❡s ✐♥ ❙P▲
❛t ✷✺✵ ❍③ ❜❡t✇❡❡♥ ❛ ❧❡❛❦② ❛♥❞ ♥♦♥✲❧❡❛❦② s②st❡♠✳ ■♥
✉s✉❛❧ ❉P❖❆❊ ♠❡❛s✉r❡♠❡♥t ♦♣❡r❛t✐♦♥s✱ t❤❡ s②st❡♠
✐s ✉s❡❞ t♦ ❣❡♥❡r❛t❡ ♣r✐♠❛r② t♦♥❡s ✇✐t❤ t❤❡ ♠✐♥✐❛✲
t✉r❡ ❧♦✉❞s♣❡❛❦❡rs ❛♥❞ ♣r♦❝❡ss ❛s ✇❡❧❧ ❛s r❡❝♦r❞ t❤❡
❉P❖❆❊ r❡s♣♦♥s❡ ❢r♦♠ t❤❡ ■❊▼ ✉s✐♥❣ t❤❡ ❆❘P✳ ❆
✻❝❝ ✭♠❛①✮ ♣❧❛st✐❝ s②r✐♥❣❡✱ ❛❞❥✉st❡❞ t♦ ✷❝❝ r❡s✐❞✉❛❧ ✈♦❧✲
✉♠❡ ✇✐t❤ ♣r♦❜❡ ✜t✱ ✇❛s ✉s❡❞ ❛s ❛ ❝❛✈✐t② ❢♦r ❉P❖❆❊
♣r♦❜❡ ✜t ❡①♣❡r✐♠❡♥ts ❛s s❡❡♥ ✐♥ ❋✐❣✳ ✶✳ ❆ ♣♦rt❛❜❧❡
r❡❝♦r❞❡r s②st❡♠ ✇❛s ✉s❡❞ t♦ ❝❛♣t✉r❡ t❤❡ s✐❣♥❛❧s ❢r♦♠
t❤❡ ■❊▼ ❛♥❞ ❖❊▼✳ ❆♥ ❡①t❡r♥❛❧ ❧♦✉❞s♣❡❛❦❡r ✇❛s ✉s❡❞
t♦ ❣❡♥❡r❛t❡ ✇❤✐t❡ ♥♦✐s❡ ✐♥ ♦r❞❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡
♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡ ✜tt❡❞ ✐♥s✐❞❡ t❤❡ t✉❜❡
❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳

❋♦r t❤❡ ♣r♦t♦t②♣❡ ❉P❖❆❊ ❡❛r♣✐❡❝❡✱ t✇♦ ❤✐❣❤✲
q✉❛❧✐t② ♠✐♥✐❛t✉r❡ ❜❛❧❛♥❝❡❞ ❛r♠❛t✉r❡ ❧♦✉❞s♣❡❛❦❡rs
✇✐t❤ ❛ ✇✐❞❡✲❜❛♥❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ❛r❡ ✉s❡❞ ✐♥ ♦r❞❡r t♦
❣❡♥❡r❛t❡ ❛❝♦✉st✐❝ s✐❣♥❛❧s ✇✐t❤ ♠✐♥✐♠❛❧ s♦✉♥❞ ❞✐st♦r✲
t✐♦♥ ♦♥ t❤❡ ❛✉❞✐♦ ❢r❡q✉❡♥❝② r❛♥❣❡ ❢♦r ♣r♦♣❡r ❉P❖❆❊
♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ♣r♦❜❡✬s ■❊▼ ✐s ♣❧❛❝❡❞ t♦✇❛r❞s t❤❡
✐♥s✐❞❡ ♦❢ t❤❡ t✉❜❡ ✉s✉❛❧❧② t♦ ♠❡❛s✉r❡ ❉P❖❆❊✬s✱ ❜✉t
✐♥ t❤✐s st✉❞② ✐t ✇❛s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❢r❡q✉❡♥❝② r❡✲
s♣♦♥s❡ ♦❢ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r ❛♥❞ t❤❡ r❡s✐❞✉❛❧
♥♦✐s❡ ❞✉r✐♥❣ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♣❛ss✐✈❡ ❛tt❡♥✉❛✲
t✐♦♥ tr❛♥s❢❡r ❢✉♥❝t✐♦♥✳ ❚❤❡ ❖❊▼ ✐s ✉s❡❞ t♦ ♠❡❛s✉r❡
t❤❡ ❡①t❡r♥❛❧ ♥♦✐s❡ ❢♦r t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ♣r♦❜❡✬s
♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ tr❛♥s❢❡r ❢✉♥❝t✐♦♥✳

■♥ ♦r❞❡r t♦ s❡❛❧ t❤❡ t✉❜❡ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥ts✱ ❛❜♦✉t
✵✳✻ ❝♠ t❤✐❝❦ ♦❢ ♠♦✉♥t✐♥❣ ♣✉tt② ✇❛s ♣❧❛❝❡❞ ♦♥ t❤❡
♣r♦❜❡ t♦ ✜t ✐t ✐♥ ✐♥s✐❞❡ t❤❡ t✉❜❡✳ ◆❡❡❞❧❡s ♦❢ ❞✐✛❡r❡♥t
r❛❞✐✉s r1❂✵✳✵✷✺✱ r2❂✵✳✵✹ ❛♥❞ r3❂✵✳✵✻ ❝♠ ✇❡r❡ ✉s❡❞
t♦ ♠❛❦❡ ❛ ❤♦❧❡ ♦❢ ❦♥♦✇♥ ❧❡♥❣t❤ ❛♥❞ ❞✐❛♠❡t❡r ✐♥ t❤❡
♠♦✉♥t✐♥❣ ♣✉tt② t♦ s✐♠✉❧❛t❡ ❛ ♣r♦❜❡ ✜t ❧❡❛❦✱ t❤❡② ✇❡r❡
r❡♠♦✈❡❞ r✐❣❤t ❛✇❛② t♦ ♥♦t ❝❧♦❣ t❤❡ ❤♦❧❡✳ ❚❤❡ ♥❡❡❞❧❡
s✐③❡s ✇❡r❡ ✉s❡❞ ✐♥ ❛s❝❡♥❞✐♥❣ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ t❤❡ ❤♦❧❡
s✐③❡ ❛❢t❡r ♠❡❛s✉r❡♠❡♥ts ❢♦r ❡❛❝❤ ❝♦♥❞✐t✐♦♥✳ ❚❤❡ ❧❡♥❣t❤
♦❢ t❤❡ ❧❡❛❦ ✭ll❂✵✳✻ ❝♠✮ ✇❛s r❡❛❧✐st✐❝ ❜❡❛r✐♥❣ ✐♥ ♠✐♥❞
t❤❛t t❤❡ ❡❛r♣❧✉❣ s❡❝t✐♦♥ ❛❝t✉❛❧❧② s❡❛❧✐♥❣ t❤❡ ✜rst ❜❡♥❞
♦❢ t❤❡ ❡❛r ❝❛♥❛❧ ✐s ♥♦r♠❛❧❧② ♥♦ ❧♦♥❣❡r t❤❛♥ ✶ ❝♠ ❬✾❪✳

