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❈❛♠♣✐♥❛ ●r❛♥❞❡ ❝♦♠♦ r❡q✉✐s✐t♦ ♣❛r❝✐❛❧ ♣❛r❛ ♦❜t❡♥çã♦
❞♦ ❣r❛✉ ❞❡ ❉♦✉t♦r ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳
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✸✶ ❞❡ ❏✉❧❤♦ ❞❡ ✷✵✶✻
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❉❡❞✐❝♦ ❡ss❡ tr❛❜❛❧❤♦ ❛♦s ♠❡✉s ✜❧❤♦s P❛❧♦♠❛✱ ❙❛♠✉❡❧ ❡
❙❛✉❧♦ ❡ à ♠✐♥❤❛ ❡s♣♦s❛ ❙✐❧✈❛♥❛✳



❆❣r❛❞❡❝✐♠❡♥t♦s

Pr✐♠❡✐r❛♠❡♥t❡ ❛❣r❛❞❡ç♦ ❛ ❉❡✉s ❛ q✉❡♠ t✉❞♦ ❞❡✈♦ s❡♠ ♥❛❞❛ ♠❡r❡❝❡r✱ tã♦ ♣♦✉❝♦

❛❣r❛❞❡ç♦ ❡ tã♦ ♠❛❧ t❡♥t♦ s❡❣✉✐r✳

❆❣r❛❞❡ç♦ ❛ ❙✐❧✈❛♥❛ ❩✉r✐t❛✱ ♠✐♥❤❛ ❡t❡r♥❛ ❡s♣♦s❛ ❡ ❝♦♠♣❛♥❤❡✐r❛ ❞❡ ❝❛♠✐♥❤❛❞❛ q✉❡

♣♦r t❛♥t♦s ❡s❢♦rç♦s ❡ ❛♣♦✐♦ ❞❛❞♦s ❞✉r❛♥t❡ ❡ss❡s ❛♥♦s✱ r❡❝♦♥❤❡ç♦ ❝♦♠♦ ❝♦✲❛✉t♦r❛ ❞❡st❡

tr❛❜❛❧❤♦✳ ❆♦s ♠❡✉s ✜❧❤♦s✱ P❛❧♦♠❛✱ ❙❛♠✉❡❧ ❡ ❙❛✉❧♦ ♣♦r ♠❡ ❞❛r❡♠✱ ❞❡ ❢♦r♠❛ ♣✉r❛ ❡

✈❡r❞❛❞❡✐r❛✱ ❢♦rç❛s ♣❛r❛ s❡❣✉✐r ❡♠ ❢r❡♥t❡ ❡ ♠❡ ❡s❢♦rç❛r ♣❡❧♦ ♠❡❧❤♦r✳

❆♦ ♠❡✉ ♣❛✐✱ ❙r✳ ❈❛r❧♦s ❩✉r✐t❛✱ ♠❡✉ ❡t❡r♥♦ ♣r♦❢❡ss♦r ❡ r❡❢❡r❡♥❝✐❛❧ ♣r♦✜ss✐♦♥❛❧ q✉❡ ♠❡

❡♥s✐♥♦✉ ❞❡s❞❡ ❝❡❞♦ ♦ ❛♠♦r ♣❡❧♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❡ ♣❡❧❛ ❡♥❣❡♥❤❛r✐❛✳ ❆❣r❛❞❡ç♦ ❛ ♠✐♥❤❛ ♠ã❡✱

♣♦r ♠❡ ❡♥s✐♥❛r ✈❛❧♦r❡s ❡ ♦ ❛♠♦r ❛ ❉❡✉s✳ ❆ ❡❧❡s s♦✉ ♣r♦❢✉♥❞❛♠❡♥t❡ ❣r❛t♦ ♣♦r t❡r❡♠ ❧✉t❛❞♦

❝♦♥tr❛ t♦❞❛s ❛s ❛❞✈❡rs✐❞❛❞❡s ❡❞✉❝❛r ❡ ❡♥s✐♥❛r ❛ ♠✐♠ ❡ ♠❡✉s ✐r♠ã♦s✱ ▼❛r❝❡❧♦ ❡ ❆♥❛✳

❆♦s ♣r♦❢❡ss♦r❡s ❘✳❈✳❙✳ ❋r❡✐r❡ ❡ ❙♠❛✐❧ ❚❡❞❥✐♥✐✱ ♦r✐❡♥t❛❞♦r❡s ❞❡st❡ tr❛❜❛❧❤♦ ♣♦r t♦❞♦

❛♣♦✐♦✱ ❝♦♥✜❛♥ç❛ ❡ ✐♥❡st✐♠á✈❡✐s ❝♦♥tr✐❜✉✐çõ❡s✳

❆♦s ♠❡✉s ❛♠✐❣♦s ❡ ❝♦❧❡❣❛s ❞❡ ♣r♦✜ssã♦✱ Pr♦❢❡ss♦r❡s ▲✉✐③ ●✉st❛✈♦✱ ❏♦sé ▼❡❞❡✐r♦s✱

❏♦sé ▼❛r✐❛✱ ❖t❛❝í❧✐♦ ❆❧♠❡✐❞❛✱ ◆❡❧❜❡r ❳✐♠❡♥❡s✱ ❋❛❜í♦❧❛ ▲✐♥❛r❞✱ ❘❛♥♦②❝❛ ❆❧❡♥❝❛r✱

❘❛q✉❡❧ ❆❧✐♥❡✱ ❇❛rt♦❧♦♠❡✉ ❋❡rr❡✐r❛ ❡ ❆írt♦♥ ❈❛r♥❡✐r♦ ♣♦r t♦❞♦ ❛♣♦✐♦ ♣r❡st❛❞♦✳ ❉❡ ❢♦r♠❛

❡s♣❡❝✐❛❧ ❛♦s Pr♦❢❡ss♦r❡s ▼❛r❝♦s ▲✐r❛ ❡ ❋á❜✐♦ ❘♦❝❤❛ q✉❡ ♠❡ ♣r❡st❛r❛♠ ✐♥❡st✐♠á✈❡❧

❛✉①í❧✐♦ ❝♦♥❝❡❞❡♥❞♦✲♠❡ ♦s ❝♦♠♣✉t❛❞♦r❡s ✉t✐❧✐③❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❡ ❛♦s ♠❡✉s

❝♦♠♣❛♥❤❡✐r♦s ❞❡ s❛❧❛✱ ♦s ♣r♦❢❡ss♦r❡s ❘❛❢❛❡❧ ❘♦❝❤❛ ❡ ❋r❛♥❝✐s❝♦ ❘✐❝❝❡❧❧✐✱ ♣❡❧❛ ♣r❡❝✐♦s❛

❛♠✐③❛❞❡✱ ❝♦♠♣❛♥❤✐❛✱ ♠♦t✐✈❛çã♦ ❡ ♣♦r t❛♥t♦s ❛✉①í❧✐♦s q✉❡ ♠❡ ♣r❡st❛r❛♠ ♥♦ ❞❡❝♦rr❡r

❞❡st❡s ❛♥♦s✳

❆♦ ♣r♦❢❡ss♦r ❊❧♠❛r ▼❡❧❝❤❡r ❛ q✉❡♠ ♠✉✐t♦ ❞❡✈♦ ❞♦ ♠❡✉ ❝♦♥❤❡❝✐♠❡♥t♦ ❡♠

♠✐❝r♦❡❧❡trô♥✐❝❛ ❡ ❞❛ ♠✐♥❤❛ tr❛❥❡tór✐❛ ❛❝❛❞ê♠✐❝❛✳ ❆♦s ♠❡✉s ❛♠✐❣♦s ❋r❛♥❝✐s❝♦ ❖s♠❛♥✱

■s❛❛❝ ▼❛✐❛✱ ❲✐❧s♦♥ ❘♦s❛s✱ ❨❛♥❣ ❨✉ ❏✉ ❡ ❏❡❛♥ Pr♦st ♣❡❧♦ ❛♣♦✐♦ ❡ t❛♥t❛s ❛❥✉❞❛s

♣r❡st❛❞❛s✳

❆❣r❛❞❡ç♦ ❛s ♣❡sq✉✐s❛❞♦r❛s ❘❛❧✉❝❛ ❙❛✈✉ ❡ ▼❛r❛ ❈❛♥❡sq✉✐✱ ♣❡ss♦❛s ❛❞♦rá✈❡✐s q✉❡ ♠❡

♣r❡st❛r❛♠ ✐♥❡st✐♠á✈❡❧ ❛❥✉❞❛ ♥♦ ❈❈❙ ◆❛♥♦ ❝♦♠ ❛ ❢❛❜r✐❝❛çã♦✱ ♠♦♥t❛❣❡♠ ❡ ❝❛r❛❝t❡r✐③❛çã♦

✈✐



✈✐✐

❞♦s ♥❛♥♦ss❡♥s♦r❡s✳ ❆♦s ♣r♦❢❡ss♦r❡s ❆♥tô♥✐♦ ❆✉❣✉st♦ ❡ ❊♠♠❛♥✉❡❧ ❉✉♣♦✉② ♣❡❧❛ ✐♠❡♥s❛

❛❥✉❞❛ ♣r❡st❛❞❛ ♥❛ ❢❛❜r✐❝❛çã♦ ❞♦ ú❧t✐♠♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ♣r♦❥❡t❛❞♦ ♥❡st❛ t❡s❡✳

❆♦s ♣r♦❢❡ss♦r❡s ❊❞♠❛r ●✉r❥ã♦✱ ●❧❛✉❝♦ ❋♦♥t❣❛❧❧❛♥❞✱ ❙t❛♥✐s❧❛✈ ▼♦s❤❦❛❧❡✈ ❡ ❨✉r✐

❈❛t✉♥❞❛✱ ♠❡♠❜r♦s ❞❛ ❜❛♥❝❛ ❡①❛♠✐♥❛❞♦r❛ ♣♦r s✉❛s ✈❛❧✐♦s❛s ❝♦♥tr✐❜✉✐çõ❡s ♣❛r❛ ❛

♠❡❧❤♦r✐❛ ❞❡st❡ tr❛❜❛❧❤♦✳

P♦r ✜♠✱ r❡❝♦♥❤❡ç♦ q✉❡ ❛♦ ❧♦♥❣♦ ❞♦s q✉❛tr♦ ❛♥♦s ❡♠ q✉❡ ♠❡ ❞❡❞✐q✉❡✐ ❛ ❡st❛ ❡♠♣r❡s❛

r❡❝❡❜✐ ❛ ❛❥✉❞❛ ❞❡ ♠✉✐t♦ ♠❛✐s ♣❡ss♦❛s ❞♦ q✉❡ s♦✉ ❝❛♣❛③ ❞❡ ♠❡ ❧❡♠❜r❛r ♥❡ss❡ ♠♦♠❡♥t♦✳ ❆

t♦❞❛s ❡ss❛s ♣❡ss♦❛s ♦s ♠❡✉s ♠❛✐s s✐♥❝❡r♦s ❛❣r❛❞❡❝✐♠❡♥t♦s✳



❖ ❛t❡ís♠♦✱ ❛ r✐❣♦r✱ é ♦ ♠❛✐s ♦✉s❛❞♦ ❞❡ t♦❞♦s ♦s ❞♦❣♠❛s✱ ♣♦✐s ❝♦♥st✐t✉✐
❛ ❛✜r♠❛çã♦ ❞❡ ✉♠❛ ♥❡❣❛çã♦ ✉♥✐✈❡rs❛❧✳

✖●✳ ❑✳ ❈❍❊❙❚❊❘❚❖◆ ✭❉♦③❡ ❚✐♣♦s✮



❘❡s✉♠♦

❆ rá♣✐❞❛ ❞✐❢✉sã♦ ♥♦ ♠❡r❝❛❞♦ ❞♦s s✐st❡♠❛s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ♣♦r r❛❞✐♦❢r❡q✉ê♥❝✐❛

✭❘❋■❉✮ ♦❝♦rr✐❞❛ ♥♦s ú❧t✐♠♦s ❛♥♦s t❡♠ ✐♠♣✉❧s✐♦♥❛❞♦ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♥♦✈❛s ❛♣❧✐❝❛çõ❡s ❡

♥❡❝❡ss✐❞❛❞❡s ♥❛s ♠❛✐s ❞✐✈❡rs❛s ár❡❛s ❞❛ ❛çã♦ ❤✉♠❛♥❛✳ P❛r❛❧❡❧❛♠❡♥t❡✱ ❛ ❡✈♦❧✉çã♦

t❡❝♥♦❧ó❣✐❝❛ t❡♠ ❡①♣❛♥❞✐❞♦ ❣r❛♥❞❡♠❡♥t❡ ♦ ✉♥✐✈❡rs♦ ❞❡ ❢✉♥❝✐♦♥❛❧✐❞❛❞❡s ❡ r❡❝✉rs♦s q✉❡

♣♦❞❡♠ s❡r ❛❣r❡❣❛❞♦s às ❡t✐q✉❡t❛s ❘❋■❉✱ ♦r✐❣✐♥❛❧♠❡♥t❡ ♣r♦❥❡t❛❞❛s ❛♣❡♥❛s ♣❛r❛ ❢♦r♥❡❝❡r

✉♠ ❝ó❞✐❣♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❡ tr❛♥s♣♦rt❛r ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❞❛❞♦s✳ ❉❡♥tr❡ ❛s

♥♦✈❛s ❛♣❧✐❝❛çõ❡s✱ ♦ ✉s♦ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❝♦♠♦ ❞✐s♣♦s✐t✐✈♦s s❡♥s♦r❡s ❝❤❛♠❛

♣❛rt✐❝✉❧❛r ❛t❡♥çã♦ t❛♥t♦ ♣❡❧♦s ❞❡s❛✜♦s té❝♥✐❝♦s ❡♥✈♦❧✈✐❞♦s q✉❛♥t♦ ♣❡❧♦ ♣♦t❡♥❝✐❛❧ ❞❡

♠❡r❝❛❞♦ q✉❡ t❛❧ s♦❧✉çã♦ ❛♣r❡s❡♥t❛✳

◆❛t✉r❛❧♠❡♥t❡ ♦s ❞❡s❛✜♦s té❝♥✐❝♦s ❡♥✈♦❧✈✐❞♦s ♥❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❛ ❡t✐q✉❡t❛s

❘❋■❉ ♥ã♦ sã♦ ♦s ♠❡s♠♦s ♣❛r❛ ♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ s❡♥s♦r❡s ❡①✐st❡♥t❡s✳ ❆ ✐♥t❡❣r❛çã♦

❞❡ s❡♥s♦r❡s ❞❡ ❣ás ❛ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❡♥✈♦❧✈❡ ❞❡s❛✜♦s ♣❛rt✐❝✉❧❛r♠❡♥t❡ ❞✐❢í❝❡✐s ❞❡

s❡r❡♠ tr❛♥s♣♦st♦s✳ ❚❛✐s ❞✐s♣♦s✐t✐✈♦s sã♦ t✐♣✐❝❛♠❡♥t❡ ❣r❛♥❞❡s ❝♦♥s✉♠✐❞♦r❡s ❞❡ ❡♥❡r❣✐❛✱

♦❝✉♣❛♠ ✉♠ ✈♦❧✉♠❡ ❡❧❡✈❛❞♦ ♣❛r❛ ✉♠❛ ❡t✐q✉❡t❛ ❝♦♠✉♠ ❡ s✉❛ ❢❛❜r✐❝❛çã♦ é✱ ♥❛ ♠❛✐♦r✐❛

❞♦s ❝❛s♦s✱ ✐♥❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ ♣r♦❝❡ss♦ ❈▼❖❙ ❡♠♣r❡❣❛❞♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞♦ ❝✐r❝✉✐t♦ ❞❛

❡t✐q✉❡t❛✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ s❡♥s♦r❡s ❞❡ ❣ás ❡stã♦ s✉❥❡✐t♦s à ❝♦♥t❛♠✐♥❛çã♦✱ ♦ q✉❡ r❡q✉❡r ❛

r❡❛❧✐③❛çã♦ ♣❡r✐ó❞✐❝❛ ❞❡ ♣r♦❝❡❞✐♠❡♥t♦s ❞❡ ❧✐♠♣❡③❛ ❡ ❝❛❧✐❜r❛çã♦ q✉❡✱ ❛❧é♠ ❞❡ ✐♥❝♦♥✈❡♥✐❡♥t❡s✱

♥❡❝❡ss✐t❛♠ ❝♦♠✉♠❡♥t❡ ❞❡ ✐♥st❛❧❛çõ❡s ❧❛❜♦r❛t♦r✐❛✐s ♣❛r❛ s✉❛ r❡❛❧✐③❛çã♦✳ ❉❡✈✐❞♦ ❛ ❡ss❛s

❞✐✜❝✉❧❞❛❞❡s✱ ❛s ♣♦✉❝❛s s♦❧✉çõ❡s ❛té ❡♥tã♦ ❡①✐st❡♥t❡s ❛♣❡♥❛s s♦❧✉❝✐♦♥❛♠ ♣❛r❝✐❛❧♠❡♥t❡ ♦

♣r♦❜❧❡♠❛✱ ❛❧é♠ ❞❡ s❡r❡♠✱ ❡♠ s✉❛ ♠❛✐♦r✐❛✱ ✐♥❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦s ❛t✉❛✐s ♣❛❞rõ❡s ❘❋■❉✱ ♦

q✉❡ ❞✐✜❝✉❧t❛ s✉❛ ❛❞♦çã♦ ❝♦♠❡r❝✐❛❧✳

❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛ ✉♠❛ ♥♦✈❛ s♦❧✉çã♦ à ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❞❡ ❣ás ❛

❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✳ ❆ s♦❧✉çã♦ ♣r♦♣♦st❛ ❡♥✈♦❧✈❡ ✉♠ s✐st❡♠❛ ❤í❜r✐❞♦ ❈▼❖❙ ❡

♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ✐♥t❡❣r❛❞♦s ❛ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉✱ ❝❛♣❛③ ♥ã♦ ❛♣❡♥❛s ❞❡ r❡❛❧✐③❛r

♦♣❡r❛çõ❡s ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ❡s♣❡❝í✜❝♦s ❝♦♠♦ t❛♠❜é♠ ❞❡ ❧✐♠♣❛r

❛✉t♦♥♦♠❛♠❡♥t❡ ♦ s❡♥s♦r ♠❡❞✐❛♥t❡ ✉♠ ❝♦♠❛♥❞♦ r❡♠♦t♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ s✐st❡♠❛

✐①



①

❝♦♠♣♦rt❛ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s ❡①t❡r♥♦s✱ ✐♥❝❧✉✐ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✐♥t❡r♥♦ ❡ s✉♣♦rt❛

q✉❡ ♦ ❛❥✉st❡ ❡ ❛ ❝❛❧✐❜r❛çã♦ ❞❡ ❝❛❞❛ s❡♥s♦r ♣♦ss❛♠ s❡r r❡❛❧✐③❛❞♦s r❡♠♦t❛♠❡♥t❡✳ ❆ s♦❧✉çã♦

♣r♦♣♦st❛ s✉♣❡r❛ ♦s ♣r♦❜❧❡♠❛s ❡ ❧✐♠✐t❛çõ❡s ❡①✐st❡♥t❡s ♥❛s s♦❧✉çõ❡s ❛♥t❡r✐♦r❡s ❡✱ ❛♦

♠❡s♠♦ t❡♠♣♦✱ ♠❛♥té♠ ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉ ❛t✉❛❧♠❡♥t❡ ❡♠ ✈✐❣♦r✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❘❋■❉✱ s❡♥s♦r ❞❡ ❣ás✱ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ s❡♥s♦r❡s s❡♠ ✜♦✱

✐♥str✉♠❡♥t❛çã♦ ❡❧❡trô♥✐❝❛✱ ❝✐r❝✉✐t♦s ❈▼❖❙✱ ✉❧tr❛ ❜❛✐①♦ ❝♦♥s✉♠♦✱ ♠✐❝r♦❡❧❡trô♥✐❝❛✱

♥❛♥♦t❡❝♥♦❧♦❣✐❛✳



❆❜str❛❝t

❚❤❡ ❢❛st ♠❛r❦❡t ❞✐✛✉s✐♦♥ ♦❢ ❘❛❞✐♦✲❋r❡q✉❡♥❝② ■❞❡♥t✐✜❝❛t✐♦♥ s②st❡♠s ✭❘❋■❉✮ ♦❝❝✉rr❡❞

✐♥ r❡❝❡♥t ②❡❛rs ❤❛s ❞r✐✈❡♥ t❤❡ ❡♠❡r❣❡♥❝❡ ♦❢ ♥❡✇ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ♥❡❡❞s ✐♥ ♠❛♥② ✜❡❧❞s

♦❢ ❤✉♠❛♥ ❛❝t✐✈✐t②✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ t❡❝❤♥♦❧♦❣✐❝❛❧ ❞❡✈❡❧♦♣♠❡♥ts ❤❛✈❡ ❣r❡❛t❧② ❡①♣❛♥❞❡❞

t❤❡ ✉♥✐✈❡rs❡ ♦❢ ❢❡❛t✉r❡s ❛♥❞ ❢✉♥❝t✐♦♥❛❧✐t✐❡s ✇❤✐❝❤ ❝❛♥ ❜❡ ❛❞❞❡❞ t♦ ❘❋■❉ t❛❣s✱ ♦r✐❣✐♥❛❧❧②

❞❡s✐❣♥❡❞ t♦ ♣r♦✈✐❞❡ ♦♥❧② ❛♥ ✐❞❡♥t✐✜❝❛t✐♦♥ ❝♦❞❡ ❛♥❞ ❝❛rr② ❛ s♠❛❧❧ ❛♠♦✉♥t ♦❢ ❞❛t❛✳ ❆♠♦♥❣

t❤❡s❡ ♥❡✇ ❛♣♣❧✐❝❛t✐♦♥s✱ t❤❡ ✉s❡ ♦❢ ♣❛ss✐✈❡ ❘❋■❉ t❛❣s ❛s s❡♥s✐♥❣ ❞❡✈✐❝❡s ❛ttr❛❝t ♣❛rt✐❝✉❧❛r

❛tt❡♥t✐♦♥ ❞✉❡ t♦ t❤❡ t❡❝❤♥✐❝❛❧ ❝❤❛❧❧❡♥❣❡s ✐♥✈♦❧✈❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ♠❛r❦❡t ♣♦t❡♥t✐❛❧ ♦❢ s✉❝❤

s♦❧✉t✐♦♥✳

◆❛t✉r❛❧❧②✱ t❤❡ t❡❝❤♥✐❝❛❧ ❝❤❛❧❧❡♥❣❡s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❘❋■❉ s❡♥s♦r t❛❣s ❛r❡

♥♦t t❤❡ s❛♠❡ ❢♦r ❞✐✛❡r❡♥t t②♣❡s ♦❢ s❡♥s♦rs✳ ❚❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❣❛s s❡♥s♦rs t♦ ♣❛ss✐✈❡ ❘❋■❉

t❛❣s ✐s ❛ ❝❤❛❧❧❡♥❣❡ ❡s♣❡❝✐❛❧❧② ❞✐✣❝✉❧t t♦ ♦✈❡r❝♦♠❡✳ ❙✉❝❤ ❞❡✈✐❝❡s ❛r❡ t②♣✐❝❛❧❧② ❝♦♥s✉♠❡s ❛

❣r❡❛t ❛♠♦✉♥t ♦❢ ❡♥❡r❣②✱ ♦❝❝✉♣② ❛ ❤✐❣❤ ✈♦❧✉♠❡ ❢♦r ❛ ❝♦♠♠♦♥ ❧❛❜❡❧ ❛♥❞ ✐ts ♠❛♥✉❢❛❝t✉r✐♥❣ ✐s✱

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

■♥ ❛❞❞✐t✐♦♥✱ ❣❛s s❡♥s♦rs ❛r❡ s✉❜❥❡❝t t♦ ❝♦♥t❛♠✐♥❛t✐♦♥✱ r❡q✉✐r✐♥❣ ♣❡r✐♦❞✐❝❛❧ ❝❧❡❛♥✐♥❣ ❛♥❞

❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡❞✉r❡s✱ ✇❤✐❝❤ ✐s ✈❡r② ✐♥❝♦♥✈❡♥✐❡♥t s✐♥❝❡ ✐t ❝♦♠♠♦♥❧② r❡q✉✐r❡s ❧❛❜♦r❛t♦r②

❢❛❝✐❧✐t✐❡s ❢♦r ✐ts r❡❛❧✐③❛t✐♦♥✳ ❇❡❝❛✉s❡ ♦❢ t❤❡s❡ ❞✐✣❝✉❧t✐❡s✱ t❤❡ ❢❡✇ ❡①✐st✐♥❣ s♦❧✉t✐♦♥s ♦♥❧②

♣❛rt✐❛❧❧② s♦❧✈❡s t❤❡ ♣r♦❜❧❡♠✱ ❛♥❞ ❛r❡ ♠♦st❧② ✐♥❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ❝✉rr❡♥t ❘❋■❉ st❛♥❞❛r❞s✱

✇❤✐❝❤ ♠❛❦❡s ❞✐✣❝✉❧t ✐ts ❝♦♠♠❡r❝✐❛❧ ❛❞♦♣t✐♦♥✳

❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ❛ ♥❡✇ s♦❧✉t✐♦♥ t♦ ✐♥t❡❣r❛t❡ ❣❛s s❡♥s♦rs t♦ ♣❛ss✐✈❡ ❘❋■❉ t❛❣s✳

❚❤❡ ♣r♦♣♦s❡❞ s♦❧✉t✐♦♥ ✐♥✈♦❧✈❡s ❛ ❤②❜r✐❞ ❈▼❖❙ ❛♥❞ ❝❛r❜♦♥ ♥❛♥♦t✉❜❡ s②st❡♠ ✐♥t❡❣r❛t❡❞

✐♥t♦ ❛♥ ❘❋■❉ t❛❣✱ ❝❛♣❛❜❧❡ ♦❢ ♣❡r❢♦r♠✐♥❣ s♣❡❝✐✜❝ ❣❛s s❡♥s✐♥❣ ♦♣❡r❛t✐♦♥s ❛s ✇❡❧❧ ❛s t♦

❛✉t♦♥♦♠♦✉s❧② ❝❧❡❛♥ t❤❡ s❡♥s♦r ❜② ❛ r❡♠♦t❡ ❝♦♠♠❛♥❞✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ s②st❡♠

❝♦♠♣r✐s❡s ♠✉❧t✐♣❧❡ ❡①t❡r♥❛❧ s❡♥s♦rs✱ ✐♥❝❧✉❞❡s ❛♥ ✐♥t❡r♥❛❧ t❡♠♣❡r❛t✉r❡ s❡♥s♦r ❛♥❞

s✉♣♣♦rts t❤❡ r❡♠♦t❡ ❛❞❥✉st♠❡♥t ❛♥❞ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ❡❛❝❤ s❡♥s♦r✳ ❚❤❡ ♣r♦♣♦s❡❞ s♦❧✉t✐♦♥

♦✈❡r❝♦♠❡s t❤❡ ♣r♦❜❧❡♠s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ✐❞❡♥t✐✜❡❞ ✐♥ ♣r❡✈✐♦✉s s♦❧✉t✐♦♥s ❛♥❞ ❦❡❡♣s✱ ❛t t❤❡

s❛♠❡ t✐♠❡✱ t❤❡ ❝♦♠♣❛t✐❜✐❧✐t② ✇✐t❤ ❝✉rr❡♥t ❘❋■❉ st❛♥❞❛r❞s✳

①✐



①✐✐

❑❡②✇♦r❞s✿ ❘❋■❉✱ ❣❛s s❡♥s♦rs✱ ❝❛r❜♦♥ ♥❛♥♦t✉❜❡s✱ ✇✐r❡❧❡ss s❡♥s♦rs✱ ❡❧❡❝tr♦♥✐❝

✐♥str✉♠❡♥t❛t✐♦♥✱ ❈▼❖❙ ❝✐r❝✉✐ts✱ ✉❧tr❛✲❧♦✇ ♣♦✇❡r✱ ♠✐❝r♦❡❧❡❝tr♦♥✐❝s✱ ♥❛♥♦t❡❝❤♥♦❧♦❣②✳



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✷✳✶ ■♥t❡♥s✐❞❛❞❡ ♠á①✐♠❛ ♣❡r♠✐t✐❞❛ ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❜❛♥❞❛ ❞❡ ✶✸✱✺✻

▼❍③ ■❙▼ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❡✉r♦♣❡✐❛s ❡ ❛♠❡r✐❝❛♥❛s ✭✻✵

❞❇µ❆✴♠ à ✶✵ ♠ ❡ ✹✷ ❞❇µ❆✴♠ à ✶✵ ♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ❆ ❝✉r✈❛ ❞❡ ♠❡♥♦r

✐♥t❡♥s✐❞❛❞❡ r❡♣r❡s❡♥t❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣♦r ✉♠

