
Chipsmall Limited consists of a professional team with an average of over 10 year of expertise in the distribution

of electronic components. Based in Hongkong, we have already established firm and mutual-benefit business

relationships with customers from,Europe,America and south Asia,supplying obsolete and hard-to-find components

to meet their specific needs.

With the principle of “Quality Parts,Customers Priority,Honest Operation,and Considerate Service”,our business

mainly focus on the distribution of electronic components. Line cards we deal with include

Microchip,ALPS,ROHM,Xilinx,Pulse,ON,Everlight and Freescale. Main products comprise

IC,Modules,Potentiometer,IC Socket,Relay,Connector.Our parts cover such applications as commercial,industrial,

and automotives areas.

We are looking forward to setting up business relationship with you and hope to provide you with the best service

and solution. Let us make a better world for our industry!

Contact us
Tel: +86-755-8981 8866 Fax: +86-755-8427 6832

Email & Skype: info@chipsmall.com Web: www.chipsmall.com

Address: A1208, Overseas Decoration Building, #122 Zhenhua RD., Futian, Shenzhen, China
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❙❝✐❡♥❝❡ ✐s t❤❡ st✉❞② ♦❢ t❤❡ ♣❤②s✐❝❛❧ ✇♦r❧❞ ❜② s②st❡♠❛t✐❝ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ ❡①♣❡r✐♠❡♥ts✳ Pr♦♣❡r s❝✐❡♥❝❡ ❡❞✉❝❛t✐♦♥ ✐s ❡ss❡♥t✐❛❧
❢♦r ❝✉❧t✐✈❛t✐♥❣ ❛ s♦❝✐❡t② ✇❤❡r❡ r❡❛s♦♥✐♥❣ ❛♥❞ ❧♦❣✐❝❛❧ t❤✐♥❦✐♥❣ ♣r❡✈❛✐❧s ❛♥❞ ♥♦t s✉♣❡rst✐t✐♦♥ ❛♥❞ ✐rr❛t✐♦♥❛❧ ❜❡❧✐❡❢s✳ ❙❝✐❡♥❝❡
❡❞✉❝❛t✐♦♥ ✐s ❛❧s♦ ❡ss❡♥t✐❛❧ ❢♦r tr❛✐♥✐♥❣ ❡♥♦✉❣❤ t❡❝❤♥✐❝✐❛♥s✱ ❡♥❣✐♥❡❡rs ❛♥❞ s❝✐❡♥t✐sts ❢♦r t❤❡ ❡❝♦♥♦♠② ♦❢ t❤❡ ♠♦❞❡r♥ ✇♦r❧❞✳ ■t
✐s ✇✐❞❡❧② ❛❝❝❡♣t❡❞ t❤❛t ♣❡rs♦♥❛❧ ❡①♣❡r✐❡♥❝❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❡①♣❡r✐♠❡♥ts ❛♥❞ ♦❜s❡r✈❛t✐♦♥s✱ ❡✐t❤❡r ❝❛rr✐❡❞ ♦✉t ❜② st✉❞❡♥ts ♦r
♣❡r❢♦r♠❡❞ ❛s ❞❡♠♦♥str❛t✐♦♥s ❜② t❡❛❝❤❡rs✱ ❛r❡ ❡ss❡♥t✐❛❧ t♦ t❤❡ ♣❡❞❛❣♦❣② ♦❢ s❝✐❡♥❝❡✳ ❍♦✇❡✈❡r✱ ❛❧♠♦st ❡✈❡r②✇❤❡r❡ s❝✐❡♥❝❡ ✐s
♠♦st❧② t❛✉❣❤t ❢r♦♠ t❤❡ t❡①t ❜♦♦❦s ✇✐t❤♦✉t ❣✐✈✐♥❣ ✐♠♣♦rt❛♥❝❡ t♦ ❡①♣❡r✐♠❡♥ts✱ ♣❛rt❧② ❞✉❡ t♦ ❧❛❝❦ ♦❢ ❡q✉✐♣♠❡♥t✳ ❆s ❛ r❡s✉❧t✱
♠♦st ♦❢ t❤❡ st✉❞❡♥ts ❢❛✐❧ t♦ ❝♦rr❡❧❛t❡ t❤❡✐r ❝❧❛ssr♦♦♠ ❡①♣❡r✐❡♥❝❡ t♦ ♣r♦❜❧❡♠s ❡♥❝♦✉♥t❡r❡❞ ✐♥ ❞❛✐❧② ❧✐❢❡✳ ❚♦ s♦♠❡ ❡①t❡♥t t❤✐s
❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ ❜② ❧❡❛r♥✐♥❣ s❝✐❡♥❝❡ ❜❛s❡❞ ♦♥ ❡①♣❧♦r❛t✐♦♥ ❛♥❞ ❡①♣❡r✐♠❡♥t✐♥❣✳

❚❤❡ ❛❞✈❡♥t ♦❢ ♣❡rs♦♥❛❧ ❝♦♠♣✉t❡rs ❛♥❞ t❤❡✐r ❡❛s② ❛✈❛✐❧❛❜✐❧✐t② ❤❛s ♦♣❡♥❡❞ ✉♣ ❛ ♥❡✇ ♣❛t❤ ❢♦r ♠❛❦✐♥❣ ❧❛❜♦r❛t♦r② ❡q✉✐♣✲
♠❡♥t✳ ❆❞❞✐t✐♦♥ ♦❢ s♦♠❡ ❤❛r❞✇❛r❡ t♦ ❛♥ ♦r❞✐♥❛r② ❝♦♠♣✉t❡r ❝❛♥ ❝♦♥✈❡rt ✐t ✐♥ t♦ ❛ s❝✐❡♥❝❡ ❧❛❜♦r❛t♦r②✳ P❡r❢♦r♠✐♥❣ q✉✐❝❦
♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❣♦♦❞ ❛❝❝✉r❛❝② ❡♥❛❜❧❡s ♦♥❡ t♦ st✉❞② ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ♣❤❡♥♦♠❡♥❛✳ ❙❝✐❡♥❝❡ ❡①♣❡r✐♠❡♥ts ❣❡♥❡r❛❧❧② ✐♥✈♦❧✈❡
♠❡❛s✉r✐♥❣✴❝♦♥tr♦❧❧✐♥❣ ♣❤②s✐❝❛❧ ♣❛r❛♠❡t❡rs ❧✐❦❡ t❡♠♣❡r❛t✉r❡✱ ♣r❡ss✉r❡✱ ✈❡❧♦❝✐t②✱ ❛❝❝❡❧❡r❛t✐♦♥✱ ❢♦r❝❡✱ ✈♦❧t❛❣❡✱ ❝✉rr❡♥t ❡t❝✳ ■❢ t❤❡
♠❡❛s✉r❡❞ ♣❤②s✐❝❛❧ ♣r♦♣❡rt② ✐s ❝❤❛♥❣✐♥❣ r❛♣✐❞❧②✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♥❡❡❞ t♦ ❜❡ ❛✉t♦♠❛t❡❞ ❛♥❞ ❛ ❝♦♠♣✉t❡r ❜❡❝♦♠❡s ❛ ✉s❡❢✉❧
t♦♦❧✳ ❋♦r ❡①❛♠♣❧❡✱ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❆❈ ♠❛✐♥s ✈♦❧t❛❣❡ ✇✐t❤ t✐♠❡ r❡q✉✐r❡s ♠❡❛s✉r✐♥❣ ✐t ❛❢t❡r ❡✈❡r② ♠✐❧❧✐s❡❝♦♥❞✳

❚❤❡ ❛❜✐❧✐t② t♦ ♣❡r❢♦r♠ ❡①♣❡r✐♠❡♥ts ✇✐t❤ r❡❛s♦♥❛❜❧❡ ❛❝❝✉r❛❝② ❛❧s♦ ♦♣❡♥s ✉♣ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ r❡s❡❛r❝❤ ♦r✐❡♥t❡❞ s❝✐❡♥❝❡
❡❞✉❝❛t✐♦♥✳ ❙t✉❞❡♥ts ❝❛♥ ❝♦♠♣❛r❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ❛♥❞ ❡①❛♠✐♥❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❧❛✇s
❣♦✈❡r♥✐♥❣ ✈❛r✐♦✉s ♣❤❡♥♦♠❡♥❛✳ ❘❡s❡❛r❝❤ s❝✐❡♥t✐sts ❞♦ t❤❡ s❛♠❡ ✇✐t❤ ❤✐❣❤❧② s♦♣❤✐st✐❝❛t❡❞ ❡q✉✐♣♠❡♥t✳ ❚❤❡ ❡①♣❊❨❊❙ ✭
❡①♣❊r✐♠❡♥ts ❢♦r ❨♦✉♥❣ ❊♥❣✐♥❡❡rs ✫ ❙❝✐❡♥t✐sts✮ ❦✐t ✐s ❞❡s✐❣♥❡❞ t♦ s✉♣♣♦rt ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❡①♣❡r✐♠❡♥ts✱ ❢r♦♠ s❝❤♦♦❧ t♦ ♣♦st
❣r❛❞✉❛t❡ ❧❡✈❡❧✳ ■t ❛❧s♦ ❛❝ts ❛s ❛ t❡st ❡q✉✐♣♠❡♥t ❢♦r ❡❧❡❝tr♦♥✐❝s ❡♥❣✐♥❡❡rs ❛♥❞ ❤♦❜❜②✐sts✳ ❚❤❡ s✐♠♣❧❡ ❛♥❞ ♦♣❡♥ ❛r❝❤✐t❡❝t✉r❡ ♦❢
❡①♣❊❨❊❙ ❛❧❧♦✇s t❤❡ ✉s❡rs t♦ ❞❡✈❡❧♦♣ ♥❡✇ ❡①♣❡r✐♠❡♥ts✱ ✇✐t❤♦✉t ❣❡tt✐♥❣ ✐♥t♦ t❤❡ ❞❡t❛✐❧s ♦❢ ❡❧❡❝tr♦♥✐❝s ♦r ❝♦♠♣✉t❡r ♣r♦❣r❛♠♠✐♥❣✳
❚❤✐s ❯s❡r✬s ♠❛♥✉❛❧ ❞❡s❝r✐❜❡s ❡①♣❊❨❊❙✲✶✼ ❛❧♦♥❣ ✇✐t❤ s❡✈❡r❛❧ ❡①♣❡r✐♠❡♥ts✱ t❤❡r❡ ✐s ❛❧s♦ ❛ Pr♦❣r❛♠♠❡r✬s ♠❛♥✉❛❧ ❛✈❛✐❧❛❜❧❡✳

✶✳✷ ❚❤❡ ❡q✉✐♣♠❡♥t

❊①♣❊❨❊❙✲✶✼ ✐s ✐♥t❡r❢❛❝❡❞ ❛♥❞ ♣♦✇❡r❡❞ ❜② t❤❡ ❯❙❇ ♣♦rt ♦❢ t❤❡ ❝♦♠♣✉t❡r✱ ❛♥❞ ✐t ✐s ♣r♦❣r❛♠♠❛❜❧❡ ✐♥ P②t❤♦♥✳ ■t ❝❛♥ ❢✉♥❝t✐♦♥
❛s ❛ ❧♦✇ ❢r❡q✉❡♥❝② ♦s❝✐❧❧♦s❝♦♣❡✱ ❢✉♥❝t✐♦♥ ❣❡♥❡r❛t♦r✱ ♣r♦❣r❛♠♠❛❜❧❡ ✈♦❧t❛❣❡ s♦✉r❝❡✱ ❢r❡q✉❡♥❝② ❝♦✉♥t❡r ❛♥❞ ❞❛t❛ ❧♦❣❣❡r✳ ❋♦r
❝♦♥♥❡❝t✐♥❣ ❡①t❡r♥❛❧ s✐❣♥❛❧s✱ ✐t ❤❛s t✇♦ s♣r✐♥❣ ❧♦❛❞❡❞ t❡r♠✐♥❛❧s ❜❧♦❝❦s✱ ♦♥❡ ❢♦r ♦✉t♣✉t s✐❣♥❛❧s ❛♥❞ ❛♥♦t❤❡r ❢♦r ✐♥♣✉ts✱ ❛s s❤♦✇♥
✐♥ ✜❣✉r❡ ✶✳✶✳ ❚❤❡ s♦❢t✇❛r❡ ❝❛♥ ♠♦♥✐t♦r ❛♥❞ ❝♦♥tr♦❧ t❤❡ ✈♦❧t❛❣❡s ❛t t❤❡s❡ t❡r♠✐♥❛❧s✳ ■♥ ♦r❞❡r t♦ ♠❡❛s✉r❡ ♦t❤❡r ♣❛r❛♠❡t❡rs
✭❧✐❦❡ t❡♠♣❡r❛t✉r❡✱ ♣r❡ss✉r❡ ❡t❝✳✮✱ ✇❡ ♥❡❡❞ t♦ ❝♦♥✈❡rt t❤❡♠ ✐♥ t♦ ❡❧❡❝tr✐❝❛❧ s✐❣♥❛❧s ❜② ✉s✐♥❣ ❛♣♣r♦♣r✐❛t❡ s❡♥s♦r ❡❧❡♠❡♥ts✳ ❚❤❡
❛❝❝✉r❛❝② ♦❢ t❤❡ ✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✐s ❞❡❝✐❞❡❞ ❜② t❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ ✸✳✸❱ r❡❢❡r❡♥❝❡ ✉s❡❞✱ ✐t ✐s ✺✵♣♣♠ ♣❡r ❞❡❣r❡❡ ❝❡❧❝✐✉s✳
❚❤❡ ❣❛✐♥ ❛♥❞ ♦✛s❡t ❡rr♦rs ❛r❡ ❡❧✐♠✐♥❛t❡❞ ❜② ✐♥✐t✐❛❧ ❝❛❧✐❜r❛t✐♦♥✱ ✉s✐♥❣ ❛ ✶✻❜✐t ❆❉❈✳ ❊✈❡♥ t❤♦✉❣❤ ♦✉r ♣r✐♠❛r② ♦❜❥❡❝t✐✈❡ ✐s t♦
❞♦ ❡①♣❡r✐♠❡♥ts✱ ②♦✉ ❛r❡ ❛❞✈✐s❡❞ t♦ r❡❛❞ t❤r♦✉❣❤ t❤❡ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❡q✉✐♣♠❡♥t ❣✐✈❡♥ ❜❡❧♦✇✳ ❚❤❡ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ❛❧s♦
✉s❡❞ ❛s ❛ t❡st ❡q✉✐♣♠❡♥t ❢♦r ❡❧❡❝tr✐❝❛❧ ❛♥❞ ❡❧❡❝tr♦♥✐❝s ❡♥❣✐♥❡❡r✐♥❣ ❡①♣❡r✐♠❡♥ts✳

■▼P❖❘❚❆◆❚ ✿ ❚❤❡ ❡①t❡r♥❛❧ ✈♦❧t❛❣❡s ❝♦♥♥❡❝t❡❞ t♦ ❊①♣❊❨❊❙✶✼ ♠✉st ❜❡ ✇✐t❤✐♥ t❤❡ ❛❧❧♦✇❡❞ ❧✐♠✐ts✳ ■♥♣✉ts ❆✶ ❛♥❞ ❆✷

♠✉st ❜❡ ✇✐t❤✐♥ ±16 ✈♦❧ts r❛♥❣❡ ❛♥❞ ■♥♣✉ts ■◆✶ ❛♥❞ ■◆✷ ♠✉st ❜❡ ✐♥ ✵ t♦ ✸✳✸❱ r❛♥❣❡✳ ❊①❝❡❡❞✐♥❣ t❤❡s❡ ❧✐♠✐ts ♠❛② r❡s✉❧t ✐♥

❞❛♠❛❣❡ t♦ t❤❡ ❡q✉✐♣♠❡♥t✳ ❚♦ ♠❡❛s✉r❡ ❤✐❣❤❡r ✈♦❧t❛❣❡s✱ s❝❛❧❡ t❤❡♠ ❞♦✇♥ ✉s✐♥❣ r❡s✐st✐✈❡ ♣♦t❡♥t✐❛❧ ❞✐✈✐❞❡r ♥❡t✇♦r❦s✳

✶✳✷✳✶ ❊①t❡r♥❛❧ ❝♦♥♥❡❝t✐♦♥s

❚❤❡ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❡①t❡r♥❛❧ ❝♦♥♥❡❝t✐♦♥s ❜r✐❡✢② ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✳ ❆❧❧ t❤❡ ❜❧❛❝❦ ❝♦✉❧♦r❡❞ t❡r♠✐♥❛❧s ❛r❡ ❛t ❣r♦✉♥❞ ♣♦t❡♥t✐❛❧✱
❛❧❧ ♦t❤❡r ✈♦❧t❛❣❡s ❛r❡ ♠❡❛s✉r❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ✐t✳

❖✉t♣✉ts✿

❈♦♥st❛♥t ❈✉rr❡♥t ❙♦✉r❝❡ ✭❈❈❙✮ ✿ ❚❤❡ ❝♦♥st❛♥t ❝✉rr❡♥t s♦✉r❝❡ ❝❛♥ ❜❡ s✇✐t❝❤❡❞ ❖◆ ❛♥❞ ❖❋❋ ✉♥❞❡r s♦❢t✇❛r❡ ❝♦♥tr♦❧✳
❚❤❡ ♥♦♠✐♥❛❧ ✈❛❧✉❡ ✐s ✶✳✶ ♠❆ ❜✉t ♠❛② ✈❛r② ❢r♦♠ ✉♥✐t t♦ ✉♥✐t✱ ❞✉❡ t♦ ❝♦♠♣♦♥❡♥t t♦❧❡r❛♥❝❡s✳ ❚♦ ♠❡❛s✉r❡ t❤❡ ❡①❛❝t ✈❛❧✉❡✱