■♥ t❤❡ ❞❡s✐❣♥❡❞ ❉P❖❆❊ ♠❡❛s✉r❡♠❡♥t s②st❡♠ ❬✼❪✱
t❤❡ ❡❛r♣✐❡❝❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ ❛ s✐❣♥❛❧ ❝♦♥❞✐t✐♦♥✐♥❣ ❛♠✲
♣❧✐✜❡r ❞❡s✐❣♥❡❞ ❜② t❤❡ ❛✉t❤♦rs ❬✼❪ ✐♥ ♦r❞❡r t♦ ♠❛①✐♠✐③❡
t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ t❤❡ ❉❙P✬s ❆❉❈ ❛♥❞ ✜❧t❡r ✉♥❞❡✲
s✐r❡❞ ❡❧❡❝tr✐❝❛❧ ✐♥t❡r❢❡r❡♥❝❡ ❛♥❞ t❤❡ ♠✐❝r♦♣❤♦♥❡s✬ ❉❈
s✉♣♣❧②✳ ▲♦❣❛r✐t❤♠✐❝ s✐♥❡ ❢r❡q✉❡♥❝② s✇❡❡♣ ❛♥❞ ♣✉r❡
t♦♥❡ s✐❣♥❛❧s ✉s❡❞ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞✲
s♣❡❛❦❡r r❡s♣♦♥s❡ ❛r❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❆❘P ✇❤✐❝❤ ✇❛s
❝♦♥♥❡❝t❡❞ ✈✐❛ ❯❙❇ ♣♦rt t♦ ❛ ❧❛♣t♦♣ P❈ ✐♥ ♦r❞❡r t♦
❝♦♥tr♦❧ t❤❡ ❉❙Ps ✐♥s✐❞❡✳ ❚❤❡ ❆❘P ✇❛s ❛❧s♦ ✉s❡❞ t♦
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Zt =
jρ0c0
S

tan

(

ωlx
c0

)

✭✹✮

■♥ ❊q✳ ✶ t♦ ✹ ✈❛r✐❛❜❧❡s ❛r❡ ❞❡✜♥❡❞ ❛s ρ0 ✿ ❛✐r ❞❡♥s✐t②
❛t 20oC ❂ 1.204kg/m3 ✱ c0 ✿ s♣❡❡❞ ♦❢ s♦✉♥❞ ❛t 20oC
❂ ✸✹✸✳✷ m/s ✱ ν ✿ ❦✐♥❡t✐❝ ❝♦❡✣❝✐❡♥t ♦❢ ✈✐s❝♦s✐t② ❛t
20oC ❂ ✶✳✺✻ ✯ 10−5m2/s ✱ S ✿ s✉r❢❛❝❡ ♦❢ t❤❡ ♠✐♥✐❛t✉r❡
❧♦✉❞s♣❡❛❦❡r t✉❜❡ ❂ π(0.08)2 ∗ 10−4m2 ✱ lx ✿ ❧❡♥❣t❤ ♦❢
t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r t✉❜❡ ❂ ✵✳✵✶✶✺ m ✱ C2cc

✿ ❛❝♦✉st✐❝ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ t✉❜❡ ❝❛✈✐t② ✐♥ ❢✉♥❝t✐♦♥
♦❢ ❱♦❧✉♠❡ Vc ❂ Vc

ρ0c20
❂ 1.41 ∗ 10−11m5/N ✱ ll ✿ ❧❡❛❦

❧❡♥❣t❤ ❂ ✵✳✵✵✻ m ✱ l′l ✿ ❧❡❛❦ ❧❡♥❣t❤ ❡♥❞ ❝♦rr❡❝t✐♦♥ ✭✐❢
❜♦t❤ t✉❜❡ ❡♥❞s ❛r❡ ❝♦♥s✐❞❡r❡❞✱ r❡♣❧❛❝❡ 1∗ ❜② ✷ ✐♥ ❊q✳ ✶
❛♥❞ ✷✮ ❂ 0.85ri ✱ f ✿ ❢r❡q✉❡♥❝② ✐♥ ❍❡rt③ ✱ ω ✿ ❛♥❣✉❧❛r
s♣❡❡❞ ❂ 2πf ✱ V1 ✿ ✈♦❧t❛❣❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ♠✐♥✐❛t✉r❡
❧♦✉❞s♣❡❛❦❡r✬s t❡r♠✐♥❛❧s ✐♥ V rms✳
❚❤❡ ❝✐r❝✉✐t r❡♣r❡s❡♥t✐♥❣ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r

✐♥ t❤❡ t✉❜❡ ✇✐t❤✴✇✐t❤♦✉t ❧❡❛❦ ✭❋✐❣✳ ✸✮ ✇❛s s✐♠✉❧❛t❡❞
✉s✐♥❣ ❛♥ ✐♥♣✉t ✈♦❧t❛❣❡ V1 = 0.094V rms✳ ❚♦ s♦❧✈❡
t❤❡ ❛❝♦✉st✐❝❛❧ ❝✐r❝✉✐t ♠♦❞❡❧✱ ❡q✉✐✈❛❧❡♥t ✐♠♣❡❞❛♥❝❡s
❛♥❞ s✐♠♣❧❡ ✈♦❧t❛❣❡ ❞✐✈✐❞❡r ✇❡r❡ ❝❛❧❝✉❧❛t❡❞ ❛s ❢♦❧❧♦✇s

✿ Zeq =
(

(RLi
+ ZLi

)−1 + Z−1
c

)

−1
✱ Zeq2 =

T 2

a

Ze
+Za +

Zt✱ |X| =
∣

∣

∣

V1Ta

Ze
∗

Zeq

Zeq+Zeq2

∣

∣

∣
✳ ❚❤❡ ❙P▲ ♦✉t♣✉t ✭|X|✮

✇❛s t❤❡♥ ❝♦♥✈❡rt❡❞ t♦ ❞❇ ✐♥ r❡❢❡r❡♥❝❡ t♦ ✷✵µP❛✱ t❤✐s
♦✉t♣✉t r❡♣r❡s❡♥ts t❤❡ s✐❣♥❛❧ ❝❛♣t✉r❡❞ ❜② t❤❡ ♣r♦❜❡
■❊▼ ✐♥s✐❞❡ t❤❡ t✉❜❡ ❝❛✈✐t② ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣✳

✷✳✷✳ ❊①♣❡r✐♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥ts

▼❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r ❢r❡q✉❡♥❝②
r❡s♣♦♥s❡✱ RA/D r❛t✐♦ ✐♥s✐❞❡ t❤❡ ❉❙P ❛♥❞ ♣r♦❜❡ ♣❛s✲
s✐✈❡ ❛tt❡♥✉❛t✐♦♥ ✉s✐♥❣ t❤❡ s❡t✉♣ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷ ✇❡r❡
r❡♣❡❛t❡❞ t❤r❡❡ t✐♠❡s ❛♥❞ ❧❡✈❡❧s ✇❡r❡ ❛✈❡r❛❣❡❞ ❢♦r ❡❛❝❤
❧❡❛❦ ❝♦♥❞✐t✐♦♥✳ ❆❢t❡r ❡❛❝❤ r❡♣❡t✐t✐♦♥✱ t❤❡ ♣r♦❜❡ ✇❛s
t❛❦❡♥ ♦✉t ♦❢ t❤❡ t✉❜❡ ❝❛✈✐t② ❛♥❞ r❡✜tt❡❞ ❢♦r t❤❡ ❢♦❧✲
❧♦✇✐♥❣ ♠❡❛s✉r❡♠❡♥t r❡♣❡t✐t✐♦♥✳
❚❤❡ ❙P▲s ❣❡♥❡r❛t❡❞ ❜② t❤❡ ♣r♦❜❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞✲

s♣❡❛❦❡r ✇❡r❡ ❝❛❧✐❜r❛t❡❞ ❜❡❢♦r❡❤❛♥❞ ❢♦r ✻✺ ❞❇ ✭❙P▲✮
❛t ✷✺✵ ❍③✳ ❚❤✐s ♣r♦❝❡❞✉r❡ ✇❛s ❞♦♥❡ ❜② ✜rst ♠❡❛s✉r✲
✐♥❣ t❤❡ ❧❡✈❡❧ ❣❡♥❡r❛t❡❞ ❜② ❛ ❙✈❛♥t❡❦ ❝❛❧✐❜r❛t♦r ❙❱✸✵❆
✭❲❛rs❛✇✱ P♦❧❛♥❞✮ s❡t ❢♦r ✾✹ ❞❇ ✭❙P▲✮ ❛t ✶ ❦❍③ ✇✐t❤
t❤❡ ♣r♦❜❡ ■❊▼ r❡❝♦r❞❡❞ ✉s✐♥❣ t❤❡ ❚❆❙❈❆▼ ♣♦rt❛❜❧❡
r❡❝♦r❞❡r ❛♥❞ t❤❡♥ ✈❡r✐❢②✐♥❣ ✐❢ t❤❡ ❝♦rr❡❝t ❧❡✈❡❧ ✇❛s
♦❜s❡r✈❡❞ ✐♥ ▼❆❚▲❆❇✱ ❧❡✈❡❧s ✇❡r❡ ♠❛t❝❤❡❞ ✉s✐♥❣ ❛♥
❛❞❥✉st♠❡♥t ❢❛❝t♦r✳ ❙❡❝♦♥❞❧②✱ t❤❡ ♣r♦❜❡ ■❊▼ ✇❛s ✉s❡❞
t♦ ❝❛♣t✉r❡ t❤❡ ✻✺ ❞❇ ✭❙P▲✮ ✷✺✵ ❍③ ♣✉r❡ t♦♥❡ ❣❡♥✲
❡r❛t❡❞ ❜② t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r✳ ❚❤❡ ❙P▲ ✇❛s
t❤❡♥ ♦❜s❡r✈❡❞ ✐♥ ▼❆❚▲❆❇ ❛♥❞ ❛ s♠❛❧❧ ❛❞❥✉st♠❡♥t
✇❛s ♠❛❞❡ t♦ t❤❡ ♦✉t♣✉t ❣❛✐♥ ♦❢ t❤❡ ❉❙P ❞r✐✈✐♥❣ t❤❡
♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r t♦ ♠❛t❝❤ ✻✺ ❞❇ ✭❙P▲✮✳

✷✳✷✳✶✳ ▼❡❛s✉r❡♠❡♥t ♦❢ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r ❢r❡✲
q✉❡♥❝② r❡s♣♦♥s❡ ✇✐t❤ t❤❡ ❉P❖❆❊ ♣r♦❜❡ ■❊▼

❚♦ ♠❡❛s✉r❡ t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ♠✐♥✐❛✲
t✉r❡ ❧♦✉❞s♣❡❛❦❡r✱ ❛ ❧♦❣❛r✐t❤♠✐❝ s✐♥❡ ❢r❡q✉❡♥❝② s✇❡❡♣
✇❛s ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡ ❉❙P ✐♥s✐❞❡ t❤❡ ❆❘P ♦❢ t❤❡
❉P❖❆❊ ♠❡❛s✉r❡♠❡♥t s②st❡♠✳ ❚❤❡ ❙P▲ ✇❛s ❝❛♣t✉r❡❞
❜② t❤❡ ♣r♦❜❡✬s ■❊▼✳

✷✳✷✳✷✳ ▼❡❛s✉r❡♠❡♥t ♦❢ RA/D r❛t✐♦ ✐♥ t❤❡ ❉❙P

❇❡❛r✐♥❣ ✐♥ ♠✐♥❞ t❤❛t t❤❡ ❞❡✈❡❧♦♣❡❞ ❉P❖❆❊ s②st❡♠
✇✐❧❧ ❜❡ ✉s❡❞ ✐♥✲✜❡❧❞ ✇✐t❤♦✉t ❡①♣❡rt s✉♣❡r✈✐s✐♦♥ ❞✉r✐♥❣
♦t♦❛❝♦✉st✐❝ ❡♠✐ss✐♦♥ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢
t❤❡ ♣r♦❜❡ ✜t ♠✉st ❜❡ s✐♠♣❧❡ ❛♥❞ q✉✐❝❦ ✇✐t❤♦✉t ❞✐s✲
t✉r❜✐♥❣ t❤❡ ✉s❡r✬s ❛❝t✐✈✐t②✳ ❚❤❡r❡❢♦r❡✱ ❛♥ ❛❧❣♦r✐t❤♠
✐♥s✐❞❡ t❤❡ ❉❙P ✇❛s ❞❡s✐❣♥❡❞ t♦ ❝❛❧❝✉❧❛t❡ ❞✐✛❡r❡♥❝❡s
✐♥ ❙P▲s ❝❛♣t✉r❡❞ ❜② t❤❡ ■❊▼ ✉s❡❞ ❢♦r ♠❡❛s✉r❡♠❡♥ts
❛❝❝♦r❞✐♥❣ t♦ ❛ r❡❢❡r❡♥❝❡ ♣✉r❡ t♦♥❡ s✐❣♥❛❧ ✭✷✺✵ ❍③✮ ❣❡♥✲
❡r❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ s♦❧❡❧② ✐♥s✐❞❡ t❤❡ ❉❙P ✇❤✐❧❡ t❤❡
♣r♦❜❡ ✐s ♣❧❛❝❡❞ ✐♥ t❤❡ ❝❛✈✐t②✳ ❚❤❡ ❛♥❛❧♦❣ ✭❆✮ ✈♦❧t❛❣❡
♦✉t♣✉t ♦❢ t❤❡ ♣r♦❜❡ ■❊▼ ♠❡❛s✉r❡❞ ❜② t❤❡ ❉❙P ✇❛s
❛✈❡r❛❣❡❞ ✉s✐♥❣ ❛ r✉♥♥✐♥❣ ❘♦♦t ▼❡❛♥ ❙q✉❛r❡ ✭❘▼❙✮
❛✈❡r❛❣✐♥❣ ❛♥❞ t❤❡♥ ❞✐✈✐❞❡❞ ❜② t❤❡ r❡❢❡r❡♥❝❡ ❞✐❣✐t❛❧
✭❉✮ s✐❣♥❛❧ ❛✈❡r❛❣❡❞ ✉s✐♥❣ r✉♥♥✐♥❣ ❘▼❙ ✐♥ ♦r❞❡r t♦
❝❛❧❝✉❧❛t❡ ❛ r❛t✐♦✱ ❛❧s♦ r❡❢❡rr❡❞ ❤❡r❡ ❛s RA/D r❛t✐♦✳ ❉✐❢✲
❢❡r❡♥❝❡s ✐♥ s✉❝❤ RA/D r❛t✐♦ ❝❛♥ ❜❡ ✉s❡❞ ❛❢t❡r✇❛r❞s t♦
❛✉t♦♠❛t✐❝❛❧❧② ❡✈❛❧✉❛t❡ ✐❢ t❤❡ ♣r♦❜❡ ✜t ✐s ❣♦♦❞ ✭❜❛s❡✲
❧✐♥❡ RA/D r❛t✐♦✮ ♦r ❧❡❛❦② ✭RA/D r❛t✐♦ ❞✐✛❡r❡♥t ❢r♦♠
t❤❡ ❜❛s❡❧✐♥❡✮✳