❧❡✐t♦r ❍❋ tí♣✐❝♦ ✭❛♥t❡♥❛ ❞♦ t✐♣♦ ❡s♣✐r❛❧ q✉❛❞r❛❞❛✱ ✶✵ ① ✶✵ ❝♠✱ ✻ ❡s♣✐r❛s✱ ■

❂ ✶✷✺ ♠❆✮✳ ✶✺

✷✳✷ ▼á①✐♠❛ ♣♦tê♥❝✐❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♦♣❡r❛♥❞♦ ❡♠ ✾✶✺

▼❍③ ❡♠ ❢✉♥çã♦ ❞❡ s✉❛ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✳ ❚rês ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s

♣❛r❛ ♦ ❣❛♥❤♦ ❞❛ ❛♥t❡♥❛ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s✿ ✰✸ ❞❇✐✱ ✵ ❡ ✲✸ ❞❇✐✳ ✶✼

✷✳✸ ❈❧❛ss✐✜❝❛çã♦ ❞♦s s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s ♣r♦♣♦st❛ ♣♦r ●✳ ▼❛rr♦❝❝♦

✭▼❆❘❘❖❈❈❖✱ ✷✵✶✵✮✳ ✷✷

✷✳✹ ◆❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ ú♥✐❝❛ ✭❙❲❈◆❚✮✳ ✸✸

✷✳✺ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ q✉✐r❛❧✐❞❛❞❡ ❞❡ ✉♠ ❙❲❈◆❚✳ ❆ ❞✐r❡çã♦ ❞♦ ❡✐①♦ ❝❡♥tr❛❧ ❞♦

♥❛♥♦t✉❜♦ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ s✉❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ sã♦ r❡♣r❡s❡♥t❛❞♦s ♣❡❧♦

✈❡t♦r T ✳ ❖ ❝♦♠♣r✐♠❡♥t♦ ✈❡t♦r q✉✐r❛❧✱ Ch✱ r❡♣r❡s❡♥t❛ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❞♦✐s

♣♦♥t♦s ❡q✉✐✈❛❧❡♥t❡s ♥❛ ♣❛r❡❞❡ ❞♦ ♥❛♥♦t✉❜♦✳ ✸✹

✷✳✻ ❋✐❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋❖▼✮ ❞♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ r❡♣♦rt❛❞♦s ♥♦ ■❙❙❈❈ ❡ ♥♦

❙✐♠♣ós✐♦ ❱▲❙■ ❛♦ ❧♦♥❣♦ ❞♦s ú❧t✐♠♦s ✶✵ ❛♥♦s ✭❩❯❘■❚❆ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ✹✺

✷✳✼ ❋✐❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋❖▼✮ ❞♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ r❡♣♦rt❛❞♦s ♥♦ ■❙❙❈❈ ❡ ♥♦

❙✐♠♣ós✐♦ ❱▲❙■ ❡♠ ❢✉♥çã♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ❢❛❜r✐❝❛çã♦✳ ❆♣❡♥❛s

✐♠♣❧❡♠❡♥t❛çõ❡s ❡♠ ♣r♦❝❡ss♦ ❈▼❖❙ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ✭❩❯❘■❚❆ ❡t ❛❧✳✱

✷✵✶✻✮✳ ✹✻

✸✳✶ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣❛r❛ ❛ ❡t✐q✉❡t❛ s❡♥s♦r❛✳ ✺✶

①✐✐✐



①✐✈

✸✳✷ ❉✐❛❣r❛♠❛ ❞❡ t❡♠♣♦ ❞❛ s❡q✉ê♥❝✐❛ ❝♦♠♣❧❡t❛ ❞❡ ❧❡✐t✉r❛ ❞❡ ✉♠ s❡♥s♦r✳ ❆♣❡♥❛s

♦s ✐♥t❡r✈❛❧♦s ❤❛❝❤✉r❛❞♦s sã♦ ❧❡✈❛❞♦s ❡♠ ❝♦♥t❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❡♠♣♦

t♦t❛❧ T1✳ ✺✸

✹✳✶ ❈♦♥✈❡rs♦r ❆✴❉ ❞❡ ❛♣r♦①✐♠❛çã♦ s✉❝❡ss✐✈❛ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✳ ✺✹

✹✳✷ ❈❤❛✈❡ ❈▼❖❙ ❞❡ ❞♦✐s ♣♦❧♦s✳ ✺✺

✹✳✸ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ❛❞♦t❛❞♦✳ ✺✻

✹✳✹ ▼✐❝r♦❣r❛✜❛ ❞♦ ♠✐❝r♦❝❤✐♣ ❢❛❜r✐❝❛❞♦✳ ❊♠ ❞❡st❛q✉❡ ♥♦ ❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠✱ ❛

♠❛tr✐③ ❞❡ ❝❛♣❛❝✐t♦r❡s ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ✺✻

✹✳✺ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✭❝♦♥✈❡rs♦r ❉✴❆✮ ❞❡ ✶✵ ❜✐ts✳ ✻✵

✹✳✻ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝♦♥✈❡rs♦r t❡♥sã♦✲t❡♠♣♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣❛r❛

❝♦♠♣♦r ♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳ ✻✷

✹✳✼ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳ ✻✷

✹✳✽ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s s✐♥❛✐s ✐♥t❡r♥♦s ❞♦ ❈♦♠♣❛r❛❞♦r ♥♦ ❉♦♠í♥✐♦ ❞♦ t❡♠♣♦

♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ±30µ❱✳ ❖s ♥ú♠❡r♦s ❡♥tr❡ ♣❛rê♥t❡s✐s ♥❛

❧❡❣❡♥❞❛ ✐♥❞✐❝❛♠ ❛ q✉❛❧ ❞♦s ❝♦♥✈❡rs♦r❡s t❡♥sã♦✴t❡♠♣♦ ❛s ❝✉r✈❛s s❡

❝♦rr❡s♣♦♥❞❡♠✱ ❯✶ ♦✉ ❯✷✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✹✳✼✳ ✻✹

✹✳✾ ❉❡t❛❧❤❡ ❞❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s s✐♥❛✐s ❞❡ ❡♥tr❛❞❛ ♥♦ ✢✐♣✲✢♦♣ ❞❡ ❝♦♠♣❛r❛çã♦

♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✱✵✷✻ µs ❡ ✶✱✵✷✽ µs q✉❛♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✲✸✵ µ❱ é

❞❡t❡❝t❛❞❛✳ ◆❡st❡ ❝❛s♦✱ ✉♠❛ ❛tr❛s♦ ❞❡ ✺✹ ♣s ❢♦✐ ♦❜s❡r✈❛❞♦ ❡♥tr❡ ♦s ❞♦✐s

s✐♥❛✐s✳ ✻✺

✹✳✶✵ ▲❡✐❛✉t❡ ❞♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳ ✻✻

✹✳✶✶ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ✻✽

✹✳✶✷ ▲❡✐❛✉t❡ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts✳ ❆s ❝❤❛✈❡s ❞♦s ❝❛♣❛❝✐t♦r❡s

❞❛ ♠❛tr✐③ ❢♦r❛♠ ♣♦s✐❝✐♦♥❛❞❛s ♣ró①✐♠❛s ❛♦s s❡✉s r❡s♣❡❝t✐✈♦s ❝❛♣❛❝✐t♦r❡s ❛

✜♠ ❞❡ ♠✐♥✐♠✐③❛r ❛s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ✐♥tr♦❞✉③✐❞❛s ♣❡❧❛s tr✐❧❤❛s ❞❡

❝♦♥❡①ã♦✳ ✻✾

✹✳✶✸ ▲❡✐❛✉t❡ ❞♦ s❡❣✉♥❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❡♥✈✐❛❞♦ ♣❛r❛ ❢❛❜r✐❝❛çã♦✳ ◆♦ ❝❡♥tr♦

♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts✳ ✼✵

✹✳✶✹ ❘❡s♣♦st❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts s✐♠✉❧❛❞♦ ♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞❡ ✸✺✵

♠❱ ❝♦♠ V ref+ = 600 ♠❱ ❡ V ref− = 100 ♠❱✳ ❆s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s

❞♦ ❧❡✐❛✉t❡ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ♥❛ s✐♠✉❧❛çã♦✳ ✼✶

✹✳✶✺ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts ♣r♦❥❡t❛❞♦✳ ✼✷



①✈

✹✳✶✻ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts ♣❛r❛ ✉♠ s✐♥❛❧ ❞❡

❡♥tr❛❞❛ ❞❡ ✷✱✾✶✽ ❦❍③ ❛♠♦str❛❞♦ ❛ ✶✵✵ ❦❍③✳ ✼✸

✹✳✶✼ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❛❞❡ ✶✵ ❜✐ts ♣❛r❛ ✉♠ s✐♥❛❧ ❞❡

❡♥tr❛❞❛ ❞❡ ✹✹✱✽ ❦❍③ ❛♠♦str❛❞♦ ❛ ✶✵✵ ❦❍③✳ ✼✸

✹✳✶✽ ▼✐❝r♦❣r❛✜❛ ❞♦ s❡❣✉♥❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❢❛❜r✐❝❛❞♦✳ ✼✹

✺✳✶ ❈✐r❝✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s✐st♦r P▼❖❙ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦♥t♦

❩❚❈✳ ✼✼

✺✳✷ ❈✉r✈❛s ■❞ ① ❱❣s ♣❛r❛ ✉♠ tr❛♥s✐st♦r P▼❖❙ ❝♦♠ W = 220 ♥♠ ❡ L = 60 µ♠

❝❛r❛❝t❡r✐③❛❞♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❞❡ ✲✺✵ oC ❛ ✶✺✵ oC✳ ✼✽

✺✳✸ ❙❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦❥❡t❛❞♦✳ ❖ r❡s✐st♦r ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ M2✱ Rext é

❡①t❡r♥♦ ❛♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✳ ✼✾

✺✳✹ ▲❡✐❛✉t❡ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦❥❡t❛❞♦✳ ✽✵

✺✳✺ ❈✉r✈❛s ❞❛ r❡s♣♦st❛ ✐♥t❡r♥❛ ❞♦ s❡♥s♦r ♣r♦❥❡t❛❞♦✳ ❆ ❧✐♥❤❛ ❝♦♥tí♥✉❛

❝♦rr❡s♣♦♥❞❡ ❛ t❡♥sã♦ ♥♦ ♥ó ✐♥t❡r♥♦ Vsen ❡♥q✉❛♥t♦ q✉❡ ❛ ❝✉r✈❛ r❡❢❡r❡✲s❡ ❛

❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡ M1✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ q✉❡ s❡r✐❛ ❛

r❡s♣♦st❛ ♣❡r❢❡✐t❛♠❡♥t❡ ❧✐♥❡❛r✳ ✽✶

✺✳✻ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ s❡♥s♦r ♣r♦❥❡t❛❞♦ ✭Vout✮ ❝♦♥s✐❞❡r❛♥❞♦ ❛ r❡s♣♦st❛ ✐♥t❡r♥❛

✭Vsen✮ ❛♠♣❧✐✜❝❛❞❛ ♣♦r M3 ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳ ✽✶

✺✳✼ ▼✐❝r♦❣r❛✜❛ ❞❛ r❡❣✐ã♦ ❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ♦♥❞❡ ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛

❢♦✐ ♣♦s✐❝✐♦♥❛❞♦✳ ❆ ♠✐❝r♦❣r❛✜❛ ❢♦✐ ❝♦♠♣♦st❛ ❝♦♠ ❛ ✐♠❛❣❡♠ ❞♦ ❧❡✐❛✉t❡ ♣❛r❛

❡①✐❜✐r ❛s ❝❛♠❛❞❛s ♠❛✐s ✐♥t❡r♥❛s✳ ✽✷

✺✳✽ ❆rr❛♥❥♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣❛r❛ ♦ ❡♥s❛✐♦ tér♠✐❝♦ ❞♦ s❡♥s♦r ❢❛❜r✐❝❛❞♦✳ ✽✸

✺✳✾ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♦ s❡♥s♦r ❢❛❜r✐❝❛❞♦✳ ❖s

❝ír❝✉❧♦s r❡♣r❡s❡♥t❛♠ ♦s ♣♦♥t♦s ♠❡❞✐❞♦s ❡♠♣✐r✐❝❛♠❡♥t❡✱ ❛ r❡t❛ ❝♦♥tí♥✉❛

✐♥❞✐❝❛ ❛ r❡s♣♦st❛ ♣❡r❢❡✐t❛♠❡♥t❡ ❧✐♥❡❛r ❡ ❛ ❝✉r✈❛ ❝♦♠ ♠❛r❝❛❞♦r❡s ❡♠ ❝r✉③

r❡♣r❡s❡♥t❛ ❛ r❡s♣♦st❛ ♣r❡✈✐st❛ ♣♦r s✐♠✉❧❛çã♦✳ ✽✹

✺✳✶✵ ❊rr♦ ♠❡❞✐❞♦ ❡♥tr❡ ❛ ❝✉r✈❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ s❡♥s♦r t❡st❛❞♦ ❡ ❛ r❡s♣♦st❛

❧✐♥❡❛r ✐❞❡❛❧ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞❡ ✲✸✵ ❛ ✶✸✵ oC✳ ✽✺

✻✳✶ ❙❡♥s♦r ❡♠ ✉♠ ❛rr❛♥❥♦ ❞♦ t✐♣♦ P♦♥t❡ ❞❡ ❲❤❡❛tst♦♥❡✳ ✽✼

✻✳✷ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳ ✽✽
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✻✳✸ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ t♦♣♦❧♦❣✐❛s ❛ três ❛♠♣❧✐✜❝❛❞♦r❡s ❞♦ ❛♠♣❧✐✜❝❛❞♦r

❞❡ ✐♥str✉♠❡♥t❛çã♦ ❝❧áss✐❝♦✳ ✾✷

✻✳✹ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦✳ ✾✸

✻✳✺ ■♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❛ ♣❛rt✐r ❞♦ ❛♠♣❧✐✜❝❛❞♦r

❞✐❢❡r❡♥❝✐❛❧ ❞❡ ❞✐❢❡r❡♥ç❛s✳ ✾✹

✻✳✻ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ❡♠ ❛rr❛♥❥♦ t✐♣♦ ❜✉✛❡r✳ ✾✻

✻✳✼ ❉✐❛❣r❛♠❛ ❞♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❛❥✉st❡ ❞❡ ♦✛s❡t

♥♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳ ✾✾

✻✳✽ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❡♠♣r❡❣❛❞♦ ♥♦

❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳ ✶✵✵

✻✳✾ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✐♠♣❧❡♠❡♥t❛❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r

❉✴❆ ❞❡ ✽ ❜✐ts✳ ✶✵✶

✻✳✶✵ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦✳ ✶✵✸

✻✳✶✶ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r

❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳ ✶✵✹

✻✳✶✷ ❈✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧

❞❡ ❉✐❢❡r❡♥ç❛s✳ ✶✵✺

✻✳✶✸ ❉❡t❛❧❤❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♥♦

✐♥t❡r✈❛❧♦ ❡♥tr❡ ✹✱✾✺ ♠s ❡ ✺✱✸✺ ♠s ♠❡❞✐❛♥t❡ ❛ tr❛♥s✐çã♦ ♥❡❣❛t✐✈❛ ❞♦ s✐♥❛❧ ❞❡

❡♥tr❛❞❛✳ ✶✵✻

✻✳✶✹ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡

❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❞❡s❛t✐✈❛❞❛ ✭Cen ❂ ✵ ❱✮✳ ✶✵✼

✻✳✶✺ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡

❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❛t✐✈❛❞❛ ✭Cen ❂ ✶ ❱✮✳ ✶✵✼

✻✳✶✻ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r

❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳ ✶✵✽

✻✳✶✼ ❈✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧

❞❡ ❉✐❢❡r❡♥ç❛s✳ ✶✵✾

✻✳✶✽ ❉❡t❛❧❤❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♥♦

✐♥t❡r✈❛❧♦ ❡♥tr❡ ✷✱✹✾ ♠s ❡ ✷✱✺✶ ♠s ♠❡❞✐❛♥t❡ ❛ tr❛♥s✐çã♦ ♥❡❣❛t✐✈❛ ❞♦ s✐♥❛❧ ❞❡

❡♥tr❛❞❛✳ ✶✵✾
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✻✳✶✾ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡

❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❞❡s❛t✐✈❛❞❛ ✭Cen ❂ ✵ ❱✮✳ ✶✶✵

✻✳✷✵ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡

❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❛t✐✈❛❞❛ ✭Cen ❂ ✶ ❱✮✳ ✶✶✶

✻✳✷✶ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆

❞❡ ✽ ❜✐ts ♣❛r❛ t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱✳ ✶✶✷

✻✳✷✷ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆

❞❡ ✽ ❜✐ts ♣❛r❛ t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱✳ ✶✶✷

✻✳✷✸ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧

♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❉✴❆✳ ✶✶✸
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✽✳✹ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❝♦♠ ♦

♥❛♥♦✲s❡♥s♦r ✶ s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧✐♠♣❡③❛ ✭s❡❧❁✷✿✵❃ ❂ 0002✱ r❡❛❞❴s❡♥s ❂ 1✱

❝❧❡❛r❴s❡♥s ❂ 0✮✳ ✶✹✷

✽✳✺ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❝♦♠ ♦ s❡♥s♦r

❞❡ t❡♠♣❡r❛t✉r❛ s❡❧❡❝✐♦♥❛❞♦ ✭s❡❧❁✷✿✵❃ ❂ 1002✱ r❡❛❞❴s❡♥s ❂ 1✱ ❝❧❡❛r❴s❡♥s

❂ 1✮✳ ✶✹✷

❆✳✶ ❆❧❣♦rít✐♠♦ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❞❡ ✉♠ s✐♥❛❧ s✐♥❛❧✐③❛❞♦ ❡♥tr❡ −VREF/2 ❡

+VREF/2✳ ✶✹✾

❆✳✷ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s

❜❛s❡❛❞♦ ♥✉♠ ❝♦♥✈❡rs♦r ❉✴❆✳ ✶✺✵

❆✳✸ ❆❧❣♦rít✐♠♦ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❜❛s❡❛❞♦ ❡♠ ✉♠ ❝♦♥✈❡rs♦r ❉✴❆✳ ✶✺✶

❆✳✹ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ✶✺✸

❆✳✺ ❈♦♥✈❡rs♦r ❆✴❉ s✐♥❛❧✐③❛❞♦ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✳ ✶✺✹

❆✳✻ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ s✐♥❛❧✐③❛❞♦✳ ✶✺✺
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❆✳✼ ❊t❛♣❛ ❞❡ ❆♠♦str❛❣❡♠ ✭t = φ1✮✳ ✶✺✻

❆✳✽ ❊t❛♣❛ ❞❡ ❘❡t❡♥çã♦ ✭t = φ2✮✳ ✶✺✼

❆✳✾ ❊t❛♣❛ ❞❡ ❘❡❞✐str✐❜✉✐çã♦ ✭t = φ3.1✮✳ ✶✺✼

❆✳✶✵ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ❛rr❛♥❥♦ ❝❛♣❛❝✐t✐✈♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ b4 ❡ b3✳ ✶✺✽

❆✳✶✶ ❊t❛♣❛ ❞❡ ✧❘❡❞✐str✐❜✉✐çã♦✧✭t = φ3.2✮✳ ✶✺✽



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✷✳✶ ❈♦♥✈❡rs♦r❡s ❆✴❉ ♠❛✐s ❡✜❝✐❡♥t❡s ♣✉❜❧✐❝❛❞♦s ♥♦ ❙✐♠♣ós✐♦ ❱▲❙■ ❡ ♥♦ ■❙❙❈❈

❞❡s❞❡ ✷✵✵✽ ✹✻

✹✳✶ ❈❛r❛❝t❡ríst✐❝❛s ❞✐♥â♠✐❝❛s ❞♦ s❡❣✉♥❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣r♦❥❡t❛❞♦✳ ✼✹

✻✳✶ P❛râ♠❡tr♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦

❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳ ✾✻

✻✳✷ P❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦

❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳ ✾✽

✻✳✸ P❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧

♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❉✴❆✳ ✶✵✷
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▲✐st❛ ❞❡ ❆❜r❡✈✐❛çõ❡s

ADC ❈♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ ✭❞♦ ✐♥❣❧ês ❆♥❛❧♦❣ t♦ ❉✐❣✐t❛❧ ❈♦♥✈❡rt❡r✮✳

ASIC ❈✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❞❡ ❛♣❧✐❝❛çã♦ ❡s♣❡❝í✜❝❛ ✭❞♦ ✐♥❣❧ês ❆♣♣❧✐❝❛t✐♦♥ ❙♣❡❝✐✜❝ ■♥t❡❣r❛t❡❞

❈✐r❝✉✐t✮✳

BLF ❋r❡q✉ê♥❝✐❛ ❞♦ ❡♥❧❛❝❡ ❞❡ r❡tr♦❡s♣❛❧❤❛♠❡♥t♦ ✭❞♦ ✐♥❣❧ês ❇❛❝❦s❝❛tt❡r✲▲✐♥❦✲❋r❡q✉❡♥❝②✮✳

CI ❈✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✳

CMOS ▼❡t❛❧✲♦①✐❞♦✲s❡♠✐❝♦♥❞✉t♦r ❝♦♠♣❧❡♠❡♥t❛r ✭❞♦ ✐♥❣❧ês ❈♦♠♣❧❡♠❡♥t❛r② ▼❡t❛❧ ❖①✐❞❡

❙❡♠✐❝♦♥❞✉❝t♦r✮✳

CNT ◆❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ✭❞♦ ✐♥❣❧ês ❈❛r❜♦♥ ◆❛♥♦❚✉❜❡✮✳

COB ▼✐❝r♦❝❤✐♣ ❞✐r❡t❛♠❡♥t❡ ♠♦♥t❛❞♦ ♥❛ ♣❧❛❝❛ ✭❞♦ ✐♥❣❧ês ❈❤✐♣ ❖♥ ❇♦❛r❞✮✳

CRFID ❘❋■❉ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❞♦ ✐♥❣❧ês ❈♦♠♣✉t❛t✐♦♥❛❧ ❘❋■❉✮✳

DAC ❈♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ✭❞♦ ✐♥❣❧ês ❉✐❣✐t❛❧ t♦ ❆♥❛❧♦❣ ❈♦♥✈❡rt❡r✮✳

DEP ❉✐❡❧❡tr♦❢♦r❡s❡✳

DIP ❊♥❝❛♣s✉❧❛♠❡♥t♦ ❝♦♠ ❞✉❛s ❧✐♥❤❛s ❞❡ ♣✐♥♦s ✭❞♦ ✐♥❣❧ês ❉✉❛❧ ■♥✲❧✐♥❡ P❛❝❦❛❣❡✮✳

DNL ◆ã♦ ❧✐♥❡❛r✐❞❛❞❡ ❞✐❢❡r❡♥❝✐❛❧ ✭❞♦ ✐♥❣❧ês ❉✐✛❡r❡♥t✐❛❧ ◆♦♥ ▲✐♥❡❛r✐t②✮✳

DMF ❉✐♠❡t✐❧❢♦r♠❛♠✐❞❛ ✭✭❈❍3✮2◆❈❍✮✳

ENOB ◆ú♠❡r♦ ❡❢❡t✐✈♦ ❞❡ ❜✐ts ✭❞♦ ✐♥❣❧ês ❊✛❡❝t✐✈❡ ◆✉♠❜❡r ❖❢ ❇✐ts✮✳

EPC ❈ó❞✐❣♦ ❡❧❡trô♥✐❝♦ ❞❡ ♣r♦❞✉t♦ ✭❞♦ ✐♥❣❧ês ❊❧❡❝tr♦♥✐❝ Pr♦❞✉❝t ❈♦❞❡✮✳

ESD ❉❡s❝❛r❣❛ ❡❧❡tr♦stát✐❝❛ ✭❞♦ ✐♥❣❧ês ❊❧❡❝tr♦❙t❛t✐❝ ❉✐s❝❤❛r❣❡✮✳

FFT ❚r❛♥s❢♦r♠❛❞❛ rá♣✐❞❛ ❞❡ ❋♦✉r✐❡r ✭❞♦ ✐♥❣❧ês ❋❛st ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✮✳

①①✐✐
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FIB ❋❡✐①❡ ❞❡ í♦♥s ❢♦❝❛❧✐③❛❞♦✱ ✭❞♦ ✐♥❣❧ês ❋♦❝✉s❡❞ ■♦♥ ❇❡❛♠✮✳

FMCW ❖♥❞❛ ❝♦♥tí♥✉❛ ♠♦❞✉❧❛❞❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ✭❞♦ ✐♥❣❧ês ❋r❡q✉❡♥❝②✲▼♦❞✉❧❛t❡❞

❈♦♥t✐♥✉♦✉s✲❲❛✈❡✮✳

FoM ❋✐❣✉r❛ ❞❡ ♠ér✐t♦ ✭❞♦ ✐♥❣❧ês ❋✐❣✉r❡ ♦❢ ▼❡r✐t✮✳

HDPE P♦❧✐❡t✐❧❡♥♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✭❞♦ ✐♥❣❧ês ❍✐❣❤ ❉❡♥s✐t② P♦❧②❊t❤②❧❡♥❡✮✳

HEMS ❙❡r✈✐ç♦ ♠é❞✐❝♦ ❡♠❡r❣❡♥❝✐❛❧ ❞❡ s❛ú❞❡ ✭❞♦ ✐♥❣❧ês ❍❡❛❧t❤ ❊♠❡r❣❡♥❝② ▼❡❞✐❝❛❧ ❙❡r✈✐❝❡s✮✳

HF ❆❧t❛ ❢r❡q✉ê♥❝✐❛ ✭❞♦ ✐♥❣❧ês ❍✐❣❤ ❋r❡q✉❡♥❝②✮✳

INL ◆ã♦ ❧✐♥❡❛r✐❞❛❞❡ ✐♥t❡❣r❛❧ ✭❞♦ ✐♥❣❧ês ■♥t❡❣r❛❧ ◆♦♥ ▲✐♥❡❛r✐t②✮✳

LF ❇❛✐①❛ ❢r❡q✉ê♥❝✐❛ ✭❞♦ ✐♥❣❧ês ▲♦✇ ❋r❡q✉❡♥❝②✮✳

LSB ❇✐t ♠❡♥♦s s✐❣♥✐✜❝❛t✐✈♦ ✭❞♦ ✐♥❣❧ês ▲❡❛st ❙✐❣♥✐✜❝❛♥t ❇✐t✮✳

MOS ▼❡t❛❧✲♦①✐❞♦✲s❡♠✐❝♦♥❞✉t♦r ✭❞♦ ✐♥❣❧ês ▼❡t❛❧ ❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r✮✳

MOX Ó①✐❞♦ ♠❡tá❧✐❝♦ ✭❞♦ ✐♥❣❧ês ▼❡t❛❧ ❖❳✐❞❡✮✳

MWCNT ◆❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ ♠ú❧t✐♣❧❛ ✭❞♦ ✐♥❣❧ês ▼✉❧t✐✲❲❛❧❧❡❞ ❈❛r❜♦♥

◆❛♥♦❚✉❜❡✮✳

NFC ❈♦♠✉♥✐❝❛çã♦ ❡♠ ❝❛♠♣♦ ♣ró①✐♠♦ ✭❞♦ ✐♥❣❧ês ◆❡❛r ❋✐❡❧❞ ❈♦♠♠✉♥✐❝❛t✐♦♥✮✳

NMOS ❚r❛♥s✐st♦r ▼❖❙ ❞♦ t✐♣♦ ♥✳

NP ◆❛♥♦♣❛rtí❝✉❧❛✳

PABS P♦❧✐✭á❝✐❞♦ ♠✲❛♠✐♥♦❜❡♥③❡♥♦ s✉❧❢ô♥✐❝♦✮✳

PMOS ❚r❛♥s✐st♦r ▼❖❙ ❞♦ t✐♣♦ ♣✳

PTAT Pr♦♣♦r❝✐♦♥❛❧ à t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛ ✭❞♦ ✐♥❣❧ês Pr♦♣♦rt✐♦♥❛❧ ❚♦ ❆❜s♦❧✉t❡

❚❡♠♣❡r❛t✉r❡✮✳

PWM ▼♦❞✉❧❛çã♦ ♣♦r ❧❛r❣✉r❛ ❞❡ ♣✉❧s♦ ✭❞♦ ✐♥❣❧ês P✉❧s❡ ❲✐❞t❤ ▼♦❞✉❧❛t✐♦♥✮✳

RFID ■❞❡♥t✐✜❝❛çã♦ ♣♦r r❛❞✐♦❢r❡q✉ê♥❝✐❛ ✭❞♦ ✐♥❣❧ês ❘❛❞✐♦ ❋r❡q✉❡♥❝② ■❉❡♥t✐✜❝❛t✐♦♥✮✳

RTLS ❙✐st❡♠❛ ❞❡ ❧♦❝❛❧✐③❛çã♦ ❡♠ t❡♠♣♦ r❡❛❧ ✭❞♦ ✐♥❣❧ês ❘❡❛❧✲❚✐♠❡ ▲♦❝❛t✐♥❣ ❙②st❡♠✮✳



①①✐✈

SAR ❘❡❣✐str❛❞♦r ❞❡ ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✭❞♦ ✐♥❣❧ês ❙✉❝❝❡ss✐✈❡ ❆♣♣r♦①✐♠❛t✐♦♥