✸



❋✐❣✉r❡ ✶✳✶✿ ❚❤❡ ❊①♣❊❨❊❙✶✼ t♦♣ ♣❛♥❡❧ s❤♦✇✐♥❣ t❤❡ ❡①t❡r♥❛❧ ❝♦♥♥❡❝t✐♦♥s✳

❝♦♥♥❡❝t ❛♥ ❛♠♠❡t❡r ❢r♦♠ ❈❈❙ t♦ ●◆❉✳ ❆♥♦t❤❡r ♠❡t❤♦❞ ✐s t♦ ❝♦♥♥❡❝t ❛ ❦♥♦✇♥ r❡s✐st❛♥❝❡ ✭⑦✶❦✮ ❛♥❞ ♠❡❛s✉r❡ t❤❡ ✈♦❧t❛❣❡
❞r♦♣ ❛❝r♦ss ✐t✳ ❚❤❡ ❧♦❛❞ r❡s✐st♦r s❤♦✉❧❞ ❜❡ ❧❡ss t❤❛♥ ✸❦ ❢♦r t❤✐s ❝✉rr❡♥t s♦✉r❝❡✳

Pr♦❣r❛♠♠❛❜❧❡ ❱♦❧t❛❣❡ ✭P❱✶✮ ✿

❈❛♥ ❜❡ s❡t✱ ❢r♦♠ s♦❢t✇❛r❡✱ t♦ ❛♥② ✈❛❧✉❡ ✐♥ t❤❡ ✲✺❱ t♦ ✰✺❱ r❛♥❣❡✳ ❚❤❡ r❡s♦❧✉t✐♦♥ ✐s ✶✷ ❜✐ts✱ ✐♠♣❧✐❡s ❛ ♠✐♥✐♠✉♠ ✈♦❧t❛❣❡ st❡♣
♦❢ ❛r♦✉♥❞ ✷✳✺ ♠✐❧❧✐✈♦❧ts✳

Pr♦❣r❛♠♠❛❜❧❡ ❱♦❧t❛❣❡ ✭P❱✷✮ ✿ ❈❛♥ ❜❡ s❡t✱ ❢r♦♠ s♦❢t✇❛r❡✱ t♦ ❛♥② ✈❛❧✉❡ ✐♥ t❤❡ ✲✸✳✸❱ t♦ ✰✸✳✸❱ r❛♥❣❡✳ ❚❤❡ r❡s♦❧✉t✐♦♥
✐s ✶✷ ❜✐ts✳

❙q✉❛r❡ ❲❛✈❡ ❙◗✶✿ ❖✉t♣✉t s✇✐♥❣s ❢r♦♠ ✵ t♦ ✺ ✈♦❧ts ❛♥❞ ❢r❡q✉❡♥❝② ❝❛♥ ❜❡ ✈❛r✐❡❞ ✹❍③ t♦ ✶✵✵❦❍③✳ ❆❧❧ ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s
♦❢ ❢r❡q✉❡♥❝② ❛r❡ ♥♦t ♣♦ss✐❜❧❡✳ ❚❤❡ ❞✉t② ❝②❝❧❡ ♦❢ t❤❡ ♦✉t♣✉t ✐s ♣r♦❣r❛♠♠❛❜❧❡✳ ❙❡tt✐♥❣ ❢r❡q✉❡♥❝② t♦ 0❍③ ✇✐❧❧ ♠❛❦❡ t❤❡ ♦✉t♣✉t
❍■●❍ ❛♥❞ s❡tt✐♥❣ ✐t t♦ −1 ✇✐❧❧ ♠❛❦❡ ✐t ▲❖❲✱ ✐♥ ❜♦t❤ ❝❛s❡s t❤❡ ✇❛✈❡ ❣❡♥❡r❛t✐♦♥ ✐s ❞✐s❛❜❧❡❞✳ ❙◗❘✶ ♦✉t♣✉t ❤❛s ❛ 100Ω s❡r✐❡s

r❡s✐st♦r ✐♥s✐❞❡ s♦ t❤❛t ✐t ❝❛♥ ❞r✐✈❡ ▲❊❉s ❞✐r❡❝t❧②✳

❙q✉❛r❡ ❲❛✈❡ ❙◗✷✿ ❖✉t♣✉t s✇✐♥❣s ❢r♦♠ ✵ t♦ ✺ ✈♦❧ts ❛♥❞ ❢r❡q✉❡♥❝② ❝❛♥ ❜❡ ✈❛r✐❡❞ ✹❍③ t♦ ✶✵✵❦❍③✳ ❆❧❧ ✐♥t❡r♠❡❞✐❛t❡ ✈❛❧✉❡s
♦❢ ❢r❡q✉❡♥❝② ❛r❡ ♥♦t ♣♦ss✐❜❧❡✳ ❚❤❡ ❞✉t② ❝②❝❧❡ ♦❢ t❤❡ ♦✉t♣✉t ✐s ♣r♦❣r❛♠♠❛❜❧❡✳ ❙◗❘✷ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡ ✇❤❡♥ ❲● ✐s ❛❝t✐✈❡✳

❉✐❣✐t❛❧ ❖✉t♣✉t ✭❖❉✶✮ ✿ ❚❤❡ ✈♦❧t❛❣❡ ❛t ❖❉✶ ❝❛♥ ❜❡ s❡t t♦ ✵ ♦r ✺ ✈♦❧ts✱ ✉s✐♥❣ s♦❢t✇❛r❡✳

❙✐♥❡✴❚r✐❛♥❣✉❧❛r ❲❛✈❡ ❲●✿ ❋r❡q✉❡♥❝② ❝❛♥ ❜❡ ✈❛r✐❡❞ ❢r♦♠ ✺❍③ t♦ ✺❦❍③✳ ❚❤❡ ♣❡❛❦ ✈❛❧✉❡ ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡ ❝❛♥ ❜❡ s❡t t♦
✸ ✈♦❧ts✱ ✶✳✵ ✈♦❧t ♦r ✽✵ ♠❱✳ ❙❤❛♣❡ ♦❢ t❤❡ ♦✉t♣✉t ✇❛✈❡❢♦r♠ ✐s ♣r♦❣r❛♠♠❛❜❧❡✳ ❯s✐♥❣ t❤❡ ●❯■ s✐♥❡ ♦r tr✐❛♥❣✉❧❛r ❝❛♥ ❜❡ s❡❧❡❝t❡❞✳
❲● ❜❛r ✐s ✐♥✈❡rt❡❞ ❲●✳

■♥♣✉ts✿

❈❛♣❛❝✐t❛♥❝❡ ♠❡t❡r ■◆✶✿ ❈❛♣❛❝✐t❛♥❝❡ ❝♦♥♥❡❝t❡❞ ❜❡t✇❡❡♥ ■◆✶ ❛♥❞ ●r♦✉♥❞ ❝❛♥ ❜❡ ♠❡❛s✉r❡❞✳ ■t ✇♦r❦s ❜❡tt❡r ❢♦r ❧♦✇❡r
❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s✱ ✉♣t♦ ✶✵ ♥❛♥♦❋❛r❛❞s✱ r❡s✉❧ts ♠❛② ♥♦t ❜❡ ✈❡r② ❛❝❝✉r❛t❡ ❜❡②♦♥❞ t❤❛t✳

❋r❡q✉❡♥❝② ❈♦✉♥t❡r ■◆✷✿ ❈❛♣❛❜❧❡ ♦❢ ♠❡❛s✉r✐♥❣ ❢r❡q✉❡♥❝✐❡s ✉♣t♦ s❡✈❡r❛❧ ▼❍③✳

❘❡s✐st✐✈❡ ❙❡♥s♦r ■♥♣✉t ✭❙❊◆✮✿ ❚❤✐s ✐s ♠❛✐♥❧② ♠❡❛♥t ❢♦r s❡♥s♦rs ❧✐❦❡ ▲✐❣❤t ❉❡♣❡♥❞❡♥t ❘❡s✐st♦r✱ ❚❤❡r♠✐st♦r✱ P❤♦t♦✲
tr❛♥s✐st♦r ❡t❝✳ ❙❊◆ ✐s ✐♥t❡r♥❛❧❧② ❝♦♥♥❡❝t❡❞ t♦ ✸✳✸ ✈♦❧ts t❤r♦✉❣❤ ❛ 5.1kΩ r❡s✐st♦r✳

±16V ❆♥❛❧♦❣ ■♥♣✉ts✱ ❆✶ ✫ ❆✷✿ ❈❛♥ ♠❡❛s✉r❡ ✈♦❧t❛❣❡ ✇✐t❤✐♥ t❤❡ ±16 ✈♦❧ts r❛♥❣❡✳ ❚❤❡ ✐♥♣✉t ✈♦❧t❛❣❡ r❛♥❣❡ ❝❛♥ ❜❡
s❡❧❡❝t❡❞ ❢r♦♠ ✳✺❱ t♦ ✶✻❱ ❢✉❧❧s❝❛❧❡✳ ❱♦❧t❛❣❡ ❛t t❤❡s❡ t❡r♠✐♥❛❧s ❝❛♥ ❜❡ ❞✐s♣❧❛②❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✱ ❣✐✈✐♥❣ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t②
♦❢ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ♦s❝✐❧❧♦s❝♦♣❡✳ ❚❤❡ ♠❛①✐♠✉♠ s❛♠♣❧✐♥❣ r❛t❡ ✐s ✶ ▼s♣s ✴❝❤❛♥♥❡❧✳ ❇♦t❤ ❤❛✈❡ ❛♥ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ 1MΩ ✳

±3.3V ❆♥❛❧♦❣ ■♥♣✉t ❆✸✿ ❈❛♥ ♠❡❛s✉r❡ ✈♦❧t❛❣❡ ✇✐t❤✐♥ t❤❡ ±3.3 ✈♦❧ts r❛♥❣❡✳ ❚❤❡ ✐♥♣✉t ❝❛♥ ❜❡ ❛♠♣❧✐✜❡❞ ❜② ❝♦♥♥❡❝t✐♥❣
❛ r❡s✐st♦r ❢r♦♠ ❘❣ t♦ ●r♦✉♥❞✱ ❣❛✐♥ ❂1 + Rg

10000
✳ ❚❤✐s ❡♥❛❜❧❡s ❞✐s♣❧❛②✐♥❣ ✈❡r② s♠❛❧❧ ❛♠♣❧✐t✉❞❡ s✐❣♥❛❧s✳ ❚❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡

♦❢ ❆✸ ✐s 10MΩ✳

▼✐❝r♦♣❤♦♥❡ ✐♥♣✉t ▼■❈✿ ❆ ❝♦♥❞❡♥s❡r ♠✐❝r♦♣❤♦♥❡ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ t❤✐s t❡r♠✐♥❛❧ ❛♥❞ t❤❡ ♦✉t♣✉t ❝❛♥ ❜❡ ❝❛♣t✉r❡❞✳

✹



■✷❈ ❙❡♥s♦r ■♥t❡r❢❛❝❡✿

❚❤❡ ❢♦✉r ❝♦♥♥❡❝t✐♦♥s ✭✰✺❱✱ ●r♦✉♥❞✱ ❙❈▲ ❛♥❞ ❙❉❆✮ ♦❢ t❤❡ ✽ t❡r♠✐♥❛❧ ❜❡r❣ str✐♣ s✉♣♣♦rts ■✷❈ s❡♥s♦rs✳ ❚❤❡ s♦❢t✇❛r❡ ✐s
❝❛♣❛❜❧❡ ♦❢ r❡❝♦❣♥✐③✐♥❣ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ■✷❈ s❡♥s♦rs✳

±6V/10mA P♦✇❡r s✉♣♣❧②✿

❚❤❡ ❱❘✰ ❛♥❞ ❱❘✲ ❛r❡ r❡❣✉❧❛t❡❞ ♣♦✇❡r ♦✉t♣✉ts✳ ❚❤❡② ❝❛♥ s✉♣♣❧② ✈❡r② ❧✐tt❧❡ ❝✉rr❡♥t✱ ❜✉t ❣♦♦❞ ❡♥♦✉❣❤ t♦ ♣♦✇❡r ❛♥ ❖♣✲❆♠♣✳

✶✳✷✳✷ ❆❝❝❡ss♦r② ❙❡t

❙♦♠❡ ❛❝❝❡ss♦r✐❡s ❛r❡ ♣r♦✈✐❞❡❞ ✇✐t❤ ❡①♣❊❨❊❙✳

• P✐❡❝❡s ♦❢ ✇✐r❡s✱ ✇✐t❤ ♣✐♥ ❛♥❞ ✇✐t❤ ❝r♦❝♦❞✐❧❡ ❝❧✐♣✳

• ❈♦♥❞❡♥s❡r ♠✐❝r♦♣❤♦♥❡ ✇✐t❤ ❧❡❛❞s✳

• ■♥❞✉❝t♦r ❈♦✐❧ ✭✷✮ ✿ ✹✹❙❲● ✇✐r❡ ♦♥ ✶❝♠ ❞✐❛ ❜♦❜❜✐♥✳ ❆r♦✉♥❞ ✸✵✵✵ ❚✉r♥s ✭s♦♠❡ ♠❛② ❤❛✈❡ ♠♦r❡ t✉r♥s✮✳ ❚❤❡s❡ ❝♦✐❧s ❝❛♥
❜❡ ✉s❡❞ ❢♦r st✉❞②✐♥❣ ✐♥❞✉❝t❛♥❝❡✱ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥❞✉❝t✐♦♥ ❡t❝✳

• P✐❡③♦ ❊❧❡❝tr✐❝ ❉✐s❝s ✭✷✮ ✿ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s ❛r♦✉♥❞ ✸✺✵✵ ❍③✳ ❈❛♥ ❜❡ ❡♥❡r❣✐③❡❞ ❜② ❲● ♦✉t♣✉t ♦r ❙◗❘✶✳ ❉✐s❝s ❛r❡
❡♥❝❧♦s❡❞ ✐♥ ❛ ♣❧❛st✐❝ s❤❡❧❧ t❤❛t ❢♦r♠s ❛ ❝❛✈✐t②✱ t❤❛t ❡♥❤❛♥❝❡s t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ s♦✉♥❞ ♣r♦❞✉❝❡❞✳

• ❉❈ ▼♦t♦r ✿ ❙❤♦✉❧❞ ❜❡ ♣♦✇❡r❡❞ ❜② ❛ ❉❈ ✈♦❧t❛❣❡ ❧❡ss t❤❛♥ ✸ ✈♦❧ts✳

• P❡r♠❛♥❡♥t ▼❛❣♥❡ts ✿ ✭❛✮ ✶✵♠♠ ❞✐❛ ✫ ❧❡♥❣t❤ ✭❜✮ ✺ ♠♠ ❞✐❛ ✫ ✶✵ ♠♠ ❧❡♥❣t❤ ✭❝✮ ❇✉tt♦♥ s✐③❡ ♠❛❣♥❡ts✭✷✮

• ✺♠♠ ▲❊❉❙ ✿ ❘❊❉✱ ❇▲❯❊✱ ●❘❊❊◆✱ ❲❍■❚❊

• ❈❛♣❛❝✐t♦rs ✿ ✶✵✵♣❋✱ ✵✳✶✉❋ ✱ ✶ ✉❋ ✫ ✷✷✉❋

• ■♥❞✉❝t♦r ✿ ✶✵ ♠❍ ✴ ✷✵Ω✱

• ❘❡s✐st♦rs ✿ ✺✻✵Ω✱ ✶kΩ✱ ✷✳✷kΩ ✱ ✶✵kΩ ✱ ✺✶kΩ ❛♥❞ ✶✵✵ kΩ

• ▲❉❘

• ❚✇♦ s✐❧✐❝♦♥ ❞✐♦❞❡s ✭✶◆✹✶✹✽✮ ❛♥❞ ♦♥❡ ✸✳✸ ✈♦❧ts ③❡♥❡r ❞✐♦❞❡

• ◆P◆ ❚r❛♥s✐st♦r✭ ✷◆✷✷✷✷✮

✶✳✸ ❙♦❢t✇❛r❡ ■♥st❛❧❧❛t✐♦♥

❊①♣❊❨❊❙ ❝❛♥ r✉♥ ♦♥ ❛♥② ❝♦♠♣✉t❡r ❤❛✈✐♥❣ ❛ P②t❤♦♥ ■♥t❡r♣r❡t❡r ❛♥❞ r❡q✉✐r❡❞ ♠♦❞✉❧❡s✳ ❚❤❡ ❯❙❇ ✐♥t❡r❢❛❝❡ ✐s ❤❛♥❞❧❡❞ ❜②
❛ ❞❡✈✐❝❡ ❞r✐✈❡r ♣r♦❣r❛♠ t❤❛t ♣r❡s❡♥ts t❤❡ ❯❙❇ ♣♦rt ❛s ❛ ❙❡r✐❛❧ ♣♦rt t♦ t❤❡ P②t❤♦♥ ♣r♦❣r❛♠s✳ ❚❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ t❤❡
❡①♣❊❨❊❙ ✐s ❞♦♥❡ ✉s✐♥❣ ❛ ❧✐❜r❛r② ✇r✐tt❡♥ ✐♥ P②t❤♦♥✳ Pr♦❣r❛♠s ✇✐t❤ ●❯■ ❤❛✈❡ ❜❡❡♥ ✇r✐tt❡♥ ❢♦r ♠❛♥② ❡①♣❡r✐♠❡♥ts✳ ❊②❡s✶✼
s♦❢t✇❛r❡ r❡q✉✐r❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛❝❦❛❣❡s