✷✳✷✳✸✳ ▼❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ♣r♦❜❡ ♣❛ss✐✈❡ ❛tt❡♥✉❛✲
t✐♦♥ ✐♥ t❤❡ t✉❜❡

❚♦ ♠❡❛s✉r❡ t❤❡ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡
❉P❖❆❊ ♣r♦❜❡ ✐♥ t❤❡ t✉❜❡ ❝❛✈✐t②✱ ❛ s♠❛❧❧ ❡①t❡r✲
♥❛❧ ❧♦✉❞s♣❡❛❦❡r ✇❛s ✉s❡❞ t♦ ❣❡♥❡r❛t❡ ✇❤✐t❡ ♥♦✐s❡
✭❋✐❣✳✷✮✳ ❚❤❡ ❧❡✈❡❧ ♦❢ ✇❤✐t❡ ♥♦✐s❡ ❞✐st✉r❜❛♥❝❡ ✇❛s s❡t
❛t ✼✵ ❞❇✭❆✮ ❛t t❤❡ ♣r♦❜❡✬s ❖❊▼ ♣♦s✐t✐♦♥ ✉s✐♥❣ ❛
❙✈❛♥t❡❦ ❙❱❆◆✾✺✾ ✭❲❛rs❛✇✱ P♦❧❛♥❞✮ s♦✉♥❞ ❧❡✈❡❧ ♠❡✲
t❡r✳ ❚❤❡ ♣❛ss✐✈❡ ♥♦✐s❡ r❡❞✉❝t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡ ♣r♦❜❡
s❡❛❧✐♥❣ t❤❡ t✉❜❡ ❝❛✈✐t② ✐s ❡✈❛❧✉❛t❡❞ ✉s✐♥❣ t❤❡ ❞✐✛❡r✲
❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣r♦❜❡✬s ♠❡❛s✉r❡❞ ❖❊▼ ❛♥❞ ■❊▼
❙P▲s ♣❡r ♦❝t❛✈❡ ❜❛♥❞✳

✸✳ ❘❡s✉❧ts

✸✳✶✳ ❙✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ❢r❡q✉❡♥❝② r❡✲

s♣♦♥s❡

▼❛❣♥✐t✉❞❡ ♦❢ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡s ✇❡r❡ ♥♦r♠❛❧✐③❡❞
t❤r♦✉❣❤♦✉t t❤✐s ♣❛♣❡r ✐♥ ♦r❞❡r t♦ ❡❛s❡ t❤❡ ❝♦♠♣❛r✲
✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠❛♥✉❢❛❝t✉r❡r✬s s♣❡❝✐✜❝❛t✐♦♥s✱ s✐♠✲
✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ r❡s♣♦♥s❡s✳ ❚❤❡ ❛❝♦✉st✐❝❛❧ ❝✐r✲
❝✉✐t ♠♦❞❡❧ s✐♠✉❧❛t❡❞ ✐♥ ❛ ♥♦♥✲❧❡❛❦② s❡t✉♣ ✭❋✐❣✳ ✸ ✮✱
✇❤❡r❡ RL ❛♥❞ ZL ❛r❡ r❡♠♦✈❡❞✱ ❣✐✈❡s ❛ ❢r❡q✉❡♥❝② r❡✲
s♣♦♥s❡ s✐♠✐❧❛r t♦ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r✬s ♠❛♥✉✲
❢❛❝t✉r❡r s♣❡❝✐✜❝❛t✐♦♥s ✭❋✐❣✳ ✹✮✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡
❧❡♥❣t❤ ♦❢ t✉❜✐♥❣ ❣❧✉❡❞ t♦ t❤❡ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r✬s
♣♦rt ✉s❡❞ ✐♥ ❡①♣❡r✐♠❡♥ts ❛♥❞ r❡♣r♦❞✉❝❡❞ ✐♥ t❤❡ s✐♠✲
✉❧❛t✐♦♥s ✇❛s ❞✐✛❡r❡♥t t❤❛♥ s♣❡❝✐✜❡❞ ✐♥ t❤❡ ♠❛♥✉❢❛❝✲
t✉r❡r✬s ❞❛t❛s❤❡❡t✱ ✐t ✐s ♥♦r♠❛❧ t❤❛t t❤❡ ♣❡❛❦ ❢r❡q✉❡♥❝②
✐s s❤✐❢t❡❞ s❧✐❣❤t❧②✳ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♠❡❛s✉r❡❞
✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✱ s❤♦✇s
t❤❛t t❤❡ ♠✐♥✐♠✉♠ ❛t ✹✽✽✺ ❍③ ✭❜❡t✇❡❡♥ t❤❡ t✇♦ r❡s♦✲
♥❛♥❝❡s✮ ✐s ❧♦✇❡r ✐♥ ❛❧❧ ♠❡❛s✉r❡❞ ❝♦♥❞✐t✐♦♥s t❤❛♥ s✐♠✲
✉❧❛t❡❞ ❝♦♥❞✐t✐♦♥s ✭❋✐❣✳ ✹✮✳
❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✱ t❤❡r❡ ❛r❡ ✈❡r② s♠❛❧❧ ❞✐✛❡r❡♥❝❡s

✐♥ ♠❡❛s✉r❡❞ ❙P▲s ❛t ✷✺✵ ❍③ ❜❡t✇❡❡♥ r1 ❛♥❞ r2 ✭✲
✸✳✷✾ ✈s ✲✹✳✷✶ ❞❇ ♦♥ ❛✈❡r❛❣❡✮✱ ❡s♣❡❝✐❛❧❧② ❝♦♥s✐❞❡r✐♥❣
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Simulated No Leak

Simulated Leak r
1
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2

Simulated Leak r
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Measured No Leak
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1
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2
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❋✐❣✉r❡ ✹✳ ❙✐♠✉❧❛t✐♦♥ ❛♥❞ s✐♥❣❧❡ ♠❡❛s✉r❡♠❡♥t ❢r❡q✉❡♥❝② r❡✲
s♣♦♥s❡s ♦❢ ❛ ♠✐♥✐❛t✉r❡ ❧♦✉❞s♣❡❛❦❡r ❢♦r ❞✐✛❡r❡♥t ❧❡❛❦ s✐③❡s
✐♥ ❛ ✷❝❝ ❝❛✈✐t②✳