❘❡❣✐st❡r✮✳

SAW ❖♥❞❛ ❛❝úst✐❝❛ ❞❡ s✉♣❡r❢í❝✐❡ ✭❞♦ ✐♥❣❧ês ❙✉r❢❛❝❡ ❆❝♦✉st✐❝ ❲❛✈❡✮✳

SE −RFID ❊t✐q✉❡t❛s ❘❋■❉ ❝♦♠ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ✭❞♦ ✐♥❣❧ês ❙❡♥s♦r ❊♥❛❜❧❡❞ ❘❋■❉✮✳

SDR ❘á❞✐♦ ❞❡✜♥✐❞♦ ♣♦r s♦❢t✇❛r❡ ✭❞♦ ✐♥❣❧ês ❙♦❢t✇❛r❡ ❉❡✜♥❡❞ ❘❛❞✐♦✮✳

SFDR ❋❛✐①❛ ❞✐♥â♠✐❝❛ ❧✐✈r❡ ❞❡ ❡s♣úr✐♦s ✭❞♦ ✐♥❣❧ês ❙♣✉r✐♦✉s✲❋r❡❡ ❉②♥❛♠✐❝ ❘❛♥❣❡✮✳

SINAD ❘❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦✲❞✐st♦rçã♦ ✭❞♦ ✐♥❣❧ês ❙■❣♥❛❧✲t♦✲◆♦✐s❡✲❆♥❞✲❉✐st♦rt✐♦♥ r❛t✐♦✮✳

SNDR ❘❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❡ ❞✐st♦rçã♦✱ ♠❡s♠♦ q✉❡ ❙■◆❆❉ ✭❞♦ ✐♥❣❧ês ❙✐❣♥❛❧ t♦ ◆♦✐s❡ ❛♥❞

❉✐st♦rt✐♦♥ ❘❛t✐♦✮✳

SNR ❘❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ✭❞♦ ✐♥❣❧ês ❙✐❣♥❛❧ t♦ ◆♦✐s❡ ❘❛t✐♦✮✳

SWCNT ◆❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ s✐♠♣❧❡s ✭❞♦ ✐♥❣❧ês ❙✐♥❣❧❡✲❲❛❧❧❡❞ ❈❛r❜♦♥ ◆❛♥♦❚✉❜❡✮✳

TDC ❈♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ✭❞♦ ✐♥❣❧ês ❚✐♠❡ ❉♦♠❛✐♥ ❈♦♠♣❛r❛t♦r✮✳

THD ❉✐st♦rçã♦ ❤❛r♠ô♥✐❝❛ t♦t❛❧ ❉❍❚ ✭❞♦ ✐♥❣❧ês ❚♦t❛❧ ❍❛r♠♦♥✐❝ ❉✐st♦rt✐♦♥✮✳

UHF ❯❧tr❛✲❛❧t❛ ❢r❡q✉ê♥❝✐❛ ✭❞♦ ✐♥❣❧ês ❯❧tr❛ ❍✐❣❤ ❋r❡q✉❡♥❝②✮✳

WISP P❧❛t❛❢♦r♠❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❡ s❡♥s♦r✐❛♠❡♥t♦ s❡♠ ✜♦ ✭❞♦ ✐♥❣❧ês❲✐r❡❧❡ss ■❞❡♥t✐✜❝❛t✐♦♥

❙❡♥s✐♥❣ P❧❛t❢♦r♠✮✳

FE − SEM ▼✐❝r♦s❝♦♣✐❛ ❡❧❡trô♥✐❝❛ ❞❡ ✈❛rr❡❞✉r❛ ❝♦♠ ❢♦♥t❡ ❞❡ ❡♠✐ssã♦ ❞❡ ❝❛♠♣♦ ✭❞♦ ✐♥❣❧ês ❋✐❡❧❞

❊♠✐ss✐♦♥ ❙❝❛♥♥✐♥❣ ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣②✮✳



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ✶

✶✳✶ ▼♦t✐✈❛çã♦ ✸

✶✳✷ ❖❜❥❡t✐✈♦s ✸

✶✳✸ ❖r❣❛♥✐③❛çã♦ ❞♦ ❉♦❝✉♠❡♥t♦ ✸

✷ ❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛ ✺

✷✳✶ ❙✐st❡♠❛s ❘❋■❉ ✺

✷✳✶✳✶ ❈❧❛ss✐✜❝❛çã♦ ❞❛s ❊t✐q✉❡t❛s ❘❋■❉ ✽

✷✳✶✳✶✳✶ ❊t✐q✉❡t❛s P❛ss✐✈❛s ✽

✷✳✶✳✶✳✷ ❊t✐q✉❡t❛s ❆t✐✈❛s ✶✵

✷✳✶✳✶✳✸ ❊t✐q✉❡t❛s ❙❡♠✐✲P❛ss✐✈❛s ✶✶

✷✳✶✳✷ ▲✐♠✐t❛çõ❡s ❞❡ ❚❡♠♣♦ ❡♠ ❊t✐q✉❡t❛s ❘❋■❉ ❍❋ ❡ ❯❍❋ ✶✶

✷✳✶✳✸ ▲✐♠✐t❛çõ❡s ❞❡ ❊♥❡r❣✐❛ ❡♠ ❊t✐q✉❡t❛s ❘❋■❉ ❍❋ ❡ ❯❍❋ ✶✹

✷✳✷ ❙❡♥s♦r❡s ❘❋■❉ ✶✽

✷✳✷✳✶ ❙❡♥s♦r❡s ❘❋■❉ ❆t✐✈♦s ✶✾

✷✳✷✳✷ ❙❡♥s♦r❡s ❘❋■❉ P❛ss✐✈♦s ✷✷

✷✳✷✳✸ ❙❡♥s♦r❡s ❘❋■❉ ❙❡♠✐✲P❛ss✐✈♦s ✷✹

✷✳✷✳✹ ❙❡♥s♦r❡s ▲✐❣❛❞♦s ❛♦ ▲❛❞♦ ❆♥❛❧ó❣✐❝♦ ✷✺

✷✳✷✳✺ ❙❡♥s♦r❡s ▲✐❣❛❞♦s ❛♦ ▲❛❞♦ ❉✐❣✐t❛❧ ✷✼

✷✳✸ ❙❡♥s♦r❡s P❛r❛ ❛ ❉❡t❡❝çã♦ ❞❡ ●❛s❡s ✸✵

✷✳✸✳✶ ❙❡♥s♦r❡s à ◆❛♥♦t✉❜♦s ❞❡ ❈❛r❜♦♥♦ ✸✷

✷✳✹ ❙❡♥s♦r❡s ❘❋■❉ P❛r❛ ❛ ❉❡t❡❝çã♦ ❞❡ ●❛s❡s✿ ❊st❛❞♦ ❞❛ ❆rt❡ ✸✼

✷✳✹✳✶ ❆♥á❧✐s❡ ❞❛s ❙♦❧✉çõ❡s ❊①✐st❡♥t❡s ✹✵

✷✳✺ ❈♦♥✈❡rs♦r❡s ❆✴❉ P❛r❛ ❆♣❧✐❝❛çã♦ ❡♠ ❙❡♥s♦r❡s ❘❋■❉ ✹✹

✸ ■♥t❡r❢❛❝❡ ❞❡ ❙❡♥s♦r✐❛♠❡♥t♦ ♣❛r❛ ❊t✐q✉❡t❛s ❘❋■❉ P❛ss✐✈❛s ✹✽

✸✳✶ ■♥tr♦❞✉çã♦ ✹✽

①①✈



①①✈✐

✸✳✷ ❙✐st❡♠❛ Pr♦♣♦st♦ ✹✾

✹ ❈♦♥✈❡rs♦r ❆♥❛❧ó❣✐❝♦✴❉✐❣✐t❛❧ ✺✹

✹✳✶ ■♥tr♦❞✉çã♦ ✺✹

✹✳✷ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛ ✺✼

✹✳✸ ❈♦♠♣❛r❛❞♦r ❞❡ ❇❛✐①♦ ❖✛s❡t ✻✶

✹✳✹ ❘❡❣✐str❛❞♦r ❞❡ ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ✻✼

✹✳✺ ❈♦♥✈❡rs♦r ❆✴❉ ❈♦♠♣❧❡t♦ ✻✾

✹✳✻ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s ✼✵

✹✳✼ ❈♦♥❝❧✉sã♦ ✼✺

✺ ❙❡♥s♦r ❞❡ ❚❡♠♣❡r❛t✉r❛ ❡♠ ❚❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✼✻

✺✳✶ ■♥tr♦❞✉çã♦ ✼✻

✺✳✷ ❉❡t❡r♠✐♥❛çã♦ ❞♦ P♦♥t♦ ❩❚❈ ✼✼

✺✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s ✽✵

✺✳✸✳✶ ❘❡s✉❧t❛❞♦s ❙✐♠✉❧❛❞♦s ✽✵

✺✳✸✳✷ ❘❡s✉❧t❛❞♦s ▼❡❞✐❞♦s ✽✷

✺✳✹ ❈♦♥❝❧✉sã♦ ✽✺

✻ ❈♦♥❞✐❝✐♦♥❛❞♦r ❞❡ ❙✐♥❛❧ P❛r❛ ❙❡♥s♦r❡s à ◆❛♥♦t✉❜♦s ❞❡ ❈❛r❜♦♥♦ ✽✻

✻✳✶ ■♥tr♦❞✉çã♦ ✽✻

✻✳✷ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ■♥str✉♠❡♥t❛çã♦ ❞❡ ●❛♥❤♦ ❡ ❖✛s❡t Pr♦❣r❛♠á✈❡✐s ✾✵

✻✳✸ ❈♦♥✈❡rs♦r ❉✐❣✐t❛❧✴❆♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✾✾

✻✳✸✳✶ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛ ✾✾

✻✳✸✳✷ ❆♠♣❧✐✜❝❛❞♦r ❖♣❡r❛❝✐♦♥❛❧ ❞❡ ❯❧tr❛✲❇❛✐①♦ ❈♦♥s✉♠♦ ✶✵✷

✻✳✹ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s ✶✵✹

✻✳✹✳✶ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ■♥str✉♠❡♥t❛çã♦ ✶✵✹

✻✳✹✳✷ ❈♦♥✈❡rs♦r ❉✐❣✐t❛❧✴❆♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✶✶✶

✻✳✹✳✷✳✶ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛ ✶✶✶

✻✳✹✳✷✳✷ ❆♠♣❧✐✜❝❛❞♦r ❖♣❡r❛❝✐♦♥❛❧ ✶✶✸

✻✳✹✳✷✳✸ ❈♦♥✈❡rs♦r ❉✴❆ ❈♦♠♣❧❡t♦ ✶✶✺

✻✳✹✳✸ ❈✐r❝✉✐t♦ ❈♦♥❞✐❝✐♦♥❛❞♦r ❈♦♠♣❧❡t♦ ✶✶✽

✻✳✺ ❈♦♥❝❧✉sã♦ ✶✷✶



①①✈✐✐

✼ ◆❛♥♦ss❡♥s♦r ❞❡ ●ás ❛ ◆❛♥♦t✉❜♦s ❞❡ ❈❛r❜♦♥♦ ✶✷✸

✼✳✶ ■♥tr♦❞✉çã♦ ✶✷✸

✼✳✷ ❋❛❜r✐❝❛çã♦ ✶✷✹

✼✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s ✶✷✼

✼✳✸✳✶ ❊♥s❛✐♦s ❞❡ ❚r❛t❛♠❡♥t♦ ❞♦s ❈♦♥t❛t♦s ✶✷✼

✼✳✸✳✷ ❊♥s❛✐♦s ❞❡ ❙❡♥s♦r✐❛♠❡♥t♦ ❞❡ ●ás ✶✸✶

✼✳✸✳✸ ❊♥s❛✐♦s ❞❡ ▲✐♠♣❡③❛ ❞♦ ❙❡♥s♦r ✶✸✹

✼✳✹ ❈♦♥❝❧✉sã♦ ✶✸✺

✽ ▼✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ ❙❡♥s♦r❡s ✶✸✼

✽✳✶ ■♥tr♦❞✉çã♦ ✶✸✼

✽✳✷ ❖ ❈✐r❝✉✐t♦ ▼✉❧t✐♣❧❡①❛❞♦r ✶✸✽

✽✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s ✶✹✵

✽✳✹ ❈♦♥❝❧✉sã♦ ✶✹✸

✾ ❈♦♥❝❧✉sõ❡s ●❡r❛✐s ❡ ❙✉❣❡stõ❡s ♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✹✹

✾✳✶ ❈♦♥❝❧✉sõ❡s ●❡r❛✐s ✶✹✹

✾✳✷ Pr♦❞✉çã♦ ❆❝❛❞ê♠✐❝❛ ✶✹✻

✾✳✸ ❙✉❣❡stõ❡s ♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ✶✹✼

❆ ❈♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ✶✹✽

❆✳✶ ❈♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ✶✹✽

❆✳✶✳✶ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ ❇❛s❡❛❞❛ ❡♠ ❈♦♥✈❡rsã♦ ❉✴❆ ✶✹✾

❆✳✶✳✷ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❈❛r❣❛ ✶✺✵

❆✳✶✳✸ ❈♦♥✈❡rs♦r ❆✴❉ ❙✐♥❛❧✐③❛❞♦ ♣♦r ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❈❛r❣❛ ✶✺✷

❆✳✷ ▼♦❞❡❧❛❣❡♠ ▼❛t❡♠át✐❝❛ ❞♦ ❈♦♥✈❡rs♦r ✶✺✻

❆✳✷✳✶ ❆ ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ✶✺✻

❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✻✵



❈❛♣ít✉❧♦ ✶

■♥tr♦❞✉çã♦

❆ t❡❝♥♦❧♦❣✐❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ♣♦r r❛❞✐♦❢r❡q✉ê♥❝✐❛✱ ❘❋■❉✱ ✉t✐❧✐③❛ ❛ ❝♦♠✉♥✐❝❛çã♦ ♣♦r

r❛❞✐♦❢r❡q✉ê♥❝✐❛ ♣❛r❛ ❛ tr♦❝❛ ❞❡ ❞❛❞♦s ❡♥tr❡ ✉♠ ❞✐s♣♦s✐t✐✈♦ ♣♦rtát✐❧ ❞♦t❛❞♦ ❞❡ ♠❡♠ór✐❛

✭❡t✐q✉❡t❛✮ ❡ ✉♠❛ ❡st❛çã♦ ❞❡ ❜❛s❡ ✭❣❡r❛❧♠❡♥t❡ ✉♠ ❝♦♠♣✉t❛❞♦r ♦✉ ❧❡✐t♦r ♣♦rtát✐❧✮✳ ❯♠

s✐st❡♠❛ ❘❋■❉ é ❝♦♥st✐t✉í❞♦ t✐♣✐❝❛♠❡♥t❡ ❞❡ ❡t✐q✉❡t❛s ❡❧❡trô♥✐❝❛s ✭t❛♠❜é♠ ❝❤❛♠❛❞❛s

✏t❛❣s ❘❋■❉✑✮✱ q✉❡ ❝♦♥té♠ ✉♠❛ ♠❡♠ór✐❛ ❞❡ ❞❛❞♦s✱ ✉♠❛ ❛♥t❡♥❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ✉♠

❝♦♥tr♦❧❛❞♦r✱ ❡ ✉♠❛ ❡st❛çã♦ ❞❡ ❜❛s❡ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❛s ❡t✐q✉❡t❛s

✭❋■◆❑❊◆❩❊▲▲❊❘✱ ✷✵✵✸✮✳

❊ss❛ t❡❝♥♦❧♦❣✐❛ ♦❢❡r❡❝❡ ❢✉♥❝✐♦♥❛❧✐❞❛❞❡s s❡♠❡❧❤❛♥t❡s às ❞♦ ❝ó❞✐❣♦ ❜❛rr❛s✱ ♠❛s ❝♦♠

✈❛♥t❛❣❡♥s s✉♣❧❡♠❡♥t❛r❡s✱ t❛✐s ❝♦♠♦✿ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❧❡✐t✉r❛✴❡s❝r✐t❛✱ ❝❛♣❛❝✐❞❛❞❡ ❞❡

♠❡♠ór✐❛✱ ❧❡✐t✉r❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❧✐♥❤❛ ❞❡ ✈✐sã♦ ❡♥tr❡ ♦ ❧❡✐t♦r ❡ ♦ rót✉❧♦ ❡

❝♦♥✜❞❡♥❝✐❛❧✐❞❛❞❡ ❞♦s ❞❛❞♦s ♥❡❧❛ ❝♦♥t✐❞♦s ✭●❆❘❋■◆❑❊▲❀ ❘❖❙❊◆❇❊❘●✱ ✷✵✵✺✮✳

◆❛t✉r❛❧♠❡♥t❡✱ ❛s ✈❛♥t❛❣❡♥s té❝♥✐❝❛s ❞❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉ s♦❜r❡ ❛q✉❡❧❛ ❜❛s❡❛❞❛ ♥❛

❧❡✐t✉r❛ ó♣t✐❝❛ ❞❡ ❝ó❞✐❣♦s ❞❡ ❜❛rr❛s ♥ã♦ é ♣♦r s✐ s✉✜❝✐❡♥t❡ ♣❛r❛ q✉❡ ♦ ♠❡r❝❛❞♦ ❛ ❛❞♦t❡ ❡♠

s✉❜st✐t✉✐çã♦ ♦✉ ❝♦♥❥✉♥t♦ ❝♦♠ ❡st❛ ú❧t✐♠❛✳ ❖s ❝✉st♦s ❡♥✈♦❧✈✐❞♦s t❡♠ ✉♠ ♣❛♣❡❧

❢✉♥❞❛♠❡♥t❛❧✳ ❖ ❝✉st♦ ❞❡ ✐♥s❡r✐r ✉♠ ❝ó❞✐❣♦ ❞❡ ❜❛rr❛s ❡♠ ✉♠ ♣r♦❞✉t♦ ❞✐❧✉✐✲s❡✱ ♥❛ ♠❛✐♦r✐❛

❞❛s ✈❡③❡s✱ ♥❛ ✐♠♣r❡ssã♦ ❞❛ s✉❛ ♣ró♣r✐❛ ❡♠❜❛❧❛❣❡♠✱ ❛♦ ♣❛ss♦ q✉❡ ❛ ✐♥❝❧✉sã♦ ❞❡ ✉♠❛

❡t✐q✉❡t❛ ❘❋■❉ ❡♥✈♦❧✈❡✱ ✐♥✈❛r✐❛✈❡❧♠❡♥t❡✱ ❝✉st♦s ❛❞✐❝✐♦♥❛✐s✱ ♣♦r ✈❡③❡s✱ s✉♣❡r✐♦r❡s ❛♦ ❞❛

♣ró♣r✐❛ ❡♠❜❛❧❛❣❡♠✳ ◆❡st❡ s❡♥t✐❞♦✱ t❛❣s ❘❋■❉ ♣❛ss✐✈❛s sã♦ ❡s♣❡❝✐❛❧♠❡♥t❡ ❛tr❛t✐✈❛s✳ ❊❧❛s

♥ã♦ ♥❡❝❡ss✐t❛♠ ❞❡ ✉♠❛ ❜❛t❡r✐❛✱ r❡t✐r❛♥❞♦ s✉❛ ❡♥❡r❣✐❛ ❞♦ ♣ró♣r✐♦ s✐♥❛❧ ❞❡ rá❞✐♦ ✐rr❛❞✐❛❞♦

♣❡❧♦ ❞✐s♣♦s✐t✐✈♦ ❧❡✐t♦r✳ ❆ ✐♥❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ❜❛t❡r✐❛ s✐♠♣❧✐✜❝❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ s❡✉

♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦✱ ♣❡r♠✐t❡ ❛ r❡❞✉çã♦ ❞❡ s✉❛s ❞✐♠❡♥sõ❡s ❡ s✉❛s ❡①✐❣ê♥❝✐❛s q✉❛♥t♦ à

r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ❞♦ ❧♦❝❛❧ ♦♥❞❡ s❡rá ❛❝♦♥❞✐❝✐♦♥❛❞❛✳ ❚✉❞♦ ✐ss♦ t❡♠ ✐♠♣❛❝t♦ ❞✐r❡t♦

s♦❜r❡ ♦s ❝✉st♦s ❞❛ t❡❝♥♦❧♦❣✐❛✳ ❆t✉❛❧♠❡♥t❡ ♦ ♣r❡ç♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣❛ss✐✈❛ ❡stá

✶



✐♥tr♦❞✉çã♦ ✷

❡♥tr❡ ✼ ❡ ✶✺ ❝❡♥t❛✈♦s ❞❡ ❞ó❧❛r ✭❘❋■❉ ❏❖❯❘◆❆▲✱ ✷✵✶✸✮✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ✐❞❡♥t✐✜❝❛çã♦ ♣♦r

r❛❞✐♦❢r❡q✉ê♥❝✐❛ ❜❛s❡❛❞❛ ❡♠ ❡t✐q✉❡t❛s ♣❛ss✐✈❛s ❣❛♥❤♦✉ ❣r❛♥❞❡ ♣♦♣✉❧❛r✐❞❛❞❡✱

r❡✈♦❧✉❝✐♦♥❛♥❞♦ ♦ ♠❡r❝❛❞♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❡ r❛str❡❛♠❡♥t♦ ❞❡ ♣r♦❞✉t♦s✳

P❛r❛❧❡❧❛♠❡♥t❡ ❛♦ rá♣✐❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉ ♥♦ ❝❛♠♣♦ ❞❡

✐❞❡♥t✐✜❝❛çã♦ ❡ r❛str❡❛❜✐❧✐❞❛❞❡✱ ♦✉tr❛s ❛♣❧✐❝❛çõ❡s✱ ✐❣✉❛❧♠❡♥t❡ ✐♠♣♦rt❛♥t❡s✱ ❝♦♠❡ç❛♠ ❛

❣❛♥❤❛r ❡s♣❛ç♦✳ ❚❛✐s ❛♣❧✐❝❛çõ❡s ❜❛s❡✐❛♠✲s❡ ♥♦ ❛❝♦♣❧❛♠❡♥t♦ ♦✉ ♥❛ ❝♦♠❜✐♥❛çã♦ ❞❡ ❘❋■❉

❝♦♠ ♦✉tr❛s t❡❝♥♦❧♦❣✐❛s ✭❚❊❉❏■◆■❀ P❊❘❘❊❚✱ ✷✵✵✾✮✳ ❊st❛ t❡♥❞ê♥❝✐❛ ❞❡✈❡rá ❛✉♠❡♥t❛r ♦

♣♦t❡♥❝✐❛❧ ❞❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉✱ ❝✉❥❛ ❝✐❢r❛ ❛t✐♥❣✐✉ ❝❡r❝❛ ❞❡ ✶✾✱✸ ❜✐❧❤õ❡s

❞❡ ❞ó❧❛r❡s ❡♠ ✷✵✶✹ ✭❘◆❈❖❙✱ ✷✵✶✷✮✱ ❡①♣❡r✐♠❡♥t❛♥❞♦ ✉♠ ❝r❡s❝✐♠❡♥t♦ ❛♥✉❛❧ ❞❡ ❝❡r❝❛ ❞❡

✶✵✪ ✭❉❆❙❀ ❍❆❘❘❖P✱ ✷✵✶✶✮✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ ❘❋■❉ é ❝♦♥s✐❞❡r❛❞❛ ❝♦♠♦ ✉♠❛

❞❛s ❞❡③ ♣r✐♥❝✐♣❛✐s t❡❝♥♦❧♦❣✐❛s ❡♠ ♠✉✐t♦s ♣❛ís❡s ❞♦ ♠✉♥❞♦✳ ❆ ❛❜♦r❞❛❣❡♠ ♠❛✐s

❛❞❡q✉❛❞❛✱ ❡♠ t❡r♠♦s ❞❡ ❛♣❧✐❝❛çã♦ ♥♦ ❝❛♠♣♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❞❛ ✐♥❢♦r♠❛çã♦✱ é ♦ ✉s♦ ❞❡

❡t✐q✉❡t❛s ❘❋■❉ ♥ã♦ só ❝♦♠♦ ✐❞❡♥t✐✜❝❛❞♦r❡s✱ ♠❛s t❛♠❜é♠ ❡ ❡s♣❡❝✐❛❧♠❡♥t❡ ❝♦♠♦

s❡♥s♦r❡s✱ ♠❛♥t❡♥❞♦ ❛s ❞✉❛s ✈❛♥t❛❣❡♥s ❢✉♥❞❛♠❡♥t❛✐s ❞❛ ❘❋■❉✱ ♦✉ s❡❥❛✱ ❛ ❝♦♠✉♥✐❝❛çã♦

s❡♠ ✜♦ ❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♦♣❡r❛çã♦ s❡♠ ❛❧✐♠❡♥t❛çã♦ ♣ró♣r✐❛✳

◆❡st❡ s❡♥t✐❞♦✱ ✈ár✐❛s s♦❧✉çõ❡s tê♠ s✐❞♦ ♣r♦♣♦st❛s ♥♦s ú❧t✐♠♦s ❛♥♦s✱ ❡♥tr❡t❛♥t♦✱ ♠✉✐t♦

♣♦✉❝❛s ♣❛r❛ ♦ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s✳ ❉❡ ❢❛t♦✱ ❞❡♥tr❡ ❛s ❞✐✈❡rs❛s ❣r❛♥❞❡③❛s ♠❛✐s

❝♦♠✉♠❡♥t❡ ♠❡❞✐❞❛s✱ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❣❛s❡s ❡s♣❡❝í✜❝♦s ♣❛r❡❝❡ ❡st❛r ❡♥tr❡ ❛s ♠❛✐s

❞✐❢í❝❡✐s ❞❡ s❡r❡♠ ✐♥t❡❣r❛❞❛s ❛ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✳ ❆ r❛③ã♦ ❞❡ss❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡✈❡✲s❡

♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞♦s s❡♥s♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ♣❛r❛ ❡ss❛ ❛♣❧✐❝❛çã♦✳

❆ s♦❧✉çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥❛ ❛❞♦çã♦ ❞❡ ♥❛♥♦ss❡♥s♦r❡s

❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ❡ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡

✐♥str✉♠❡♥t❛çã♦ ❞❡❞✐❝❛❞♦ ❡ ❞❡ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛✱ ❝❛♣❛③ ❞❡ ✐♥t❡❣r❛✲❧♦s à ❡t✐q✉❡t❛✳ ❆❧é♠ ❞❛

♠✐❝r♦❡❧❡trô♥✐❝❛ ♥❡❝❡ssár✐❛ ❛♦ ♣r♦❥❡t♦ ❡ ❢❛❜r✐❝❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❈▼❖❙ q✉❡ ❝♦♥st✐t✉❡♠

♦ s✐st❡♠❛✱ ❛ r❡❛❧✐③❛çã♦ ❞❡ss❡ tr❛❜❛❧❤♦ ❡♥✈♦❧✈❡✉ t❛♠❜é♠ t❛r❡❢❛s s✐❣♥✐✜❝❛t✐✈❛s ♥♦ ❝❛♠♣♦

❞❛ ♥❛♥♦t❡❝♥♦❧♦❣✐❛ ♣❛r❛ ❛ ❢❛❜r✐❝❛çã♦ ❞❡ ♥❛♥♦ss❡♥s♦r❡s ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ❜❡♠ ❝♦♠♦

♣❛r❛ ❛s ❜❛t❡r✐❛s ❞❡ ❡♥s❛✐♦s ❝♦♠ ♦s s❡♥s♦r❡s ❡♠ ❧❛❜♦r❛tór✐♦✳ ■st♦ só ❢♦✐ ♣♦ssí✈❡❧ ❣r❛ç❛s

❛ ♣❛rt✐❝✐♣❛çã♦ ❛t✐✈❛ ❞♦ ❈❡♥tr♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s ❙❡♠✐❝♦♥❞✉t♦r❡s ❡ ◆❛♥♦t❡❝♥♦❧♦❣✐❛ ✭❈❈❙

◆❛♥♦✮ ❞❛ ❯♥✐❝❛♠♣ ✈✐❛❜✐❧✐③❛❞❛ ♣❡❧❛ ♣❛r❝❡r✐❛ ♠❡❞✐❛❞❛ ♣❡❧♦ ◆❛♠✐t❡❝ ❡♥tr❡ ❛ ❯♥✐✈❡rs✐❞❛❞❡

❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡ ❡ ❛ ❯♥✐❝❛♠♣✳



✶✳✶ ♠♦t✐✈❛çã♦ ✸

✶✳✶ ▼♦t✐✈❛çã♦

❖❜s❡r✈❛✲s❡ q✉❡ ❛♣❡s❛r ❞♦ ✈❛st♦ ❝❛♠♣♦ ❞❡ ❛♣❧✐❝❛çõ❡s ❞❛s ❡t✐q✉❡t❛s ❘❋■❉ ❝♦♠

s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s✱ ♦❜❥❡t♦ ❞❡st❛ ♣r♦♣♦st❛✱ ❞♦✐s s❡t♦r❡s sã♦ ❞❡ ❡s♣❡❝✐❛❧ ✐♠♣♦rtâ♥❝✐❛✿ ♦

s❡t♦r ✐♥❞✉str✐❛❧ ❡ ♦ s❡t♦r ❛❣rí❝♦❧❛✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠♦♥✐t♦r❛r ♦ ✈❛③❛♠❡♥t♦ ❞❡ ❣❛s❡s ❞❡ ❛♠ô♥✐❛ ✭◆❍3✮ ❡ ❞✐ó①✐❞♦ ❞❡

♥✐tr♦❣ê♥✐♦ ✭◆❖2✮ ♥♦ ❛r é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛✱ ✉♠❛ ✈❡③ q✉❡ t❛✐s ❝♦♠♣♦st♦s q✉í♠✐❝♦s

❛❢❡t❛♠ ♥❡❣❛t✐✈❛♠❡♥t❡ ♦ ♠❡✐♦ ❛♠❜✐❡♥t❡ ❡ ❛ s❛ú❞❡ ❤✉♠❛♥❛✳ ❆ ♣r❡s❡♥ç❛ ❞❡ ❣ás ❞❡ ❛♠ô♥✐❛

é ❡s♣❡❝✐❛❧♠❡♥t❡ ♣r❡♦❝✉♣❛♥t❡ ❡♠ ár❡❛s ❞❡ ❡❧❡✈❛❞❛ ❛t✐✈✐❞❛❞❡ ❛❣rí❝♦❧❛✱ s❡♥❞♦ ♣r♦✈✐♥❞♦

❞✐r❡t❛♠❡♥t❡ ❞♦s r❡sí❞✉♦s ♥❛t✉r❛✐s ❞♦s ❛♥✐♠❛✐s✳ ❚❛♠❜é♠ ♥❛s ❛t✐✈✐❞❛❞❡s ❞❡ ♥❛t✉r❡③❛

✐♥❞✉str✐❛❧✱ s✉❛s ❢♦♥t❡s ✐♥❝❧✉❡♠ ❛ ❢❛❜r✐❝❛çã♦ ❞❡ ♣r♦❞✉t♦s q✉í♠✐❝♦s ❜ás✐❝♦s✱ ♠❡t❛✐s✱

♣r♦❞✉t♦s tê①t❡✐s✱ ❜❡♠ ❝♦♠♦ ❛s ❡♠✐ssõ❡s ❛✉t♦♠♦t✐✈❛s✳ ❆ ❝♦♥❝❡♥tr❛çã♦ ❡❧❡✈❛❞❛ ❞❡ ◆❍3

♥♦ ❛r ♣♦❞❡ r❡s✉❧t❛r ♥❛ ✐rr✐t❛çã♦ ♥♦s ♦❧❤♦s ❡ ✈✐❛s r❡s♣✐r❛tór✐❛s ❞♦s s❡r❡s ❤✉♠❛♥♦s ❡ ♣♦❞❡

✐♠♣❛❝t❛r ♥❡❣❛t✐✈❛♠❡♥t❡ ❛ ✈✐❞❛ s❡❧✈❛❣❡♠✱ ❣❛❞♦ ❡ ❛ ♣ró♣r✐❛ ❛t✐✈✐❞❛❞❡ ❛❣r♦♣❡❝✉ár✐❛✳ ❖

❞✐ó①✐❞♦ ❞❡ ♥✐tr♦❣ê♥✐♦ t❛♠❜é♠ é ✉♠ ❣ás tó①✐❝♦ q✉❡ ♣♦❞❡ ❝❛✉s❛r ♣r♦❜❧❡♠❛s r❡s♣✐r❛tór✐♦s

❡♠ s❡r❡s ❤✉♠❛♥♦s ❡ ✐♥✢✉❡♥❝✐❛r ♥❡❣❛t✐✈❛♠❡♥t❡ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛ ❛❣r✐❝✉❧t✉r❛✳ ❆❧é♠ ❞✐ss♦✱

❛♠❜♦s ♦s ❣❛s❡s q✉❛♥❞♦ ❞✐s♣❡rs❛❞♦s ♥❛ ❛t♠♦s❢❡r❛ sã♦ ❝♦♥s✐❞❡r❛❞♦s ♣♦❧✉❡♥t❡s ♣r✐♠ár✐♦s

❝❛♣❛③❡s ❞❡ ♣r♦❞✉③✐r ❝❤✉✈❛ á❝✐❞❛ ♦✉ ♥❡✈♦❡✐r♦s ♥♦ ♥í✈❡❧ ❞♦ s♦❧♦ ✭❋❖❘◆❆❘❖✱ ✷✵✵✻✮✳

✶✳✷ ❖❜❥❡t✐✈♦s

Pr♦♣♦r ✉♠❛ s♦❧✉çã♦ ♣❛r❛ ❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❞❡ ❣ás ❛ ✉♠❛ ❡t✐q✉❡t❛ ❞❡

✐❞❡♥t✐✜❝❛çã♦ ♣♦r r❛❞✐♦❢r❡q✉ê♥❝✐❛ ✭❘❋■❉ ✲ ❘❛❞✐♦ ❋r❡q✉❡♥❝② ■❞❡♥t✐✜❝❛t✐♦♥✮ ♣❛ss✐✈❛✱ ✐st♦ é✱

s❡♠ ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ❝♦♥tí♥✉❛✱ ♠❛♥t❡♥❞♦ ❛ ♠á①✐♠❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ♣♦ssí✈❡❧ ❝♦♠

♦s ♣❛❞rõ❡s ✐♥t❡r♥❛❝✐♦♥❛✐s ❛t✉❛❧♠❡♥t❡ ❡♠ ✈✐❣♦r✳

✶✳✸ ❖r❣❛♥✐③❛çã♦ ❞♦ ❉♦❝✉♠❡♥t♦

❊st❡ tr❛❜❛❧❤♦ é ❝♦♠♣♦st♦ ♣♦r ♥♦✈❡ ❝❛♣ít✉❧♦s✱ s❡♥❞♦ ❡st❡ ♦ ♣r✐♠❡✐r♦ ❞❡❧❡s✳ ❖ r❡st❛♥t❡

❞❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❡str✉t✉r❛❞♦ ❝♦♥❢♦r♠❡ ❞❡s❝r✐çã♦ ❛ s❡❣✉✐r✳

❼ ❈❛♣ít✉❧♦ ✷ ✲ ◆❡st❡ ❝❛♣ít✉❧♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❝♦♥❝❡✐t♦s ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛ ♦

❡♥t❡♥❞✐♠❡♥t♦ ❞♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦✱ ❛ss✐♠ ❝♦♠♦ ♦ ❛ ♣❡sq✉✐s❛ ❜✐❜❧✐♦❣rá✜❝❛ ♥♦s



✶✳✸ ♦r❣❛♥✐③❛çã♦ ❞♦ ❞♦❝✉♠❡♥t♦ ✹

tr❛❜❛❧❤♦s r❡❧❛❝✐♦♥❛❞♦s ❛♦ ♦ t❡♠❛ ♣r♦♣♦st♦❀

❼ ❈❛♣ít✉❧♦ ✸ ✲ ◆❡st❡ ❝❛♣ít✉❧♦ é ❛♣r❡s❡♥t❛❞❛ ❡♠ ❛❧t♦ ♥í✈❡❧ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛ ♣❛r❛ ♦

s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ❜❛s❡❛❞♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✱ ♠♦str❛♥❞♦ ❝♦♠♦ ❛s

♣❛rt❡s ❞♦ s✐st❡♠❛ ❝♦♠♣❧❡t♦ s❡ r❡❧❛❝✐♦♥❛♠❀

❼ ❈❛♣ít✉❧♦ ✹ ✲ ❉❡t❛❧❤❡s ❞♦ ♣r♦❥❡t♦✱ ❝♦♥❝❡♣çã♦ ❡ t❡st❡s ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣r♦♣♦st♦

♣❛r❛ ♦ s✐st❡♠❛❀

❼ ❈❛♣ít✉❧♦ ✺ ✲ ❉❡t❛❧❤❡s ❞♦ ♣r♦❥❡t♦✱ ❝♦♥❝❡♣çã♦ ❡ t❡st❡s ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛

♣r♦♣♦st♦ ♣❛r❛ ♦ s✐st❡♠❛❀

❼ ❈❛♣ít✉❧♦ ✻ ✲ ❉❡t❛❧❤❡s ❞♦ ♣r♦❥❡t♦ ❡ t❡st❡s ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛

s❡♥s♦r❡s ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♣r♦♣♦st♦❀

❼ ❈❛♣ít✉❧♦ ✼ ✲ ❉❡t❛❧❤❡s ❞♦ ♣r♦❥❡t♦✱ ❝♦♥❝❡♣çã♦ ❡ t❡st❡s ❞♦ ♥❛♥♦✲s❡♥s♦r ❞❡ ❣ás ❛

♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♣r♦♣♦st♦ ♣❛r❛ ♦ s✐st❡♠❛❀

❼ ❈❛♣ít✉❧♦ ✽ ✲ ❉❡t❛❧❤❡s ❞♦ ♣r♦❥❡t♦ ❞♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s ❞❡ ❣ás ❈◆❚

♣r♦♣♦st♦ ♣❛r❛ ♦ s✐st❡♠❛❀

❼ ❈❛♣ít✉❧♦ ✾ ✲ ❈♦♥❝❧✉sõ❡s ❣❡r❛✐s r❡❧❛t✐✈❛s ❛♦ tr❛❜❛❧❤♦ r❡❛❧✐③❛❞♦ ❜❡♠ ❝♦♠♦ s✉❣❡stõ❡s

♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳



❈❛♣ít✉❧♦ ✷

❋✉♥❞❛♠❡♥t❛çã♦ ❚❡ór✐❝❛

◆❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛❜♦r❞❛❞♦s ♦s ♣r✐♥❝✐♣❛✐s ❝♦♥❝❡✐t♦s t❡ór✐❝♦s s♦❜r❡ s✐st❡♠❛s ❘❋■❉

♥❡❝❡ssár✐♦s ❛ ❝♦rr❡t❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❡ ❞❛s ❞❡❝✐sõ❡s ❞❡ ♣r♦❥❡t♦ t♦♠❛❞❛s✳

◆❡st❡ ✐♥t✉✐t♦ ❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❡t✐q✉❡t❛s sã♦ ❡①♣♦st❛s

❛ss✐♠ ❝♦♠♦ ❛s ♣r✐♥❝✐♣❛✐s ❧✐♠✐t❛çõ❡s ❞❡ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❡ ❡♥❡r❣✐❛ ❞❡ ♦♣❡r❛çã♦ t❛♥t♦

♣❛r❛ s✐st❡♠❛s ❍❋ q✉❛♥t♦ ❯❍❋✳ ❊♠ s❡❣✉✐❞❛✱ ✉♠ r❡s✉♠♦ ❞♦ ❧❡✈❛♥t❛♠❡♥t♦ r❡❛❧✐③❛❞♦ s♦❜r❡

❛s ♣r✐♥❝✐♣❛✐s s♦❧✉çõ❡s ❛❝❛❞ê♠✐❝❛s ❡ ❝♦♠❡r❝✐❛✐s ♣❛r❛ ❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❛ ❡t✐q✉❡t❛s

❘❋■❉ é ❛♣r❡s❡♥t❛❞♦✳ ❙❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣ás sã♦ ❛❜♦r❞❛❞♦s ❞❡ ♠❛♥❡✐r❛ ♠❛✐s

❞❡t❛❧❤❛❞❛ ❝♦♠ ❡s♣❡❝✐❛❧ ê♥❢❛s❡ ❡♠ s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ❡♠♣r❡❣❛❞♦s

♥❛ s♦❧✉çã♦ ♣r♦♣♦st❛✳ P♦r ✜♠✱ ❛s s✉❛s ú❧t✐♠❛s s❡çõ❡s ❝♦♥s✐st❡♠ ♥♦ ❡st✉❞♦ ❞♦ ❡st❛❞♦ ❞❛

❛rt❡ ❞❡ s❡♥s♦r❡s ❘❋■❉ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ❡ ♥❛ ❛♥á❧✐s❡ ❞♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ ♠❛✐s

❛❞❡q✉❛❞♦s à ❛♣❧✐❝❛çã♦ ❡♠ s❡♥s♦r❡s ❘❋■❉✳

✷✳✶ ❙✐st❡♠❛s ❘❋■❉

❆ t❡❝♥♦❧♦❣✐❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ♣♦r r❛❞✐♦❢r❡q✉ê♥❝✐❛✱ ❘❋■❉✱ ✉t✐❧✐③❛ ❛ ❝♦♠✉♥✐❝❛çã♦ ♣♦r

r❛❞✐♦❢r❡q✉ê♥❝✐❛ ♣❛r❛ ❛ tr♦❝❛ ❞❡ ❞❛❞♦s ❡♥tr❡ ✉♠ ❞✐s♣♦s✐t✐✈♦ ♣♦rtát✐❧ ❞♦t❛❞♦ ❞❡ ♠❡♠ór✐❛

✭❡t✐q✉❡t❛✮ ❡ ✉♠❛ ❡st❛çã♦ ❞❡ ❜❛s❡ ✭❣❡r❛❧♠❡♥t❡ ✉♠ ❝♦♠♣✉t❛❞♦r ♦✉ ❧❡✐t♦r ♣♦rtát✐❧✮✳ ❯♠

s✐st❡♠❛ ❘❋■❉ é ❝♦♥st✐t✉í❞♦ t✐♣✐❝❛♠❡♥t❡ ❞❡ ❡t✐q✉❡t❛s ❡❧❡trô♥✐❝❛s ✭t❛♠❜é♠ ❝❤❛♠❛❞❛s t❛❣s

❘❋■❉✮✱ q✉❡ ❝♦♥té♠ ✉♠❛ ♠❡♠ór✐❛ ❞❡ ❞❛❞♦s✱ ✉♠❛ ❛♥t❡♥❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ✉♠ ❝♦♥tr♦❧❛❞♦r✱

❡ ✉♠❛ ❡st❛çã♦ ❞❡ ❜❛s❡ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❛s ❡t✐q✉❡t❛s ✭❋■◆❑❊◆❩❊▲▲❊❘✱

✷✵✵✸✮✳

❈❛❞❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛♦ s❡r ✐♥t❡rr♦❣❛❞❛ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ r❡s♣♦♥❞❡ ✐♥❢♦r♠❛❞♦ s❡✉

♥ú♠❡r♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ú♥✐❝♦ ♣♦r ♠❡✐♦ ❞❛ r❡✢❡①ã♦ ❞♦ s✐♥❛❧ ❡♠✐t✐❞♦ ♣❡❧♦ ♣ró♣r✐♦ ❧❡✐t♦r✳

❆ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❛ ❡t✐q✉❡t❛ ❡ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❞❡♣❡♥❞❡ ❜❛s✐❝❛♠❡♥t❡ ❞❛

✺



✷✳✶ s✐st❡♠❛s r❢✐❞ ✻

❢❛✐①❛ ❞❡ ❢r❡q✉ê♥❝✐❛ ♥❛ q✉❛❧ ❛ ❡t✐q✉❡t❛ ♦♣❡r❛✱ ❛s ❞✐♠❡♥sõ❡s ❞❡ s✉❛ ❛♥t❡♥❛ ❡ ❞❛ ❛♥t❡♥❛ ❞♦

❧❡✐t♦r✱ ❡ ❞❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❡♠✐t✐❞♦ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳ ❋❛✐①❛s ❞❡ ❝♦♠✉♥✐❝❛çã♦ tí♣✐❝❛s

❡stã♦ ❡♥tr❡ ✶✵ ❡ ✺✵ ❝♠ ♣❛r❛ ❞✐s♣♦s✐t✐✈♦s ❛❝♦♣❧❛❞♦s ✐♥❞✉t✐✈❛♠❡♥t❡ ❡ ❞❡ ✸ ❛ ✶✵ ♠ ♣❛r❛ ❛s

❡t✐q✉❡t❛s ♦♣❡r❛♥❞♦ ❡♠ ❝❛♠♣♦ ❞✐st❛♥t❡✳ ❚❛✐s ❝❛r❛❝t❡ríst✐❝❛s ♠♦t✐✈❛♠ ✉s♦ ❞❡ ❡t✐q✉❡t❛s

❘❋■❉ ❡♠ s✉❜st✐t✉✐çã♦ ❞♦s ❝ó❞✐❣♦s ❞❡ ❜❛rr❛s ❡♠ ❛♣❧✐❝❛çõ❡s ❝♦♠♦ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛

❝❛❞❡✐❛ ❞❡ ❛❜❛st❡❝✐♠❡♥t♦ ❡ ❣❡stã♦ ❞❡ ❜❡♥s✳ ❖✉tr❛s ❛♣❧✐❝❛çõ❡s ✐♥❝❧✉❡♠ ❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❡

♣❡ss♦❛s ❡♠ s✐st❡♠❛s ❞❡ s❡❣✉r❛♥ç❛ ❞❡ ✐♠ó✈❡✐s✱ ♣❛ss❛♣♦rt❡s ❡ ❝❛rtõ❡s ❞❡ ❝ré❞✐t♦

✭❲❊■◆❙❚❊■◆✱ ✷✵✵✺✮✳ ❖✉tr❛s ❛♣❧✐❝❛çõ❡s ❝♦♠✉♥s ✐♥❝❧✉❡♠ ❛ ❝♦❧❡t❛ ❞❡ ♣❡❞á❣✐♦ ❡♠

❛✉t♦❡str❛❞❛s✱ ❣❡stã♦ ❞❛ ❝❛❞❡✐❛ ❞❡ ❛❜❛st❡❝✐♠❡♥t♦✱ tr❛♥s♣♦rt❡ ♣ú❜❧✐❝♦✱ ❝♦♥tr♦❧❡ ❞❡ ❛❝❡ss♦

❛♦ ❡❞✐❢í❝✐♦✱ r❛str❡❛♠❡♥t♦ ❞❡ ❛♥✐♠❛✐s✱ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❡❧❡tr♦❞♦♠ést✐❝♦s ✐♥t❡❧✐❣❡♥t❡s✱

❝♦♥tr♦❧❡ ❞❡ ❛❝❡ss♦ r❡♠♦t♦ s❡♠ ❝❤❛✈❡ ♣❛r❛ ❛✉t♦♠ó✈❡✐s ❡♠ ❡❞✐❢í❝✐♦s ❡ s✐st❡♠❛s ❞❡ ♣❛ss❡

❡❧❡trô♥✐❝♦ ❛✉t♦✈✐ár✐♦✳

❖ ❛✉♠❡♥t♦ ❞♦ ✐♥t❡r❡ss❡ ♣♦r ❛♣❧✐❝❛çõ❡s ✐♥❞✉str✐❛✐s t❡♠ ❡st✐♠✉❧❛❞♦ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛

t❡❝♥♦❧♦❣✐❛ ❘❋■❉✱ t♦r♥❛♥❞♦ ❛ ❝❛♠❛❞❛ ❢ís✐❝❛✱ r❡s♣♦♥sá✈❡❧ ♣♦r ❛❧✐♠❡♥t❛r ❡ ❝♦♠✉♥✐❝❛r✲s❡ ❝♦♠

✉♠❛ ❡t✐q✉❡t❛✱ ❝❛❞❛ ✈❡③ ♠❛✐s r♦❜✉st❛✳ ❊st❛ ❜❛s❡ só❧✐❞❛✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ♠❛ss✐✜❝❛çã♦

❞♦s ❧❡✐t♦r❡s ❘❋■❉✱ ❛t✉❛❧♠❡♥t❡ ❞✐s♣♦♥í✈❡✐s ❛té ♠❡s♠♦ ❡♠ ❛♣❛r❡❧❤♦s ❝❡❧✉❧❛r❡s✱ ✐♥s♣✐r♦✉

❞✉❛s ❝❛t❡❣♦r✐❛s ❣❡r❛✐s ❞❡ ♣❡sq✉✐s❛✳ ❆ ♣r✐♠❡✐r❛ é ❛ ❞❡ ♥♦✈♦s ❡s♣❛ç♦s ❞❡ ❛♣❧✐❝❛çã♦ ♣❛r❛ ❛

t❡❝♥♦❧♦❣✐❛ ❘❋■❉ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❆ s❡❣✉♥❞❛ é ❛ ❞❡ ❛✈❛♥ç♦s ❞❛ ♣ró♣r✐❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉✱ t❛✐s

❝♦♠♦ ♥♦ ♣r♦❥❡t♦ ❞❛ ❡t✐q✉❡t❛✱ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ♣r♦t♦❝♦❧♦ ♥❛ ❛rq✉✐t❡t✉r❛ ❞♦ ❧❡✐t♦r ✭❨❊❆●❊❘✱

✷✵✵✾✮✳

❯♠❛ sér✐❡ ❞❡ ♥♦✈❛s ❛♣❧✐❝❛çõ❡s ♣❛r❛ ❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ❘❋■❉ ❝♦♥✈❡♥❝✐♦♥❛❧ tê♠ s✐❞♦

♣r♦♣♦st❛s ♥❛ ❜✐❜❧✐♦❣r❛✜❛ ❝✐❡♥tí✜❝❛✳ ❘❛♥❛s✐♥❣❤❡ ❡t ❛❧✳ ✭❘❆◆❆❙■◆●❍❊ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ♣♦r

❡①❡♠♣❧♦✱ ❛♣r❡s❡♥t❛♠ ❛rq✉✐t❡t✉r❛s ❞❡ r❡❞❡ ♣❛r❛ ✉♠ ❛♠❜✐❡♥t❡ ❝♦♠ s✉♣♦rt❡ à ❘❋■❉ ♥♦

q✉❛❧ ♦s ♦❜❥❡t♦s ♣♦❞❡♠ s❡r ♣❡r❢❡✐t❛♠❡♥t❡ r❛str❡❛❞♦s ❡ ♠♦♥✐t♦r❛❞♦s✳ ❯♠ ❡①❡♠♣❧♦ ♠❛✐s

❡s♣❡❝í✜❝♦ ❞✐s❝✉t❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❛♠❜✐❡♥t❡ ❛♣r✐♠♦r❛❞♦ ❝♦♠ ❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉

❞❡ ❢♦r♠❛ ❛ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞❡ ✈✐❞❛ ❡ ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♣❡ss♦❛s ✐❞♦s❛s

✭P❍■▲■P❖❙❊ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ◆❡ss❡ ❛♠❜✐❡♥t❡ ♦s ♣❛rt✐❝✐♣❛♥t❡s ✉s❛♠ ♣✉❧s❡✐r❛s ✐♥t❡❣r❛❞❛s ❛

✉♠ ♣❡q✉❡♥♦ ❧❡✐t♦r ❘❋■❉ ❝❛♣❛③ ❞❡ r❡❧❛t❛r s✉❛ ✐♥t❡r❛çã♦ ❝♦♠ ♦❜❥❡t♦s ♣r❡✈✐❛♠❡♥t❡

❡t✐q✉❡t❛❞♦s✳ ❆s ❛t✐✈✐❞❛❞❡s ♣♦❞❡♠ s❡r ✐♥❢❡r✐❞❛s ❛ ♣❛rt✐r ❞❡st❡s ❞❛❞♦s ❡ ❝♦♠✉♥✐❝❛❞❛s ❛♦s

s❡✉s ❝✉✐❞❛❞♦r❡s✳

❆❧❣✉♠❛s ❡t✐q✉❡t❛s ❘❋■❉ ❝♦♠ ❝❛♣❛❝✐❞❛❞❡s s❡♥s♦r❛s ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞❛s✱ ❞❡ ❢♦r♠❛

r✉❞✐♠❡♥t❛r✱ ❛ ♣❛rt✐r ❞❡ ❡t✐q✉❡t❛s ❝♦♠❡r❝✐❛✐s✳ ◆❡st❡ s❡♥t✐❞♦✱ ✈ár✐❛s ❛❜♦r❞❛❣❡♥s ❢♦r❛♠



✷✳✶ s✐st❡♠❛s r❢✐❞ ✼

♣r♦♣♦st❛s✳ ❖ α✲❲■❙P✱ ♣♦r ❡①❡♠♣❧♦✱ ❝♦♠❜✐♥❛ ❞♦✐s ❝❤✐♣s ❘❋■❉ ❝♦♠❡r❝✐❛✐s ♥✉♠❛ ú♥✐❝❛

❛♥t❡♥❛✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ✉♠ ❛❝❡❧❡rô♠❡tr♦ ❞❡ ✶✲❜✐t ✭P❍■▲■P❖❙❊ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❊♠ ♦✉tr♦

❛rt✐❣♦✱ ❙✐❞❡♥ ❡t ❛❧✳ ♣r♦♣õ❡♠ ✉♠ s❡♥s♦r ❘❋■❉ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ✉♠✐❞❛❞❡ ❡♠ ♣❛r❡❞❡s

❞❡ ❡❞✐❢í❝✐♦s ❡ ❝❛s❛s✱ ♣♦r ♠❡✐♦ ❞❛ ❛❞✐çã♦ ❞❡ ✉♠❛ ❡s♣♦♥❥❛ ❛♣r♦♣r✐❛❞❛ ♥❛ ❢r❡♥t❡ ❞❛ ❛♥t❡♥❛

❞❡ ✉♠❛ ❡t✐q✉❡t❛ ✭❙■❉❊◆ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❆ ✉♠✐❞❛❞❡ ♥❛ ❡s♣♦♥❥❛ ❞❡ss✐♥t♦♥✐③❛ ❛ ❛♥t❡♥❛

❛❧t❡r❛♥❞♦ ♦ s❡✉ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦✱ ♦ q✉❡ ♣♦❞❡ s❡r ❞❡t❡❝t❛❞♦ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳

❖✉tr❛ ❛❜♦r❞❛❣❡♠ ✉s❛ ✉♠❛ ❡t✐q✉❡t❛ ❝✉st♦♠✐③❛❞❛ ❝♦♠ ✉♠ ♠✐❝r♦ ❢✉sí✈❡❧ ♣❛r❛ ❞❡t❡❝t❛r ❛

❡①♣♦s✐çã♦ ❞❡ ♣r♦❞✉t♦s ❛❧✐♠❡♥tí❝✐♦s ❛ t❡♠♣❡r❛t✉r❛s ❡❧❡✈❛❞❛s✳ ◗✉❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ s❡

❡❧❡✈❛ ❛❝✐♠❛ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❧✐♠✐t❡ ♦ ❢✉sí✈❡❧ q✉❡✐♠❛✱ ❞❡s❛t✐✈❛♥❞♦ ♣❡r♠❛♥❡♥t❡♠❡♥t❡ ❛

❡t✐q✉❡t❛ ✭❲❆❚❚❊❘❙ ❡t ❛❧✳✱ ✷✵✵✷✮✳

❆✈❛♥ç♦s ❢✉♥❞❛♠❡♥t❛✐s ♥❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉ t❛♠❜é♠ tê♠ s✐❞♦ ♣r♦♣♦st♦s✳ ❉♦ ❧❛❞♦ ❞❛

❡t✐q✉❡t❛✱ ❡①✐st❡♠ ✈❛♥t❛❣❡♥s ❡ ❞❡s✈❛♥t❛❣❡♥s ❡♥tr❡ ❝♦♥✜❣✉r❛❜✐❧✐❞❛❞❡✱ ❞❡s❡♠♣❡♥❤♦✱ t❛♠❛♥❤♦

❡ ❝✉st♦✳ ❖t✐♠✐③❛çõ❡s ♥❡st❛ ár❡❛ sã♦ ♦❜❥❡t♦ ❞❡ ♣❡sq✉✐s❛s ❡♠ ❛♥❞❛♠❡♥t♦✳ ❆❧é♠ ❞✐ss♦✱

♠❡❧❤♦r✐❛s ♥❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞❡t❡❝çã♦✱ ❝♦♠♣✉t❛çã♦✱ ❝r✐♣t♦❣r❛✜❛ ❡ ❞❡ r❡❣✐str♦ ❞❡ ❞❛❞♦s

tê♠ ♣❡r♠✐t✐❞♦ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♥♦✈❛s ❛♣❧✐❝❛çõ❡s✳ ❊①❡♠♣❧♦s ✐♥❝❧✉❡♠ ✐♥❢r❛❡str✉t✉r❛ ❡

♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ♦❜❥❡t♦s✱ ❞❡t❡❝çã♦ ❛✉t♦♠át✐❝❛ ❞❡ ❛❞✉❧t❡r❛çã♦ ❞♦ ♣r♦❞✉t♦✱ ✐❞❡♥t✐✜❝❛çã♦

❞❡ ❛❣❡♥t❡s ♥♦❝✐✈♦s✱ ❡ ❞✐s♣♦s✐t✐✈♦s ❜✐♦♠é❞✐❝♦s ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ♥ã♦ ✐♥✈❛s✐✈♦ ✭❲❆◆❚✱

✷✵✵✹✮✳ ❉♦ ❧❛❞♦ ❞♦ ❧❡✐t♦r✱ ❡①✐st❡♠ ✈ár✐❛s ♦♣♦rt✉♥✐❞❛❞❡s ❞❡ ♠❡❧❤♦r✐❛✳ ❊①❡♠♣❧♦s ✐♥❝❧✉❡♠

❛ ♠❡❧❤♦r✐❛ ♣r♦t♦❝♦❧♦ ❡ ❞❛ ❝❛♠❛❞❛ ❞❡ ❡♥❧❛❝❡ ❢ís✐❝♦✱ ❛ r❡❞✉çã♦ ❞❡ ❝✉st♦s✱ q✉❡stõ❡s ❞❡

s❡❣✉r❛♥ç❛ ❡ ♣r✐✈❛❝✐❞❛❞❡✱ ❡ ❛ ✐♥t❡❣r❛çã♦ ❝♦♠ ❞✐❢❡r❡♥t❡s s✐st❡♠❛s✳ ❆✈❛♥ç♦s r❡❝❡♥t❡s ❛✈❛♥ç♦s

♥❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ❘á❞✐♦ ❉❡✜♥✐❞♦ ♣♦r ❙♦❢t✇❛r❡ ✭❙❉❘✮ ♣♦❞❡♠ ❛❥✉❞❛r ♥❡st❛ ♣❡sq✉✐s❛✳ ❯♠

❧❡✐t♦r ❘❋■❉ ❞❡✜♥✐❞♦ ♣♦r s♦❢t✇❛r❡ ♣♦❞❡ ♣❡r♠✐t✐r ♦ ❝♦♥tr♦❧❡ ❞✐r❡t♦ s♦❜r❡ ♦ ♣r♦t♦❝♦❧♦ ❞❡

❝♦♠✉♥✐❝❛çã♦ ✭❇❯❊❚❚◆❊❘❀ ❲❊❚❍❊❘❆▲▲✱ ✷✵✵✽✮✳ ❖✉tr♦ ♣r♦❜❧❡♠❛ ❝♦♠✉♠ é q✉❡ ♦s ❧❡✐t♦r❡s

❝♦♠❡r❝✐❛✐s sã♦ ♦t✐♠✐③❛❞♦s ♣❛r❛ ❛ ❧❡✐t✉r❛ ❞❡ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❡t✐q✉❡t❛s ♦ ♠❛✐s rá♣✐❞♦

♣♦ssí✈❡❧✳ ❆ tr❛♥s♠✐ssã♦ ❞❡ ❞❛❞♦s ❞♦ s❡♥s♦r ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♥❡ss❛s ❝♦♥❞✐çõ❡s é

❛❜❛✐①♦ ❞♦ ✐❞❡❛❧✳ ➱ ♥❡❝❡ssár✐♦ ♠❡❧❤♦r❛r ✢❡①✐❜✐❧✐❞❛❞❡ t❛♥t♦ ❞♦ ❧❛❞♦ ❞❛ ❡t✐q✉❡t❛ q✉❛♥t♦

❞♦ ❧❛❞♦ ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✱ ❛ ✜♠ ❞❡ ❧✐❞❛r ❝♦♠ ❡st❡s ❞❡s❛✜♦s✳ ◆❡st❡ s❡♥t✐❞♦✱ ❉❡ ❉♦♥♥♦

❡t ❛❧✳ ♣r♦♣õ❡♠ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ ❛ ❧❡✐t✉r❛ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉✳ ❊♠ ❧✉❣❛r

❞♦ s✐st❡♠❛ tr❛❞✐❝✐♦♥❛❧✱ ❜❛s❡❛❞♦ ❡♠ ✉♠❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❡♥✈✐❛♥❞♦ ❡ r❡❝❡❜❡♥❞♦ ❞❛❞♦s ❡♠

❡♥❧❛❝❡ ❞✐r❡t♦ ❝♦♠ ❛s ❡t✐q✉❡t❛s✱ ✉♠ t❡r❝❡✐r♦ ❡❧❡♠❡♥t♦✱ ❝❤❛♠❛❞♦ ✏❡s❝✉t❛❞♦r ❘❋■❉✑ ❢❛r✐❛

♦ ♣❛♣❡❧ ❞❡ r❡❝❡❜❡r ♦s ❞❛❞♦s ❡♥✈✐❛❞♦s ♣❡❧❛s ❡t✐q✉❡t❛s ✭❉❖◆◆❖ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ▼ú❧t✐♣❧♦s

❡s❝✉t❛❞♦r❡s ❞✐str✐❜✉í❞♦s ♥❛ ③♦♥❛ ❞❡ ✐♥t❡rr♦❣❛çã♦ ♣❡r♠✐t✐r✐❛♠ ❛ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❡t✐q✉❡t❛s



✷✳✶ s✐st❡♠❛s r❢✐❞ ✽

♠❛✐s ❞✐st❛♥t❡s ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❡ ♠❡❧❤♦r❛r✐❛ ❛ t❛①❛ ❞❡ s✉❝❡ss♦ ❡♠ ❧♦❝❛❧✐③❛✲❧❛s✳

❆ ❡✈♦❧✉çã♦ ❞❛s ❡t✐q✉❡t❛s ❘❋■❉ ♠❡❧❤♦r❛❞❛s ♣❛r❛ ✐♥❝❧✉✐r s❡♥s♦r❡s✱ ❝r✐♣t♦❣r❛✜❛ ❡ r❡❝✉rs♦s

❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞❡ ❞❛❞♦s ❧❡✈♦✉ ❛❧❣✉♥s ♣❡sq✉✐s❛❞♦r❡s ❛ r❡❡①❛♠✐♥❛r ❛ ♣ró♣r✐❛ ❞❡✜♥✐çã♦

❞❡st❛s ❡t✐q✉❡t❛s✳ ❖ t❡r♠♦ ✏❘❋■❉ ❈♦♠♣✉t❛❝✐♦♥❛❧✑✱ ♣♦r ❡①❡♠♣❧♦✱ ❝✉❥♦s ♣r✐♠❡✐r♦s r❡❣✐str♦s

r❡♠♦♥t❛♠ ❛ ✷✵✵✺ ✭❈▲❆❘❑❊❀ ❋■❚❩●❊❘❆▲❉✱ ✷✵✵✺✮✱ ❞❡s✐❣♥❛ ✏❝♦♠♣✉t❛❞♦r❡s s❡♠ ❜❛t❡r✐❛ q✉❡

❝♦❧❤❡♠ t♦❞❛ ❛ s✉❛ ❡♥❡r❣✐❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❛ ♣❛rt✐r ❞❛ ✐♥t❡rr♦❣❛çã♦ ❞❡ ✉♠❛ ✉♥✐❞❛❞❡

❧❡✐t♦r❛✑ ✭❨❊❆●❊❘✱ ✷✵✵✾✮✳ ❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱ ♣♦❞❡✲s❡ ❞✐③❡r q✉❡ ❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ❡t✐q✉❡t❛s

❘❋■❉ ♣❛ss✐✈❛s ♣❡r♠✐t✐✉ ♦ s✉r❣✐♠❡♥t♦ ❞❡ ♠✐❝r♦♣❧❛t❛❢♦r♠❛s ❞❡ ❝♦♠♣✉t❛çã♦ ❝♦♠ r❡❝✉rs♦s

❞❡ ❡♥❡r❣✐❛ ❡ ❝♦♠✉♥✐❝❛çã♦ s❡♠ ✜♦✳

✷✳✶✳✶ ❈❧❛ss✐✜❝❛çã♦ ❞❛s ❊t✐q✉❡t❛s ❘❋■❉

❊①✐st❡♠ ❛t✉❛❧♠❡♥t❡ ✈ár✐❛s t❡❝♥♦❧♦❣✐❛s ❞✐❢❡r❡♥t❡s ❞❡ ❘❋■❉ ♦♣❡r❛♥❞♦ ❡♠ ❜❛♥❞❛s q✉❡

✈ã♦ ❞❡ ✶✷✺ ❦❍③ ❛ ✺✱✽ ●❍③✳ ❊♠ ❛❧❣✉♥s s✐st❡♠❛s ♦ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ❛ ❡t✐q✉❡t❛ ❡ ♦ ❧❡✐t♦r

s❡ ❞á ❡♠ ❝❛♠♣♦ ♣ró①✐♠♦✱ ❧✐♠✐t❛♥❞♦ ❛ ❞✐stâ♥❝✐❛ ❞❡ ✐♥t❡rr♦❣❛çã♦ ❛ ❛❧❣✉♠❛s ❞❡③❡♥❛s ❞❡

❝❡♥tí♠❡tr♦s✱ ❡♠ ♦✉tr♦s✱ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♦❝♦rr❡ ❡♠ ❝❛♠♣♦ ❞✐st❛♥t❡ ♣❡r♠✐t✐♥❞♦ ❞✐stâ♥❝✐❛s

❞❡ ✐♥t❡rr♦❣❛çã♦ ♠❛✐s ❡❧❡✈❛❞❛s✳

❆s ♣r✐♥❝✐♣❛✐s ❞✐st✐♥çõ❡s ❡♥tr❡ ❛s ❡t✐q✉❡t❛s ❘❋■❉ ❞✐③❡♠ r❡s♣❡✐t♦ à s✉❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛

❡ ❛♦ ♠ét♦❞♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♠♣r❡❣❛❞♦✳ ❊t✐q✉❡t❛s ❘❋■❉ ♣♦❞❡♠ s❡r ❛t✐✈❛s ✭❛❧✐♠❡♥t❛❞❛s

♣♦r ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣ró♣r✐❛✮✱ ♣❛ss✐✈❛s ✭t❡❧❡✲❛❧✐♠❡♥t❛❞❛s✮ ♦✉ s❡♠✐✲♣❛ss✐✈❛s ✭♣♦ss✉❡♠

❜❛t❡r✐❛ ❝♦♠♦ ❢♦♥t❡ ❛✉①✐❧✐❛r ❞❡ ❡♥❡r❣✐❛✮✳ ❊♠ r❡❧❛çã♦ ❛♦ ♠ét♦❞♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♠♣r❡❣❛❞♦

♣❛r❛ ♦ ❡♥✈✐♦ ❞❡ ❞❛❞♦s ❡♥tr❡ ❛ ❡t✐q✉❡t❛ ❡ ♦ ❧❡✐t♦r ✭✉♣❧✐♥❦✮✱ ❛s ❡t✐q✉❡t❛s ❛t✐✈❛s ✉t✐❧✐③❛♠

✉♠ tr❛♥s♠✐ss♦r ❘❋ ❞❡ ❜❛✐①♦ ❝♦♥s✉♠♦✱ ❡♥q✉❛♥t♦ ❛s ❡t✐q✉❡t❛s ♣❛ss✐✈❛s ❡ s❡♠✐✲♣❛ss✐✈❛s

♠♦❞✉❧❛♠ ♦s ❞❛❞♦s ♥❛ r❡✢❡①ã♦ ❞♦ ♣ró♣r✐♦ s✐♥❛❧ ❡♥✈✐❛❞♦ ❞❡ ✈♦❧t❛ ♣❛r❛ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳

✷✳✶✳✶✳✶ ❊t✐q✉❡t❛s P❛ss✐✈❛s

❊t✐q✉❡t❛s ♣❛ss✐✈❛s ❝❛r❛❝t❡r✐③❛♠✲s❡ ♣♦r ♥ã♦ ♣♦ss✉ír❡♠ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣ró♣r✐❛✳ ❚♦❞❛

❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ❛♦ s❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ é ♣r♦✈✐❞❛ ♣❡❧♦ s✐♥❛❧ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♠✐t✐❞♦

♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳ ❆ ❛✉sê♥❝✐❛ ❞❡ ✉♠❛ ❜❛t❡r✐❛ ♦✉ ♦✉tr❛s ❢♦♥t❡s ❞❡ ❡♥❡r❣✐❛ s✐♠♣❧✐✜❝❛

♠✉✐t♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❛ ❡t✐q✉❡t❛✱ r❡❞✉③ ❝✉st♦s ❡ ♣❡r♠✐t❡ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦

❡♠ ❞✐♠❡♥sõ❡s ♠í♥✐♠❛s✳ ❆❧é♠ ❞✐ss♦✱ ❡t✐q✉❡t❛s ♣❛ss✐✈❛s ♥ã♦ ♥❡❝❡ss✐t❛♠ ❞❡ ♠❛♥✉t❡♥çã♦

♣❡r✐ó❞✐❝❛ ♣❛r❛ ❛ tr♦❝❛ ❞❡ ❜❛t❡r✐❛s ♦ q✉❡ ❡❧❡✈❛ ❡♥♦r♠❡♠❡♥t❡ s❡✉ t❡♠♣♦ ❞❡ ✈✐❞❛ ❡ ❛s



✷✳✶ s✐st❡♠❛s r❢✐❞ ✾

t♦r♥❛ ✈✐rt✉❛❧♠❡♥t❡ ❧✐✈r❡s ❞❡ ♠❛♥✉t❡♥çã♦✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ é ❡s♣❡❝✐❛❧♠❡♥t❡ ✈❛❧✐♦s❛ ❡♠

s✐st❡♠❛s q✉❡ ♦♣❡r❛♠ ❝♦♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ❡t✐q✉❡t❛s ♦✉ ❡♠ ❛♣❧✐❝❛çõ❡s ♥❛s q✉❛✐s

❛s ❡t✐q✉❡t❛s s❡ ❧♦❝❛❧✐③❛♠ ❡♠ ♣♦♥t♦s ❞❡ ❛❝❡ss♦ ❞✐❢í❝✐❧ ♦✉ ♠❡s♠♦ ✐♥❞❡s❡❥á✈❡❧✱ ❝♦♠♦ é ♦

❝❛s♦ ❞❡ ❡t✐q✉❡t❛s ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❛♥✐♠❛❧ ✐♠♣❧❛♥t❛❞❛s s✉❜❝✉tâ♥❡❛♠❡♥t❡ ✭❈❍❆❲▲❆❀ ❍❆✱

✷✵✵✼❀ ▼❆❈❍❆❉❖❀ ◆❆◆❚❊❙✱ ✷✵✵✹✮✱ ❡t✐q✉❡t❛s ❡♠❜✉t✐❞❛s ❞❡♥tr♦ ❞❡ ✈✐❣❛s ♥❛ ❝♦♥str✉çã♦ ❝✐✈✐❧

✭❙■❉❊◆ ❡t ❛❧✳✱ ✷✵✵✼✮ ♦✉ ♠❡s♠♦ ❡♠ ♣❛ss❛♣♦rt❡s✱ ♣♦r ❡①❡♠♣❧♦✳

❆ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❡t✐q✉❡t❛s ♣❛ss✐✈❛s ❡ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ é t✐♣✐❝❛♠❡♥t❡

❧✐♠✐t❛❞❛ ♣❡❧❛ ❡♥❡r❣✐❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡①✐❣✐❞❛ ♣❡❧❛ ❡t✐q✉❡t❛✳ ◗✉❛♥t♦ ♠❛✐♦r ❛ ♣♦tê♥❝✐❛

♠é❞✐❛ ❝♦♥s✉♠✐❞❛ ♣❡❧❛ ❡t✐q✉❡t❛✱ ♠❛✐s ♣ró①✐♠❛ ❡❧❛ t❡rá ❞❡ ❡st❛r ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r ♣❛r❛

❝♦♥s❡❣✉✐r ❝♦❧❤❡r ❡ss❛ ❡♥❡r❣✐❛✳ ➱ ♣♦ssí✈❡❧ t❛♠❜é♠ ❛✉♠❡♥t❛r ❛ ❡♥❡r❣✐❛ ❝♦❧❤✐❞❛ ♣♦r ♠❡✐♦

❞♦ ❛✉♠❡♥t♦ ❞❛ ❛♥t❡♥❛ r❡❝❡♣t♦r❛ ❡✴♦✉ tr❛♥s♠✐ss♦r❛✱ ♠❛s ❡♥q✉❛♥t♦ ❛ ♣r✐♠❡✐r❛✱

❢r❡q✉❡♥t❡♠❡♥t❡✱ ❥á é ♣r♦❥❡t❛❞❛ ♣❛r❛ ❛s ♠❛✐♦r❡s ❞✐♠❡♥sõ❡s ❛❝❡✐tá✈❡✐s ♣❛r❛ ❛ ❛♣❧✐❝❛çã♦

❛❧✈♦✱ ❛ s❡❣✉♥❞❛ é ✐♥❞✐r❡t❛♠❡♥t❡ ❧✐♠✐t❛❞❛ ♣♦r ♥♦r♠❛s ✭■❙❖✴■❊❈✱ ✷✵✶✵✱ ✶✾✾✾✮ ❡

r❡❣✉❧❛♠❡♥t❛çõ❡s ❧♦❝❛✐s✳

❊♠ ✉♠ ❛♠❜✐❡♥t❡ r❡❛❧✱ ❝♦♥t❡♥❞♦ ♦❜stá❝✉❧♦s✱ ♦❜❥❡t♦s r❡✢❡t♦r❡s ❡ ❛t❡♥✉❛❞♦r❡s ❞❡ s✐♥❛❧✱

❞❡ ❞✐❢❡r❡♥t❡s ❢♦r♠❛s ❡ s✉❜stâ♥❝✐❛s✱ ❞❡s❝r❡✈❡r ❛ ♣r♦♣❛❣❛çã♦ ❞❡ ✉♠❛ ♦♥❞❛ ❡❧❡tr♦♠❛❣♥ét✐❝❛

é ❛❧❣♦ ❜❛st❛♥t❡ ❝♦♠♣❧❡①♦✳ ❊♥tr❡t❛♥t♦✱ ✉♠❛ ❡st✐♠❛t✐✈❛ s✐♠♣❧❡s ♣❛r❛ s✐st❡♠❛s ❘❋■❉

♦♣❡r❛♥❞♦ ❡♠ ❝❛♠♣♦ ❞✐st❛♥t❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❢ór♠✉❧❛ ❞❡ ❋r✐✐s✿

Pr

Pt

= GtGr

(

1− |ρ|2
)

|ρ̂t · ρ̂r|2
(

λ

4πd

)2

✭✷✳✶✮

◆❛ ❡q✉❛çã♦✱ Pr ❡ Pt sã♦ ❛s ♣♦tê♥❝✐❛s r❡❝❡❜✐❞❛ ♥❛ ❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛ ❡ tr❛♥s♠✐t✐❞❛

♣❡❧❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✱ Gr ❡ Gt ♦s ❣❛♥❤♦s ❞❛s ❛♥t❡♥❛s ❞❛ ❡t✐q✉❡t❛ ❡ ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✱

ρ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ♥❛ ❡♥tr❛❞❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✱ ρ̂t ❡ ρ̂r ♦s ✈❡t♦r❡s ✉♥✐tár✐♦s ❞❡

♣♦❧❛r✐③❛çã♦ ❞❛s ❛♥t❡♥❛s ❞❡ tr❛♥s♠✐ssã♦ ❡ r❡❝❡♣çã♦✱ λ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ♥♦ ❡s♣❛ç♦

❧✐✈r❡ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ tr❛♥s♠✐ssã♦ ❡ d ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❛ ❡t✐q✉❡t❛ ❡ ❛ ❛♥t❡♥❛ ❞❛

✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳ ➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡✱ ❝♦♥❢♦r♠❡ ❛ ❊q✳ ✷✳✶✱ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❧❡✐t✉r❛ ❞❡

✉♠❛ ❡t✐q✉❡t❛ é ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à r❛✐③ q✉❛❞r❛❞❛ ❞❛ ♣♦tê♥❝✐❛ r❡❝❡❜✐❞❛ ❡♠ s✉❛

❛♥t❡♥❛✳

❊t✐q✉❡t❛s ♣❛ss✐✈❛s ❡♥✈✐❛♠ ❞❛❞♦s ♣❛r❛ ♦ ❧❡✐t♦r ♣♦r ♠❡✐♦ ❞❛ r❡✢❡①ã♦ ❞♦ s✐♥❛❧ ❡♥✈✐❛❞♦ ♣❡❧❛

✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ✭❝♦♠✉♥✐❝❛çã♦ ♣♦r r❡tr♦✲r❡✢❡①ã♦✮✳ ❊ss❛ s♦❧✉çã♦ é ❡①tr❡♠❛♠❡♥t❡ ❡❝♦♥ô♠✐❝❛

♥♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✱ ♠❛s ❧✐♠✐t❛ ❛s ❡t✐q✉❡t❛s ❛ só ♣♦❞❡r❡♠ s❡ ❝♦♠✉♥✐❝❛r q✉❛♥❞♦ ❛

♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ✐♥❝✐❞❡♥t❡ é ❡❧❡✈❛❞❛ ♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ❛❧✐♠❡♥t❛r t♦❞♦ ♦ s❡✉ s✐st❡♠❛✳ ❆❧é♠



✷✳✶ s✐st❡♠❛s r❢✐❞ ✶✵

❞✐ss♦✱ ❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ r❡✢❡t✐❞♦ ♣❡❧❛ ❛♥t❡♥❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ é t✐♣✐❝❛♠❡♥t❡ ✉♠❛ ♣❡q✉❡♥❛

❢r❛çã♦ ❞❛q✉❡❧❛ ❡♥✈✐❛❞❛ ♣❡❧♦ ❧❡✐t♦r✳ P❛r❛ q✉❡ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ s❡❥❛ ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❡

❞❡❝♦❞✐✜❝❛r ❝♦rr❡t❛♠❡♥t❡ ❛ ✐♥❢♦r♠❛çã♦ ❡♥✈✐❛❞❛ ♣❡❧❛ ❡t✐q✉❡t❛✱ ❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ r❡✢❡t✐❞♦

♣r❡❝✐s❛ ❛t✐♥❣✐r ✉♠ ♣❛t❛♠❛r ♠í♥✐♠♦ ❛♦ s❡r r❡❝❡❜✐❞♦ ♣❡❧♦ ❧❡✐t♦r✳ ❊st❡ r❡q✉✐s✐t♦ é✱ ♥❛ ♣rát✐❝❛✱

♦✉tr♦ ❢❛t♦r ❧✐♠✐t❛♥t❡ ♥❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❛s ♣❛rt❡s✳

✷✳✶✳✶✳✷ ❊t✐q✉❡t❛s ❆t✐✈❛s

❊t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ♣♦ss✉❡♠ ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣ró♣r✐❛✱ ❣❡r❛❧♠❡♥t❡ ✉♠❛

❜❛t❡r✐❛ ❡ ✉♠ tr❛♥s♠✐ss♦r ❘❋ ❞❡ ❜❛✐①♦ ❝♦♥s✉♠♦✳ ❯♠❛ ✈❡③ q✉❡ ♥ã♦ ♣r❡❝✐s❛♠ r❡t✐r❛r s✉❛

❛❧✐♠❡♥t❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❞♦ s✐♥❛❧ ❡♠✐t✐❞♦ ♣❡❧♦ ❧❡✐t♦r✱ ❡ss❛s ❡t✐q✉❡t❛s ♣♦❞❡♠ ♦♣❡r❛r ❛

❞✐stâ♥❝✐❛s ❜❡♠ ♠❛✐♦r❡s ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❞♦ q✉❡ ✉♠❛ ❡t✐q✉❡t❛ ♣❛ss✐✈❛ ❡ ♣♦ss✉❡♠ ✉♠❛

♠❡❧❤♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♠✉♥✐❝❛r✲s❡ ❡♠ ♠❡✐♦ ❛ ♦❜stá❝✉❧♦s✳ ❈♦♥s✐❞❡r❛♥❞♦✲s❡ ❛s ♣♦tê♥❝✐❛s

❞❡ tr❛♥s♠✐ssã♦ ♣❡r♠✐t✐❞❛s ♣❡❧♦s ♣❛❞rõ❡s ❡st❛❜❡❧❡❝✐❞♦s✱ ❛ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡

✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛ ❡ ♦ ❧❡✐t♦r ♣♦❞❡ ❝❤❡❣❛r ❛ ✶✺ ♠❡tr♦s✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❜❛♥❞❛ ❞❡

❢r❡q✉ê♥❝✐❛ ✭❋■◆❑❊◆❩❊▲▲❊❘✱ ✷✵✶✵✮✳ ❊ss❛ ❡❧❡✈❛❞❛ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ♣♦❞❡

❝♦♥st✐t✉✐r ✉♠ ♣r♦❜❧❡♠❛ q✉❛♥❞♦ s❡ tr❛t❛ ❞❡ ❧♦❝❛❧✐③❛r ❛ ❡t✐q✉❡t❛✳ P❛r❛ ❝♦♥t♦r♥❛r ❡ss❡

♣r♦❜❧❡♠❛✱ té❝♥✐❝❛s ❞❡ tr✐❛♥❣✉❧❛çã♦✱ ♠❡❞✐çã♦ ❞♦ t❡♠♣♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ♣♦tê♥❝✐❛ ❞♦

s✐♥❛❧ ❡♥✈✐❛❞♦✱ ♣♦❞❡♠ s❡r ✉s❛❞❛s ❞♦ ❧❛❞♦ ❞♦ ❧❡✐t♦r✳

❖ ❢❛t♦ ❞❡ ♣♦ss✉✐r ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ❝♦♥tí♥✉❛ t❛♠❜é♠ ❡❧✐♠✐♥❛ ❞✐✈❡rs❛s r❡str✐çõ❡s

❞❡ ♣r♦❥❡t♦ ❝♦♠✉♥s à ❡t✐q✉❡t❛s ♣❛ss✐✈❛s ❝♦♠♦ ✐♥❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡❣✐str❛r ❡✈❡♥t♦s q✉❛♥❞♦

♥ã♦ ❡stã♦ ❡♠ ③♦♥❛ ❞❡ ✐♥t❡rr♦❣❛çã♦ ♦✉ ❛ ✐♠♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡♠❜❛r❝❛r ✉♠ r❡❧ó❣✐♦ ❞❡ t❡♠♣♦

r❡❛❧ ✭❘❚❈✮✱ ❝♦♠✉♠❡♥t❡ ♥❡❝❡ssár✐♦ ❛♦ ♣r♦❥❡t♦ ❞❡ ✉♠ r❡❣✐str❛❞♦r ❞❡ ❞❛❞♦s✱ ♣♦r ❡①❡♠♣❧♦✳

❊t✐q✉❡t❛s ❛t✐✈❛s t✐♣✐❝❛♠❡♥t❡ ✐♥❝❧✉❡♠ ✉♠ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r ❡ ♣♦❞❡♠ r❡❛❧✐③❛r t❛r❡❢❛s ❞❡

♣r♦❝❡ss❛♠❡♥t♦ s✐♠♣❧❡s✳

❆té ♦ ♣r❡s❡♥t❡ ♠♦♠❡♥t♦✱ ❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ♥ã♦ ♣♦ss✉❡♠ ✉♠ ♣❛❞rã♦ ❡s♣❡❝í✜❝♦

t❛❧ ❝♦♠♦ ❡①✐st❡ ♣❛r❛ ❛s ♣❛ss✐✈❛s✱ ♦ q✉❡✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ♦❝❛s✐♦♥❛ ♣r♦❜❧❡♠❛s ❞❡

✐♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❡♥tr❡ ❞✐❢❡r❡♥t❡s s♦❧✉çõ❡s✳ ❆s ♣r✐♥❝✐♣❛✐s ❞❡s✈❛♥t❛❣❡♥s ❞❛s ❡t✐q✉❡t❛s

❛t✐✈❛s sã♦ ♦ ❝✉st♦ ❡❧❡✈❛❞♦ ✭t✐♣✐❝❛♠❡♥t❡ ♠❛✐s ❞❡ ✶✵ ✈❡③❡s s✉♣❡r✐♦r às ♣❛ss✐✈❛s ✭❘■❉❆

▲■ ❨❆◆●✱ ✷✵✶✵✮✮ ❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ tr♦❝❛ ♣❡r✐ó❞✐❝❛ ❞❛ ❜❛t❡r✐❛✳ ❆♣❧✐❝❛çõ❡s q✉❡

♥❡❝❡ss✐t❛♠ ❞❡ ✉s♦ ❢r❡q✉❡♥t❡ ❞♦ tr❛♥s♠✐ss♦r ♣♦❞❡♠ ❧✐♠✐t❛r ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞❛ ❜❛t❡r✐❛ ❛