• ♣②t❤♦♥✲s❡r✐❛❧

• ♣②t❤♦♥✲♥✉♠♣②

• ♣②t❤♦♥✲s❝✐♣②

• ♣②t❤♦♥✲qt✹

• ♣②t❤♦♥✲♣②qt❣r❛♣❤

❆♥② ●◆❯✴▲✐♥✉① ❞✐str✐❜✉t✐♦♥s

❉♦✇♥❧♦❛❞ ❡②❡s✶✼✲①✳①✳①✳③✐♣ ✭t❤❡ ❧❛t❡st ✈❡rs✐♦♥✮ ❢r♦♠ ❤tt♣✿✴✴❡①♣❡②❡s✳✐♥ ❛♥❞ ✉♣③✐♣ ✐t✱ ❛♥❞ ❝❤❛♥❣❡ t♦ t❤❡ ♥❡✇❧② ❝r❡❛t❡❞
❢♦❧❞❡r✳ ■ss✉❡ t❤❡ ❝♦♠♠❛♥❞

✩ s✉❞♦ s❤ ♣♦st✐♥st ★ s❡t ✉s❡r ✇r✐t❡ ♣❡r♠✐ss✐♦♥

✩ ♣②t❤♦♥ ♠❛✐♥✳♣②

❨♦✉ ✇✐❧❧ ❣❡t ❡rr♦r ♠❡ss❛❣❡s ❢♦r ❛♥② ♠✐ss✐♥❣ ♣❛❝❦❛❣❡s t❤❛t ❛r❡ r❡q✉✐r❡❞ ❢♦r ❡①♣❡②❡s✳ ■♥st❛❧❧ t❤❡♠ ♦♥❡ ❜② ♦♥❡ ❛♥❞ tr② ❛❣❛✐♥✳
P②t❤♦♥ ♣r♦❣r❛♠s r❡q✉✐r❡❞ ❢♦r s❡✈❡r❛❧ ❡①♣❡r✐♠❡♥ts ❛r❡ ✐♥ t❤❡ s❛♠❡ ❞✐r❡❝t♦r②✱ t❤❡② ❛r❡ ❝❛❧❧❡❞ ❜② ✬♠❛✐♥✳♣②✬✳

✺



❋✐❣✉r❡ ✶✳✷✿ ❚❤❡ s❝♦♣❡✶✼ s❝r❡❡♥ s❤♦✇✐♥❣ t✇♦ tr❛❝❡s

❉❡❜✐❛♥ ♦r ❯❜✉♥t✉ ●◆❯✴▲✐♥✉① ❞✐str✐❜✉t✐♦♥s

❉♦✇♥❧♦❛❞ ❡②❡s✶✼✲①✳①✳①✳❞❡❜ ✭ t❤❡ ❧❛t❡st ✈❡rs✐♦♥✮ ❢r♦♠ t❤❡ s♦❢t✇❛r❡ s❡❝t✐♦♥ ♦❢ ❤tt♣✿✴✴❡①♣❡②❡s✳✐♥ ❛♥❞ ✐♥st❛❧❧ ✐t ✉s✐♥❣ t❤❡
❝♦♠♠❛♥❞❀

✩ s✉❞♦ ❣❞❡❜✐ ❡②❡s✶✼✲①✳①✳①✳❞❡❜
✇❤✐❧❡ ❝♦♥♥❡❝t❡❞ t♦ ■♥t❡r♥❡t
❚❤❡ ♣❛❝❦❛❣❡ ✬❡②❡s✶✼✬ ✭❧❛t❡r t❤❛♥ ✈❡rs✐♦♥ ✸✮ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ ❡❛r❧✐❡r ✈❡rs✐♦♥s ♦❢ ❊①♣❊❨❊❙✱ ❧✐❦❡ ❡①♣❡②❡s ❥✉♥✐♦r✳

❉✉r✐♥❣ ✐♥st❛❧❧❛t✐♦♥ ❣❞❡❜✐ ✇✐❧❧ ❛✉t♦♠❛t✐❝❛❧❧② ❞♦✇❧♦❛❞ ❛♥❞ ✐♥st❛❧❧ ❛❧❧ t❤❡ r❡q✉✐r❡❞ ♣❛❝❦❛❣❡s✳

❚❤❡ ❡①♣❊❨❊❙ ▲✐✈❡ ❈❉ ✴ ❯❙❇ ♣❡♥❞r✐✈❡

❚❤❡ ■❙❖ ✐♠❛❣❡ ❝♦♥t❛✐♥✐♥❣ s✉♣♣♦rt ❢♦r ❡②❡s✶✼ ❝❛♥ ❜❡ ❞♦✇♥❧♦❛❞❡❞ ❢r♦♠ ❍❊❘❊✳ ▼❛❦❡ ❛ ❉❱❉ ♦r ❯❙❇ ♠❡♠♦r② st✐❝❦ ❜♦♦t❛❜❧❡
✉s✐♥❣ t❤✐s ■❙❖ ✐♠❛❣❡ ✭❉♦✇♥❧♦❛❞ r✉❢✉s ❢r♦♠ ❤tt♣s✿✴✴r✉❢✉s✳❛❦❡♦✳✐❡ t♦ ❞♦ t❤✐s ✉♥❞❡r ▼❙❲✐♥❞♦✇s✮

❙✇✐t❝❤ ♦✛ t❤❡ P❈ ❛♥❞ ✐♥s❡rt t❤❡ ❧✐✈❡❈❉✴P❡♥❞r✐✈❡ ❛♥❞ s✇✐t❝❤ ✐t ♦♥✳ ❊♥t❡r t❤❡ ❇■❖❙ ✇❤✐❧❡ ❜♦♦t✐♥❣✱ ♠❛❦❡ t❤❡ ❈❉❞r✐✈❡✴❯❙❇
❤❛r❞ ❞✐s❦ ❛s t❤❡ ✜rst ❜♦♦t ❞❡✈✐❝❡✳ ❆ ❞❡s❦t♦♣ ✇✐❧❧ ❛♣♣❡❛r ❛♥❞ ②♦✉ ❝❛♥ st❛rt ❡①♣❊❨❊❙✲✶✼ ❢r♦♠ t❤❡ ♠❡♥✉ ❆♣♣❧✐❝❛t✐♦♥s✲
❃❊❞✉❝❛t✐♦♥✲❃❊①♣❊❨❊❙✲✶✼✳ ❨♦✉ ❝❛♥ ❛❧s♦ st❛rt ✐t ❢r♦♠ ❛ ❚❡r♠✐♥❛❧ ✉s✐♥❣ t❤❡ ❝♦♠♠❛♥❞✿

✩ ♣②t❤♦♥ ✴✉sr✴s❤❛r❡✴❡①♣❡②❡s✴❡②❡s✶✼✴♠❛✐♥✳♣②

❖♥ ▼❙❲✐♥❞♦✇s

❚❤❡ ✜rst t❤✐♥❣ t♦ ❞♦ ✐s t♦ ✐♥st❛❧❧ t❤❡ ❞r✐✈❡r s♦❢t✇❛r❡ ❢♦r t❤❡ ❯❙❇ t♦ s❡r✐❛❧ ❝♦♥✈❡rt❡r ■❈ ▼❈P✷✷✵✵✱ ❛✈❛✐❧❛❜❧❡ ♦♥ ▼✐❝r♦❝❤✐♣
✇❡❜s✐t❡ ✭❛❧s♦ ❣✐✈❡♥ ♦♥ ❡①♣❡②❡s ✇❡❜s✐t❡✮✳ ❆❢t❡r ✐♥st❛❧❧✐♥❣ t❤✐s t❤❡ ❞❡✈✐❝❡ ✇✐❧❧ ❛♣♣❡❛r ❛s ❛ ❈❖▼ ♣♦rt✱ t❤❛t ❝❛♥ ❜❡ ✈❡r✐✜❡❞ ❢r♦♠
t❤❡ ❞❡✈✐❝❡ ♠❛♥❛❣❡r ♦❢ ▼❙❲✐♥❞♦✇s✳ ❆❢t❡r t❤✐s t❤❡r❡ ❛r❡ t✇♦ ♦♣t✐♦♥s✳

❆ ③✐♣ ✜❧❡ ❝♦♥t❛✐♥✐♥❣ ❛❧❧ t❤❡ ♥❡❝❡ss❛r② t❤✐♥❣s ❢♦r ❊①♣❊❨❊❙ ✐s ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ✇❡❜s✐t❡✱ ♥❛♠❡❞ ❡②❡s✶✼✇✐♥✳③✐♣✳ ❯♥③✐♣ t❤✐s
✜❧❡ ❛♥❞ r✉♥ ♠❛✐♥✳♣② ❢r♦♠ t❤❛t✳ ❇② ✉s✐♥❣ t❤✐s ♠❡t❤♦❞ ②♦✉ ✇✐❧❧ ♥♦t ❛❜❧❡ t♦ ✇r✐t❡ ②♦✉r ♦✇♥ P②t❤♦♥ ❝♦❞❡ t♦ ❛❝❝❡ss ❡①♣❡②❡s✱
❢♦r t❤❛t ②♦✉ ♥❡❡❞ t♦ ✐♥st❛❧❧ t❤❡ ❢♦❧❧♦✇✐♥❣

✶✳ P②t❤♦♥✲✷✳① ✈❡rs✐♦♥

✷✳ ♣②t❤♦♥✲s❡r✐❛❧

✸✳ ♣②t❤♦♥✲qt✹

✹✳ ♣②t❤♦♥✲♣②qt❣r❛♣❤✱

✺✳ ♣②t❤♦♥✲♥✉♠♣②

✻✳ ♣②t❤♦♥✲s❝✐♣②

❉♦✇♥❧♦❛❞ t❤❡ ❡②❡s✶✼✲①✳①✳①✳③✐♣ ✭ t❛❦❡ ❧❛t❡st ✈❡rs✐♦♥✮ ❢r♦♠ t❤❡ ✇❡❜s✐t❡✳ ❯♥③✐♣♣✐♥❣ t❤❡ ✜❧❡s ✇✐❧❧ ❝r❡❛t❡ ❛ ❞✐r❡❝t♦r② ♥❛♠❡❞
❡②❡s✶✼✱ r✉♥ ♠❛✐♥✳♣② ❢r♦♠ t❤❛t✳

✶✳✹ ❚❤❡ ♠❛✐♥ ●❯■ ♣r♦❣r❛♠

❙t❛rt ❆♣♣❧✐❝❛t✐♦♥s✲❃❊❞✉❝❛t✐♦♥✲❃❊①♣❊❨❊❙✲✶✼ ❢r♦♠ t❤❡ ♠❡♥✉✳ ❆ ❢♦✉r ❝❤❛♥♥❡❧ ♦s❝✐❧❧♦s❝♦♣❡ s❝r❡❡♥ ✇✐t❤ s❡✈❡r❛❧ ❡①tr❛ ❢❡❛t✉r❡s
✇✐❧❧ ♦♣❡♥ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✶✳✷✳ ❱❛r✐♦✉s ❡①♣❡r✐♠❡♥ts ❝❛♥ ❜❡ s❡❧❡❝t❡❞ ❢r♦♠ t❤❡ ♠❡♥✉✳

❚❤❡ ♠❛✐♥ ✇✐♥❞♦✇ ❧♦♦❦s ❧✐❦❡ ❛ ❧♦✇ ❢r❡q✉❡♥❝② ❢♦✉r ❝❤❛♥♥❡❧ ♦s❝✐❧❧♦s❝♦♣❡✱ ✇✐t❤ s♦♠❡ ❡①tr❛ ❢❡❛t✉r❡s✱ ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♣❛♥❡❧✳
❆♣♣❧✐❝❛t✐♦♥s ❢♦r ✈❛r✐♦✉s ❡①♣❡r✐♠❡♥ts ❝❛♥ ❜❡ s❡❧❡❝t❡❞ ❢r♦♠ t❤❡ ♣✉❧❧❞♦✇♥ ♠❡♥✉✳ ❆ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧♦s❝♦♣❡ ♣r♦❣r❛♠
✐s ❣✐✈❡♥ ❜❡❧♦✇✳

✻



• ❆♥② ♦❢ t❤❡ ❢♦✉r ✐♥♣✉ts ✭❆✶✱ ❆✷✱ ❆✸ ♦r ▼■❈✮ ❝❛♥ ❜❡ ❡♥❛❜❧❡❞ ✉s✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❤❡❝❦❜♦①✳ ❚❤❡ ✐♥♣✉t r❛♥❣❡ ❝❛♥
❜❡ s❡❧❡❝t❡❞ ❜② ❝❧✐❝❦✐♥❣ ♦♥ t❤❡ ♠❡♥✉❜✉tt♦♥ ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ❝❤❡❝❦❜♦①✳ ❙❡❧❡❝t t❤❡ ❞❡s✐r❡❞ ✐♥♣✉t r❛♥❣❡ ❢r♦♠ t❤❡
♣♦♣✉♣ ♠❡♥✉✳

• ❚❤❡r❡ ✐s ❛♥♦t❤❡r ❝❤❡❝❦❜♦①✱ t♦ ❡♥❛❜❧❡ ♠❛t❤❡♠❛t✐❝❛❧ ✜tt✐♥❣ ♦❢ t❤❡ ❞❛t❛ ✉s✐♥❣ V = V0 sin (2πft+ θ) + C t♦ s❤♦✇ t❤❡
❛♠♣❧✐t✉❞❡ ❛♥❞ ❢r❡q✉❡♥❝②✳

• ❚❤❡ ❤♦r✐③♦♥t❛❧ s❝❛❧❡ ✭t✐♠❡ ❜❛s❡✮ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❜② ❛ s❧✐❞❡r✱ ❢r♦♠ ✳✺ ♠❙ ❢✉❧❧s❝❛❧❡ t♦ ✺✵✵ ♠❙ ❢✉❧❧ s❝❛❧❡✳

• ❚❤❡ ❈❤❡❝❦❜✉tt♦♥ ❋r❡❡③❡✱ ❛❧❧♦✇s t♦ ♣❛✉s❡ ❛♥❞ r❡s✉♠❡ t❤❡ ♦s❝✐❧❧♦s❝♦♣❡ ♦♣❡r❛t✐♦♥✳

• ❚❤❡ ❚r✐❣❣❡r ❧❡✈❡❧ ❝❛♥ ❜❡ s❡t ❜② ❛ s❧✐❞❡r✱ ❛♥❞ t❤❡r❡ ✐s ❛ ♠❡♥✉❜✉tt♦♥ t♦ s❡❧❡❝t t❤❡ tr✐❣❣❡r s♦✉r❝❡✳

• ❚♦ s❛✈❡ t❤❡ tr❛❝❡s t♦ ❛ ✜❧❡✱ ❡❞✐t t❤❡ ✜❧❡♥❛♠❡ ❛♥❞ ❝❧✐❝❦ ♦♥ t❤❡ ❙❛✈❡❚♦ ❜✉tt♦♥✳

• ❈❧✐❝❦✐♥❣ ♦♥ ❋❋❚ s❤♦✇s t❤❡ ❢r❡q✉❡♥❝② s♣❡❝tr✉♠ ♦❢ ❛❧❧ t❤❡ ❡♥❡❛❜❧❡❞ ❝❤❛♥♥❡❧s✱ ❛♣♣❡❛rs ♦♥ ♣♦♣✉♣ ✇✐♥❞♦✇s✳

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❖s❝✐❧❧♦s❝♦♣❡✱ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♠❡❛s✉r❡♠❡♥t✴❝♦♥tr♦❧ ♦♣t✐♦♥s ❛✈❛✐❧❛❜❧❡ ♦♥ t❤❡ ●❯■✱ t❤❡② ❛r❡ ❡①♣❧❛✐♥❡❞
❜❡❧♦✇✳

• ■❢ s❡❧❡❝t❡❞✱ t❤❡ ✈♦❧t❛❣❡s ❛t t❤❡ ✐♥♣✉ts ❆✶✱ ❆✷ ❛♥❞ ❆✸ ❛r❡ s❛♠♣❧❡❞ ❡✈❡r② s❡❝♦♥❞ ❛♥❞ ❞✐s♣❧❛②❡❞✳

• ❚❤❡ r❡s✐st❛♥❝❡ ❝♦♥♥❡❝t❡❞ ❜❡t✇❡❡♥ ❙❊◆ ❛♥❞ ●r♦✉♥❞ ✐s ♠❡❛s✉r❡❞ ❛♥❞ ❞✐s♣❧❛②❡❞ ❡✈❡r② s❡❝♦♥❞✳

• ❈❧✐❝❦✐♥❣ ❈❛♣❛❝✐t❛♥❝❡ ♦♥ ■◆✶✱ ♠❡❛s✉r❡s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝❛♣❛❝✐t♦r ❝♦♥♥❡❝t❡❞ ❜❡t✇❡❡♥ ■◆✶ ❛♥❞ ●◆❉✳

• ❈❧✐❝❦✐♥❣ ❋r❡q✉❡♥❝② ♦♥ ■◆✷✱ ♠❡❛s✉r❡s t❤❡ ❢r❡q✉❡♥❝② ♦❢ ❛♥ ❡①t❡r♥❛❧ ❞✐❣✐t❛❧ ✭❚❚▲ st❛♥❞❛r❞✮ ♣✉❧s❡ ❝♦♥♥❡❝t❡❞ t♦ ■◆✷