t❤❡ ❧❛r❣❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ✭✸✳✶✼ ❛♥❞ ✸✳✹✵ ❞❇ r❡✲
s♣❡❝t✐✈❡❧②✮✱ t❤✐s ✐s ♠♦st❧② ❞✉❡ t♦ t❤❡ ✈❡r② s♠❛❧❧ r❛❞✐✉s
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❧❡❛❦s✳ ▼♦r❡ ❧❡❛❦❛❣❡ ❡✛❡❝t ✐s
s❡❡♥ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ ❜✐❣❣❡st ❧❡❛❦ ✭r3✮ ✇✐t❤ t❤❡ ♥♦
❧❡❛❦ ❝♦♥❞✐t✐♦♥ ✭✲✶✵✳✹✸±✸✳✹✺ ✈s ✲✶✳✺✵±✷✳✵✻ ❞❇ r❡s♣❡❝✲
t✐✈❡❧②✮✳ ❙P▲s ❛t ✷✺✵ ❍③ ✐♥ ❜♦t❤ s✐♠✉❧❛t✐♦♥ ❛♥❞ ❡①♣❡r✲
✐♠❡♥ts ❞❡❝r❡❛s❡ ❛s t❤❡ ❧❡❛❦ r❛❞✐✉s ✐♥❝r❡❛s❡s✳ ❆❧❧ ❧❡❛❦
❝♦♥❞✐t✐♦♥s ❣✐✈❡ ❤✐❣❤❡r ❙P▲s t❤❛♥ t❤❡ ♥♦ ❧❡❛❦ ❝♦♥❞✐t✐♦♥
❜❡t✇❡❡♥ ✷✽✵ ❍③ ❛♥❞ ✶✵✵✵ ❍③✱ ❞✉❡ t♦ t❤❡ ❍❡❧♠❤♦❧t③
r❡s♦♥❛♥❝❡ ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♣r♦❜❡ ❧❡❛❦ ✐♥
t❤❡ ❝❛✈✐t②✳ ❚❤✐s ❡✛❡❝t ✐s ♠✐♠✐❝❦❡❞ ✐♥ t❤❡ ❛❝♦✉st✐❝ ❝✐r✲
❝✉✐t ♠♦❞❡❧ ✇✐t❤ RL ❛♥❞ ZL ✇❤✐❝❤ r❡♣r❡s❡♥t t❤❡ ❧❡❛❦
✭❋✐❣✳ ✸✮✳ ❚❤✐s ❍❡❧♠❤♦❧t③ r❡s♦♥❛♥❝❡ ✐s ♠♦r❡ ✈✐s✐❜❧❡ ❢♦r
t❤❡ r3 ❧❡❛❦ ❛t ✺✷✻ ❍③ ✭❋✐❣✳ ✹✮✳ ❇✐❣❣❡r ❞❡✈✐❛t✐♦♥ ❜❡✲
t✇❡❡♥ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ r❡s♣♦♥s❡ ✐♥ ❢r❡q✉❡♥❝✐❡s
❜❡❧♦✇ ✸✸✵ ❍③ ❢♦r t❤❡ r1 ❧❡❛❦ ❝♦♥❞✐t✐♦♥ ♠✐❣❤t ✐♥❞✐❝❛t❡
s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ❞❛♠♣✐♥❣ ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣
✇❤✐❝❤ ✐s ♠♦r❡ ✈✐s✐❜❧❡ ❢♦r s♠❛❧❧❡r ❧❡❛❦s✱ s✉❝❤ ❞❛♠♣✐♥❣
✐s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳

✸✳✷✳ ▼❡❛s✉r❡❞ RA/D r❛t✐♦ ✐♥ ❉❙P

RA/D r❛t✐♦s ❛✈❡r❛❣❡❞ ♦✈❡r t❤❡ t❤r❡❡ ♠❡❛s✉r❡♠❡♥ts ❢♦r
t❤❡ ♥♦ ❧❡❛❦✱ r1✱ r2✱ r3 ❧❡❛❦ ❝♦♥❞✐t✐♦♥s ✇❡r❡ r❡s♣❡❝t✐✈❡❧②
♦❢ ✶✷✳✸✼±✵✳✶✾✱ ✶✹✳✻✷±✸✳✷✻✱ ✶✺✳✹✼±✷✳✼✼✱ ✷✵✳✺✷±✷✳✼✷✳
❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❛t ❛s t❤❡ ❧❡❛❦ r❛❞✐✉s ✐♥❝r❡❛s❡s
t❤❡ r❛t✐♦ ❛❧s♦ ✐♥❝r❡❛s❡s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ RA/D r❛✲
t✐♦ ❜❡t✇❡❡♥ t❤❡ ♥♦ ❧❡❛❦ ❛♥❞ r3 ❧❡❛❦ r❛❞✐✉s ❝♦♥❞✐t✐♦♥
s❤♦✇s ❡♥♦✉❣❤ ♠❛❣♥✐t✉❞❡ ✭✽✳✶✺ ❞❇✮ t♦ ❜❡ ❡❛s✐❧② ❞❡✲
t❡❝t❡❞ ❜② ❛♥ ❛❧❣♦r✐t❤♠ ❢♦r ❛✉t♦♠❛t✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢
♣r♦❜❡ ✜t q✉❛❧✐t② ✐♥✲✜❡❧❞✳

✸✳✸✳ ▼❡❛s✉r❡❞ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤❡

♣r♦❜❡ ✐♥ t✉❜❡

❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❧♦✉❞s♣❡❛❦❡r r❡s♣♦♥s❡
❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜②
t❤❡ ❉P❖❆❊ ♣r♦❜❡ ✇❛s ❛ss❡ss❡❞ t♦ ❡✈❡♥t✉❛❧❧② ❡✈❛❧✲
✉❛t❡ t❤❡ ♣r♦❜❡ ✜t ✐♥✲✜❡❧❞ ❜② s♦❧❡❧② ♠❡❛s✉r✐♥❣ t❤❡
RA/D r❛t✐♦✳ ❚❤❡ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♣r♦✈✐❞❡❞ ❜② t❤❡
♣r♦❜❡ ✇✐t❤ ♠♦✉♥t✐♥❣ ♣✉tt② ✐♥ t❤❡ t✉❜❡ ❝❛✈✐t② ✐s ❛✈✲
❡r❛❣❡❞ ♦✈❡r t❤❡ t❤r❡❡ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ✐s s❤♦✇♥ ✐♥
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❋✐❣✉r❡ ✺✳ ❆tt❡♥✉❛t✐♦♥ ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ t❤❡ ♣r♦❜❡✬s ❖❊▼
❛♥❞ ■❊▼✳

❋✐❣✳ ✺✳ ❘❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ♠♦✉♥t✐♥❣ ♣✉tt② ❛♥❞
t❤❡ s②r✐♥❣❡ ❞✐❞ ♥♦t ♣r♦✈✐❞❡ ♠✉❝❤ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥
✭✲✹✳✽✸ ❞❇ ❛t ✺✵✵ ❍③ ✐♥ t❤❡ ♥♦ ❧❡❛❦ ❝♦♥❞✐t✐♦♥✮✱ ❜✉t ✇❛s
s✉✣❝✐❡♥t t♦ s❤♦✇ ❛ r❡❛❧✐st✐❝ ♣❛tt❡r♥ ❢♦r ❤✉♠❛♥s✳