❛❧❣✉♥s ♠❡s❡s ♦✉ ♠❡s♠♦ ❛ ❛❧❣✉♠❛s s❡♠❛♥❛s✳



✷✳✶ s✐st❡♠❛s r❢✐❞ ✶✶

✷✳✶✳✶✳✸ ❊t✐q✉❡t❛s ❙❡♠✐✲P❛ss✐✈❛s

❊t✐q✉❡t❛s s❡♠✐✲♣❛ss✐✈❛s ✭♦✉ s❡♠✐✲❛t✐✈❛s✮ ❛ss❡♠❡❧❤❛♠✲s❡ às ♣❛ss✐✈❛s ♥❛ ♠❛✐♦r ♣❛rt❡

❞♦s ❛s♣❡❝t♦s✱ t❛❧ ❝♦♠♦ ❛ ❝♦♠✉♥✐❝❛çã♦ ♣♦r r❡tr♦✲r❡✢❡①ã♦✱ ♠❛s ✐♥❝❧✉❡♠ ✉♠❛ ❢♦♥t❡ ❞❡

❡♥❡r❣✐❛✱ ❣❡r❛❧♠❡♥t❡ ✉♠❛ ❜❛t❡r✐❛✱ t✐♣✐❝❛♠❡♥t❡ ❝♦♠ ♣r♦♣ós✐t♦ ❞❡ ❛✉♠❡♥t❛r ❛ ❞✐stâ♥❝✐❛ ❞❡

❝♦♠✉♥✐❝❛çã♦ ❞❛ ❡t✐q✉❡t❛ q✉❡✱ ♥❡ss❡s ❝❛s♦s✱ ♣❛ss❛ ❛ ❧✐♠✐t❛r✲s❡ ❛♣❡♥❛s ♣❡❧❛ s❡♥s✐❜✐❧✐❞❛❞❡

❞♦ r❡❝❡♣t♦r ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡ ❛ ❢♦♥t❡ ❝♦♥tí♥✉❛ ❞❡ ❡♥❡r❣✐❛ ♣❡r♠✐t❡ às

❡t✐q✉❡t❛s s❡♠✐✲♣❛ss✐✈❛s ❡❧✐♠✐♥❛r ❛s ♠❡s♠❛s r❡str✐çõ❡s ❞❡ ♣r♦❥❡t♦ q✉❡ ❛s ❛t✐✈❛s✳ ❯♠❛ ✈❡③

q✉❡ ♥ã♦ ✉t✐❧✐③❛♠ ✉♠ tr❛♥s♠✐ss♦r ❛t✐✈♦ ❞❡ ❘❋✱ ❛ ❞✉r❛çã♦ ❞❛ ❜❛t❡r✐❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛

s❡♠✐✲♣❛ss✐✈❛ ♣♦❞❡ ❝❤❡❣❛r ❛ ✈ár✐♦s ❛♥♦s✳

✷✳✶✳✷ ▲✐♠✐t❛çõ❡s ❞❡ ❚❡♠♣♦ ❡♠ ❊t✐q✉❡t❛s ❘❋■❉ ❍❋ ❡ ❯❍❋

❆ t❡♠♣♦r✐③❛çã♦ ❞❛ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❛s ❡t✐q✉❡t❛s ❘❋■❉ ❡ s✉❛s ✉♥✐❞❛❞❡s ❧❡✐t♦r❛s é

❞❡✜♥✐❞❛ ♣❡❧♦s r❡s♣❡❝t✐✈♦s ♣❛❞rõ❡s ■❙❖✴■❊❈✳ ❊ss❛ t❡♠♣♦r✐③❛çã♦ ✐♠♣õ❡ ✐♠♣♦rt❛♥t❡s

r❡str✐çõ❡s ❛♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s ❡t✐q✉❡t❛s ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ❡✈❡♥t✉❛✐s s✐st❡♠❛s ❛

❡❧❛s ✐♥t❡r❧✐❣❛❞♦s✳ ◆❡st❡ s❡♥t✐❞♦✱ ♦ ♣r✐♥❝✐♣❛❧ ♣❛râ♠❡tr♦ ❛ s❡r ❝♦♥s✐❞❡r❛❞♦ é ♦ t❡♠♣♦

♠á①✐♠♦ ❞❡ r❡s♣♦st❛ ❞❛ ❡t✐q✉❡t❛ ❛ ✉♠ ❝♦♠❛♥❞♦ ❞❡ ❧❡✐t✉r❛✳ ◗✉❛♥❞♦ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛

❡♥✈✐❛ ✉♠ ❝♦♠❛♥❞♦ ❞❡ ❧❡✐t✉r❛ ❛ ✉♠❛ ❡t✐q✉❡t❛ ❡s♣❡❝í✜❝❛✱ ❡❧❛ ♠❛♥té♠ ♦ ❝❛♠♣♦ ❞❡ ❧❡✐t✉r❛

❛t✐✈♦ ❞✉r❛♥t❡ ✉♠ ✐♥t❡r✈❛❧♦ ❧✐♠✐t❛❞♦ ❞❡ t❡♠♣♦ ♣❛r❛ q✉❡ ❛ ❡t✐q✉❡t❛ s❡ ❛❧✐♠❡♥t❡✱ r❡❝❡❜❛ ❡

✐♥t❡r♣r❡t❡ ♦ ❝♦♠❛♥❞♦ ❡ ❡♥✈✐❡ ❛ r❡s♣♦st❛ s♦❧✐❝✐t❛❞❛✳ ❙❡ ❛ ❡t✐q✉❡t❛ ♥ã♦ r❡s♣♦♥❞❡r ❛♦

❝♦♠❛♥❞♦ ❞❡♥tr♦ ❞♦ t❡♠♣♦ ❧✐♠✐t❡✱ ♦ ❝❛♠♣♦ ❞❡ ❧❡✐t✉r❛ é ❞❡s❧✐❣❛❞♦ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛

❛❧✐♠❡♥t❛çã♦ ❞❛ ❡t✐q✉❡t❛ s❡ ❡s❣♦t❛✳

P❛r❛ ❡t✐q✉❡t❛s ❘❋■❉ ❞♦ t✐♣♦ ❍❋ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ ♣❛❞rã♦ ■❙❖ ✶✺✻✾✸✲✸✱ ♦ ♣r♦t♦❝♦❧♦

❞❡✜♥❡ ♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❞❛ ❡t✐q✉❡t❛ ❛ ✉♠ ❝♦♠❛♥❞♦ ❞❡ ❧❡✐t✉r❛ ✭T1✮ ❝♦♠♦ ✭■❙❖✱ ✷✵✵✾✮✿

T1 =











4192/fC , ♠í♥✐♠♦

4224/fC , ♥♦♠✐♥❛❧

4256/fC , ♠á①✐♠♦

✭✷✳✷✮

❙❡♥❞♦ fC ❛ ❢r❡q✉ê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❛ ♣♦rt❛❞♦r❛ ❞❛ ✉♥✐❞❛❞❡ ❞❡ ❧❡✐t✉r❛✳

P❛r❛ ❡t✐q✉❡t❛s ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ ♣❛❞rã♦ ◆❋❈✱ ♦ ♣r♦t♦❝♦❧♦ ❡st❛❜❡❧❡❝✐❞♦ ♥❛ ■❙❖✴■❊❈

✶✹✹✹✸ ❞❡✜♥❡ ♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ T1 ❝♦♠♦ ✭■❙❖✴■❊❈✱ ✷✵✵✵✮✿



✷✳✶ s✐st❡♠❛s r❢✐❞ ✶✷

T1 =











4096 ∗ 20/fC , ♠í♥✐♠♦

4096 ∗ 24/fC , ♥♦♠✐♥❛❧

4096 ∗ 214/fC , ♠á①✐♠♦

✭✷✳✸✮

❘❡s♦❧✈❡♥❞♦ ❛s ❊q✉❛çõ❡s ✷✳✷ ❡ ✷✳✸ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ♥♦♠✐♥❛❧ ❞❛ ♣♦rt❛❞♦r❛ ✭✶✸✱✺✻ ▼❍③✮✱

♦s t❡♠♣♦s ♠í♥✐♠♦ ❡ ♠á①✐♠♦ r❡s✉❧t❛♥t❡s ♣❛r❛ T1 sã♦ ✸✵✾✱✶✹ µs ✴ ✸✶✸✱✽✻ µs ♣❛r❛ ♦ ♣r♦t♦❝♦❧♦

■❙❖✴■❊❈ ✶✺✻✾✸ ❡ ✸✵✷✱✵✻ µs ✴ ✹✾✹✾ ♠s ♣❛r❛ ♦ ♣r♦t♦❝♦❧♦ ■❙❖✴■❊❈ ✶✹✹✹✸✳

P❛r❛ ❡t✐q✉❡t❛s ❯❍❋✱ ♦ ♣r♦t♦❝♦❧♦ ❊P❈ ❈❧❛ss❡ ✶ ●❡r❛çã♦ ✷ ✭❝♦♠✉♠❡♥t❡ r❡❢❡r✐❞♦ ♣♦r

❊P❈ ❈❧❛ss✶ ●❡♥✷✮ ❡ss❡ t❡♠♣♦ ❞❡ r❡s♣♦st❛ é ❞❡✜♥✐❞♦ ❝♦♠♦ ✭❊P❈●▲❖❇❆▲✱ ✷✵✶✺✮✿

T1 =











T1❴nom(1− |FrT |)− 2 µs, ♠í♥✐♠♦

T1❴nom, ♥♦♠✐♥❛❧

T1❴nom(1 + |FrT |) + 2 µs, ♠á①✐♠♦

✭✷✳✹✮

s❡♥❞♦ T1❴nom ♦ ✈❛❧♦r ♥♦♠✐♥❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡ ❞❡ T1 ❡ FrT ✱ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ t♦❧❡râ♥❝✐❛

q✉❡ ❞❡♣❡♥❞❡ ❞♦ t❡♠♣♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞❛ ❡t✐q✉❡t❛ ♣❛r❛ ♦ ❧❡✐t♦r ✭TRcal✮ ❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞♦

❡♥❧❛❝❡ ❞❡ r❡tr♦❡s♣❛❧❤❛♠❡♥t♦ ✭❞♦ ✐♥❣❧ês✱ ❜❛❝❦s❝❛tt❡r✲❧✐♥❦✲❢r❡q✉❡♥❝②✮ ✭BLF ✮✳ ❙❡✉s ✈❛❧♦r❡s

♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❝♦rr❡s♣♦♥❞❡♥t❡s sã♦✿

FrT =

{

±15%, ♣❛r❛ ❇▲❋ ❂ ✻✹✵ ❦❍③

±4%, ♣❛r❛ ✹✵ ❦❍③ ≤ ❇▲❋ < ✶✵✼ ❦❍③✳
✭✷✳✺✮

❖ ✈❛❧♦r ♥♦♠✐♥❛❧ ❞❡ T1 é ❞❡✜♥✐❞♦ ❝♦♠♦✿

T1❴nom = max(RTcal, 10 · Tpri) ✭✷✳✻✮

s❡♥❞♦ RTcal ♦ t❡♠♣♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ❧❡✐t♦r ♣❛r❛ ❛ ❡t✐q✉❡t❛ ❡ Tpri ♦ ♣❡rí♦❞♦ ❞❡ ✉♠ ❝✐❝❧♦

❞❛ s✉❜♣♦rt❛❞♦r❛✱ ♣♦❞❡♥❞♦ s❡r ❝❛❧❝✉❧❛❞♦ ❝♦♠♦ Tpri = 1/BLF ✳ ❖ ♣❛râ♠❡tr♦ RTcal é ❞❛❞♦

♣♦r✿

RTcal =

{

2, 5 · Tari, ♠í♥✐♠♦

3, 0 · Tari, ♠á①✐♠♦
✭✷✳✼✮

s❡♥❞♦ Tari ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ s✐♥❛❧✐③❛çã♦ ❡♥tr❡ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❡ ❛

❡t✐q✉❡t❛✳ ❊st❡ ✈❛❧♦r ✈❛r✐❛ ❞❡ ✻✱✷✺ µs ❛ ✷✺ µs✳ ❉❡ss❛ ❢♦r♠❛✱ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞❡

RTcal✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✉❛çã♦ ✷✳✼ s❡rã♦ ✶✺✱✻✷✺ µs ❡ ✼✺ µs✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖s ✈❛❧♦r❡s

♠í♥✐♠♦ ❡ ♠á①✐♠♦ ♣❛r❛ ❇▲❋ sã♦ ✹✵ ❦❍③ ❡ ✻✹✵ ❦❍③✱ ❧♦❣♦✱ ♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❞❡

Tpri sã♦ ✷✺✵ µs ❡ ✶✱✺✻✷✺ µs✳
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❘❡s♦❧✈❡♥❞♦ ❛ ❊q✉❛çã♦ ✷✳✻ ♣❛r❛ ♦s ❝❛s♦s ♠í♥✐♠♦ ❡ ♠á①✐♠♦ ♦❜tê♠✲s❡ T1❴nomMIN
❡

T1❴nomMAX
✐❣✉❛✐s ❛✿

T1❴nomMIN
= max(RTcalMIN

, 10 · TpriMIN
)

= max(15, 625 µs, 10 · 1, 5625 µs)

= 15, 625 µs

✭✷✳✽✮

T1❴nomMAX
= max(RTcalMAX

, 10 · TpriMAX
)

= max(75 µs, 10 · 250 µs)

= 250 µs.

✭✷✳✾✮

❋✐♥❛❧♠❡♥t❡✱ r❡s♦❧✈❡♥❞♦ ❛ ❊q✉❛çã♦ ✷✳✹ ♣❛r❛ ❛s t❛①❛s ❞❡ ❞❛❞♦s ♠í♥✐♠❛ ❡ ♠á①✐♠❛ ✭✐st♦

é✱ ✹✵ ❦❜♣s ❡ ✻✹✵ ❦❜♣s✮ t❡♠♦s✿

T1MIN
= T1❴nomMIN

(1− |FrT640kHz|)− 2 µs

= 15, 625 µs(1− 0, 15)− 2 µs

∼= 11, 28 µs

✭✷✳✶✵✮

T1MAX
= T1❴nomMAX

(1 + |FrT40kHz|) + 2 µs

= 250 µs(1 + 0, 04) + 2 µs

= 262 µs.

✭✷✳✶✶✮

❖✉ s❡❥❛✱ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦ ❞♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ sã♦ ✷✻✷ µs ❡ ✶✶✱✷✽ µs✱

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ❛♥á❧✐s❡ ❞♦s t❡♠♣♦s ❞❡ r❡s♣♦st❛ ❡st❛❜❡❧❡❝✐❞♦s ♣❡❧♦s três ♣❛❞rõ❡s ❛♥❛❧✐s❛❞♦s r❡✈❡❧❛

♣r✐♠❡✐r❛♠❡♥t❡ q✉❡ ❞❡ t♦❞♦s✱ ♦ ❞❡ t❡♠♣♦r✐③❛çã♦ ♠❛✐s ❡①✐❣❡♥t❡ é ♦ ❊P❈ ❈❧❛ss✶ ●❡♥✷✳ ❯♠

❡✈❡♥t✉❛❧ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ✈♦❧t❛❞♦ ♣❛r❛ ❡t✐q✉❡t❛s ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❡ss❡ ♣❛❞rã♦

t❡rá ❝❡r❝❛ ❞❡ ✉♠ q✉❛rt♦ ❞❡ ♠✐❧✐ss❡❣✉♥❞♦ ♣❛r❛ r❡❛❧✐③❛r t♦❞❛s ❛s t❛r❡❢❛s ❡ r❡s♣♦♥❞❡r ❛♦

♥ú❝❧❡♦ ❞❛ ❡t✐q✉❡t❛ ♣❛r❛ q✉❡ ❡❧❡ ♣♦ss❛ r❡s♣♦♥❞❡r ❛♦ ❧❡✐t♦r ❛ t❡♠♣♦✳ ❏á ✉♠ s✐st❡♠❛ ❞❡

s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❝✉rt❛ ❞✐stâ♥❝✐❛ ♣❛r❛ ❛ ❢❛✐①❛ ❍❋ q✉❡ ✈✐s❡ ❛ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❝♦♠ ❛♠❜♦s

♦s ♣r♦t♦❝♦❧♦s ✭■❙❖✴■❊❈ ✶✺✻✾✸ ❡ ■❙❖✴■❊❈ ✶✹✹✹✸✮✱ ❞❡✈❡ ❝♦♥s✐❞❡r❛r ❛ t❡♠♣♦r✐③❛çã♦ ♠❛✐s

r❡str✐t✐✈❛ ✐♠♣♦st❛ ♣❡❧♦ ♣r♦t♦❝♦❧♦ ■❙❖✴■❊❈ ✶✺✻✾✸✱ q✉❡ é q✉❛s❡ tã♦ ❡①✐❣❡♥t❡ q✉❛♥t♦ ♦

❊P❈ ❈❧❛ss✶ ●❡♥✷✱ ✐st♦ é✱ T1 = 313, 86 µs ♥♦ ♠á①✐♠♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ✉♠ s✐st❡♠❛ ❞❡

s❡♥s♦r✐❛♠❡♥t♦ q✉❡ ♥❡❝❡ss✐t❡ ❞❡ ✉♠ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ♠❛✐s ❡❧❡✈❛❞♦ ♣♦❞❡ ❛❞♦t❛r ♦ ♣❛❞rã♦

◆❋❈ q✉❡ ♣❡r♠✐t❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ r❡s♣♦st❛ ❞❡ q✉❛s❡ ✺ s❡❣✉♥❞♦s✳
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✷✳✶✳✸ ▲✐♠✐t❛çõ❡s ❞❡ ❊♥❡r❣✐❛ ❡♠ ❊t✐q✉❡t❛s ❘❋■❉ ❍❋ ❡ ❯❍❋

❆ ♣r✐♥❝✐♣❛❧ r❡str✐çã♦ ❞❡ ♣r♦❥❡t♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ ♦♣❡r❛♥❞♦ ♥❛ ❢❛✐①❛ ❍❋ ♦✉ ❯❍❋ é✱ ❞❡

♠❛♥❡✐r❛ ❣❡r❛❧✱ ❛ ❡♥❡r❣✐❛ ❡s❝❛ss❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ s✐st❡♠❛✳ ❊♥tr❡t❛♥t♦✱

❛s ❧✐♠✐t❛çõ❡s ♣❛r❛ s✐st❡♠❛s ❍❋ ❡ ❯❍❋ ♥ã♦ sã♦ ❡①❛t❛♠❡♥t❡ ❛s ♠❡s♠❛s✳ ❯♠ ❡st✉❞♦ s♦❜r❡

❛s ♣r✐♥❝✐♣❛✐s q✉❡stõ❡s ❝♦♥❝❡r♥❡♥t❡s às ❧✐♠✐t❛çõ❡s ❡♥❡r❣ét✐❝❛s ❞❡ s✐st❡♠❛s ❘❋■❉ ♦♣❡r❛♥❞♦

♥♦ ❡s♣❛ç♦ ❧✐✈r❡ ♣❛r❛ ❡ss❛s ❞✉❛s ❜❛♥❞❛s ❞❡ ❢r❡q✉ê♥❝✐❛ é ❝♦❜❡rt♦ ♥❡ss❛ s❡çã♦✳ ❙✐st❡♠❛s

♦♣❡r❛♥❞♦ ❡♠ ❞✐❢❡r❡♥t❡s ♠❡✐♦s ❞❡ tr❛♥s♠✐ssã♦ ♦✉ ❡♠ ♠❡✐♦s ♠✐st♦s ♥❡❝❡ss✐t❛♠ ✉♠❛ ❛♥á❧✐s❡

♠❛✐s ❝♦♠♣❧❡①❛ q✉❡ ❢♦❣❡ ❛♦ ❡s❝♦♣♦ ❞❡st❡ tr❛❜❛❧❤♦✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ❡st✉❞♦ ❞❡ss❡ t✐♣♦

❢♦✐ r❡❛❧✐③❛❞♦ ♣♦r ❙❤❡♥❣❜♦ ❍✉ ❡t ❛❧✳ ♣❛r❛ ❛ ❝♦♠✉♥✐❝❛çã♦ ❡♠ ♠❡✐♦ ♠✐st♦ ❛r✲❜♦rr❛❝❤❛ ❞❡

❡t✐q✉❡t❛s ❘❋■❉ ❯❍❋ ♣❛ss✐✈❛s ❡♠❜❛r❝❛❞❛s ♥♦ ✐♥t❡r✐♦r ❞❡ ♣♥❡✉s ✭❍❯ ❡t ❛❧✳✱ ✷✵✶✹✮✳

❆ ♠❛❣♥✐t✉❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣❡❧❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✱ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛

♣♦r ❞✉❛s ❡q✉❛çõ❡s ❞✐st✐♥t❛s✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♣♦♥t♦ ❞❡ ♦❜s❡r✈❛çã♦ ❡ ♦

❝❡♥tr♦ ❞❛ ❛♥t❡♥❛✳ P❛r❛ ❞❡t❡r♠✐♥❛r q✉❛❧ ❞❛s ❞✉❛s ❡q✉❛çõ❡s ♠❡❧❤♦r ❞❡s❝r❡✈❡ ❛ ♠❛❣♥✐t✉❞❡

❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛ ✉♠❛ ❞❛❞❛ ❞✐stâ♥❝✐❛✱ ❝♦♥✈é♠ ❞❡✜♥✐r ❛ ❞✐stâ♥❝✐❛ ❧✐♠✐t❡ ❞❡ ♦♣❡r❛çã♦

❡♠ ❝❛♠♣♦ ♣ró①✐♠♦ ❡ ❝❛♠♣♦ ❞✐st❛♥t❡✱ DLIM ✿

DLIM =
λ

2π
✭✷✳✶✷✮

♦♥❞❡ λ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♦♥❞❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❞❛ ♣♦rt❛❞♦r❛ ❞♦ s✐♥❛❧ q✉❡ ❣❡r❛ ♦ ❝❛♠♣♦

✭ω✮✳

❊♠ ❝❛♠♣♦ ♣ró①✐♠♦✱ ✐st♦ é✱ ♣❛r❛ ❞✐stâ♥❝✐❛s ❞❡ ♦❜s❡r✈❛çã♦ ✐♥❢❡r✐♦r❡s ❛ DLIM ✱ ❛

♠❛❣♥✐t✉❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❝❡♥tr❛❧ ❞❡ ✉♠❛ ❛♥t❡♥❛ ❞♦ t✐♣♦ ✐♥❞✉t♦r

q✉❛❞r❛❞♦ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r ✭❋■◆❑❊◆❩❊▲▲❊❘✱ ✷✵✶✵✮✿

|H| = NIR2

2
√

(R2 + d2)3
✭✷✳✶✸✮

♦♥❞❡ N é ♦ ♥ú♠❡r♦ ❞❡ ❡s♣✐r❛s✱ I é ❛ ❝♦rr❡♥t❡ q✉❡ ♣❡r❝♦rr❡ ❛ ❛♥t❡♥❛✱ R é ♦ r❛✐♦ ♠é❞✐♦

❞❛ ❛♥t❡♥❛ ❡ d é ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ❝❡♥tr♦ ❞♦ ♣❧❛♥♦ ❞❛ ❛ ❛♥t❡♥❛ ❡ ♦ ♣♦♥t♦ ❞❡ ♠❡❞✐çã♦✳

❊♠ ❝❛♠♣♦ ❞✐st❛♥t❡✱ ✐st♦ é✱ ♣❛r❛ d > DLIM ✱ ❛ ♠❛❣♥✐t✉❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♣♦❞❡ s❡r

❝❛❧❝✉❧❛❞❛ ♣♦r ✭▲❊❍◆❊❘✱ ✷✵✶✵✮✿

|H| = NIR2

4

√

(

1

d3
− ω2

dc2

)2

+
( ω

cd2

)2

✭✷✳✶✹✮
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♦♥❞❡ c é ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❧✉③ ♥♦ ✈á❝✉♦ ✭c = 299.792.458 ♠✴s✮✳

P❛r❛ ❛ ❜❛♥❞❛ ❞❡ ✶✸✱✺✻ ▼❍③ ■❙▼ ✭✶✸✱✺✻ ▼❍③ ± ✼ ❦❍③✮ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❡✉r♦♣❡✐❛s

❧✐♠✐t❛♠ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❛ ✻✵ ❞❇µ❆✴♠ ❛ ✶✵ ♠ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦

❧❡✐t♦r ✭❊❘❈✱ ✷✵✶✹✮✱ ❛♦ ♣❛ss♦ q✉❡ ♣❛r❛ ❛s ❛t✉❛✐s r❡❣✉❧❛♠❡♥t❛çõ❡s ❆♠❡r✐❝❛♥❛s ❡ss❡ ❧✐♠✐t❡ é ❞❡

❛♣❡♥❛s ✹✷ ❞❇µ❆✴♠ ❛ ✶✵ ♠ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✳ ◆♦ ❇r❛s✐❧ ❛ ❆♥❛t❡❧ ❡st❛❜❡❧❡❝❡

♦ ❧✐♠✐t❡ ❞❡ ✶✵✻ ♠❱✴♠ ❛ ✸✵ ♠ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r ✭❘❡s♦❧✉çã♦ ♥➸ ✺✵✻✱ ❞❡ ✶➸

❞❡ ❥✉❧❤♦ ❞❡ ✷✵✵✽✮✱ ♦ q✉❡ ❡q✉✐✈❛❧❡ ❛ ❝❡r❝❛ ❞❡ ✹✾ ❞❇µ❆✴♠ ✭❝♦♥s✐❞❡r❛♥❞♦ ❛ tr❛♥s♠✐ssã♦ ❡♠

❡s♣❛ç♦ ❧✐✈r❡ ❝♦♠ ✐♠♣❡❞â♥❝✐❛ ❝❛r❛❝t❡ríst✐❝❛ ✐❣✉❛❧ ❛ ✸✼✼ Ω✮ ✭❆◆❆❚❊▲✱ ✷✵✵✽✮✳ ❉❡ss❛ ❢♦r♠❛✱

✉♠ s✐st❡♠❛ ❘❋■❉ ♦♣❡r❛♥❞♦ ❜❛♥❞❛ ❞❡ ✶✸✱✺✻ ▼❍③ ■❙▼ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s

❛♠❡r✐❝❛♥❛s ♦✉ ❡✉r♦♣❡✐❛s s❡rá t❛♠❜é♠ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❜r❛s✐❧❡✐r❛s✳

❆❧é♠ ❞✐ss♦✱ ❡s♣❡r❛✲s❡ q✉❡ ♥✉♠ ❢✉t✉r♦ ♣ró①✐♠♦ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s

❛♠❡r✐❝❛♥❛s ♦✉ ❡✉r♦♣❡✐❛s s❡❥❛♠ ❤❛r♠♦♥✐③❛❞❛s ✭❍❯▲❙❍❖❋❀ ▼❊❩❩✱ ✷✵✶✺✮✳

❈♦♥s✐❞❡r❛♥❞♦ ❛♠❜❛s ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❛♠❡r✐❝❛♥❛s ❡ ❡✉r♦♣❡✐❛s✱ ❛s ❊q✉❛çõ❡s ✷✳✶✸

❡ ✷✳✶✹ ♣♦❞❡♠ s❡r ✉s❛❞❛s ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣♦r

✉♠ ❧❡✐t♦r ♦♣❡r❛♥❞♦ ♥❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛ ♣❡r♠✐t✐❞❛ ❝♦♥❢♦r♠❡ ❡s❜♦ç❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✳ ❆

✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣♦r ✉♠ ❧❡✐t♦r ❍❋ tí♣✐❝♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❝❡♥tr❛❧

❞❡ s✉❛ ❛♥t❡♥❛ é r❡♣r❡s❡♥t❛❞❛ t❛♠❜é♠ ♥♦ ♠❡s♠♦ ❣rá✜❝♦ ♣❛r❛ ✜♥s ❞❡ r❡❢❡rê♥❝✐❛✳

❋✐❣✉r❛ ✷✳✶ ✕ ■♥t❡♥s✐❞❛❞❡ ♠á①✐♠❛ ♣❡r♠✐t✐❞❛ ♣❛r❛ ♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♥❛ ❜❛♥❞❛ ❞❡ ✶✸✱✺✻ ▼❍③
■❙▼ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❡✉r♦♣❡✐❛s ❡ ❛♠❡r✐❝❛♥❛s ✭✻✵ ❞❇µ❆✴♠ à
✶✵ ♠ ❡ ✹✷ ❞❇µ❆✴♠ à ✶✵ ♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✳ ❆ ❝✉r✈❛ ❞❡ ♠❡♥♦r ✐♥t❡♥s✐❞❛❞❡
r❡♣r❡s❡♥t❛ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ❣❡r❛❞♦ ♣♦r ✉♠ ❧❡✐t♦r ❍❋ tí♣✐❝♦
✭❛♥t❡♥❛ ❞♦ t✐♣♦ ❡s♣✐r❛❧ q✉❛❞r❛❞❛✱ ✶✵ ① ✶✵ ❝♠✱ ✻ ❡s♣✐r❛s✱ ■ ❂ ✶✷✺ ♠❆✮✳