• ❚❤❡ s❤❛♣❡ ♦❢ t❤❡ ✇❛✈❡❢♦r♠ ❝❛♥ ❜❡ s❡❧❡❝t❡❞ ✉s✐♥❣ t❤❡ ♠❡♥✉❜✉tt♦♥✱ ❞❡❢❛✉❧t s❤❛♣❡ ✐s s✐♥❡✳ ■t ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ t♦ tr✐❛♥❣✉❧❛r✳
❲❤❡♥ t❤❡ sq✉❛r❡ ✇❛✈❡ ♦♣t✐♦♥ ✐s s❡❧❡❝t❡❞✱ t❤❡ ♦✉t♣✉t ✐s s❤✐❢t❡❞ t♦ ❙◗✷✳ ❨♦✉ ❝❛♥♥♦t ❤❛✈❡ s✐♥❡✴tr✐❛♥❣✉❧❛r ❛♥❞ ❙◗✷ ❛t
t❤❡ s❛♠❡ t✐♠❡✳

• ❋r❡q✉❡♥❝② ♦❢ t❤❡ ❲❛✈❡❢♦r♠ ❣❡♥❡r❛t♦r ❲● ❝❛♥ ❜❡ s❡t ✉s✐♥❣ t❤❡ s❧✐❞❡r ♦r t❤❡ t❡①t ❡♥tr② ✇✐♥❞♦✇✳ ❚❤❡ t✇♦ ✐♥♣✉t ♠❡t❤♦❞s
❢♦❧❧♦✇ ❡❛❝❤ ♦t❤❡r✱ ❝❤❛♥❣✐♥❣ t❤❡ s❧✐❞❡r ✇✐❧❧ ❝❤❛♥❣❡ t❤❡ t❡①t ✜❡❧❞ ❛♥❞ ❡♥t❡r✐♥❣ ❞❛t❛ ✉s✐♥❣ t❡①t ✜❡❧❞ ✇✐❧❧ s❡t t❤❡ s❧✐❞❡r t♦
t❤❛t ✈❛❧✉❡✳ ❚❤❡ ❢r❡q✉❡♥❝② ✇✐❧❧ ❜❡ s❡t t♦ t❤❡ ♥❡❛r❡st ♣♦ss✐❜❧❡ ✈❛❧✉❡ ❛♥❞ ✐t ✇✐❧❧ ❜❡ ❞✐s♣❧❛②❡❞ ✐♥ t❤❡ ♠❡ss❛❣❡ ✇✐♥❞♦✇ ❛t
t❤❡ ❜♦tt♦♠✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ❲● ♦✉t♣✉t ❝❛♥ ❜❡ s❡t t♦ ✸ ✈♦❧ts✱ ✶ ✈♦❧t ♦r ✽✵ ♠❱✳

• ❙◗✶ ❝❛♥ ❜❡ s❡t ✉s✐♥❣ t❤❡ s❛♠❡ ♠❡t❤♦❞ ❛s ❡①♣❧❛✐♥❡❞ ❛❜♦✈❡✳ ❚❤❡ ❞✉t② ❝②❝❧❡ ❝❛♥ ❜❡ s❡t ❜❡t✇❡❡♥ ✶✪ t♦ ✾✾✪✱ ❞❡❢❛✉❧t ✐s
✺✵✪✳

• ❚❤❡ ♣r♦❣r❛♠♠❛❜❧❡ ✈♦❧❛❣❡s P❱✶ ❛♥❞ P❱✷ ❛r❡ ❛❧s♦ s❡t ✐♥ ❛ s✐♠✐❧❛r ♠❛♥♥❡r✳

• ❈❤❡❝❦❜✉tt♦♥s ❛r❡ ♣r♦✈✐❞❡❞ t♦ ❝♦♥tr♦❧ ❖❉✶ ❛♥❞ ❈❈❙✳

✶✳✺ ●❡tt✐♥❣ ❋❛♠✐❧✐❛r ✇✐t❤ ❊①♣❊❨❊❙✶✼

❇❡❢♦r❡ ♣r♦❝❡❡❞✐♥❣ ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥ts✱ ❧❡t ✉s ❞♦ s♦♠❡ s✐♠♣❧❡ ❡①❡r❝✐s❡s t♦ ❜❡❝♦♠❡ ❢❛♠✐❧✐❛r ✇✐t❤ ❡①♣❊❨❊❙✲✶✼✳ ❈♦♥♥❡❝t t❤❡
❞❡✈✐❝❡ ❛ ❯❙❇ ♣♦rt ❛♥❞ st❛rt t❤❡ ❊①♣❊❨❊❙✲✶✼ ♣r♦❣r❛♠ ❢r♦♠ t❤❡ ♠❡♥✉ ✬❆♣♣❧✐❝❛t✐♦♥s✲❃❊❞✉❝❛t✐♦♥✬✳ ❊♥❛❜❧❡ t❤❡ ✬P♦♣✉♣ ❍❡❧♣✬
♦♣t✐♦♥ ❛♥❞ s❡❧❡❝t t❤❡ ✜rst ❢❡✇ ✐t❡♠s ❢r♦♠ t❤❡ s❝❤♦♦❧ ♠❡♥✉✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡rs ❛r❡ ♦r❣❛♥✐③❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣✉❧❧❞♦✇♥ ♠❡♥✉s ♦❢ t❤❡ ❡②❡s✶✼ ♣r♦❣r❛♠✱ ❡❛❝❤ ❝❤❛♣t❡r ❝♦♥t❛✐♥✐♥❣
t❤❡ ❡①♣❡r✐♠❡♥ts ✉♥❞❡r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡♥✉❀ ❧✐❦❡ ❙❝❤♦♦❧ ❧❡✈❡❧✱ ❊❡❧❡❝tr♦♥✐❝s✱ ❊❡❧❡❝tr✐❝❛❧ ❡t❝✳ ❚♦ ♣❡r❢♦r♠ t❤❡ ❡①♣❡✐♠❡♥t✱
s❡❧❡❝t ✐t ❢r♦♠ t❤❡ ♠❡♥✉✳ ❖♥❧✐♥❡ ❤❡❧♣ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ❡✈❡r② ❡①♣❡r✐♠❡♥t✱ ♠❛❦✐♥❣ t❤✐s ♠❛♥✉❛❧ ❛❧♠♦st r❡❞✉♥❞❛♥t✳

❚❤❡ s❝r❡❡♥ s❤♦ts ❣✐✈❡♥ ✐♥ t❤✐s ❞♦❝✉♠❡♥t ❛r❡ ♥♦t ❢r♦♠ t❤❡ ●❯■ ♣r♦❣r❛♠✱ ❜❡❝❛✉s❡ t❤❡ ❜❧❛❝❦ ❜❛❝❦❣r♦✉♥❞ ✐♠❛❣❡s ❛r❡ ❞✐✣❝✉❧t
t♦ ♣r✐♥t✳ ❚❤❡ ♣❧♦ts ❛r❡ ❣❡♥❡r❛t❡❞ ❜② s❡♣❛r❛t❡ ❝♦❞❡✳

✼



✽



❈❤❛♣t❡r ✷

❙❝❤♦♦❧ ▲❡✈❡❧ ❊①♣❡r✐♠❡♥ts

❚❤✐s ❝❤❛♣t❡r ✇✐❧❧ ❞✐s❝✉ss t❤❡ ❡①♣❡r✐♠❡♥ts ❛♥❞ ❞❡♠♦♥str❛t✐♦♥s ✇✐t❤♦✉t ♠✉❝❤ ❞❛t❛ ❛♥❛❧②s✐s✱ ❡①♣❡r✐♠❡♥ts ❣✐✈❡♥ ✐♥ t❤❡ ♠❡♥✉
❙❝❤♦♦❧❊①♣ts✳ ❙✐♠♣❧❡ t❛s❦s ❧✐❦❡ ♠❡❛s✉r✐♥❣ ✈♦❧t❛❣❡✱ r❡s✐st❛♥❝❡✱ ❝❛♣❛❝✐t❛♥❝❡ ❡t❝✳ ✇✐❧❧ ❜❡ ❞♦♥❡ ❢♦❧❧♦✇❡❞ ❜② r❡s✐st❛♥❝❡s ❝❤❛♥❣✐♥❣
✇✐t❤ t❡♠♣❡r❛t✉r❡ ♦r ❧✐❣❤t✳ ❚❤❡ ❝♦♥❝❡♣t ♦❢ ❆❧t❡r♥❛t✐♥❣ ❈✉rr❡♥t ✐s ✐♥tr♦❞✉❝❡❞ ❜② ♣❧♦tt✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳
●❡♥❡r❛t✐♥❣ ❛♥❞ ❞✐❣✐t✐③✐♥❣ s♦✉♥❞ ✇✐❧❧ ❜❡ ❝♦✈❡r❡❞✳ ❲❤❡♥ ❛♥ ❡①♣❡r✐♠❡♥t ✐s s❡❧❡❝t❡❞✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤❡❧♣ ✇✐♥❞♦✇ ✇✐❧❧ ♣♦♣✉♣✱
✐❢ ❡♥❛❜❧❡❞✳

✷✳✶ ▼❡❛s✉r✐♥❣ ❱♦❧t❛❣❡

❖❜❥❡❝t✐✈❡ ▲❡❛r♥ t♦ ♠❡❛s✉r❡ ✈♦❧t❛❣❡ ✉s✐♥❣ ❡①♣❊❨❊❙ ❛♥❞ ❣❡t s♦♠❡ ✐❞❡❛ ❛❜♦✉t t❤❡ ❝♦♥❝❡♣t ♦❢ ❊❧❡❝tr✐❝❛❧ ●r♦✉♥❞✳ ❆ ❞r②✲❝❡❧❧
❛♥❞ t✇♦ ✇✐r❡s ❛r❡ r❡q✉✐r❡❞✳

Pr♦❝❡❞✉r❡

• ❖❜s❡r✈❡ t❤❡ ✈♦❧t❛❣❡ ❛t ❆✶ ❞✐s♣❧❛②❡❞✳

• ❘❡♣❡❛t ❜② r❡✈❡rs✐♥❣ t❤❡ ❝❡❧❧ ❝♦♥♥❡❝t✐♦♥s✳

❉✐s❝✉ss✐♦♥ ❱♦❧t❛❣❡s ♠❡❛s✉r❡❞ ✈❛❧✉❡ ✐s ✰✶✳✺ ✈♦❧ts ❛♥❞ ✐t ❜❡❝♦♠❡s ✲✶✳✺ ❛❢t❡r r❡✈❡rs✐♥❣ t❤❡ ❝♦♥♥❡❝t✐♦♥s✳
❲❡ ❛r❡ ♠❡❛s✉r✐♥❣ t❤❡ ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t✇♦ ♣♦✐♥ts✳ ❖♥❡ ♦❢ t❤❡♠ ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❛t ③❡r♦ ✈♦❧ts✱ ♦r ●r♦✉♥❞

♣♦t❡♥t✐❛❧✳ ❚❤❡ ✈♦❧t❛❣❡ ♠❡❛s✉r✐♥❣ ♣♦✐♥ts ♦❢ ❡①♣❊❨❊❙ ♠❡❛s✉r❡ t❤❡ ✈♦❧t❛❣❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ t❡r♠✐♥❛❧s ♠❛r❦❡❞ ●◆❉✳ ❲❡
❤❛✈❡ ❝♦♥♥❡❝t❡❞ t❤❡ ♥❡❣❛t✐✈❡ t❡r♠✐♥❛❧ ♦❢ t❤❡ ❝❡❧❧ t♦ ●r♦✉♥❞✳ ❚❤❡ ♣♦s✐t✐✈❡ t❡r♠✐♥❛❧ ✐s ❛t ✰✶✳✺ ✈♦❧ts ✇✐t❤ r❡s♣❡❝t t♦ t❤❡
♥❡❣❛t✐✈❡ t❡r♠✐♥❛❧✳ ❲✐❧❧ ✐t s❤♦✇ ❝♦rr❡❝t ✈♦❧t❛❣❡ ✐❢ ●◆❉ ✐s ♥♦t ❝♦♥♥❡❝t❡❞ ❄

✷✳✷ ▼❡❛s✉r✐♥❣ ❘❡s✐st❛♥❝❡

❖❜❥❡❝t✐✈❡ ❊①♣❊❨❊❙ ❤❛s ❛ t❡r♠✐♥❛❧ ♠❛r❦❡❞ ❙❊◆✱ t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ♠❡❛s✉r✐♥❣ r❡s✐st❛♥❝❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✵Ω t♦
✶✵✵ kΩ✳ ❨♦✉ ❝❛♥ ❛❧s♦ st✉❞② t❤❡ s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ r❡s✐st♦rs✳ ❊✛❡❝t✐✈❡ r❡s✐st❛♥❝❡ ♦❢ ❛ s❡r✐❡s ❝♦♠❜✐♥❛t✐♦♥ ♦❢
r❡s✐st♦rs✱ R = R1 +R2 + · · · ✳ ❋♦r ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥ ✐t ✐s ❣✐✈❡♥ ❜② 1

R
= 1

R1
+ 1

R2
+ · · ·

Pr♦❝❡❞✉r❡

• ❈♦♥♥❡❝t t❤❡ r❡s✐st♦r ❜❡t✇❡❡♥ ❙❊◆ ❛♥❞ ❛♥② ●r♦✉♥❞ t❡r♠✐♥❛❧

• ❖❜s❡r✈❡ t❤❡ ✈❛❧✉❡ s❤♦✇♥ ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♣❛♥❡❧

• ❚r② s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥s

✷✳✸ ▼❡❛s✉r✐♥❣ ❈❛♣❛❝✐t❛♥❝❡

❖❜❥❡❝t✐✈❡ ▼❡❛s✉r✐♥❣ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❡①♣❧♦r❡ t❤❡ s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ❝❛♣❛❝✐t♦rs✳

✾



Pr♦❝❡❞✉r❡

• ❈♦♥♥❡❝t t❤❡ ❝❛♣❛❝✐t♦r ❜❡t✇❡❡♥ ■◆✶ ❛♥❞ ●r♦✉♥❞✳

• ❈❧✐❝❦ ♦♥ ✏❈❛♣❛❝✐t❛♥❝❡ ♦♥ ■◆✶✑ ✳ ❙❤♦✉❧❞ ♥♦t t♦✉❝❤ t❤❡ ❝❛♣❛❝✐t♦r ✇❤✐❧❡ ♠❡❛s✉r✐♥❣

• ❘❡♣❡❛t t❤❡ ♠❡❛s✉r❡♠❡♥t ❢♦r ❙❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥s

❉✐s❝✉ss✐♦♥ ❲❡ ❤❛✈❡ ✉s❡❞ ✶✵✵♣❋ ❝❛♣❛❝✐t♦rs ✐♥ t❤✐s ❛❝t✐✈✐t②✳ ❋♦r ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥✱ t❤❡ ❡✛❡❝t✐✈❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❣✐✈❡♥ ❜②
C = C1 +C2 + · · · ✱ ❛♥❞ ❢♦r s❡r✐❡s ❝♦♠❜✐♥❛t✐♦♥ ❜② 1

C
= 1

C1
+ 1

C2
+ · · · ✳ ❨♦✉ ❝❛♥ ♠❛❦❡ t❤❡ ❝❛♣❛❝✐t♦rs ❜② ♣❛st✐♥❣ t❤✐♥ ♠❡t❛❧

❢♦✐❧s ♦♥ ❜♦t❤ s✐❞❡s ♦❢ ✐♥s✉❧❛t♦rs ❧✐❦❡ ♣❛♣❡r✱ ♣♦❧②t❤❡♥❡ ♦r ❣❧❛ss✳

✷✳✹ ▼❡❛s✉r❡ r❡s✐st❛♥❝❡ ❜② ❝♦♠♣❛r✐s♦♥

❖❜❥❡❝t✐✈❡ ▲❡❛r♥ t♦ ❛♣♣❧② ❖❤♠✬s ❧❛✇ t♦ ✜♥❞ t❤❡ ✈❛❧✉❡ ♦❢ ❛♥ ✉♥❦♥♦✇♥ r❡s✐st❛♥❝❡ ❜② ❝♦♠♣❛r✐♥❣ ✐t ✇✐t❤ ❛ ❦♥♦✇♥ ♦♥❡✳
❱♦❧t❛❣❡ ❛❝r♦ss ❛ r❡s✐st♦r ✐s ❣✐✈❡♥ ❜② V = IR ✳ ■❢ s❛♠❡ ❛♠♦✉♥t ♦❢ ❝✉rr❡♥t ✐s ✢♦✇✐♥❣ t❤r♦✉❣❤ t✇♦ ❞✐✛❡r❡♥t r❡s✐st♦rs✱ t❤❡ r❛t✐♦
♦❢ ✈♦❧t❛❣❡s ✇✐❧❧ ❜❡ t❤❡ s❛♠❡ ❛s t❤❡ r❛t✐♦ ♦❢ r❡s✐st❛♥❝❡s✱ I = VA1

R2
= VPV 1−VA1

R1
✳

Pr♦❝❡❞✉r❡

• ❈♦♥♥❡❝t t❤❡ ✉♥❦♥♦✇♥ r❡s✐st♦r ❘ ❢r♦♠ P❱✶ t♦ ❆✶✳

• ❈♦♥♥❡❝t ✶kΩ ✭❘✷✮ ❢r♦♠ ❆✶ t♦ ●r♦✉♥❞✳

• ❙❡t P❱✶ t♦ ✹ ✈♦❧ts✳

• ▼❡❛s✉r❡ ✈♦❧t❛❣❡ ❛t ❆✶✳ ❈❛❧❝✉❧❛t❡ t❤❡ ❝✉rr❡♥t I = VA1

R2
✳ ❱❛❧✉❡ ♦❢ R1 = VPV 1−VA1

I
✳

• ❙❡❧❡❝t ❊❧❡❝tr✐❝❛❧✲❃P❧♦t ■✲❱ ❝✉r✈❡ ❢r♦♠ t❤❡ ♠❡♥✉ t♦ ❣❡t ❛♥ ■✲❱ ♣❧♦t

❉✐s❝✉ss✐♦♥ ❲❤❛t ✐s t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞ ❄ ❍♦✇ ❞♦ ✇❡ ❝❤♦♦s❡ t❤❡ r❡❢❡r❡♥❝❡ r❡s✐st♦r ❄ s✉♣♣♦s❡ t❤❡ ✉♥❦♥♦✇♥ ✈❛❧✉❡
✐s ✐♥ ▼❡❣❛ ❖❤♠s✱ ✇❤❛t ✇✐❧❧ ❜❡ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❛❝r♦ss ❛ 1kΩ r❡❢❡r❡♥❝❡ r❡s✐st♦r ❄ ❖✉r ✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥t ✐s ❤❛✈✐♥❣ ❛
r❡s♦❧✉t✐♦♥ ♦❢ 1