✹✳ ❉✐s❝✉ss✐♦♥

❆s ♦❜s❡r✈❡❞ ✐♥ ❋✐❣✳ ✹✱ ❛❝❝✉r❛❝② ♦❢ t❤❡ s✐♠✉❧❛t❡❞ ♠♦❞❡❧
❢♦r ❢r❡q✉❡♥❝✐❡s ♦✈❡r ✹ ❦❍③ ❝♦✉❧❞ ❜❡ ✐♠♣r♦✈❡❞ ❜② ♠♦❞✲
❡❧❧✐♥❣ t❤❡ ❝❛✈✐t② ✇✐t❤ ❛ ♠♦r❡ ❝♦♠♣❧❡① ❝❛✈✐t② ♠♦❞❡❧
s✉❝❤ ❛s t❤❡ ♠♦❞❡❧ ❢r♦♠ t❤❡ ❇✫❑ t②♣❡ ✹✶✾✺ ✭❇rü❡❧ ✫
❑❥ær✱ ◆ær✉♠✱ ❉❡♥♠❛r❦✮ ❝♦✉♣❧❡r ❬✶✺❪✳
❆❞❞✐t✐♦♥❛❧ ❞❛♠♣✐♥❣ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ♠❡❛s✉r❡❞ r❡✲

s♣♦♥s❡ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✱ ❡s✲
♣❡❝✐❛❧❧② ❢♦r ❍❡❧♠❤♦❧t③ r❡s♦♥❛♥❝❡s ❛♥❞ ✐♥ ❢r❡q✉❡♥❝✐❡s
❜❡❧♦✇ ✸✸✵ ❍③ ✭❋✐❣✳ ✹✮✱ ✐♥❞✐❝❛t❡s t❤❛t s♦♠❡ ♣❤②s✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛r❡ ♥♦t ♠♦❞✲
❡❧❧❡❞✳ ❖♥❡ ♣♦ss✐❜✐❧✐t② ❝♦✉❧❞ ❜❡ t❤❛t t❤❡ s♦❢t♥❡ss ♦❢ t❤❡
r✉❜❜❡r ♠❛t❡r✐❛❧ ❝♦✈❡r✐♥❣ t❤❡ s②r✐♥❣❡ ♣❧✉♥❣❡r ✐s ♥♦t
♠♦❞❡❧❧❡❞ ✐♥ t❤❡ ❛❝♦✉st✐❝❛❧ ❝✐r❝✉✐t ✭❋✐❣✳ ✸✮✳ ❚❤❡r❡❢♦r❡✱
❛♥ ❛❞❞✐t✐♦♥❛❧ ❛❝♦✉st✐❝❛❧ ✐♠♣❡❞❛♥❝❡ ❜r❛♥❝❤ ♠✐❣❤t ❜❡
♥❡❡❞❡❞ ✐♥ ♣❛r❛❧❧❡❧ ✇✐t❤ t❤❡ ❝❛✈✐t②✬s ✐♠♣❡❞❛♥❝❡ Zc ✐♥
♦r❞❡r t♦ ♠♦❞❡❧ t❤✐s ♣❧✉♥❣❡r s✉r❢❛❝❡ ✇❤✐❝❤ ❝❛♥ ❜❡ s❡❡♥
❛s ❛♥ ❡❛r❞r✉♠ ❛♥❞ ♠♦❞❡❧❧❡❞ ❛s ❛♥ ❘▲❈ ❝✐r❝✉✐t ❬✶✻❪✳
❆❧t❤♦✉❣❤ ❞✐✛❡r❡♥❝❡s ✐♥ ♠❡❛s✉r❡❞ ❙P▲ ❛♥❞ RA/D

r❛t✐♦s ❛r❡ s✉❜t❧❡ ❜❡t✇❡❡♥ r1 ❛♥❞ r2 ❝♦♥❞✐t✐♦♥s ✭<✶ ❞❇✮
❞✉❡ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ✈❡r② s♠❛❧❧ ❧❡❛❦ ❤♦❧❡s✬ r❛❞✐✉s
✇❤✐❝❤ ❛r❡ ❛❧s♦ ❝❧♦s❡ t♦ ❡❛❝❤ ♦t❤❡r ❛♥❞ t❤❛t ✐t ✐s ❞✐✣✲
❝✉❧t t♦ r❡♣r♦❞✉❝❡ t❤❡ ❤♦❧❡ ♣❡r❢❡❝t❧② ❢♦r ❡✈❡r② ♠❛♥✐♣✲
✉❧❛t✐♦♥✳ ❖✈❡r❛❧❧✱ ✇❤❡♥ ❧♦♦❦✐♥❣ ❛t t❤❡ ♥♦ ❧❡❛❦ ❛♥❞ r3
❧❡❛❦ ❝♦♥❞✐t✐♦♥s t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ RA/D r❛t✐♦ ❛r❡
s✉✣❝✐❡♥t t♦ ❜❡ ❞❡t❡❝t❡❞✳ ❙✐♥❝❡ ❜✐❣❣❡r ❧❡❛❦s ❝♦✉❧❞ ❜❡
❡①♣❡❝t❡❞ ✐♥ t❡sts ✇✐t❤ ❤✉♠❛♥s✱ ♠♦r❡ ❧❡❛❦ ❡✛❡❝t ✇♦✉❧❞
❜❡ ❡①♣❡❝t❡❞ ♦♥ t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ❛♥❞ ❝♦✉❧❞ ❜❡
❛✉t♦♠❛t✐❝❛❧❧② ❞❡t❡❝t❡❞✳ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❝♦✉❧❞
❜❡ ❞❡❝r❡❛s❡❞ ❜② ❞♦✐♥❣ ♠♦r❡ r❡♣❡t✐t✐♦♥s ♦❢ t❤❡ ♠❡❛✲
s✉r❡♠❡♥ts✳
❚❤❡ RA/D r❛t✐♦ ✐s ❛ r❡❧❡✈❛♥t ❧❡❛❦ ✐♥❞✐❝❛t♦r ✭✽✳✶✺ ❞❇

❜❡t✇❡❡♥ ♥♦ ❧❡❛❦ ❛♥❞ r3 ❧❡❛❦ ❝♦♥❞✐t✐♦♥s✮ ✇❤✐❝❤ ❢♦❧❧♦✇s
t❤❡ ♠❡❛s✉r❡❞ ❙P▲ ❛t ✷✺✵ ❍③ ❛♥❞ t❤❡ ♣r♦❜❡✬s ♣❛ss✐✈❡
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❛tt❡♥✉❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ r❛t✐♦s ♠❡❛s✉r❡❞ ♠❛② ♥♦t
r❡♣r❡s❡♥t t❤❡ ❡①❛❝t ✈❛❧✉❡ t❤❛t ✇♦✉❧❞ ❜❡ ♠❡❛s✉r❡❞ ✐♥
❤✉♠❛♥ ❡❛r ❝❛♥❛❧s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠❡t❤♦❞ ♠✉st ❛❧s♦
❜❡ ✈❛❧✐❞❛t❡❞ ✐♥ ❤✉♠❛♥s ✐♥ t❤❡ ❢✉t✉r❡ ❛♥❞ ♥❡✇ r❛t✐♦
❝r✐t❡r✐❛ ✇♦✉❧❞ ❜❡ ❡st❛❜❧✐s❤❡❞✳