✷✳✶ s✐st❡♠❛s r❢✐❞ ✶✻

❉❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✺✻✾✸✲✷ ✭■❙❖✱ ✷✵✵✻✮ ❛s ❡t✐q✉❡t❛s ❘❋■❉ ❞❡✈❡♠ s❡r

❝❛♣❛③❡s ❞❡ ♦♣❡r❛r ❝♦♠ ✉♠ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ✐❣✉❛❧ ❛ ✶✺✵ ♠❆✴♠ ✭✶✵✸✱✺ ❞❇µ❆✴♠✮✳ ❊st❛

✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ♦♣❡r❛çã♦ ❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶ ♠❡tr♦✱ s❡❣✉♥❞♦ ❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❡✉r♦♣❡✐❛s ♦✉ ✺✵ ❝♠ s❡❣✉♥❞♦ ❛s

r❡❣✉❧❛♠❡♥t❛çõ❡s ❛♠❡r✐❝❛♥❛s✳ ❚❡♦r✐❝❛♠❡♥t❡✱ ❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ♦♣❡r❛çã♦ é ♦ ❧✐♠✐t❡

❡♥tr❡ ♦ ❝❛♠♣♦ ♣ró①✐♠♦ ❡ ♦ ❝❛♠♣♦ ❞✐st❛♥t❡✱ ♦♥❞❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♠❛❣♥ét✐❝♦ ♥ã♦ é ♠❛✐s

♣♦ssí✈❡❧✳ ■st♦ ❝♦rr❡s♣♦♥❞❡ ❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✱✺ ♠ ♣❛r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ✶✸✱✺✻ ▼❍③✳

❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ t❡♦r✐❝❛♠❡♥t❡ ✉♠❛ ❡t✐q✉❡t❛ q✉❡ ❝♦♥s✉♠✐ss❡ ♠❡♥♦s ❞❡ ✻✾✱✼ ❞❇µ❆✴♠

♦✉ ✺✶✱✼ ❞❇µ❆✴♠ ♣♦❞❡r✐❛ ♦♣❡r❛r ❛ ✸✱✺ ♠ ❞❛ ❛♥t❡♥❛ ❧❡✐t♦r❛✳ ❊♥tr❡t❛♥t♦✱ ♥❛ ♣rát✐❝❛✱ ❡ss❛s

❞✐stâ♥❝✐❛s ❞❡ ❝♦♠✉♥✐❝❛çã♦ sã♦ s❡♠♣r❡ ♠❡♥♦r❡s✱ ♣♦✐s ❛ ❝♦❧❤❡✐t❛ ❞❡ t♦❞❛ ❛ ❡♥❡r❣✐❛

✐♥❞✐❝❛❞❛ ♥♦ ❣rá✜❝♦ ♣❛r❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❞✐stâ♥❝✐❛ ❡①✐❣✐r❛ q✉❡ ❛ ❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛

t✐✈❡ss❡ ✉♠ ❢❛t♦r ❞❡ q✉❛❧✐❞❛❞❡ ✭Q✮ ✐❣✉❛❧ ❛ ✶✵✵ ✪ ♣❛r❛ ❛ ❛♥t❡♥❛ ❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✱ ♦ q✉❡

♥ã♦ ❛♣❡♥❛s é ✐♥❛❧❝❛♥çá✈❡❧ ❝♦♠♦ t❛♠❜é♠ é ✐♥❞❡s❡❥á✈❡❧ ♣❛r❛ s✐st❡♠❛s ❘❋■❉✱ ✈✐st♦ q✉❡

s✐st❡♠❛s ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❢❛t♦r ❞❡ q✉❛❧✐❞❛❞❡ ❡❧❡✈❛❞♦ sã♦ ♠✉✐t♦ ❞✐r❡t✐✈♦s✱ ♦ q✉❡

t♦r♥❛ ❝rít✐❝♦ ♦ ❛❧✐♥❤❛♠❡♥t♦ ❡♥tr❡ ❛s ❛♥t❡♥❛s tr❛♥s♠✐ss♦r❛ ❡ r❡❝❡♣t♦r❛✳

❙❡ ♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✹✹✹✸✲✷ ✭♣❛❞rã♦ ◆❋❈✮ ✭■❙❖✴■❊❈✱ ✷✵✶✵✮ ❢♦r ❛❞♦t❛❞♦✱ ❛ ✐♥t❡♥s✐❞❛❞❡

❞❡ ❝❛♠♣♦ ♠❛❣♥ét✐❝♦ ♠í♥✐♠❛ r❡q✉❡r✐❞❛ ♣❛r❛ ❛ ♦♣❡r❛çã♦ ❞❛ ❡t✐q✉❡t❛ é ✶✱✺ ❆✴♠ ✭✶✷✸✱✺

❞❇µ❆✴♠✮✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❞❡ ✹✷ ❝❡♥tí♠❡tr♦s

♣❡❧❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❡✉r♦♣❡✐❛s ♦✉ ✷✵ ❝❡♥tí♠❡tr♦s ♣❡❧❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❛♠❡r✐❝❛♥❛s✳ ❖

♠✐❝r♦❝❤✐♣ ◆❋✹ ❞❡s❡♥✈♦❧✈✐❞♦ r❡❝❡♥t❡♠❡♥t❡ ♣❡❧❛ ❊▼ ▼✐❝r♦❡❧❡❝tr♦♥✐❝✱ r❡q✉❡r ❛♣❡♥❛s ✵✱✼

❆✴♠ ✭✶✶✻✱✾ ❞❇µ❆✴♠✮ ♣❛r❛ s❡r ❛t✐✈❛❞♦ ✭▼■❈❘❖❊▲❊❈❚❘❖◆■❈✱ ✷✵✶✹✮✱ ♦✉ s❡❥❛✱ ♠❡♥♦s ❞❛

♠❡t❛❞❡ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ r❡q✉❡r✐❞❛ ♣❡❧❛ ■❙❖✴■❊❈ ✶✹✹✹✸✲✷✳ ❊st❡ ♥í✈❡❧ ❞❡ ❝♦♥s✉♠♦

♦ t♦r♥❛r✐❛ ❝❛♣❛③ ❞❡ ♦♣❡r❛r ❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✺✹ ❝❡♥tí♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❞♦ ❧❡✐t♦r✱

❝♦♥s✐❞❡r❛♥❞♦ ❝♦♥❞✐çõ❡s ✐❞❡❛✐s ❡ ❛ r❡❣✉❧❛♠❡♥t❛çã♦ ❡✉r♦♣❡✐❛✳ ❙❡ ❡ss❛ s♦❧✉çã♦ ❝♦♠❡r❝✐❛❧

❢♦r t♦♠❛❞❛ ❝♦♠♦ ♦ ❡st❛❞♦✲❞❛✲❛rt❡✱ é ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r q✉❡ ✉♠❛ ❡t✐q✉❡t❛ s✐♠✐❧❛r ✐♥❝❧✉✐♥❞♦

❛❧❣✉♠ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ♣♦❞❡rá ♦♣❡r❛r ♥♦ ♠á①✐♠♦ ❛ ♠❡✐♦ ♠❡tr♦ ❞❡ ❞✐stâ♥❝✐❛ ❞❛

❛♥t❡♥❛ ❧❡✐t♦r❛✱ ✈✐st♦ q✉❡ ♦ s✐st❡♠❛ s❡♥s♦r ✐rá ❞r❡♥❛r ❛❧❣✉♠❛ ❡♥❡r❣✐❛ ❛❞✐❝✐♦♥❛❧ r❡q✉❡r❡♥❞♦

✉♠❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ♠❛✐s ❡❧❡✈❛❞❛ ♣❛r❛ ♣♦❞❡r ♦♣❡r❛r✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ❡t✐q✉❡t❛s

❘❋■❉ ❛t✐✈❛s ♣♦❞❡♠ ♦♣❡r❛r ❛ ❞✐stâ♥❝✐❛s ♠❛✐s ❡❧❡✈❛❞❛s✱ ❥á q✉❡ s✉❛ ❡♥❡r❣✐❛ ♥ã♦ é r❡t✐r❛❞❛

❞♦ ❝❛♠♣♦ ❣❡r❛❞♦ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✳

P❛r❛ ❡t✐q✉❡t❛s ❯❍❋ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ♦❝♦rr❡ ♥ã♦ ♠❛✐s ♣♦r ❛❝♦♣❧❛♠❡♥t♦

♠❛❣♥ét✐❝♦✱ ❝♦♠♦ ♥♦ ❝❛s♦ ❞❛s ❡t✐q✉❡t❛s ❍❋✱ ♠❛s ❛tr❛✈és ❞♦ ❝❛♠♣♦ ❡❧❡tr♦♠❛❣♥ét✐❝♦



✷✳✶ s✐st❡♠❛s r❢✐❞ ✶✼

✐rr❛❞✐❛❞♦✳ ❆ ❞✐stâ♥❝✐❛ ❧✐♠✐t❡ ❡♥tr❡ ♦s ❝❛♠♣♦s ♣ró①✐♠♦ ❡ ❞✐st❛♥t❡ ♣❛r❛ ❡t✐q✉❡t❛s ❘❋■❉

♦♣❡r❛♥❞♦ ❡♥tr❡ ✽✻✽ ▼❍③ ❡ ✾✶✺ ▼❍③✱ ❝♦♥❢♦r♠❡ ❛ ❊q✉❛çã♦ ✷✳✶✷ é ❞❡ ♣♦✉❝♦ ♠❛✐s ❞❡ ✺

❝❡♥tí♠❡tr♦s✳ P♦r ❡st❛ r❛③ã♦✱ ❡t✐q✉❡t❛s ❘❋■❉ ❯❍❋ ♦♣❡r❛♠ q✉❛s❡ s❡♠♣r❡ ❡♠ ❝❛♠♣♦

❞✐st❛♥t❡✳ ◆❡st❛ s✐t✉❛çã♦✱ ❛ ♣♦tê♥❝✐❛ t♦t❛❧ r❡❝❡❜✐❞❛ ♥❛ ❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛ ♣♦❞❡ s❡r

❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿

Ptag = PreaderGreaderGtag

(

λ

4πd

)2

✭✷✳✶✺✮

s❡♥❞♦ d ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❛ ❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛ ❡ ❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✱ λ é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡

♦♥❞❛ ❞❛ ♣♦rt❛❞♦r❛✱ Preader é ❛ ♣♦tê♥❝✐❛ ❞❡ s❛í❞❛ ❞♦ ❧❡✐t♦r✱ Greader ❡ Gtag ♦s ❣❛♥❤♦s ❞❛s

❛♥t❡♥❛s ❞♦ ❧❡✐t♦r ❡ ❞❛ ❡t✐q✉❡t❛✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❈♦♥s✐❞❡r❛♥❞♦ ♦ ♣r♦❞✉t♦ PreaderGreader ✐❣✉❛❧ ❛ ✸✸ ❞❇♠✱ q✉❡ é ❛ ♠á①✐♠❛ ♣♦tê♥❝✐❛

r❛❞✐❛❞❛ ❡q✉✐✈❛❧❡♥t❡ ✭PERP ✮ ♣❡r♠✐t✐❞❛ ♣❡❧❛s r❡❣✉❧❛♠❡♥t❛çõ❡s ❛♠❡r✐❝❛♥❛ ❡ ❡✉r♦♣❡✐❛✱ Gtag

✐❣✉❛❧ ❛ ✲✸✱ ✵ ❡ ✰✸ ❞❇✐ ❡ f ❂ ✾✶✺ ▼❍③ ✭λ ❂ ✵✱✸✷✼✻ ♠✮✱ ♣♦❞❡✲s❡ ❡st✐♠❛r ❛ ♣♦tê♥❝✐❛

❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉♠❛ ❡t✐q✉❡t❛ ❯❍❋ ❞✐st❛♥t❡ ❡♥tr❡ ✵ ❡ ✸✵ ♠ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r ❝♦♥❢♦r♠❡

r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷✳

❋✐❣✉r❛ ✷✳✷ ✕ ▼á①✐♠❛ ♣♦tê♥❝✐❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♦♣❡r❛♥❞♦ ❡♠ ✾✶✺ ▼❍③ ❡♠
❢✉♥çã♦ ❞❡ s✉❛ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✳ ❚rês ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ♣❛r❛ ♦ ❣❛♥❤♦
❞❛ ❛♥t❡♥❛ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s✿ ✰✸ ❞❇✐✱ ✵ ❡ ✲✸ ❞❇✐✳

❖ ▼♦♥③❛ ✻✱ ✉♠ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❝♦♠♣❧❡t♦ ♣❛r❛ ❡t✐q✉❡t❛s ❘❋■❉ ❯❍❋ ❧❛♥ç❛❞♦ ❡♠

✷✵✶✺ ♣❡❧❛ ■♠♣✐♥❥✱ r❡q✉❡r ❛♣❡♥❛s ✲✷✷✱✶ ❞❇♠ ✭✻✱✷ µ❲✮ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ s❡r ❛t✐✈❛❞♦ ✭■▼P■◆❏✱

✷✵✶✺✮✱ s❡♥❞♦ ❝❛♣❛③ ❞❡ ♦♣❡r❛r ❛ ❝❡r❝❛ ❞❡ ✷✺ ♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❞♦ ❧❡✐t♦r ✭❛ss✉♠✐♥❞♦✲s❡Gtag



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✶✽

❂ ✰✸ ❞❇✐✮✳ ❊st❡ é ❛t✉❛❧♠❡♥t❡ ♦ ❈■ ❝♦♠❡r❝✐❛❧ ♣❛r❛ ❡t✐q✉❡t❛s ❘❋■❉ ❞❡ ♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦

❞✐s♣♦♥í✈❡❧✳ ❚♦♠❛♥❞♦✲♦ ❝♦♠♦ ♦ ❡st❛❞♦✲❞❛✲❛rt❡✱ ♣♦❞❡✲s❡ ❛✜r♠❛r q✉❡ ✉♠❛ ❡t✐q✉❡t❛ s✐♠✐❧❛r

✐♥❝❧✉✐♥❞♦ ❛❧❣✉♠ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ♣♦❞❡rá ♦♣❡r❛r ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ♥ã♦ s✉♣❡r✐♦r ❛

✷✺ ♠❡tr♦s✱ ❥á q✉❡ ♦ s✐st❡♠❛ ❛❞✐❝✐♦♥❛❧ ✐rá r❡q✉❡r❡r t❛♠❜é♠ ❛❧❣✉♠❛ ❡♥❡r❣✐❛ ♣❛r❛ ❢✉♥❝✐♦♥❛r✳

P♦r ❡①❡♠♣❧♦✱ ✉♠ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ q✉❡ r❡q✉❡✐r❛ ✸ µ❲ ♣❛r❛ ❢✉♥❝✐♦♥❛r✱ ✐♥t❡❣r❛❞♦ ❛

✉♠❛ ❡t✐q✉❡t❛ ❯❍❋ s✐♠✐❧❛r ❛ ▼♦♥③❛ ✻ q✉❡ r❡q✉❡r ♦✉tr♦s ✻✱✷ µ❲ ✐rá ❞❡♠❛♥❞❛r ✉♠ ❝❛♠♣♦

❞❡ ❧❡✐t✉r❛ ❞❡✱ ❛♦ ♠❡♥♦s✱ ✲✷✵✱✹ ❞❇♠✳ ❆ ❞✐stâ♥❝✐❛ ♠á①✐♠❛ ❞❡ ♦♣❡r❛çã♦ ❞❡ss❛ ❡t✐q✉❡t❛

s❡♥s♦r❛ s❡rá ❛❧❣♦ ❡♠ t♦r♥♦ ❞❡ ✶✽ ♠❡tr♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❋✐❣✉r❛ ✷✳✷✳

✷✳✷ ❙❡♥s♦r❡s ❘❋■❉

❆ rá♣✐❞❛ ❞✐ss❡♠✐♥❛çã♦ ❞♦s s✐st❡♠❛s ❘❋■❉ ♦❝♦rr✐❞❛ ♥❛ ú❧t✐♠❛ ❞é❝❛❞❛ t♦r♥♦✉ ❡ss❛

t❡❝♥♦❧♦❣✐❛ ✉♠ ❞♦s s✐st❡♠❛s ❞❡ ❝♦♠♣✉t❛çã♦ ♠❛✐s ♦♥✐♣r❡s❡♥t❡s ♥❛ ❤✐stór✐❛ ✭❩❍❆◆● ❡t ❛❧✳✱

✷✵✵✾✮✳ ■st♦ s❡ ❞❡✈❡ à s✉❛ ❛♠♣❧❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡✱ ❜❛✐①♦ ❝✉st♦ ❡ ❝❛r❛❝t❡ríst✐❝❛s té❝♥✐❝❛s

❛tr❛t✐✈❛s ❢r❡♥t❡ ❛ ♦✉tr❛s s♦❧✉çõ❡s✳ ❆ ❝♦♠✉♥✐❝❛çã♦ ❘❋■❉ é rá♣✐❞❛ ❡ s✐♠♣❧❡s ❡ ❛s ❞✐❢❡r❡♥t❡s

❢r❡q✉ê♥❝✐❛s ❞❡ tr❛❜❛❧❤♦ ♣❛❞r♦♥✐③❛❞❛s ♣❡r♠✐t❡♠ ✉♠❛ ❜♦❛ ❛❞❡q✉❛çã♦ ❛ ❝❛❞❛ ❛♣❧✐❝❛çã♦✳ ❙✉❛

❛❞♦çã♦ ♥❛ ✐♥❞ústr✐❛ ♣❡r♠✐t❡ ♠❡❧❤♦r❛r ♦s s❡r✈✐ç♦s✱ r❡❞✉③✐r ♦ ❝✉st♦ ❞♦ tr❛❜❛❧❤♦✱ ✐♠♣❡❞✐r ❛

❢❛❧s✐✜❝❛çã♦ ❞❡ ♣r♦❞✉t♦s ❡ r♦✉❜♦✱ ❛✉♠❡♥t❛r ♦s ❣❛♥❤♦s ❞❡ ♣r♦❞✉t✐✈✐❞❛❞❡ ❡ ♠❛♥t❡r ♣❛❞rõ❡s

❞❡ q✉❛❧✐❞❛❞❡✳

❆ ♣♦♣✉❧❛r✐❞❛❞❡ ❡ ✈❛♥t❛❣❡♥s té❝♥✐❝❛s ❞❛ t❡❝♥♦❧♦❣✐❛ ❘❋■❉ ❢❛③❡♠ ❞❡❧❛ ✉♠❛ s♦❧✉çã♦

♣r♦♠✐ss♦r❛ ♣❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ s❡♥s♦r❡s s❡♠ ✜♦✳ ◆❡st❡ s❡♥t✐❞♦✱ ✈ár✐♦s ❡s❢♦rç♦s tê♠

s✐❞♦ r❡❛❧✐③❛❞♦s ♣❛r❛ ❛❣r❡❣❛r ❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ à t❡❝♥♦❧♦❣✐❛ ❘❋■❉✱ ❜❡♠ ❝♦♠♦ ♦ ❞❡

✐♥t❡❣r❛✲❧❛ à t❡❝♥♦❧♦❣✐❛ ❲❙◆ ✭❲✐r❡❧❡ss ❙❡♥s♦r ◆❡t✇♦r❦ ✲ ❘❡❞❡s ❞❡ ❙❡♥s♦r❡s ❙❡♠ ❋✐♦✮✱

t❛✐s ❝♦♠♦ ♣r♦♣♦st❛s ♣♦r ▼✐ts✉❣✐ ❡t ❛❧✳ ✭▼■❚❙❯●■ ❡t ❛❧✳✱ ✷✵✵✼✮✱ ▲✐✉ ❡t ❛❧✳ ✭▲■❯ ❡t ❛❧✳✱

✷✵✵✼✮✱ ❩❤❛♥❣ ❡ ❲❛♥❣ ✭❩❍❆◆●❀ ❲❆◆●✱ ✷✵✵✻✮ ❡ ▼✐tr♦❦♦ts❛ ❡ ❉♦✉❧✐❣❡r✐s ✭▼■❚❘❖❑❖❚❙❆❀

❉❖❯▲■●❊❘■❙✱ ✷✵✵✾✮✳

❉✐✈❡rs❛s ♣r♦♣♦st❛s ♣❛r❛ ❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❛ ❡t✐q✉❡t❛s ❘❋■❉✱ t❛♥t♦ ❛❝❛❞ê♠✐❝❛s

q✉❛♥t♦ ❝♦♠❡r❝✐❛✐s✳ ❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱ é ♣♦ssí✈❡❧ ❝❧❛ss✐✜❝❛r ❡ss❛s s♦❧✉çõ❡s q✉❛♥t♦ à ❢♦r♠❛

❞❡ ❛❧✐♠❡♥t❛çã♦ ✭❛t✐✈❛✱ ♣❛ss✐✈❛ ♦✉ s❡♠✐✲♣❛ss✐✈❛✮ ❡ q✉❛♥t♦ ❛ ❢♦r♠❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ ❡♥tr❡ ♦

s❡♥s♦r ❡ ❛ ❡t✐q✉❡t❛✱ ❛♥❛❧ó❣✐❝❛ ♦✉ ❞✐❣✐t❛❧✳ ❆s s❡çõ❡s ❛ s❡❣✉✐r ✐rã♦ ❛♣r❡s❡♥t❛r ✉♠ r❡s✉♠♦

❞❛s ♣r✐♥❝✐♣❛✐s s♦❧✉çõ❡s ♣❡sq✉✐s❛❞❛s s❡❣✉♥❞♦ ❡ss❛ ❝❧❛ss✐✜❝❛çã♦✳



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✶✾

✷✳✷✳✶ ❙❡♥s♦r❡s ❘❋■❉ ❆t✐✈♦s

❙❡♥s♦r❡s ❘❋■❉ ❛t✐✈♦s ✉t✐❧✐③❛♠ ✉♠❛ ❜❛t❡r✐❛ ♣❛r❛ ❛❧✐♠❡♥t❛r s❡✉ ❝✐r❝✉✐t♦ ❞❡

❝♦♠✉♥✐❝❛çã♦✱ s❡♥s♦r❡s ❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦♥tr♦❧❡ ❞✐❣✐t❛❧✱ ❡♠ ❣❡r❛❧✱ ✉♠ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r✳

■st♦ ♦s ♣❡r♠✐t❡ ❛t✐♥❣✐r ✉♠❛ ❧♦♥❣❛ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡ ♦♣❡r❛r ❝♦♠ t❛①❛s ❡❧❡✈❛❞❛s

❞❡ ❛♠♦str❛❣❡♠ ❞♦ s❡♥s♦r✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ♦ ✉s♦ ❞❡ ✉♠❛ ❜❛t❡r✐❛ t♦r♥❛ ♦ ❞✐s♣♦s✐t✐✈♦

♠❛✐s ✈♦❧✉♠♦s♦ ❡ ❝❛r♦✱ ❛♦ ♣❛ss♦ q✉❡ ♦ ✏t❡♠♣♦ ❞❡ ✈✐❞❛✑ ❞♦ s❡♥s♦r é r❡❞✉③✐❞♦✳

❯♠ s❡♥s♦r ❘❋■❉ ❛t✐✈♦ ❯❍❋ ✭✾✺✵ ▼❍③✮ ❝♦♠ ❛♥t❡♥❛ ✐♠♣r❡ss❛ ❡♠ ♣❛♣❡❧ ❞❡ ❜❛✐①♦

❝✉st♦ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❋❡rr❡r✲❱✐❞❛❧ ❡t ❛❧✳ ✭❋❊❘❘❊❘✲❱■❉❆▲ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❖ s❡♥s♦r ❡♠♣r❡❣❛

❜❛t❡r✐❛s r❡❝❛rr❡❣á✈❡✐s ❞❡ ♣❡❧í❝✉❧❛ ✜♥❛ ✭❞❡ ❢♦r♠❛ ❛ ❛✉♠❡♥t❛r ❛ ✈✐❞❛ út✐❧ ❞❛ ❡t✐q✉❡t❛✮

✐♥❝♦r♣♦r❛❞❛s ❛♦ ♣ró♣r✐♦ ♣❛♣❡❧ ❞❛ ❛♥t❡♥❛✳ ❉❡ ♠❛♥❡✐r❛ s❡♠❡❧❤❛♥t❡✱ ✉♠ s❡♥s♦r ❘❋■❉ ❛t✐✈♦

✐♥❝❧✉✐♥❞♦ ❝❛♣❛❝✐❞❛❞❡s s❡♥s♦r❛s ❡♠ ✉♠ s✉❜str❛t♦ ❞❡ ♣❛♣❡❧ ❞❡ ❜❛✐①♦ ❝✉st♦✱ ❛❧✐♠❡♥t❛❞♦ ♣♦r

✉♠❛ ❜❛t❡r✐❛ t❛♠❜é♠ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❘✐❞❛ ❡t ❛❧✳ ✭❘■❉❆ ❡t ❛❧✳✱ ✷✵✵✼✮✳

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ♣❛♣❡❧ é ✉♠ ❞♦s ♠❛✐s ❜❛r❛t♦s ♠❛t❡r✐❛✐s ♦r❣â♥✐❝♦s✱ ♥ã♦ é ❛❣r❡ss✐✈♦

❛♦ ♠❡✐♦ ❛♠❜✐❡♥t❡ ❡ q✉❡ ♣♦❞❡ ❢❛❝✐❧♠❡♥t❡ s❡r ❛❞♦t❛❞♦ ♣❛r❛ ❛ ♣r♦❞✉çã♦ ❡♠ ❧❛r❣❛ ❡s❝❛❧❛✱

s❡♥s♦r❡s ❘❋■❉ ❞❡ss❛ ♥❛t✉r❡③❛ ♣♦ss✉❡♠ ✉♠❛ ❛tr❛❡♥t❡ ✈❛♥t❛❣❡♠ ♣❛r❛ ✐♠♣✉❧s✐♦♥❛r ♦

♠❡r❝❛❞♦ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉ ❝♦♠ s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ♦ ♣❛♣❡❧ t❛♠❜é♠

t❡♠ ❛ ✈❛♥t❛❣❡♠ ❞❡ ❛♣r❡s❡♥t❛r ✉♠❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ♣ró①✐♠❛ à ❞♦ ❛r✱ ♣❡r♠✐t✐♥❞♦ ❛

♣❡♥❡tr❛çã♦ ❞❡ ✾✺ ❛ ✾✻✪ ❞♦ s✐♥❛❧ ❞❡ ❘❋ ✐♥❝✐❞❡♥t❡✳ ❆s ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s ❞♦ ♣❛♣❡❧

t❛♠❜é♠ ♣♦❞❡♠ s❡r ❢❛❝✐❧♠❡♥t❡ ❝❛r❛❝t❡r✐③❛❞❛s ♣♦r ♠❡✐♦ ❞❡ ❡str✉t✉r❛s r❡ss♦♥❛♥t❡s✱

❝♦♥❢♦r♠❡ ❞❡♠♦♥str❛❞♦ ♣♦r ❚❤♦♠♣s♦♥ ❡t ❛❧✳ ✭❚❍❖▼P❙❖◆ ❡t ❛❧✳✱ ✷✵✵✹✮✳

❖ ♣r♦❥❡t♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ rá❞✐♦ ❢r❡q✉ê♥❝✐❛ ❝♦♠ s❡♥s♦r ❡♠❜❛r❝❛❞♦✱

❜❛s❡❛❞♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❉❡♥❣ ❡t ❛❧✳ ✭❉❊◆● ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆

♣r✐♥❝✐♣❛❧ ✈❛♥t❛❣❡♠ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ é q✉❡ ♦s s❡♥s♦r❡s ❛♠♦str❛♠ ♦s ❞❛❞♦s ❡①t❡r♥♦s

✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❡ ♣❡r✐♦❞✐❝❛♠❡♥t❡ ❝♦♠ ♦✉ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❧❡✐t♦r ♥❛ ③♦♥❛ ❞❡

❛t✐✈❛çã♦ ❞❛ ❡t✐q✉❡t❛✳ ❉❡♥❣ ❡t ❛❧✳ ♣r♦♣✉s❡r❛♠ ❞✉❛s ❛rq✉✐t❡t✉r❛s ❞✐❢❡r❡♥t❡s ♣❛r❛ ❡ss❛s

❡t✐q✉❡t❛s✳ ◆❛ ♣r✐♠❡✐r❛ ❛rq✉✐t❡t✉r❛✱ ♣r♦♣♦st❛ ✈ár✐♦s s❡♥s♦r❡s ♣♦❞❡♠ s❡r ❡♠❜❛r❝❛❞♦s ❡♠