4095
✳

❲❡ ✇✐❧❧ ✉s❡ t❤✐s ♠❡t❤♦❞ ❧❛t❡r t♦ ♠❡❛s✉r❡ t❤❡ r❡s✐st❛♥❝❡ ♦❢ s♦❧✉t✐♦♥s✱ ✉s✐♥❣ ❆❈✳

✷✳✺ ❉✐r❡❝t ❛♥❞ ❆❧t❡r♥❛t✐♥❣ ❈✉rr❡♥ts

❖❜❥❡❝t✐✈❡ ■♥tr♦❞✉❝❡ t❤❡ ❝♦♥❝❡♣t ♦❢ t✐♠❡ ❞❡♣❡♥❞❡♥t ✈♦❧t❛❣❡s✱ ✉s✐♥❣ ❛ ❱✭t✮ ❣r❛♣❤✳ ❈♦♠♣❛r❡ t❤❡ ❣r❛♣❤ ♦❢ ❉❈ ❛♥❞ ❆❈✳

Pr♦❝❡❞✉r❡

• ❙❡t P❱✶ t♦ ✷ ✈♦❧ts ❛♥❞ ❙❡t ❲● t♦ ✷✵✵ ❍③

• ❊♥❛❜❧❡ ❛♥❛❧②s❡ ♦♥ ❆✶✱ t♦ ♠❡❛s✉r❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ❢r❡q✉❡♥❝②✳

• ❊♥❛❜❧❡ ❆✷

✶✵



❉✐s❝✉ss✐♦♥ ■♥ t❤❡ ♣❧♦t ✐❢ ✈♦❧t❛❣❡ ✐s ♥♦t ❝❤❛♥❣✐♥❣✱ ✐t ✐s ♣✉r❡ ❉❈✳ ■❢ t❤❡ ✈♦❧t❛❣❡ ✐s ❝❤❛♥❣✐♥❣ ✇✐t❤ t✐♠❡✱ ✐t ❤❛s ❛♥ ❆❈
❝♦♠♣♦♥❡♥t✳ ✐❢ t❤❡ ❛✈❡r❛❣❡ ✈♦❧t❛❣❡ ✐s ③❡r♦✱ ✐t ✐s ♣✉r❡ ❉❈✳ ■♥ t❤❡ s❡❝♦♥❞ ♣❧♦t✱ t❤❡ ✈♦❧t❛❣❡ ✐s ❝❤❛♥❣✐♥❣ ❢r♦♠ ③❡r♦ t♦ ✜❧❡ ✈♦❧ts✱ ✐s
✐t ❆❈✱ ❉❈ ♦r s♦♠❡t❤✐♥❣ ❡❧s❡ ❄❄❄

✷✳✻ ❆❈ ♠❛✐♥s ♣✐❝❦✉♣

❖❜❥❡❝t✐✈❡ ▲❡❛r♥ ❛❜♦✉t t❤❡ ❆❈ ♠❛✐♥s s✉♣♣❧②✳ ❊①♣❧♦r❡ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ❆❈ t❤r♦✉❣❤ ❢r❡❡ s♣❛❝❡✳

Pr♦❝❡❞✉r❡

• ❈♦♥♥❡❝t ❛ ❧♦♥❣ ✇✐r❡ t♦ ❆✸

• ❚❛❦❡ ♦♥❡ ❡♥❞ ♦❢ t❤❡ ✇✐r❡ ♥❡❛r t❤❡ ❆❈ ♠❛✐♥s ❧✐♥❡✱ ✇✐t❤♦✉t t♦✉❝❤✐♥❣ ❛♥② ♠❛✐♥s s✉♣♣❧②✳

• ❊♥❛❜❧❡ ❆✸✱ ❛♥❞ ✐t✬s ❛♥❛❧②s✐s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ♣♦✇❡r ❧✐♥❡ ♣✐❝❦✉♣ ✐s s❤♦✇♥ ❜❡❧♦✇✱ t❤❡r❡ ❛r❡ ✜✈❡ ❝②❝❧❡s ✐♥ ✶✵✵ ♠✐❧❧✐s❡❝♦♥❞s✳ ❲✐t❤♦✉t ♠❛❦✐♥❣ ❛♥② ❝♦♥♥❡❝t✐♦♥✱
❤♦✇ ❛r❡ ✇❡ ❣❡tt✐♥❣ t❤❡ ❆❈ ✈♦❧t❛❣❡ ❢r♦♠ t❤❡ ♠❛✐♥s s✉♣♣❧② ❄ ❲❤② t❤❡ ✈♦❧t❛❣❡ ✐♥❝r❡❛❡s ✇❤❡♥ ②♦✉ t♦✉❝❤ t❤❡ ❡♥❞ ♦❢ t❤❡ ✇✐r❡
❝♦♥♥❡❝t❡❞ t♦ ❆✶ ❜② ❤❛♥❞✳

✷✳✼ ❙❡♣❛r❛t✐♥❣ ❉❈ ✫ ❆❈ ❝♦♠♣♦♥❡♥ts

❖❜❥❡❝t✐✈❡ ❙❡♣❛r❛t✐♥❣ ❆❈ ❛♥❞ ❉❈ ❝♦♠♣♦♥❡♥ts ♦❢ ❛ ✈♦❧t❛❣❡ ✇❛✈❡❢♦r♠ ✉s✐♥❣ ❛ ❝❛♣❛❝✐t♦r✳

Pr♦❝❡❞✉r❡

✶✶



• ❙❡t ❙◗❘✶ t♦ ✺✵✵ ❍③

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷

• ❆❞❥✉st t❤❡ ❤♦r✐③♦♥t❛❧ s❝❛❧❡ t♦ s❡❡ s❡✈❡r❛❧ ❝②❝❧❡s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ♦❜s❡r✈❡❞ ✇❛✈❡❢♦r♠s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ s❡r✐❡s ❝❛♣❛❝✐t♦r ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ ✈♦❧t❛❣❡ ✐s s✇✐♥❣✐♥❣
❜❡t✇❡❡♥ ✵ ❛♥❞ ✺ ✈♦❧ts✳ ❆❢t❡r ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ ❝❛♣❛❝✐t♦r t❤❡ ✈♦❧t❛❣❡ s✇✐♥❣s ❢r♦♠ ✲✷✳✺ ✈♦❧ts t♦ ✰✷✳✺ ✈♦❧ts✳

❲❤❛t ✇✐❧❧ ②♦✉ ❣❡t ✐❢ ②♦✉ s✉❜tr❛❝t ❛ ✷✳✺ ❢r♦♠ t❤❡ ②✲❝♦♦r❞✐♥❛t❡ ♦❢ ❡✈❡r② ♣♦✐♥t ♦❢ t❤❡ ✜rst ❣r❛♣❤❄ ❚❤❛t ✐s ✇❤❛t t❤❡ ❝❛♣❛❝✐t♦r
❞✐❞✳ ■t ❞✐❞ ♥♦t ❛❧❧♦✇ t❤❡ ❉❈ ♣❛rt t♦ ♣❛ss t❤r♦✉❣❤✳ ❚❤✐s ♦r✐❣✐♥❛❧ sq✉❛r❡ ✇❛✈❡ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ✷✳✺❱ ❆❈ s✉♣❡r✐♠♣♦s❡❞
♦♥ ❛ ✷✳✺❱ ❉❈✳

❨♦✉ ♠❛② ♥❡❡❞ t♦ ❝♦♥♥❡❝t ❛ r❡s✐st♦r ❢r♦♠ ❆✷ t♦ ●◆❉ t♦ s❡❡ ❛ ✇❛✈❡❢♦r♠ s✇✐♥❣✐♥❣ ❜❡t✇❡❡♥ ✲✷✳✺ t♦ ✰✷✳✺ ✈♦❧ts✳ ❘❡♠♦✈❡ t❤❡
r❡s✐st♦r ❛♥❞ ♦❜s❡r✈❡ t❤❡ r❡s✉❧t✳

✷✳✽ ❍✉♠❛♥ ❜♦❞② ❛s ❛ ❝♦♥❞✉❝t♦r

❖❜❥❡❝t✐✈❡ ❚♦✉❝❤✐♥❣ t❤❡ ❆❈ ♠❛✐♥s ✐s ❢❛t❛❧ t♦ ✉s ❜❡❝❛✉s❡ ♦✉r ❜♦❞② ✐s ❛ ❝♦♥❞✉❝t♦r✳ ❲❡ ❝❛♥ ❡①♣❧♦r❡ t❤✐s ✉s✐♥❣ ❧♦✇ ✈♦❧t❛❣❡
s✐❣♥❛❧s✳

Pr♦❝❡❞✉r❡

• ❙❡t ❲● t♦ ✷✵✵ ❍③✳

• ❊♥❛❜❧❡ ❆✶✱ ❆✷ ✇✐t❤ ❛♥❛❧②s✐s ❡♥❛❜❧❡❞✳

• ❈♦♥❡♥❝t ❲● ❛♥❞ ❆✶✱ ✇✐t❤ ❛ ✇✐r❡

• ❈♦♥♥❡❝t ❲● ❛♥❞ ❆✷ t❤r♦✉❣❤ ②♦✉r ❜♦❞② ❛♥❞ ♥♦t❡ ✈♦❧t❛❣❡s

• ❘❡♣❡❛t ✐t ✉s✐♥❣ ❛ ✸ ✈♦❧t ❉❈ s✐❣♥❛❧ ❢r♦♠ P❱✶✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ♦❜s❡r✈❡❞ ♣❡❛❦ ✈♦❧t❛❣❡ ✇✐❧❧ ❜❡ ❧❡ss t❤❛♥ ✸✈♦❧ts✱ ❞✉❡ t♦ t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❜♦❞②✳ ❚❤❡r❡ ❝♦✉❧❞ ❜❡ s♦♠❡
r✐♣♣❧❡ ❞✉❡ t♦ t❤❡ ✺✵❍③ ❆❈ ♣✐❝❦✉♣✳ ❚❤✐s ❝❛♥ ❜❡ ❡❧✐♠✐♥❛t❡❞ ❜② ♣❡r❢♦r♠✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t ❢❛r ❛✇❛② ❢r♦♠ ♣♦✇❡r ❧✐♥❡s✱ ✉s✐♥❣ ❛
❧❛♣t♦♣✳

✷✳✾ ❘❡s✐st❛♥❝❡ ♦❢ ❤✉♠❛♥ ❜♦❞②

❖❜❥❡❝t✐✈❡ ▼❡❛s✉r❡ t❤❡ r❡s✐st❛♥❝❡ ♦❢ ❤✉♠❛♥ ❜♦❞② ❜② ❝♦♠♣❛r✐♥❣ ✐t ✇✐t❤ ❛ ❦♥♦✇♥ r❡s✐st♦r✳ ❲❡ st❛rt ✇✐t❤ ❛ ❉❈ ✐♥♣✉t ❢r♦♠
P❱✶ ❛♥❞ t❤❡♥ ✉s✐♥❣ t❤❡ ❆❈ s✐❣♥❛❧ ❢r♦♠ ❲●✳

Pr♦❝❡❞✉r❡

• ❙❡t P❱✶ t♦ ✸ ✈♦❧ts

• ❏♦✐♥ P❱✶ ❛♥❞ ❆✷✱ t❤r♦✉❣❤ ②♦✉r ❜♦❞② ❛♥❞ ♠❡❛s✉r❡ ✈♦❧t❛❣❡ ❛t ❆✷

• ❈❛❧❝✉❧❛t❡ ②♦✉r ❜♦❞②✬s r❡s✐st❛♥❝❡✱ ❛s ❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✷✳✹

• ❘❡♣❡❛t ✉s✐♥❣ ❙■◆❊ ✐♥st❡❛❞ ♦❢ P❱✶✳ ❊♥❛❜❧❡ ❛♥❛❧②s✐s ♦♥ ❆✶ ❛♥❞ ❆✷ t♦ ♠❡❛s✉r❡ ✈♦❧t❛❣❡✳

✶✷



❉✐s❝✉ss✐♦♥ ❚❤❡ ❉❈ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❛✛❡❝t❡❞ ♠♦r❡ ❜② t❤❡ ❡❧❡❝tr✐❝❛❧ ♥♦✐s❡✳ ❚❤❡ ❆❈ r❡s✐st❛♥❝❡ s❤♦✉❧❞ ❜❡ ❧❡ss t❤❛♥ t❤❡
❉❈ r❡s✐st❛♥❝❡✳ ❚❤❡ r❡s✐st❛♥❝❡ ✐s ❞✉❡ t♦ ♦✉r s❦✐♥ ❛♥❞ ❆❈ ❝❛♥ ♣❛ss t❤r♦✉❣❤ t❤✐s✱ ❧✐❦❡ ✐t ♣❛ss❡s t❤r♦✉❣❤ ❛ ❝❛♣❛❝✐t♦r✳

✷✳✶✵ ▲✐❣❤t ❞❡♣❡♥❞❡♥t r❡s✐st♦rs

❖❜❥❡❝t✐✈❡ ▲❡❛r♥ ❛❜♦✉t ▲❉❘✳ ▼❡❛s✉r❡ ✐♥t❡♥s✐t② ♦❢ ❧✐❣❤t ❛♥❞ ✐ts ✈❛r✐❛t✐♦♥ ✇✐t❤ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ s♦✉r❝❡✳

Pr♦❝❡❞✉r❡

• ▼❡❛s✉r❡ t❤❡ ▲❉❘✬s r❡s✐st❛♥❝❡✱ ❢♦r ❞✐✛❡r❡♥t ❧✐❣❤t ✐♥t❡♥s✐t✐❡s✳

• ■❧✉♠✐♥❛t❡ ▲❉❘ ✉s✐♥❣ ❛ ✢✉♦r❡s❝❡♥t ❧❛♠♣✱ ❆✶ s❤♦✉❧❞ s❤♦✇ r✐♣♣❧❡s

• P✉t ❆✶ ✐♥ ❆❈ ♠♦❞❡ ❛♥❞ ♠❡❛s✉r❡ r✐♣♣❧❡ ❢r❡q✉❡♥❝②

❉✐s❝✉ss✐♦♥ ❚❤❡ r❡s✐st❛♥❝❡ ✈❛r② ❢r♦♠ ✶❦Ω t♦ ❛r♦✉♥❞ ✶✵✵ ❦Ω ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✐♥t❡♥s✐t② ♦❢ ❧✐❣❤t ❢❛❧❧✐♥❣ ♦♥ ✐t✳ ❚❤❡ ✈♦❧t❛❣❡
✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ r❡s✐st❛♥❝❡✳ ❚❤❡ r❡s✐st❛♥❝❡ ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥t❡♥s✐t② ♦❢ ❧✐❣❤t✳ ■❢ ②♦✉ ✉s❡ ❛ ♣♦✐♥t s♦✉r❝❡ ♦❢ ❧✐❣❤t✱ t❤❡
r❡s✐st❛♥❝❡ s❤♦✉❧❞ ✐♥❝r❡❛s❡ ❛s t❤❡ sq✉❛r❡ ♦❢ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ▲❉❘ ❛♥❞ t❤❡ ❧✐❣❤t s♦✉r❝❡✳

✷✳✶✶ ❱♦❧t❛❣❡ ♦❢ ❛ ❧❡♠♦♥ ❝❡❧❧

❖❜❥❡❝t✐✈❡ ▼❛❦❡ ❛ ✈♦❧t❛❣❡ s♦✉r❝❡ ❜② ✐♥s❡rt✐♥❣ ❩✐♥❝ ❛♥❞ ❈♦♣♣❡r ♣❧❛t❡s ✐♥t♦ ❛ ❧❡♠♦♥✳ ❊①♣❧♦r❡ t❤❡ ❝✉rr❡♥t ❞r✐✈✐♥❣ ❝❛♣❛❜✐❧✐t②
❛♥❞ ✐♥t❡r♥❛❧ r❡s✐st❛♥❝❡✳

Pr♦❝❡❞✉r❡

• ❈❧✐❝❦ ♦♥ ❆✶ t♦ ♠❡❛s✉r❡ ✈♦❧t❛❣❡

• ▼❡❛s✉r❡ t❤❡ ✈♦❧t❛❣❡ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤❡ ✶❦ r❡s✐st♦r

❉✐s❝✉ss✐♦♥ ❱♦❧t❛❣❡ ❛❝r♦ss t❤❡ ❈♦♣♣❡r ❛♥❞ ❩✐♥❝ t❡r♠✐♥❛❧s ✐s ♥❡❛r❧② ✳✾ ✈♦❧ts✳ ❈♦♥♥❡❝t✐♥❣ t❤❡ r❡s✐st♦r r❡❞✉❝❡s ✐t t♦ ✵✳✸✸
✈♦❧ts✳ ❲❤❡♥ ❝♦♥♥❡❝t❡❞✱ ❝✉rr❡♥t ✇✐❧❧ st❛rt ✢♦✇✐♥❣ t❤r♦✉❣❤ t❤❡ r❡s✐st♦r✳ ❇✉t ✇❤② ✐s t❤❡ ✈♦❧t❛❣❡ ❣♦✐♥❣ ❞♦✇♥ ❄