❚♦ ✐♠♣r♦✈❡ t❤❡ ♣❛ss✐✈❡ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤❡ s❡t✉♣✱
t❤❡ s②r✐♥❣❡ ❝♦✉❧❞ ❜❡ r❡♣❧❛❝❡❞ ❜② ❛♥ ❛❞❥✉st❛❜❧❡ t❤✐❝❦
❜r❛ss ❝❛✈✐t②✳ ❆❧t❤♦✉❣❤ s✉❝❤ ✐♠♣r♦✈❡♠❡♥t ❝♦✉❧❞ ♠❛❦❡
t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❧❡❛❦ ❝♦♥❞✐t✐♦♥s ♠♦r❡ ♥♦t✐❝❡❛❜❧❡ ❛♥❞
❝❧♦s❡r t♦ ✇❤❛t ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ✐♥ ❤✉♠❛♥s✱ t❤❡ ♣❛s✲
s✐✈❡ ❛tt❡♥✉❛t✐♦♥ ✐♥ t❤❡ ❝✉rr❡♥t st✉❞② ✇❛s s✉✣❝✐❡♥t t♦
s❤♦✇ ❧❡❛❦ ❡✛❡❝ts✳

❚❤❡ ❍❡❧♠❤♦❧t③ r❡s♦♥❛♥❝❡ ❡✛❡❝t ❝♦✉❧❞ ❤❛✈❡ ❛♥ ✐♠✲
♣❛❝t ♦♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❛ ♣r♦♣❡r ♣r♦❜❡ ✜t ❜② ♠✐s✲
❧❡❛❞✐♥❣ t❤❡ ✉s❡r ✐♥t♦ t❤✐♥❦✐♥❣ t❤❛t ❛ ❜❡tt❡r s❡❛❧ ✐s
♦❜t❛✐♥❡❞ s✐♥❝❡ t❤❡ RA/D r❛t✐♦ ✇♦✉❧❞ ❞❡❝r❡❛s❡ ✐♥st❡❛❞
♦❢ ♥♦r♠❛❧❧② ✐♥❝r❡❛s✐♥❣ ❢♦r ❜✐❣❣❡r ❧❡❛❦s✳ ❋♦r s♠❛❧❧❡r
❧❡❛❦ ❞✐❛♠❡t❡rs✱ t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ✇✐❧❧ ❜❡ ❧♦✇❡r
✭❋✐❣✳ ✹✮✱ ❜✉t ❝♦♥s✐❞❡r✐♥❣ ❛ ❦♥♦✇♥ ✜①❡❞ ❡❛rt✐♣ ❧❡♥❣t❤
s❡❛❧✐♥❣ t❤❡ ❡❛r ❝❛♥❛❧ ❬✾❪ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡❝t ❛ ❧❡❛❦
❜② ✜rst ❡st❛❜❧✐s❤✐♥❣ ❛ ❜❛s❡❧✐♥❡ ✇✐t❤ ❛♥ ♦♣t✐♠❛❧ s❡❛❧✳
RA/D r❛t✐♦s r❡❧❛t✐✈❡ t♦ t❤✐s ❜❛s❡❧✐♥❡ s❤♦✉❧❞ ❛❧✇❛②s
✐♥❝r❡❛s❡ ✐❢ t❤❡ r❛t✐♦ ✐s ♠❡❛s✉r❡❞ ❛t ❛ ❢r❡q✉❡♥❝② ❧♦✇❡r
t❤❛♥ t❤❡ ❡①♣❡❝t❡❞ r❡s♦♥❛♥❝❡✳ ❚❤❡ RA/D r❛t✐♦ ♠❡❛✲
s✉r❡❞ ❛t ✷✺✵ ❍③ ✐s t❤❡r❡❢♦r❡ ❛♥ ❛❝❝✉r❛t❡ ✐♥❞✐❝❛t♦r ♦❢
❛ ❧❡❛❦ ✐♥ t❤❡ ♣r♦❜❡✬s s❡❛❧ ❢♦r ❧❡❛❦ ❧❡♥❣t❤s s❤♦rt❡r t❤❛♥
✶ ❝♠✳

✺✳ ❈❖◆❈▲❯❙■❖◆❙

❚❤❡ s❝♦♣❡ ♦❢ t❤❡ st✉❞②✱ ✐✳❡✳ ✈✐s✉❛❧✐③❡ ❧❡❛❦ ❡✛❡❝ts ♦♥ t❤❡
❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ❉P❖❆❊ ♣r♦❜❡ ♠✐♥✐❛t✉r❡
❧♦✉❞s♣❡❛❦❡r✱ ✇❛s ❛❝❤✐❡✈❡❞✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❛❝♦✉st✐❝
❝✐r❝✉✐t ♠♦❞❡❧ ❤❛s s❤♦✇♥ s✉✣❝✐❡♥t s✐♠✐❧❛r✐t✐❡s ✇✐t❤ t❤❡
❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ t♦ ♦❜s❡r✈❡ t❤❛t t❤❡ ❙P▲ ❛r♦✉♥❞
✷✺✵ ❍③ ❞❡❝r❡❛s❡s ❛s t❤❡ ❧❡❛❦ r❛❞✐✉s ✐♥❝r❡❛s❡s ❛♥❞
❝♦✉❧❞ ❜❡ ✉s❡❞ t♦ ♣r❡❞✐❝t ♣r♦❜❡ ❧❡❛❦ ❡✛❡❝ts ✐♥ ❤✉♠❛♥s✳
❚❤❡ RA/D r❛t✐♦ ✇❛s s❤♦✇♥ t♦ ❜❡ ❛ s✉✐t❛❜❧❡ ✐♥❞✐❝❛t♦r
❢♦r ❛✉t♦♠❛t✐❝ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣r♦❜❡ ✜t ❧❡❛❦❛❣❡ ❞✉r✐♥❣
✐♥✲✜❡❧❞ ❉P❖❆❊ ♠❡❛s✉r❡♠❡♥ts✳ ❆❧t❤♦✉❣❤ ❛ ❧♦✇ ❢r❡✲
q✉❡♥❝② r❡s♦♥❛♥❝❡ ❞✉❡ t♦ t❤❡ ❍❡❧♠❤♦❧t③ r❡s♦♥❛t♦r ❡❢✲
❢❡❝t ♠✐❣❤t ❝❛✉s❡ ♣r♦❜❧❡♠s✱ ❜② ❦♥♦✇✐♥❣ t❤❡ ❧❡♥❣t❤ ♦❢
t❤❡ ❡❛rt✐♣ ✐♥s❡rt❡❞ ✐♥ t❤❡ ❡❛r ❝❛♥❛❧ t❤❡ s②st❡♠ ❝❛♥ ❡❛s✲
✐❧② ❜❡ t✉♥❡❞ t♦ ♦♥❧② ❝♦♥s✐❞❡r ❧♦✇❡r ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡
t❤❡ r❡s♦♥❛♥❝❡ ❤❛s ♥♦ ❡✛❡❝t ♦♥ t❤❡ RA/D r❛t✐♦✳ ❆s ❛
r❡s✉❧t✱ t❤❡ ♣r♦❝❡❞✉r❡ ❞❡t❛✐❧❡❞ ✐♥ t❤✐s ♣❛♣❡r t♦ ♠❡❛✲
s✉r❡ t❤❡ RA/D r❛t✐♦ ❝❛♥ ❜❡ ✐♥t❡❣r❛t❡❞ ✐♥ t❤❡ ❞❡s✐❣♥❡❞
❉P❖❆❊ s②st❡♠✬s ♠❡❛s✉r❡♠❡♥t r♦✉t✐♥❡ ✐♥ ❛♥ ❛tt❡♠♣t
t♦ ✐♠♣r♦✈❡ t❤❡ r❡❧✐❛❜✐❧✐t② ♦❢ ✐♥✲✜❡❧❞ ❉P❖❆❊ ♠❡❛s✉r❡✲
♠❡♥ts✳

❆❝❦♥♦✇❧❡❞❣❡♠❡♥t

❆♥♥❡❧✐❡s ❇♦❝❦st❛❡❧ ✐s ❛ ♣♦st❞♦❝t♦r❛❧ ❢❡❧❧♦✇ ♦❢ t❤❡
❘❡s❡❛r❝❤ ❋♦✉♥❞❛t✐♦♥✲❋❧❛♥❞❡rs ✭❋❲❖✮❀ t❤❡ s✉♣♣♦rt
♦❢ t❤✐s ♦r❣❛♥✐③❛t✐♦♥ ✐s ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡❞✳ ❚❤❡
❊❚❙✲❛✣❧✐❛t❡❞ ❛✉t❤♦rs ❛r❡ t❤❛♥❦❢✉❧ ❢♦r t❤❡ t❡❝❤♥✐❝❛❧
s✉♣♣♦rt ❢r♦♠ t❤❡ ❙♦♥♦♠❛①✲❊❚❙ ■♥❞✉str✐❛❧ ❘❡s❡❛r❝❤

❈❤❛✐r ✐♥ ■♥✲❊❛r ❚❡❝❤♥♦❧♦❣② ❢♦r ♣r♦t♦t②♣✐♥❣ t❤❡ ❡①✲
♣❡r✐♠❡♥t❛❧ ❉P❖❆❊ ♣r♦❜❡s✳ ❱✐♥❝❡♥t ◆❛❞♦♥ ✐s ❡s♣❡✲
❝✐❛❧❧② ❣r❛t❡❢✉❧ t♦ t❤❡ ■♥st✐t✉t ❘♦❜❡rt✲❙❛✉✈é ❡♥ s❛♥té
❡t sé❝✉r✐té ❛✉ tr❛✈❛✐❧ ✭■❘❙❙❚✮ ❢♦r ✐ts ✜♥❛♥❝✐❛❧ s✉♣♣♦rt
❢♦r t❤❡ ♣r♦❥❡❝t✳

❘❡❢❡r❡♥❝❡s

❬✶❪ ❱♦✐①✱ ❏✳✱ ❛♥❞ ▲❛✈✐❧❧❡✱ ❋✳✿ ❚❤❡ ❖❜❥❡❝t✐✈❡ ▼❡❛s✉r❡♠❡♥t
♦❢ ❊❛r♣❧✉❣ ❋✐❡❧❞ P❡r❢♦r♠❛♥❝❡✳ ❏✳ ❆❝♦✉st✳ ❙♦❝✳ ❆♠✳✱
❱♦❧✳ ✶✷✺ ✭✷✵✵✾✮✱ ✸✼✷✷✲✸✼✸✷✳

❬✷❪ ❇♦❝❦st❛❡❧✱ ❆✳✱ ❱❛♥ ❘❡♥t❡r❣❤❡♠✱ ❚✳✱ ❇♦tt❡❧❞♦♦r❡♥✱ ❉✳✱
❉❤❛❡♥❡♥s✱ ❲✳✱ ❑❡♣♣❧❡r✱ ❍✳✱ ▼❛❡s✱ ▲✳✱ P❤✐❧✐♣s✱ ❇✳✱
❙✇✐♥♥❡♥✱ ❋✳✱ ❛♥❞ ❱✐♥❝❦✱ ❇✳ ✿ ❱❡r✐❢②✐♥❣ t❤❡ ❛tt❡♥✉❛t✐♦♥
♦❢ ❡❛r♣❧✉❣s ✐♥ s✐t✉✿ ♠❡t❤♦❞ ✈❛❧✐❞❛t✐♦♥ ♦♥ ❤✉♠❛♥ s✉❜✲
❥❡❝ts ✐♥❝❧✉❞✐♥❣ ✐♥❞✐✈✐❞✉❛❧✐③❡❞ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✳ ❏✳
❆❝♦✉st✳ ❙♦❝✳ ❆♠✳✱ ❯❙❆ ❱♦❧✳ ✶✷✺ ✭✷✵✵✾✮✱ ✶✹✼✾✲✶✹✽✾✳

❬✸❪ ❍❡♥❞❡rs♦♥✱ ❉✳✱ ❙✉❜r❛♠❛♥✐❛♠✱ ▼✳✱ ❛♥❞ ❇♦❡tt❝❤❡r✱ ❋✳
❆✳✿ ■♥❞✐✈✐❞✉❛❧ ❙✉s❝❡♣t✐❜✐❧✐t② t♦ ◆♦✐s❡✲■♥❞✉❝❡❞ ❍❡❛r✲
✐♥❣ ❧♦ss✿ ❆♥ ❖❧❞ ❚♦♣✐❝ ❘❡✈✐s✐t❡❞✳ ❊❛r ❍❡❛r✐♥❣✱ ✶✹✭✸✮
✭✶✾✾✸✮✳

❬✹❪ ▼❛rs❤❛❧❧✱ ▲✳✱ ▲❛♣s❧❡② ▼✐❧❧❡r✱ ❏✳✱ ❛♥❞ ❍❡❧❧❡r✱ ▲✳✿
❉✐st♦rt✐♦♥✲♣r♦❞✉❝t ♦t♦❛❝♦✉st✐❝ ❡♠✐ss✐♦♥s ❛s ❛ s❝r❡❡♥✲
✐♥❣ t♦♦❧ ❢♦r ♥♦✐s❡✲✐♥❞✉❝❡❞ ❤❡❛r✐♥❣ ❧♦ss✳ ◆♦✐s❡ ❍❡❛❧t❤✱
✸ ✭✷✵✵✶✮✱ ✹✸✲✻✵✳

❬✺❪ P♦♣❡❧❦❛✱ ●✳ ❘✳✱ ❑❛r③♦♥✱ ❘✳ ❑✳✱ ❈❧❛r②✱ ❘✳ ❆✳✿ ■❞❡♥✲
t✐✜❝❛t✐♦♥ ♦❢ ♥♦✐s❡ s♦✉r❝❡s t❤❛t ✐♥✢✉❡♥❝❡ ❞✐st♦rt✐♦♥
♣r♦❞✉❝t ♦t♦❛❝♦✉st✐❝ ❡♠✐ss✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❤✉♠❛♥
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❬✻❪ ❉❡❧❣❛❞♦✱ ❘✳ ❊✳✱ ❖③❞❛♠❛r✱ ❖✳✱ ❘❛❤♠❛♥✱ ❙✳✱ ❛♥❞ ▲♦♣❡③✱
❈✳ ◆✳✿ ❆❞❛♣t✐✈❡ ♥♦✐s❡ ❝❛♥❝❡❧❧❛t✐♦♥ ✐♥ ❛ ♠✉❧t✐♠✐✲
❝r♦♣❤♦♥❡ s②st❡♠ ❢♦r ❞✐st♦rt✐♦♥ ♣r♦❞✉❝t ♦t♦❛❝♦✉st✐❝
❡♠✐ss✐♦♥ ❛❝q✉✐s✐t✐♦♥✳ ■❊❊❊ ❚r❛♥s✳ ❇✐♦♠❡❞✳ ❊♥❣✳✱ ✹✼
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❬✼❪ ◆❛❞♦♥ ❱✳ ✿ ❉é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ♦r❡✐❧❧❡tt❡ ♣♦✉r ❧❛
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