❲❤❛t ✐s t❤❡ ✐♥t❡r♥❛❧ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❝❡❧❧ ❄

❈✉rr❡♥t ✐s t❤❡ ✢♦✇ ♦❢ ❝❤❛r❣❡s ❛♥❞ ✐t ❤❛s t♦ ❝♦♠♣❧❡t❡ t❤❡ ♣❛t❤✳ ❚❤❛t ♠❡❛♥s✱ ❝✉rr❡♥t ❤❛s t♦ ✢♦✇ t❤r♦✉❣❤ t❤❡ ❝❡❧❧ ❛❧s♦✳
❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✐♥t❡r♥❛❧ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❝❡❧❧✱ ♣❛rt ♦❢ t❤❡ ✈♦❧t❛❣❡ ❣❡ts ❞r♦♣♣❡❞ ✐♥s✐❞❡ t❤❡ ❝❡❧❧ ✐ts❡❧❢✳ ❉♦❡s t❤❡ s❛♠❡ ❤❛♣♣❡♥
✇✐t❤ ❛ ♥❡✇ ❞r②✲❝❡❧❧ ❄

✷✳✶✷ ❆ s✐♠♣❧❡ ❆❈ ❣❡♥❡r❛t♦r

❖❜❥❡❝t✐✈❡ ▼❡❛s✉r❡ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✈♦❧t❛❣❡ ✐♥❞✉❝❡❞ ❛❝r♦ss ❛ s♦❧❡♥♦✐❞ ❝♦✐❧ ❜② ❛ r♦t❛t✐♥❣ ♠❛❣♥❡t✳ ❯s❡
t❤❡ ✶✵ ♠♠ ① ✶✵ ♠♠ ♠❛❣♥❡t ❛♥❞ t❤❡ ✸✵✵✵❚ ❝♦✐❧s t❤❛t ❝♦♠❡s ✇✐t❤ t❤❡ ❦✐t✳

✶✸



Pr♦❝❡❞✉r❡

• ▼♦✉♥t t❤❡ ♠❛❣♥❡t ❤♦r✐③♦♥t❛❧❧② ❛♥❞ ♣♦✇❡r t❤❡ ❉❈ ♠♦t♦r ❢r♦♠ ❛ ✶✳✺ ✈♦❧ts ❝❡❧❧

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷✱ ✇✐t❤ ❛♥❛❧②s✐s ♦♣t✐♦♥

• ❙❡t t✐♠❡❜❛s❡ t♦ ✶✵✵ ♠❙ ❢✉❧❧ s❝❛❧❡

• ❇r✐♥❣ t❤❡ ❝♦✐❧ ♥❡❛r t❤❡ ♠❛❣♥❡t ✭♥♦t t♦ t♦✉❝❤ ✐t✮✱ ✇❛t❝❤ t❤❡ ✐♥❞✉❝❡❞ ✈♦❧t❛❣❡

• ❘❡♣❡❛t t❤❡ ❡①♣❡r✐♠❡♥t ✉s✐♥❣ ✷ ❝♦✐❧s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ✈♦❧t❛❣❡ ♦✉t♣✉t ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✈♦❧t❛❣❡s ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♥❣❧❡
❜❡t✇❡❡♥ t❤❡ ❛①❡s ♦❢ t❤❡ t✇♦ ❝♦✐❧s✳

❇r✐♥❣ ❛ s❤♦rt❡❞ ❝♦✐❧ ♥❡❛r t❤❡ ♠❛❣♥❡t t♦ ♦❜s❡r✈❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❢r❡q✉❡♥❝②✳ ❚❤❡ s❤♦rt❡❞ ❝♦✐❧ ✐s ❞r❛✇✐♥❣ ❡♥❡r❣② ❢r♦♠ t❤❡
❣❡♥❡r❛t♦r ❛♥❞ t❤❡ s♣❡❡❞ ❣❡t r❡❞✉❝❡❞✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐♥ t❤✐s ❣❡♥❡r❛t♦r ✐s ✈❡r② ✇❡❛❦✳ ❚❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❝♦✐❧ ✐s ✈❡r②
❤✐❣❤ ❛♥❞ tr②✐♥❣ t♦ ❞r❛✇ ❛♥② ❝✉rr❡♥t ❢r♦♠ ✐t ✇✐❧❧ ❞r♦♣ ♠♦st ♦❢ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ ❝♦✐❧ ✐ts❡❧❢✳

✷✳✶✸ ❆❈ ❚r❛♥s❢♦r♠❡r

❖❜❥❡❝t✐✈❡ ❉❡♠♦♥str❛t❡ ♠✉t✉❛❧ ✐♥❞✉❝t✐♦♥ ✉s✐♥❣ t✇♦ ❝♦✐❧s✱ s✉♣♣❧✐❡❞ ✇✐t❤ ❊①♣❊❨❊❙✳ ❖♥❡ ❝♦✐❧✱ t❤❡ ♣r✐♠❛r②✱ ✐s ❝♦♥♥❡❝t❡❞
❜❡t✇❡❡♥ ❲● ❛♥❞ ●r♦✉♥❞✳ ❚❤❡ ❛①❡s ♦❢ t❤❡ ❝♦✐❧s ❛r❡ ❛❧✐❣♥❡❞ ❛♥❞ ❛ ❢❡rr✐t❡ ❝♦r❡ ✐s ✐♥s❡rt❡❞✳

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛s s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷

• ❙❡t ❲● t♦ ✺✵✵ ❍③

• ❇r✐♥❣ t❤❡ ❝♦✐❧s ❝❧♦s❡ ❛♥❞ ✇❛t❝❤ t❤❡ ✈♦❧t❛❣❡ ♦♥ ❆✷✳

• ❚r② ✐♥s❡rt✐♥❣ ❛♥ ✐♦♥ ❝♦r❡

❉✐s❝✉ss✐♦♥ ❚❤❡ ❛♣♣❧✐❡❞ ✇❛✈❡❢♦r♠ ❛♥❞ t❤❡ ✐♥❞✉❝❡❞ ✇❛✈❡❢♦r♠ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❆ ❝❤❛♥❣✐♥❣ ♠❛❣♥❡t✐❝ ✜❧❡❞ ✐s ❝❛✉s✐♥❣ t❤❡
✐♥❞✉❝❡❞ ✈♦❧t❛❣❡✳ ■♥ t❤❡ ♣r❡✈✐♦✉s t✇♦ ❡①♣❡r✐♠❡♥ts✱ t❤❡ ❝❤❛♥❣✐♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✇❛s ❝r❡❛t❡❞ ❜② t❤❡ ♠♦✈❡♠❡♥t ♦❢ ♣❡r♠❛♥❡♥t
♠❛❣♥❡ts✳ ■♥ t❤❡ ♣r❡s❡♥t ❝❛s❡ t❤❡ ❝❤❛♥❣✐♥❣ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ❝r❡❛t❡❞ ❜② ❛ t✐♠❡ ✈❛r②✐♥❣ ❝✉rr❡♥t✳

❚r② ❞♦✐♥❣ t❤✐s ❡①♣❡r✐♠❡♥t ✉s✐♥❣ ❛ sq✉❛r❡✇❛✈❡✳ ❈♦♥♥❡❝t ❛ ✶❦Ω r❡s✐st♦r ❛❝r♦ss s❡❝♦♥❞❛r② ❝♦✐❧ t♦ r❡❞✉❝❡ r✐♥❣✐♥❣✳

❚❤❡ ❝♦♥❝❡♣t ♦❢ ❆❧t❡r♥❛t✐♥❣ ❈✉rr❡♥t ✐s ✐♥tr♦❞✉❝❡❞ ❜② ♣❧♦tt✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✳ ❚❤❡ ❜❡❤❛✈✐♦r ♦❢ ❝✐r❝✉✐ts
❡❧❡♠❡♥ts ❧✐❦❡ ❝❛♣❛❝✐t♦rs ❛♥❞ ✐♥❞✉❝t♦rs ✐♥ ❆❈ ❛♥❞ ❉❈ ❝✐r❝✉✐ts ❛r❡ ❡①♣❧♦r❡❞✱ ❜② ♠❡❛s✉r✐♥❣ ♣❛r❛♠❡t❡rs ❧✐❦❡ ❛♠♣❧✐t✉❞❡✱ ❢r❡q✉❡♥❝②
❛♥❞ ♣❤❛s❡✳ ❈♦♥✈❡rt✐♥❣ ❡❧❡❝tr✐❝❛❧ s✐❣♥❛❧s ✐♥t♦ s♦✉♥❞ ❛♥❞ ❜❛❝❦ ✐s ❞❡♠♦♥str❛t❡❞✳

❋♦r ❡❛❝❤ ❡①♣❡r✐♠❡♥t✱ ♠❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛s ♣❡r t❤❡ ❞✐❛❣r❛♠ ❣✐✈❡♥✳

✶✹



✷✳✶✹ ❘❡s✐st❛♥❝❡ ♦❢ ✇❛t❡r✱ ✉s✐♥❣ ❆❈

❖❜❥❡❝t✐✈❡ ▼❡❛s✉r❡ t❤❡ r❡s✐st❛♥❝❡ ♦❢ ✐♦♥✐❝ s♦❧✉t✐♦♥s✱ ✉s✐♥❣ ❜♦t❤ ❉❈ ❛♥❞ ❆❈ ✈♦❧t❛❣❡s✳ ❲❡ ❤❛✈❡ ✉s❡❞ ♥♦r♠❛❧ t❛♣ ✇❛t❡r✳
❚r② ♠❡❛s✉r✐♥❣ t❤❡ r❡s✐st❛♥❝❡ ✉s✐♥❣ ❛ ♠✉❧t✐♠❡t❡r ✜rst✳

Pr♦❝❡❞✉r❡

• ❘✶ s❤♦✉❧❞ ❜❡ ❝♦♠♣❛r❛❜❧❡ t♦ ❘✱ st❛rt ✇✐t❤ ✶✵❦✳

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷

• ❈❛❧❝✉❧❛t❡ t❤❡ r❡s✐st❛♥❝❡ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✹

❉✐s❝✉ss✐♦♥ ❖❜s❡r✈❡❞ ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ✐♥ t❤❡ t❛❜❧❡✳ ❚❤❡ ❉❈ ❛♥❞ ❆❈ r❡s✐st❛♥❝❡s s❡❡♠s t♦ ❜❡ ✈❡r② ❞✐✛❡r❡♥t✳ ❲✐t❤ ❉❈✱ t❤❡
r❡s✐st❛♥❝❡ ♦❢ t❤❡ ❧✐q✉✐❞ ❝❤❛♥❣❡s ✇✐t❤ t✐♠❡✱ ❞✉❡ t♦ ❡❧❡❝tr♦❧②s✐s ❛♥❞ ❜✉❜❜❧❡ ❢♦r♠❛t✐♦♥✳ ❚❤❡ r❡s✐st❛♥❝❡ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♠✉❝❤
♦♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡s✱ t❤❡ ❛r❡❛ ♦❢ t❤❡ ❡❧❡❝tr♦❞❡ ✐s ❤❛✈✐♥❣ s♦♠❡ ❡✛❡❝t✳ ❚❤❡ r❡s✐st❛♥❝❡ ❞❡♣❡♥❞s ♦♥ t❤❡ ✐♦♥
❝♦♥❝❡♥tr❛t✐♦♥ ❛♥❞ ♣r❡s❡♥❝❡ ♦❢ ✐♠♣✉r✐t✐❡s ✐♥ t❤❡ ✇❛t❡r ✉s❡❞✳

❚r② ❝❤❛♥❣✐♥❣ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ ❡❧❡❝tr♦❞❡s✳ ❚r② ❛❞❞✐♥❣ s♦♠❡ ❝♦♠♠♦♥ s❛❧t ❛♥❞ r❡♣❡❛t t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ❲❤② ✐s t❤❡
❜❡❤❛✈✐♦r ❞✐✛❡r❡♥t ❢♦r ❆❈ ❛♥❞ ❉❈ ❄ ❲❤❛t ❛r❡ t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡rs r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡ ✢♦✇ ♦❢ ❡❧❡❝tr✐❝✐t② t❤r♦✉❣❤ s♦❧✉t✐♦♥s ❄
■s t❤❡r❡ ❛♥② ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ t❛❦✐♥❣ ♣❧❛❝❡ ❄

✷✳✶✺ ●❡♥❡r❛t✐♥❣ s♦✉♥❞

❖❜❥❡❝t✐✈❡ ●❡♥❡r❛t❡ s♦✉♥❞ ❢r♦♠ ❡❧❡❝tr✐❝❛❧ s✐❣♥❛❧s✱ ✉s✐♥❣ ❛ P✐❡③♦✲❡❧❡❝tr✐❝ ❜✉③③❡r✳ ❉✐❣✐t✐③❡ s♦✉♥❞ ❛♥❞ ♠❡❛s✉r❡ ✐ts ❢r❡q✉❡♥❝②✳
❯s❡ t❤❡ P✐❡③♦ ❜✉③③❡r ♦r ❛♥② ♦t❤❡r s♦✉r❝❡ ♦❢ s♦✉♥❞ ❧✐❦❡ ❛ t✉♥✐♥❣ ❢♦r❦✳

Pr♦❝❡❞✉r❡

• ❊♥❛❜❧❡ ❆✶✱ ❛♥❞ ✐ts ❛♥❛❧②s✐s

• ❙❡t ❲● t♦ ✶✵✵✵❍③✱ ❝❤❛♥❣❡ ✐t ❛♥❞ ❧✐st❡♥ t♦ t❤❡ s♦✉♥❞✳

❉✐s❝✉ss✐♦♥ ❲❤❡♥ ②♦✉ ❝❤❛♥❣❡ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ✈♦❧t❛❣❡ t❤❛t ❡①❝✐t❡s t❤❡ P✐❡③♦✱ ❜♦t❤ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ✐♥t❡s✐t② ♦❢
t❤❡ s♦✉♥❞ ❝❤❛♥❣❡s✳ ❚❤❡ ✐♥t❡♥s✐t② ✐s ♠❛①✐♠✉♠ ♥❡❛r ✸✺✵✵ ❍③✱ ❞✉❡ t♦ r❡s♦♥❛♥❝❡✳ ❚❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ P✐❡③♦ ❜✉③③❡r
✐s ❞❡❝✐❞❡❞ ❜② ✐ts s✐③❡ ❛♥❞ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s✳

✷✳✶✻ ❉✐❣t✐③✐♥❣ s♦✉♥❞

❖❜❥❡❝t✐✈❡ ❉✐❣✐t✐③❡ s♦✉♥❞ s✐❣♥❛❧s ❢r♦♠ ❛ ♠✐❝r♦♣❤♦♥❡✱ ❛♥❞ ♠❡❛s✉r❡ ✐ts ❢r❡q✉❡♥❝②✳ ❯s❡ t❤❡ P✐❡③♦ ❜✉③③❡r ♦r ❛♥② ♦t❤❡r s♦✉r❝❡
♦❢ s♦✉♥❞ ❧✐❦❡ ❛ t✉♥✐♥❣ ❢♦r❦✳

Pr♦❝❡❞✉r❡

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ▼■❈ ✱ ✇✐t❤ ❛♥❛❧②s✐s

✶✺



• P♦s✐t✐♦♥ t❤❡ ❜✉③③❡r ❢❛❝✐♥❣ t❤❡ ♠✐❝r♦♣❤♦♥❡

• ❙❡t ❲● t♦ ✶✵✵✵❍③✱ ❝❤❛♥❣❡ ✐t ❛♥❞ ✇❛t❝❤ t❤❡ ▼■❈ ♦✉t♣✉t

• ❯s❡ ❛ ✇❤✐st❧❡ ✐♥st❡❛❞ ♦❢ t❤❡ ❜✉③③❡r ❛♥❞ ✜♥❞ ♦✉t t❤❡ ❢r❡q✉❡♥❝② ♦❢ ▼■❈ ♦✉t♣✉t✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❞r✐✈✐♥❣ s✐❣♥❛❧ ❛♥❞ t❤❡ ♠✐❝r♦♣❤♦♥❡ ♦✉t♣✉t ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡
❙♦✉♥❞ ✇❛✈❡s ❝r❡❛t❡ ♣r❡ss✉r❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ♠❡❞✐✉♠ t❤r♦✉❣❤ ✇❤✐❝❤ ✐t tr❛✈❡❧✳ ❚❤❡ ♠✐❝r♦♣❤♦♥❡ ❣❡♥❡r❛t❡s ❛ ✈♦❧t❛❣❡

♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♣r❡ss✉r❡✳ ❚❤❡ ✈♦❧t❛❣❡ ✈❛r✐❛t✐♦♥s ❛r❡ ✐♥ t✉♥❡ ✇✐t❤ t❤❡ ♣r❡ss✉r❡ ✈❛r✐❛t✐♦♥s✳ ❨♦✉ ❝❛♥ ❝♦♥s✐❞❡r t❤❡ ♠✐❝r♦♣❤♦♥❡
❛s ❛ ♣r❡ss✉r❡ s❡♥s♦r✱ ❜✉t ✇♦r❦✐♥❣ ♦♥❧② ❢♦r t✐♠❡ ✈❛r②✐♥❣ ♣r❡ss✉r❡s✳

✶✻



❈❤❛♣t❡r ✸

❊❧❡❝tr♦♥✐❝s

❚❤✐s ❝❤❛♣t❡r ❡①♣❧❛✐♥s s❡✈❡r❛❧ ❡❧❡❝tr♦♥✐❝s ❡①♣❡r✐♠❡♥ts✳ ▼♦st ♦❢ t❤❡♠ ❛r❡ ❞♦♥❡ ✉s✐♥❣ t❤❡ ♦s❝✐❧❧♦s❝♦♣❡ ●❯■✳ ❙♦♠❡ ♦❢ t❤❡♠ ❧✐❦❡
❉✐♦❞❡ ❛♥❞ ❚r❛♥s✐st♦r ❝❤❛r❛❝t❡r✐st✐❝s ❤❛✈❡ ❛ ❞❡❞✐❝❛t❡❞ ●❯■✳

✸✳✶ ❍❛❧❢ ✇❛✈❡ r❡❝t✐✜❡r ✉s✐♥❣ P◆ ❥✉♥❝t✐♦♥

❖❜❥❡❝t✐✈❡ ▲❡❛r♥ t❤❡ ✇♦r❦✐♥❣ ♦❢ ❛ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡ ❛s ❛ r❡❝t✐✜❡r✳ ❘❈ ✜❧t❡r✐♥❣ t♦ r❡❞✉❝❡ t❤❡ r✐♣♣❧❡ ✭t❤❡ ❆❈ ❝♦♠♣♦♥❡♥t✮✳

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈♦♥♥❡❝t ❛ ✶❦ ❧♦❛❞ r❡s✐st♦r✱ ♥♦t❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❛♠♣❧✐t✉❞❡

• ❈♦♥♥❡❝t ❛ ✶✉❋ ❝❛♣❛❝✐t♦r✱ ❛♥❞ s❡❡ t❤❡ ✜❧t❡r✐♥❣ ❡✛❡❝t✳

• ❚r② ❞✐✛❡r❡♥t ✈❛❧✉❡s ❧♦❛❞ r❡s✐st♦rs ❛♥❞ ✜❧t❡r ❝❛♣❛❝✐t♦rs

❉✐s❝✉ss✐♦♥ ❚❤❡ ♥❡❣❛t✐✈❡ ❤❛❧❢ ✐s r❡♠♦✈❡❞ ❜② t❤❡ ❞✐♦❞❡ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❆❧s♦ ♥♦t✐❝❡ t❤❛t t❤❡ ✈♦❧t❛❣❡ ✐♥ t❤❡ ♣♦s✐t✐✈❡ ❤❛❧❢
✐s r❡❞✉❝❡❞ ❜② ❛r♦✉♥❞ ✵✳✼ ✈♦❧ts✱ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❛❝r♦ss ❛ s✐❧✐❝♦♥ ❞✐♦❞❡✳ ❆ ❧♦❛❞ r❡s✐st♦r ✐s r❡q✉✐r❡❞ ❢♦r t❤❡ ♣r♦♣❡r ♦♣❡r❛t✐♦♥
♦❢ t❤❡ ❝✐r❝✉✐t✱ ✐t ❝♦✉❧❞ ❜❡ ♠♦r❡ t❤❛♥ ✶❦Ω ❜✉t ❞♦ ◆❖❚ ✉s❡ ✈❡r② ❧♦✇ ✈❛❧✉❡s s✐♥❝❡ ♦✉r ❆❈ s♦✉r❝❡ ❝❛♥ ❞r✐✈❡ ♦♥❧② ✉♣ t♦ ✺ ♠❆
❝✉rr❡♥t✳

❲❡ ❝❛♥ s❡❡ t❤❛t t❤❡ ❝❛♣❛❝✐t♦r ❝❤❛r❣❡s ✉♣ ❛♥❞ t❤❡♥ ❞✉r✐♥❣ t❤❡ ♠✐ss✐♥❣ ❝②❝❧❡ ✐t ♠❛✐♥t❛✐♥s t❤❡ ✈♦❧t❛❣❡✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❆❈
❝♦♠♣♦♥❡♥t ✐s ❝❛❧❧❡❞ t❤❡ r✐♣♣❧❡ ✐♥ t❤❡ ❉❈✳

❈❛♥ ✇❡ ✉s❡ ✈❡r② ❧❛r❣❡ ❝❛♣❛❝✐t❛♥❝❡ t♦ r❡❞✉❝❡ t❤❡ r✐♣♣❧❡ ❄
❉✉r✐♥❣ ✇❤❛t ♣❛rt ♦❢ t❤❡ ❝②❝❧❡ ❞♦❡s ❝✉rr❡♥t ✢♦✇ t❤r♦✉❣❤ t❤❡ ❞✐♦❞❡ ❄
❆♠♦✉♥t ♦❢ ♣❡❛❦ ❝✉rr❡♥t ✐s ❞❡❝✐❞❡❞ ❜② ✇❤❛t ❄

✸✳✷ ❋✉❧❧✇❛✈❡ r❡❝t✐✜❡r ✉s✐♥❣ P◆ ❥✉♥❝t✐♦♥s

❖❜❥❡❝t✐✈❡ ▼❛❦❡ ❛ ❢✉❧❧ ✇❛✈❡ r❡❝t✐✜❡r✱ ✉s✐♥❣ t✇♦ ❞✐♦❞❡s✳ ❚✇♦ ❆❈ ✇❛✈❡❢♦r♠s✱ ❞✐✛❡r✐♥❣ ❜② ✶✽✵ ❞❡❣r❡❡ ✐♥ ♣❤❛s❡ ❛s r❡q✉✐r❡❞✳
❲● ❛♥❞ ❲● ❜❛r ♣r♦✈✐❞❡ t❤❡ s❛♠❡✳

✶✼



Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s

• ❊♥❛❜❧❡ ❆✶✱ ❆✷ ❛♥❞ ❆✸

• ❙❡t ❲● t♦ ✷✵✵❍③ ❛♥❞ ❛❞❥✉st t✐♠❡❜❛s❡ t♦ ✈✐❡✇ ✹ t♦ ✺ ❝②❝❧❡s

❉✐s❝✉ss✐♦♥ ❆❞❞✐♥❣ ❝❛♣❛❝✐t♦rs t♦ r❡❞✉❝❡ t❤❡ r✐♣♣❧❡ ✐s ❧❡❢t ❛s ❛♥ ❡①❡r❝✐s❡ t♦ t❤❡ ✉s❡r✳ ❚❤✐s ❡①♣❡r✐♠❡♥t ✐s ♦♥❧② t♦ ❞❡♠♦♥str❛t❡
t❤❡ ✇♦r❦✐♥❣ ♦❢ ❛ ❢✉❧❧ ✇❛✈❡ r❡❝t✐✜❡r✱ ✐t ❝❛♥♥♦t ♣r♦✈✐❞❡ ♠♦r❡ t❤❛♥ ❢❡✇ ♠✐❧❧✐ ❛♠♣❡r❡s ♦❢ ❝✉rr❡♥t✳

❲❤② ❢✉❧❧✲✇❛✈❡ r❡❝t✐✜❡r ✐s s✉♣❡r✐♦r t♦ ❤❛❧❢✲✇❛✈❡ r❡❝t✐✜❡r ❄

✸✳✸ ❈❧✐♣♣✐♥❣ ✉s✐♥❣ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡

❖❜❥❡❝t✐✈❡ ❉❡♠♦str❛t❡ ❝❧✐♣♣✐♥❣ ♦❢ ❛♥ ❆❈ s✐❣♥❛❧ ❛t ❞✐✛❡r❡♥t ❧❡✈❡❧s✱ ✉s✐♥❣ ❛ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈❤❛♥❣❡ P❱✶ ❛♥❞ ♥♦t❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♦✉t♣✉t

❉✐s❝✉ss✐♦♥ ❚❤❡ ❝❧✐♣♣✐♥❣ ❧❡✈❡❧ ✐s ❞❡❝✐❞❡❞ ❜② t❤❡ ❛♣♣❧✐❡❞ ❉❈ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ ❞✐♦❞❡ ❞r♦♣✳

✸✳✹ ❈❧❛♠♣✐♥❣ ✉s✐♥❣ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡

❖❜❥❡❝t✐✈❡ ❉❡♠♦str❛t❡ ❝❧❛♠♣✐♥❣ ♦❢ ❛♥ ❆❈ s✐❣♥❛❧ ❛t ❞✐✛❡r❡♥t ❧❡✈❡❧s✱ ✉s✐♥❣ ❛ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈❤❛♥❣❡ P❱✶ ❛♥❞ ♥♦t❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♦✉t♣✉t

❉✐s❝✉ss✐♦♥ ❚❤❡ ❝❧❛♠♣✐♥❣ ❧❡✈❡❧ ✐s ❞❡❝✐❞❡❞ ❜② t❤❡ ❛♣♣❧✐❡❞ ❉❈ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ ❞✐♦❞❡ ❞r♦♣✳

✶✽



✸✳✺ ■❈✺✺✺ ❖s❝✐❧❧❛t♦r

❖❜❥❡❝t✐✈❡ ❲✐r❡ ❛♥ ❛st❛❜❧❡ ♠✉❧t✐✈✐❜r❛t♦r ❝✐r❝✉✐t ✉s✐♥❣ ■❈✺✺✺✱ ♠❡❛s✉r❡ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ❞✉t② ❝②❝❧❡ ♦❢ t❤❡ ♦✉t♣✉t✳

❈✐r❝✉✐t ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ ❢r❡q✉❡♥❝② ✐s ❣✐✈❡♥ ❜② f = 1/ (ln 2× C × (R1 + 2R2))✳ ❚❤❡ ❍■●❍ t✐♠❡ ✐s ❣✐✈❡♥ ❜②
ln 2× C × (R1 +R2) ❛♥❞ ▲❖❲ t✐♠❡ ❜② ln 2× C ×R2✳

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s

• ♠❡❛s✉r❡ ❢r❡q✉❡♥❝② ❛♥❞ ❞✉t② ❝②❝❧❡✳

• ❘❡♣❡❛t ❜② ❝❤❛♥❣✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ ❘✶

❉✐s❝✉ss✐♦♥ ❚❤❡ ♦✉t♣✉t ✇❛✈❡❢♦r♠ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❈❤❛♥❣❡ t❤❡ ✈❛❧✉❡ ♦❢ r❡s✐st♦rs ♦r t❤❡ ❝❛♣❛❝✐t♦r✱ ❛♥❞ ❝♦♠♣❛r❡ t❤❡
❢r❡q✉❡♥❝② ❛♥❞ ❞✉t② ❝②❝❧❡ ✇✐t❤ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s✳

✸✳✻ ■♥✈❡rt✐♥❣ ❆♠♣❧✐✜❡r

❖❜❥❡❝t✐✈❡ ❲✐r❡ ❛♥ ■♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ✉s✐♥❣ ❛♥ ❖♣✲❆♠♣ ❛♥❞ t❡st ✐t✳

Pr♦❝❡❞✉r❡

• ❙❡t ❲● ❛♠♣❧✐t✉❞❡ t♦ ✽✵ ♠❱ ❛♥❞ ❢r❡q✉❡♥❝② t♦ ✶✵✵✵ ❍③

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷ ❛♥❞ t❤❡✐r ❛♥❛❧②s✐s ♦♣t✐♦♥

• ❙❡❧❡❝t ✶❱ r❛♥❣❡ ❢♦r ❜♦t❤ ❆✶ ❛♥❞ ❆✷

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈❤❛♥❣❡ ❣❛✐♥ ❜② ❝❤❛♥❣✐♥❣ t❤❡ r❡s✐st♦r ✈❛❧✉❡s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❛♠♣❧✐t✉❞❡ ❣❛✐♥ ❛♥❞ ❛♥❞ t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❢r♦♠ t❤❡ r❡s✉❧ts✳

✸✳✼ ◆♦♥✲■♥✈❡rt✐♥❣ ❆♠♣❧✐✜❡r

❖❜❥❡❝t✐✈❡ ❲✐r❡ ❛♥ ■♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ✉s✐♥❣ ❛♥ ❖♣✲❆♠♣ ❛♥❞ t❡st ✐t✳

✶✾



Pr♦❝❡❞✉r❡

• ❙❡t ❲● ❛♠♣❧✐t✉❞❡ t♦ ✽✵ ♠❱ ❛♥❞ ❢r❡q✉❡♥❝② t♦ ✶✵✵✵ ❍③

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷ ❛♥❞ t❤❡✐r ❛♥❛❧②s✐s ♦♣t✐♦♥

• ❙❡❧❡❝t ✶❱ r❛♥❣❡ ❢♦r ❜♦t❤ ❆✶ ❛♥❞ ❆✷

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈❤❛♥❣❡ ❣❛✐♥ ❜② ❝❤❛♥❣✐♥❣ t❤❡ r❡s✐st♦r ✈❛❧✉❡s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❛♠♣❧✐t✉❞❡ ❣❛✐♥ ❛♥❞ ❛♥❞ t❤❡ ♣❤❛s❡ ❝♦rr❡❧❛t✐♦♥ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❢r♦♠ t❤❡ r❡s✉❧ts✳

✸✳✽ ❖♣✲❆♠♣ ■♥❣r❛t♦r

❖❜❥❡❝t✐✈❡ ❲✐r❡ ❛♥ ■♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ✉s✐♥❣ ❛♥ ❖♣✲❆♠♣ ❛♥❞ t❡st ✐t✳

Pr♦❝❡❞✉r❡

• ❙❡t ❲● ❛♠♣❧✐t✉❞❡ t♦ ✽✵ ♠❱ ❛♥❞ ❢r❡q✉❡♥❝② t♦ ✶✵✵✵ ❍③

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷ ❛♥❞ t❤❡✐r ❛♥❛❧②s✐s ♦♣t✐♦♥

• ❙❡❧❡❝t ✶❱ r❛♥❣❡ ❢♦r ❜♦t❤ ❆✶ ❛♥❞ ❆✷

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ❛♥❞ ♦❜s❡r✈❡ t❤❡ ♦✉t♣✉t

• ❈❤❛♥❣❡ ❣❛✐♥ ❜② ❝❤❛♥❣✐♥❣ t❤❡ r❡s✐st♦r ✈❛❧✉❡s✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❛♠♣❧✐t✉❞❡ ❣❛✐♥ ❛♥❞ ❛♥❞ t❤❡ ♣❤❛s❡ ❝♦rr❡❧❛t✐♦♥ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❢r♦♠ t❤❡ r❡s✉❧ts✳

✸✳✾ ▲♦❣✐❝ ❣❛t❡s

❖❜❥❡❝t✐✈❡ ❙t✉❞② ♦❢ ❧♦❣✐❝ ❣❛t❡s ✉s✐♥❣ ❙◗✶ ❛♥❞ P❱✶ ❛s ✐♥♣✉ts✱ ✉s✐♥❣ ❚❚▲ ❧♦❣✐❝ ■❈s ✼✹✵✽ ❛♥❞ ✼✹✸✷✳

Pr♦❝❡❞✉r❡

• ❊♥❛❜❧❡ ❆✶✱ ❆✷ ❛♥❞s ❆✸✳ ❙❡t ✐♥♣✉t r❛♥❣❡ ♦♥ ❆✶ ❛♥❞ ❆✷ t♦ ✽❱

• ❙❡t ❙◗✶ t♦ ✷✵✵ ❍③ ❛♥❞ ❛❞❥✉st t✐♠❡❜❛s❡ t♦ ✈✐❡✇ s❡✈❡r❛❧ ❝②❝❧❡s

• ❙❡❧❡❝t ❙◗✷ ❢r♦♠ t❤❡ ❲● ✇❛✈❡ s❤❛♣❡✱ s❡t ❲● t♦ ✷✵✵ ❍③

• ❘❡♣❡❛t ✉s✐♥❣ t❤❡ ❖❘ ❣❛t❡✱ ✼✹✸✷

• ❚❤❡ ✶❦ r❡s✐st♦r ✐s r❡q✉✐r❡❞ t♦ ❣✐✈❡ t❤❡ ✺ ✈♦❧t s✐❣♥❛❧ t♦ ❆✸ ✐♥♣✉t

❉✐s❝✉ss✐♦♥ ❚❤❡ ✇♦r❦✐♥❣ ♦❢ t❤❡ ❧♦❣✐❝ ❣❛t❡ ✇✐❧❧ ❜❡ ❡✈✐❞❡♥t ❢r♦♠ t❤❡ ✸ ✇❛✈❡❢♦r♠s✳ ❨♦✉ ♠❛② s❤✐❢t tr❛❝❡s ✈❡rt✐❝❛❧❧② t♦ s❡♣❛r❛t❡
t❤❡♠ ❢♦r ❝❧❛r✐t②✳

✸✳✶✵ ❈❧♦❝❦ ❉✐✈✐❞❡r

❖❜❥❡❝t✐✈❡ ❙t✉❞② ♦❢ ❛ ❝❧♦❝❦ ❞✐✈✐❞❡r✱ ✉s✐♥❣ ❛ ❉ ✢✐♣✲✢♦♣ ✭❚❚▲ ❢❛♠✐❧②✱ ✼✹✼✹✮✳

✷✵



❋✐❣✉r❡ ✸✳✶✿ ❆ ❝❧♦❝❦ ❞✐✈✐❞❡r ❝✐r❝✉✐t✱ ✉s✐♥❣ ❛ ❉✲✢✐♣✢♦♣✳ ❖✉t♣✉ts ❢♦r t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ✐♥♣✉t ❛r❡ s❤♦✇♥

Pr♦❝❡❞✉r❡

• ❊♥❛❜❧❡ ❆✶ ❛♥❞ ❆✷✱ s❡t r❛♥❣❡ t♦ ✽ ✈♦❧ts ❢✉❧❧s❝❛❧❡

• ❙❡t ❙◗✶ t♦ ✺✵✵ ❍③

❉✐s❝✉ss✐♦♥ ❚❤❡ ♦✉t♣✉t t♦❣❣❧❡s ❛t ❡✈❡r② r✐s✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ✐♥♣✉t✱ r❡s✉❧t✐♥❣ ✐♥ ❛ ❞✐✈✐s✐♦♥ ♦❢ ❢r❡q✉❡♥❝② ❜② t✇♦✳ ❚❤❡ ♦✉t♣✉t
✐s ❛ s②♠♠❡tr✐❝ sq✉❛r❡✇❛✈❡✱ ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡ ❞✉t② ❝②❝❧❡ ♦❢ t❤❡ ✐♥♣✉t ♣✉❧s❡✳ ❚❤❡ ❍■●❍ ♦✉t♣✉t ♦❢ t❤❡ ❚❚▲ ■❈ ✐s ❛r♦✉♥❞ ✹
✈♦❧ts ♦♥❧②✳

✸✳✶✶ ❉✐♦❞❡ ■✲❱ ❝❤❛r❛❝t❡r✐st✐❝s

❖❜❥❡❝t✐✈❡ ❉r❛✇ t❤❡ ■✲❱ ❈❤❛r❛❝t❡r✐st✐❝ ♦❢ ❞✐♦❞❡ ❛♥❞ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧t ✇✐t❤ t❤❡ t❤❡♦r②✳

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s

• ❈❧✐❝❦ ♦♥ ❙❚❆❘❚ t♦ ❞r❛✇ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡✳

• ❆♥❛❧②s❡ t❤❡ ❞❛t❛

• P❧♦t t❤❡ ■❱ ♦❢ ▲❊❉s

❉✐s❝✉ss✐♦♥ ❚❤❡ ■❱ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❛♥ ✐❞❡❛❧ P◆ ❥✉♥❝t✐♦♥ ❞✐♦❞❡ ✐s ❣✐✈❡♥ ❜② ❡q✉❛t✐♦♥ I = I0

(

e
qV

kT − 1
)

✱ ✇❤❡r❡ I0 ✐s t❤❡

r❡✈❡rs❡ s❛t✉r❛t✐♦♥ ❝✉rr❡♥t✱ q t❤❡ ❝❤❛r❣❡ ♦❢ ❡❧❡❝tr♦♥✱ k t❤❡ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t✱ T t❤❡ t❡♠♣❡r❛t✉r❡ ✐♥ ❑❡❧✈✐♥✳ ❋♦r ❛ ♣r❛❝t✐❝❛❧✱

♥♦♥✲✐❞❡❛❧✱ ❞✐♦❞❡✱ t❤❡ ❡q✉❛t✐♦♥ ✐s I = I0

(

e
qV

nkT − 1
)

✱ ✇❤❡r❡ n ✐s t❤❡ ✐❞❡❛❧✐t② ❢❛❝t♦r✱ t❤❛t ✐s 1 ❢♦r ❛♥ ✐❞❡❛❧ ❞✐♦❞❡✳ ❋♦r ♣r❛❝t✐❝❛❧

❞✐♦❞❡s ✐t ✈❛r✐❡s ❢r♦♠ ✶ t♦ ✷✳ ❲❡ ❤❛✈❡ ✉s❡❞ ❛ ■◆✹✶✹✽ s✐❧✐❝♦♥ ❞✐♦❞❡✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ♥ ❢♦r ✶◆✹✶✹✽ ✐s ❛r♦✉♥❞ ✷✳ ❲❡ ❤❛✈❡ ❝❛❧❝✉❧❛t❡❞
t❤❡ ✈❛❧✉❡ ♦❢ n ❜② ✜tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇✐t❤ t❤❡ ❡q✉❛t✐♦♥✳

❚❤❡ ✈♦❧t❛❣❡ ❛t ✇❤✐❝❤ ▲❊❉ st❛rts ❡♠✐tt✐♥❣ ❧✐❣❤t ❞❡♣❡♥❞s ♦♥ ✐ts ✇❛✈❡❧❡♥❣t❤ ❛♥❞ P❧❛♥❝❦✬s ❝♦♥st❛♥t✳ ❊♥❡r❣② ♦❢ ❛ ♣❤♦t♦♥ ✐s
❣✐✈❡♥ ❜② E = hν = hc/λ ✳ ❚❤✐s ❡♥❡r❣② ✐s ❡q✉❛❧ t♦ t❤❡ ❡♥❡r❣② ♦❢ ❛♥ ❡❧❡❝tr♦♥ t❤❛t ♦✈❡r❝♦♠❡s t❤❡ ❥✉♥❝t✐♦♥ ❜❛rr✐❡r ❛♥❞ ✐s ❣✐✈❡♥
❜② E = eV0✳ ❙♦ P❧❛♥❝❦✬s ❝♦♥st❛♥t h = eV0λ/c ✱ ✇❤❡r❡ λ ✐s t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ ❧✐❣❤t ❢r♦♠ t❤❡ ▲❊❉✱ e t❤❡ ❝❤❛r❣❡ ♦❢ ❡❧❡❝tr♦♥
❛♥❞ c t❤❡ ✈❡❧♦❝✐t② ♦❢ ❧✐❣❤t✳

❘❡♣❡❛t t❤❡ ❡①♣❡r✐♠❡♥t ❜② ❤❡❛t✐♥❣ t❤❡ ❞✐♦❞❡ t♦ ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳

✷✶



✸✳✶✷ ❚r❛♥s✐st♦r ❖✉t♣✉t ❝❤❛r❛❝t❡r✐st✐❝s ✭❈❊✮

❖❜❥❡❝t✐✈❡ P❧♦t t❤❡ ♦✉t♣✉t ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡ ♦❢ ❛ tr❛♥s✐st♦r✳ ❈♦❧❧❡❝t♦r ✐s ❝♦♥♥❡❝t❡❞ t♦ P❱✶ t❤r♦✉❣❤ ❛ ✶❑ r❡s✐st♦r✳

Pr♦❝❡❞✉r❡

• ❙❡t ❜❛s❡ ✈♦❧t❛❣❡ t♦ t❤❡ ✶ ✈♦❧t ❛♥❞ ❙❚❆❘❚✳

• ❘❡♣❡❛t ❢♦r ❞✐✛❡r❡♥t ❜❛s❡ ❝✉rr❡♥ts✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝✉r✈❡s ❢♦r ❞✐✛❡r❡♥t ❜❛s❡ ❝✉rr❡♥ts ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ ❝♦❧❧❡❝t♦r ❝✉rr❡♥t ✐s ♦❜t❛✐♥❡❞ ❢r♦♠
t❤❡ ✈♦❧t❛❣❡ ❞✐✛❡r❡♥❝❡ ❛❝r♦ss t❤❡ ✶❦ r❡s✐st♦r✳

❚❤❡ ❜❛s❡ ❝✉rr❡♥t ✐s s❡t ❜② s❡tt✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❛t ♦♥❡ ❡♥❞ ♦❢ t❤❡ ✶✵✵ ❦Ω r❡s✐st♦r✱ t❤❡ ♦t❤❡r ❡♥❞ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ tr❛♥s✐st♦r
❜❛s❡✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ❜❛s❡ ❝✉rr❡♥t ✐s ❝❛❧❝✉❧❛t❡❞ ❜②✱ Ib =

Vpv2−VA2

100×103
× 106µA✳ ■❢ ❆✷ ✐s ♥♦t ❝♦♥♥❡❝t❡❞✱ t❤❡ ❝♦❞❡ ❛ss✉♠❡s ✵✳✻ ✈♦❧ts

❛t t❤❡ ❜❛s❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❜❛s❡ ❝✉rr❡♥t✳

✸✳✶✸ ❖♣t♦✲❡❧❡❝tr✐❝ s✐❣♥❛❧ tr❛♥s♠✐ss✐♦♥

❖❜❥❡❝t✐✈❡ ❉❡♠♦♥str❛t❡ t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢ s✐❣♥❛❧s ✉s✐♥❣ ❧✐❣❤t✳ ❆♥ ▲❊❉ ✐s ♣♦✇❡r❡❞ ❜② ❛ ✶❦❍③ s✐❣♥❛❧ ❛♥❞ t❤❡ ❧✐❣❤t ✐s ♠❛❞❡
t♦ ❢❛❧❧ ♦♥ ❛ ♣❤♦t♦✲tr❛♥s✐st♦r✳

Pr♦❝❡❞✉r❡

• ❑❡❡♣ t❤❡ ▲❊❉ ❢❛❝✐♥❣ t❤❡ ♣❤♦t♦✲tr❛♥s✐st♦r ❛♥❞ s❡t ❙◗❘✶ t♦ ✶✵✵✵❍③

• ❘❡♣❡❛t t❤❡ ❡①♣❡r✐♠❡♥t ❜② ❝❤❛♥❣✐♥❣ t❤❡ ❢r❡q✉❡♥❝②✳

❉✐s❝✉ss✐♦♥ ❚❤❡ ❙❊◆ ✐♥♣✉t ✐s ✐♥t❡r♥❛❧❧② ❝♦♥♥❡❝t❡❞ t♦ ✺ ✈♦❧ts t❤r♦✉❣❤ ❛ ✺✳✶❦ r❡s✐st♦r✳ ❚❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♣❤♦t♦✲tr❛♥s✐st♦r
❛t ✶❦❍③ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ sq✉❛r❡ tr❛❝❡ ✐s t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ ▲❊❉✳ ❲❤❡♥ t❤❡ ▲❊❉ ✐s ❖◆✱ ♣❤♦t♦✲tr❛♥s✐st♦r ❝♦♥❞✉❝ts
❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ ❝♦❧❧❡❝t♦r ❞r♦♣s t♦ ✳✷ ✈♦❧ts✳ ❲❤❡♥ t❤❡ ▲❊❉ ✐s ❖❋❋ t❤❡ ♣❤♦t♦✲tr❛♥s✐st♦r ❣♦❡s ✐♥t♦ ❝✉t ♦✛ ♠♦❞❡ ❛♥❞
t❤❡ ❝♦❧❧❡❝t♦r s❤♦✇s ❛❧♠♦st t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡✳ ❚❤❡ r✐s❡ ❛♥❞ ❢❛❧❧ t✐♠❡s ♦❢ t❤❡ ♣❤♦t♦✲tr❛♥s✐st♦r s❡❡♠ t♦ ❜❡ ❞✐✛❡r❡♥t✳ ❋✐♥❞ t❤❡
✉♣♣❡r ❧✐♠✐t ♦❢ t❤❡ ❢r❡q✉❡♥❝② t❤❛t t❤❡ ❣✐✈❡♥ ♣❤♦t♦✲tr❛♥s✐st♦r ❝❛♥ r❡s♣♦♥❞✳

❘❡♣❡❛t t❤✐s ❡①♣❡r✐♠❡♥t ✇✐t❤ ❛ ❋✐❜❡r ❖♣t✐❝ ❝❛❜❧❡ t♦ ❣✉✐❞❡ t❤❡ ❧✐❣❤t ❢r♦♠ ▲❊❉ t♦ t❤❡ ♣❤♦t♦✲tr❛♥s✐st♦r✳

✷✷



❈❤❛♣t❡r ✹

❊❧❡❝tr✐❝✐t② ❛♥❞ ▼❛❣♥❡t✐s♠

❚❤✐s s❡❝t✐♦♥ ♠❛✐♥❧② ❝♦♥t❛✐♥s ❡①♣❡r✐♠❡♥ts ♦♥ t❤❡ st❡❛❞② st❛t❡ ❛♥❞ tr❛♥s✐❡♥t r❡s♣♦♥s❡ ♦❢ ▲❈❘ ❝✐r❝✉✐t ❡❧❡♠❡♥ts✳ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
r❡s✉❧ts ✇✐t❤ t❤❡ t❤❡♦r②✳ ■t ❛❧s♦ ❣✐✈❡s ❛♥ ❡①♣❡r✐♠❡♥t ♦❢ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✐♥❞✉❝t✐♦♥✳

✹✳✶ ❘▲❈ ❝✐r❝✉✐ts✱ st❡❛❞② st❛t❡ r❡s♣♦♥s❡

❖❜❥❡❝t✐✈❡ ❙t✉❞② t❤❡ ❡✛❡❝t ♦❢ s❡r✐❡s ▲❈❘ ❡❧❡♠❡♥ts ✐♥ ❛♥ ❆❈ ❝✐r❝✉✐t✳ ❚❤r❡❡ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ❝❛♥ ❜❡ st✉❞✐❡❞✳

Pr♦❝❡❞✉r❡

• ▼❛❦❡ ❝♦♥♥❡❝t✐♦♥s ♦♥❡ ❜② ♦♥❡✱ ❛s ♣❡r t❤❡ ❞r❛✇✐♥❣

• ◆♦t❡ ❞♦✇♥ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ♠❡❛s✉r❡♠❡♥ts✱ ✐♥ ❡❛❝❤ ❝❛s❡

• ❘❡♣❡❛t t❤❡ ♠❡❛s✉r❡♠❡♥ts ❜② ❝❤❛♥❣✐♥❣ t❤❡ ❢r❡q✉❡♥❝②✳

• ❋♦r ❘▲❈ s❡r✐❡s ❝✐r❝✉✐t✱ t❤❡ ❥✉♥❝t✐♦♥ ♦❢ ▲ ❛♥❞ ❈ ✐s ♠♦♥✐t♦r❡❞ ❜② ❆✸

• ❋♦r r❡s♦♥❛♥❝❡ s❡❧❡❝t ❈ ❂ ✶✉❋✱ ▲ ❂ ✶✵♠❍ ❛♥❞ ❋❂ ✶✻✵✵ ❍③✱ ❛❞❥✉st ❋ t♦ ♠❛❦❡ ♣❤❛s❡ s❤✐❢t ③❡r♦

• ❚❤❡ t♦t❛❧ ✈♦❧t❛❣❡ ❛❝r♦ss ▲ ❛♥❞ ❈ t♦❣❡t❤❡r ❣♦❡s ❛❧♠♦st t♦ ③❡r♦✱ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡♠ ❛r❡ ♦✉t ♦❢ ♣❤❛s❡ ❛t r❡s♦♥❛♥❝❡

❉✐s❝✉ss✐♦♥ ❚❤❡ ❛♣♣❧✐❡❞ ❆❈ ✈♦❧t❛❣❡ ✐s ♠❡❛s✉r❡❞ ♦♥ ❆✶ ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ r❡s✐st♦r ♦♥ ❆✷✳ ❙✉❜tr❛❝t✐♥❣ t❤❡
✐♥st❛♥t❛♥❡♦✉s ✈❛❧✉❡s ♦❢ ❆✷ ❢r♦♠ ❆✶ ❣✐✈❡s t❤❡ ❝♦♠❜✐♥❡❞ ✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ ✐♥❞✉❝t♦r ❛♥❞ ❝❛♣❛❝✐t♦r✳ ❲❡ ♥❡❡❞ t♦ ✉s❡ ❛♥
✐♥❞✉❝t♦r ✇✐t❤ ♥❡❣❧✐❣✐❜❧❡ r❡s✐st❛♥❝❡ ❢♦r ❣♦♦❞ r❡s✉❧ts✳ ❚❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡ ✐s ❣✐✈❡♥ ❜② △Φ =

arctan
(

Xc−XL

XR

)

✳

❚❤❡ t♦t❛❧ ✈♦❧t❛❣❡✱ ✈♦❧t❛❣❡ ❛❝r♦ss ❘ ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss ▲❈ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡✳ ❚❤❡ ♣❤❛s♦r ❞✐❛❣r❛♠ s❤♦✇s t❤❡ ♣❤❛s❡
❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❝✉rr❡♥t ❛♥❞ t❤❡ ✈♦❧t❛❣❡✳ ❚❤❡ ✐♥❞✉❝t❛♥❝❡ ✉s❡❞ ✐♥ t❤✐s ❡①♣❡r✐♠❡♥t ✐s ❛r♦✉♥❞ ✶✵♠❍✱ ❤❛✈✐♥❣ ❛ r❡s✐st❛♥❝❡ ♦❢
20Ω✳

❆t ✶✻✵✵ ❍③✱ Xc ≈ XL ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss ▲❈ ✐s ❞❡❝✐❞❡❞ ❜② t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✐♥❞✉❝t♦r✳ ❆t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱
t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❛❝r♦ss ▲❈ ✇✐❧❧ ❜❡ ♠✐♥✐♠✉♠✱ ❞❡❝✐❞❡❞ ❜② t❤❡ r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✐♥❞✉❝t♦r✳ ❚❤❡ ✐♥♣✉t ❆✸ ✐s ❝♦♥♥❡❝t❡❞ ❜❡t✇❡❡♥
▲ ❛♥❞ ❈✱ s♦ t❤❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✈♦❧t❛❣❡ ❞r♦♣ ❛❝r♦ss ▲ ❛♥❞ ❈ ❝❛♥ ❜❡ ❞✐s♣❧❛②❡❞✳

✹✳✷ ❚r❛♥s✐❡♥t ❘❡s♣♦♥s❡ ♦❢ ❘❈ ❝✐r❝✉✐ts

❖❜❥❡❝t✐✈❡ P❧♦t t❤❡ ✈♦❧t❛❣❡ ❛❝r♦ss ❛ ❝❛♣❛❝✐t♦r✱ ✇❤❡♥ ✐t ✐s ❝❤❛r❣❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ✈♦❧t❛❣❡ st❡♣ t❤r♦✉❣❤ ❛ r❡s✐st♦r✳ ❈❛❧❝✉❧❛t❡
t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❢r♦♠ t❤❡ ❣r❛♣❤✳
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