✉♠❛ ú♥✐❝❛ ❡t✐q✉❡t❛ ❘❋■❉✱ ❡♥q✉❛♥t♦ q✉❡ ♥❛ s❡❣✉♥❞❛ ❛rq✉✐t❡t✉r❛✱ ❝❛❞❛ s❡♥s♦r é

❡♠❜❛r❝❛❞♦ ♥✉♠ ú♥✐❝♦ ❘❋■❉✳ ❆❧é♠ ❞✐ss♦✱ ❡❧❡s ❛✈❛❧✐❛r❛♠ ✉♠❛ ❞❛s ❛rq✉✐t❡t✉r❛s ♣r♦♣♦st❛s

♣❡❧♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ s❛ú❞❡ ❡♠ t❡♠♣♦ r❡❛❧ ✭❍❊▼❙✮

✉s❛♥❞♦ ✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛✳ ◆♦ ❍❊▼❙✱ ♦ ♦❜❥❡t✐✈♦ ❢♦✐ ❞❡s❡♥✈♦❧✈❡r ✉♠ s✐st❡♠❛ ❞❡

♠♦♥✐t♦r❛çã♦ ❝♦♥st❛♥t❡✱ ♦ q✉❛❧ ❞❡✈❡r✐❛ s❡r ❝❛♣❛③ ❞❡ ♠♦♥✐t♦r❛r ❝♦♥t✐♥✉❛♠❡♥t❡✱ r❡❛✈❛❧✐❛r ❡



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✵

❞✐❛❣♥♦st✐❝❛r ❞♦❡♥ç❛s✳

❯♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛ ❝♦♠ s❡♥s♦r❡s ♣❛r❛ ♠♦♥✐t♦r❛çã♦ ❞❡ ❝❤♦q✉❡✱ ✐♥❝❧✐♥❛çã♦ ❡

t❡♠♣❡r❛t✉r❛ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ♣♦r ●❡ss♥❡r ❡ ❘❡✉t❡r ❞♦ ❋r❛✉♥❤♦❢❡r ■♥st✐t✉t❡ ✭●❊❙❙◆❊❘❀

❘❊❯❚❊❘✱ ✷✵✵✾✮✳ ❆ ❡t✐q✉❡t❛ ❝♦♥s✐st❡ ♥✉♠ s✉❜str❛t♦ ♣♦❧✐♠ér✐❝♦ ✜♥♦✱ ✉♠ ❆❙■❈ ❘❋■❉ ❝♦♠

❛ ❛♥t❡♥❛✱ ✉♠ s✐st❡♠❛ ❞❡ s❡♥s♦r❡s ❝♦♠ ✉♠ tr❛♥s❞✉t♦r ♠✐❝r♦♠❡❝â♥✐❝♦ ✭▼❊▼❙✮ ❡ ✉♠ ❆❙■❈

♣❛r❛ ♦ tr❛t❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s s❡♥s♦r❡s ❡ ✐♥t❡r❢❛❝❡❛♠❡♥t♦ ❝♦♠ ♦ ❆❙■❈ ❘❋■❉✳ ❚❛♥t♦

♦s ❆❙■❈s q✉❛♥t♦ ♦ ❝❤✐♣ ❝♦♥t❡♥❞♦ ♦s s❡♥s♦r❡s ▼❊▼❙ ❢♦r❛♠ ❞✐r❡t❛♠❡♥t❡ ✐♥t❡❣r❛❞♦s ❛♦

s✉❜str❛t♦ ❞❛ ❡t✐q✉❡t❛ s❡♠ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ✭❈❖❇ ✲ ❈❤✐♣ ❖♥ ❇♦❛r❞✮✳

❖✉tr❛ ✐♥✐❝✐❛t✐✈❛ ♥♦tá✈❡❧ é ♦ ♣r♦❥❡t♦ ❖♣❡♥❇❡❛❝♦♥ q✉❡ ❞✐s♣♦♥✐❜✐❧✐③❛ ❛❜❡rt❛♠❡♥t❡ ♦

♣r♦❥❡t♦ ❝♦♠♣❧❡t♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛ ♣❛r❛ ✷✱✹ ●❍③ ❝♦♠ s✉♣♦rt❡ ❛ s❡♥s♦r❡s

✭❖P❊◆❇❊❆❈❖◆✱ ✷✵✶✺✮✳ ❆ ❡t✐q✉❡t❛ é ❜❛s❡❛❞❛ ❡♠ ❝♦♠♣♦♥❡♥t❡s ❝♦♠❡r❝✐❛s t❛✐s ❝♦♠♦ ♦

♠✐❝r♦❝♦♥tr♦❧❛❞♦r P■❈✶✻❋✻✽✽ ❞❛ ▼✐❝r♦❝❤✐♣ ✭▼■❈❘❖❈❍■P✱ ✷✵✶✺✮ ❡ ♦ ♥❘❋✷✹▲✵✶✱ ✉♠

tr❛♥s❝❡♣t♦r ❞❡ ❘❋ ❞❡ ❜❛✐①♦ ❝♦♥s✉♠♦ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ◆♦r❞✐❝ ❙❡♠✐❝♦♥❞✉t♦r

✭◆❖❘❉■❈❙❊▼■✱ ✷✵✶✺✮✳ ❚♦❞❛ ❛ ❡t✐q✉❡t❛ é ❛❧✐♠❡♥t❛❞❛ ♣♦r ✉♠❛ ❜❛t❡r✐❛ ❞♦ t✐♣♦ ❈❘✷✵✸✷✱

❝❛♣❛③ ❞❡ ❞✉r❛r ❛té ✻ ❛♥♦s✳

❯♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛ ❝♦♠ s❡♥s♦r ❞❡ ✈✐❜r❛çã♦ ❡♠❜❛r❝❛❞♦ é ❛t✉❛❧♠❡♥t❡

❝♦♠❡r❝✐❛❧✐③❛❞❛ ♣❡❧❛ ❇✐s❛ ❚❡❝❤♥♦❧♦❣✐❡s ✭❇■❙❆✱ ✷✵✶✺✮✳ ❖♣❡r❛♥❞♦ ♥❛ ❢❛✐①❛ ❞❡ ✷✱✹ ●❤③ ❝♦♠

✉♠ ❛❧❝❛♥❝❡ ❞❡ ✷✺ ♠✱ é ❡q✉✐♣❛❞❛ ❝♦♠ s❡♥s♦r ❞❡ ✈✐❜r❛çã♦ ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❡ r❡❣✐str❛r

✈✐❜r❛çõ❡s ♦✉ ✐♠♣❛❝t♦s ❞❡ ❢♦r♠❛ ❝♦♥tí♥✉❛ ♦✉ ♦❝❛s✐♦♥❛✐s ❝♦♠ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡ ✷✵✵ ♠❱✴❣✳

❆ ❡t✐q✉❡t❛ é ❞❡st✐♥❛❞❛ ❛ s✐st❡♠❛s ❞❡ s❡❣✉r❛♥ç❛ ❡ ♣♦ss✉✐ ✉♠❛ ❜❛t❡r✐❛ ❝♦♠ ❞✉r❛çã♦

❡st✐♠❛❞❛ ❞❡ ✷ ❛ ✸ ❛♥♦s✱ q✉❛♥❞♦ ❡♥tã♦ ❞❡✈❡ s❡r ❞❡s❝❛rt❛❞❛✳

❯♠❛ ❢❛♠í❧✐❛ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ❝♦♠ s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s é ♣r♦❞✉③✐❞❛

❝♦♠❡r❝✐❛❧♠❡♥t❡ ♣❡❧❛ ❊✈✐❣✐❛ ❙②st❡♠s✳ ❆ ❢❛♠í❧✐❛ ❊❱✸✱ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ ♥♦r♠❛ ■❙❖

✶✽✵✵✵✲✼✱ é ❝♦♠♣♦st❛ ♣❡❧❛s ❡t✐q✉❡t❛s ❊❱✸✲❙❚✱ ❊❱✸✲▲P❙❚✱ ❊❱✸✲❈❙❚ ❡ ❊❱✸✲❈❙✶✳ ❊❧❛

✐♥❝♦r♣♦r❛ s❡♥s♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛✱ ✉♠✐❞❛❞❡✱ ❝❤♦q✉❡✱ ❧✉♠✐♥♦s✐❞❛❞❡✱ ❞❡ ✈✐♦❧❛çã♦ ❞❡ ❧❛❝r❡

❡ ❛té ♠❡s♠♦ ❞❡ r❛❞✐❛çã♦ ✭❊❱✸✲❈❙✶✮✳ ❆s ❡t✐q✉❡t❛s sã♦ ❛✐♥❞❛ ❝❛♣❛③❡s ❞❡ r❡❣✐str❛r ♦s

❞❛❞♦s ❝♦❧❡t❛❞♦s ♣❡❧♦s s❡♥s♦r❡s ❡♠ ♠❡♠ór✐❛✱ ♣♦❞❡♥❞♦ ❛r♠❛③❡♥❛r ❛té ✺✶✷ ❦❇ ❞❡

✐♥❢♦r♠❛çã♦ ❛♥t❡s ❞❡ ♥❡❝❡ss✐t❛r❡♠ ❞❡ ✉♠ ❧❡✐t♦r ♥❛ ③♦♥❛ ❞❡ ❛t✐✈❛çã♦ ♣❛r❛ tr❛♥s❢❡r✐✲❧♦s✳

P♦❞❡♠ r❡♣♦rt❛r ♦ ♥í✈❡❧ ❞❡ ❝❛r❣❛ ❞❡ s✉❛s ❜❛t❡r✐❛s ❝✉❥❛ ❞✉r❛çã♦ ❡st✐♠❛❞❛ ✈❛✐ ❞❡ ✸✱✺ ❛♥♦s

♣❛r❛ ♦ ❊❱✸✲▲P❙❚ ❛ ✶✵ ❛♥♦s ♣❛r❛ ❛ ❊❱✸✲❈❙✶ ✭❊❱■●■❆✱ ✷✵✶✺✮✳

❆ ❚❤✐♥✜❧♠ ❊❧❡❝tr♦♥✐❝s ❢❛❜r✐❝❛ ❝♦♠❡r❝✐❛❧♠❡♥t❡ ✉♠❛ ❧✐♥❤❛ ❞❡ ❡t✐q✉❡t❛s ❞❡s❝❛rtá✈❡✐s

❝♦♠ ❡❧❡trô♥✐❝❛ ❡♠❜❛r❝❛❞❛ ❝❤❛♠❛❞❛ ❙♠❛rt ▲❛❜❡❧s✳ ❆ ❡t✐q✉❡t❛ ❛t✐✈❛✱ ❛❧✐♠❡♥t❛❞❛ ♣♦r ✉♠❛



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✶

❜❛t❡r✐❛ ❞❡ ✜❧♠❡ ✜♥♦✱ ♣♦❞❡ ❝♦♥t❡r ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❘❋■❉ ♣❛❞rã♦ ◆❋❈ ✭■❙❖

✶✹✹✹✸✮✱ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛✱ ✉♠ ❜♦tã♦ ❡ ✉♠❛ t❡❧❛ ✭❚❍■◆❋■▲▼✱ ✷✵✶✺✮✳ ❈♦♠

❡①❝❡çã♦ ❞♦ ❝❤✐♣ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛ ❜❛t❡r✐❛✱ t♦❞♦s ♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s sã♦ ♣r♦❞✉③✐❞♦s

♣♦r ✐♠♣r❡ssã♦✳

❍á ❛✐♥❞❛ ♦✉tr❛s ❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ❝♦♠ s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s ♣r♦❞✉③✐❞❛s

❝♦♠❡r❝✐❛❧♠❡♥t❡ t❛✐s ❝♦♠♦ ♦ ❚❊▲■❉ ✸✶✵ ❞❛ ▼✐❝r♦s❡♥s②s ✭▼■❈❘❖❙❊◆❙❨❙✱ ✷✵✶✺✮✱ ❛s

♣r♦❞✉③✐❞❛s ♣❡❧❛ ❆♥❦❛r❡❢ ♣❛r❛ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ✉♠✐❞❛❞❡ ✭❆◆❑❆❘❊❋✱

✷✵✶✺✮✱ ❛ ❊❧♣❛s ♣r♦❞✉③✐❞❛ ♣❡❧❛ ■❖❚ P❤✐❧❧✐♣✐♥❡s ♣❛r❛ ❛ ♠❡❞✐çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ✭■❖❚✱

✷✵✶✺✮✱ ❛ ❆❉✲✾✷✷✲❚❛❣ ❢❛❜r✐❝❛❞❛ ♣❡❧❛ ❯❝♦♥♥❡❝t ■♥t❡r♥❛t✐♦♥❛❧ q✉❡ ✐♥t❡❣r❛ ✉♠ ❛❝❡❧❡rô♠❡tr♦

❡ ✐♥t❡r❢❛❝❡ ♣❛r❛ ♦✉tr♦s s❡♥s♦r❡s ❡①t❡r♥♦s ✭❯❈❖◆◆❊❈❚✱ ✷✵✶✺✮✱ ❛ ❋❈✲✹✵✾❚ ❞❛ ❋r✐❡♥❞❝♦♠✱

✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛ ❝♦♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✈♦❧t❛❞❛ ♣❛r❛ ❛ ♠♦♥✐t♦r❛çã♦ ❞❡

❛♥✐♠❛✐s ✭❋❘■❊◆❉❈❖▼✱ ✷✵✶✺✮✱ ♦✉ ❛✐♥❞❛ ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❘❋■❉ ❛t✐✈♦ ♣❛r❛

✶✸✱✺✻▼❍③ ✭❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ ♣❛❞rã♦ ■❙❖ ✶✺✻✾✸✮✱ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ❝♦♠♣❛♥❤✐❛ ❛❧❡♠ã

❑❙❲✲▼✐❝r♦t❡❝ ❡ ❝♦♠❡r❝✐❛❧✐③❛❞♦ ❞❡s❞❡ ✷✵✵✷✳ ❆ ❡t✐q✉❡t❛ ♣♦ss✉✐ ❛ ❛♥t❡♥❛✱ ♦ ♠✐❝❤♦❝❤✐♣

❝♦♠ ♦ s❡♥s♦r ❡ ❛ ❜❛t❡r✐❛ t♦t❛❧♠❡♥t❡ ✐♥t❡❣r❛❞♦s ❡♠ ✉♠❛ ✜♥❛ ❡t✐q✉❡t❛ ❞❡ ♣❛♣❡❧ ✭❘❋■❉

❏❖❯❘◆❆▲✱ ✷✵✵✷✮✳ ▼❛✐s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ❝♦♠ s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s

❝♦♠❡r❝✐❛✐s ❡ s❡✉s ❢❛❜r✐❝❛♥t❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ✭❍❆❘❘❖P❀ ❉❆❙✱ ✷✵✶✶✮✳

❯♠ ✐♠♣♦rt❛♥t❡ ❛✈❛♥ç♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ s♦❧✉çõ❡s ❞❡❞✐❝❛❞❛s ♦✉ ❝♦♠❡r❝✐❛✐s ❞❡

❡t✐q✉❡t❛s ❘❋■❉ ❛t✐✈❛s ❝♦♠ s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s ❡stá ♥♦ s✉r❣✐♠❡♥t♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s ♥♦

♠❡r❝❛❞♦ ❡s♣❡❝í✜❝♦s ♣❛r❛ ❡ss❛ ❛♣❧✐❝❛çã♦✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞♦ ▼▲❳✾✵✶✷✾✱ ❢❛❜r✐❝❛❞♦ ♣❡❧❛

▼❡❧❡①✐s ❙❡♠✐❝♦♥❞✉❝t♦rs ✭▼❊▲❊❳■❙✱ ✷✵✶✺✮ ❞❡s❞❡ ❞❡③❡♠❜r♦ ❞❡ ✷✵✶✵✳ ❖ ▼▲❳✾✵✶✷✾ ✐♥t❡❣r❛

❛ ✐♥t❡r❢❛❝❡ ❞❡ ❘❋ ♣❛r❛ ✶✸✱✺✻ ▼❍③✱ ❝♦♥❢♦r♠❡ ❛ ♥♦r♠❛ ■❙❖✲✶✺✻✾✸✱ ✐♥t❡r❢❛❝❡ ❝♦♠ ❡♥tr❛❞❛

❞✐❢❡r❡♥❝✐❛❧ ♣❛r❛ s❡♥s♦r❡s r❡s✐st✐✈♦s ❡♠ ♣♦♥t❡ ❞❡ ❲❤❡❛tst♦♥❡ ❝♦♠ r❡❢❡r❡♥❝✐❛❧ ❞❡ t❡♥sã♦

❝♦♥✜❣✉rá✈❡❧ ❡ ♠❡♠ór✐❛ ✐♥t❡r♥❛ ❞❡ ✸✱✺ ❦❜✐ts ♣❛r❛ r❡❣✐str♦ ❞❡ ❛♠♦str❛s ✭❘❆❈❍❲❆▲❙❑■✱

✷✵✶✵✮✳

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ♥ã♦ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ♥❡ss❡ ❡st✉❞♦ ♣r♦❞✉t♦s ❝♦♠❡r❝✐❛✐s

❛♥✉♥❝✐❛❞♦s ❝♦♠♦ ❘❋■❉ ♠❛s q✉❡ ♥ã♦ ❣✉❛r❞❛♠ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❝♦♠ ♥❡♥❤✉♠❛ ❞❡ s✉❛s

♥♦r♠❛s ❡st❛❜❡❧❡❝✐❞❛s✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛ ❡t✐q✉❡t❛ ❊❦❛❤❛✉ ❆✹✰ ❢❛❜r✐❝❛❞❛ ♣❡❧❛ ❊❦❛❤❛✉ ■♥❝✳

✭❊❑❆❍❆❯✱ ✷✵✶✺✮ ❞❡st✐♥❛❞❛ à ❧♦❝❛❧✐③❛çã♦ ❞❡ ❛t✐✈♦s✱ ✐♥t❡❣r❛❞❛ ❛ ✉♠ s❡♥s♦r ❞❡ ♠♦✈✐♠❡♥t♦✳

❆♣❡s❛r ❞❡ ❛♥✉♥❝✐❛❞❛ ❝♦♠♦ ❡t✐q✉❡t❛ ❘❋■❉ ❛t✐✈❛✱ tr❛t❛✲s❡ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❲■✲❋■ ✭■❊❊❊

✽✵✷✳✶✶❜✴❣✮✳



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✷

✷✳✷✳✷ ❙❡♥s♦r❡s ❘❋■❉ P❛ss✐✈♦s

❊♥t❡♥❞❡✲s❡ ♣♦r s❡♥s♦r ❘❋■❉ ♣❛ss✐✈♦ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣❛ss✐✈❛ ❝♦♠ ✉♠ ♦✉ ♠❛✐s

s❡♥s♦r❡s ✐♥t❡❣r❛❞♦s ❡ q✉❡ é ❝❛♣❛③ ❞❡ ❝♦♠✉♥✐❝❛r à ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❞❛❞♦s ♦r✐✉♥❞♦s ❞❛

❧❡✐t✉r❛ ❞❡ss❡✭s✮ s❡♥s♦r✭❡s✮✳ ❆ ♣r✐♥❝✐♣❛❧ ✈❛♥t❛❣❡♠ ❞❡ ✉♠ s❡♥s♦r ❘❋■❉ ♣❛ss✐✈♦ ❡♠ r❡❧❛çã♦

❛♦s s❡♥s♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s é ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡r❛r s❡♠ ❛s ❧✐♠✐t❛çõ❡s ✐♠♣♦st❛s ♣❡❧❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠❛ ❜❛t❡r✐❛ ✐♥t❡❣r❛❞❛✳

●❛❡t❛♥♦ ▼❛rr♦❝❝♦ ♣r♦♣õ❡ ❛ ❝❧❛ss✐✜❝❛çã♦ ❞♦s ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ s❡♥s♦r❡s ❘❋■❉

♣❛ss✐✈♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ ♠❡❝❛♥✐s♠♦ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❛❞♦t❛❞♦ ❡ ❛ ♠♦❞❛❧✐❞❛❞❡ ❞❡

tr❛♥s♠✐ssã♦ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❝♦♠✉♥✐❝❛r ❛ ✐♥❢♦r♠❛çã♦ ❞♦ s❡♥s♦r ✭▼❆❘❘❖❈❈❖✱ ✷✵✶✵✮✳ ❆

❝❧❛ss✐✜❝❛çã♦ ♣r♦♣♦st❛ ♣♦r ▼❛rr♦❝❝♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✳ ✷✳✸✳

❋✐❣✉r❛ ✷✳✸ ✕ ❈❧❛ss✐✜❝❛çã♦ ❞♦s s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s ♣r♦♣♦st❛ ♣♦r ●✳ ▼❛rr♦❝❝♦ ✭▼❆❘❘❖❈❈❖✱
✷✵✶✵✮✳

❊①✐st❡♠ ❛t✉❛❧♠❡♥t❡ ❞♦✐s t✐♣♦s ❜ás✐❝♦s ❞❡ s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s✿ ❛q✉❡❧❡s ❞♦t❛❞♦s

❞❡ ❛♦ ♠❡♥♦s ✉♠ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ✭❡♥❝❛rr❡❣❛❞♦ ❞❡ t❛r❡❢❛s ❝♦♠♦ ❝♦♠✉♥✐❝❛çã♦✱

tr❛t❛♠❡♥t♦ ❞❛ ❡♥❡r❣✐❛ ❝♦❧❤✐❞❛ ♣❡❧❛ ❛♥t❡♥❛✱ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡ ❞❛❞♦s✱ ❡t❝✳✮ ❡ ♦s s❡♠

❝❤✐♣✱ ❝♦♥st✐t✉í❞♦s ❛♣❡♥❛s ♣♦r ❝♦♠♣♦♥❡♥t❡s ♣❛ss✐✈♦s ❡ ❡str✉t✉r❛s r❡ss♦♥❛♥t❡s✳ ❖s

❝❤❛♠❛❞♦s s❡♥s♦r❡s ❘❋■❉ s❡♠ ❝❤✐♣ ❝♦♥t❛♠ ❝♦♠ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❡ ♣r♦♠✐ss♦r❛ ❧✐♥❤❛ ❞❡

♣❡sq✉✐s❛ ❡♠ â♠❜✐t♦ ❛❝❛❞ê♠✐❝♦✳ ❊♥tr❡t❛♥t♦✱ ♦ ♣r✐♥❝í♣✐♦ ❞❡ ♦♣❡r❛çã♦ ❞❡ss❛s ❡t✐q✉❡t❛s é

❜❛st❛♥t❡ ❞✐st✐♥t♦ ❞❛s ❡t✐q✉❡t❛s ❘❋■❉ tr❛❞✐❝✐♦♥❛✐s✱ r❛③ã♦ ♣❡❧❛ q✉❛❧ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ❡

❛♣❛r❛t♦ ♥❡❝❡ssár✐♦ à s✉❛ ❧❡✐t✉r❛ ❞✐❢❡r❡♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❞❛q✉❡❧❡s ❛❜♦r❞❛❞♦s ♥❡st❡

tr❛❜❛❧❤♦✳ P♦r ❡ss❛ r❛③ã♦✱ ❛s ❡t✐q✉❡t❛s s❡♥s♦r❛s s❡♠ ❝❤✐♣✱ ♥ã♦ sã♦ ❛❜♦r❞❛❞❛s ♥❡st❡

❡st✉❞♦✱ ❡♠❜♦r❛ ✐♠♣♦rt❛♥t❡s ❝♦♥tr✐❜✉✐çõ❡s ♥❡ss❡ t❡♠❛ t❡♥❤❛♠ s✐❞♦ ❞❛❞❛s ♣♦r ❙❤r❡st❤❛ ❡t



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✸

❛❧✳ ✭❙❍❘❊❙❚❍❆ ❡t ❛❧✳✱ ✷✵✵✾✮✱ Pr❡r❛❞♦✈✐❝ ❡t ❛❧✳ ✭P❘❊❘❆❉❖❱■❈❀ ❑❆❘▼❆❑❆❘✱ ✷✵✶✵❀

P❘❊❘❆❉❖❱■❈ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ❱❡♥❛ ❡t ❛❧✳ ✭❱❊◆❆ ❡t ❛❧✳✱ ✷✵✶✷❛✱ ✷✵✶✷❜✮✱ ❑✐♠ ❡t ❛❧✳ ✭❑■▼ ❡t ❛❧✳✱

✷✵✶✸✮✱ P❡rr❡t ❡t ❛❧✳ ✭P❊❘❘❊❚ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❆♠✐♥ ❡t ❛❧✳ ✭❆▼■◆ ❡t ❛❧✳✱ ✷✵✶✸✱ ✷✵✶✹✮ ❡ ❋❡♥❣ ❡t

❛❧✳ ✭❋❊◆● ❡t ❛❧✳✱ ✷✵✶✺✮✳

❖ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛s ❡t✐q✉❡t❛s s❡♠ ❝❤✐♣✱ ❛s ❝❤❛♠❛❞❛s ❙❆❲ t❛❣s✱ é

❛❜♦r❞❛❞♦ ❞❡ ♠❛♥❡✐r❛ ❞✐❞át✐❝❛ ❡ s✉❝✐♥t❛ ♣♦r ❈❤❛✇❧❛ ❡ ❉♦♥❣✲❙❛♠ ❍❛ ❡♠ ✭❈❍❆❲▲❆❀ ❍❆✱

✷✵✵✼✮ ❡ ❡♠ ♠❛✐s ❞❡t❛❧❤❡s ♣♦r ❍❛rt♠❛♥♥ ✭❍❆❘❚▼❆◆◆✱ ✷✵✵✷✮✳ ▼❛✐♦r❡s ✐♥❢♦r♠❛çõ❡s s♦❜r❡

❡ss❡ t✐♣♦ ❡s♣❡❝í✜❝♦ ❞❡ ❡t✐q✉❡t❛ s❡♥s♦r❛ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ✭P❊❘❘❊❚✱ ✷✵✶✹✮✳

❙❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s ❝♦♠ ❝❤✐♣ ♦✉ s✐♠♣❧❡s♠❡♥t❡ ✏❙❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s✑ ❝♦♥❢♦r♠❡

r❡❢❡r✐❞♦ ♥♦ â♠❜✐t♦ ❞❡st❡ tr❛❜❛❧❤♦✱ sã♦ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❝♦♠ ❛♦ ♠❡♥♦s ✉♠ ❝✐r❝✉✐t♦

✐♥t❡❣r❛❞♦ ❡ ❝♦♠ ✉♠ ♦✉ ♠❛✐s s❡♥s♦r❡s ❛ ❡❧❛ ❛❝♦♣❧❛❞♦s✳

❯♠ ❡①❡♠♣❧♦ ♥♦tá✈❡❧ ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s ❡♠ ❧❛r❣❛ ❡s❝❛❧❛ é ♦

❖♣❡♥❙❡♥s❡✱ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣r♦❞✉③✐❞❛ ♣❡❧❛ ❚❤✐♥✜❧♠ ♣❛r❛ ✉s♦ ❡♠ ❣❛rr❛❢❛s ✭❚❍■◆❋■▲▼✱

✷✵✶✺✮✳ ❆ ❡t✐q✉❡t❛ ✐♠♣r❡ss❛ ❡♠ ✜❧♠❡ ✜♥♦ é ♣r♦❥❡t❛❞❛ ♣❛r❛ s❡r ✜①❛❞❛ ♣♦r ❞❡❜❛✐①♦ ❞♦

rót✉❧♦ ❞❛ ❜❡❜✐❞❛ ❡ ♣♦ss✉✐ ✉♠ s❡♥s♦r ❞❡ ✈✐♦❧❛çã♦ q✉❡ s❡ ❡st❡♥❞❡ ❛♦ ❧♦♥❣♦ ❞♦ ❧❛❝r❡ q✉❡

s❡❧❛ ❛ ❛❜❡rt✉r❛ ❞❛ ❣❛rr❛❢❛✳ ❈♦♠✉♥✐❝❛♥❞♦✲s❡ ♥♦ ♣❛❞rã♦ ◆❋❈ ✭■❙❖ ✶✹✹✹✸✲❆✮✱ ❛ ❡t✐q✉❡t❛

♣♦❞❡ s❡r ❧✐❞❛ ♣♦r q✉❛❧q✉❡r ♣❡ss♦❛ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❡ ✉♠ s♠❛rt♣❤♦♥❡ ❝♦♠ s✉♣♦rt❡ ❛ ◆❋❈✱

♦❜t❡♥❞♦ ❞❛ ❡t✐q✉❡t❛ ❞❡t❛❧❤❡s s♦❜r❡ ♦ ♣r♦❞✉t♦ ❡♥❣❛rr❛❢❛❞♦ ❡ s❡ ♦ ❧❛❝r❡ ❢♦✐ ✈✐♦❧❛❞♦ ♦✉

♥ã♦✳ ❆ s♦❧✉çã♦ ❢♦✐ ❛❞♦t❛❞❛ r❡❝❡♥t❡♠❡♥t❡ ♣❡❧❛ ❉✐❛❣❡♦✬s ❏♦❤♥♥✐❡ ❲❛❧❦❡r✱ ❢❛❜r✐❝❛♥t❡ ❞❡

✇❤✐s❦✐❡s ♠✉♥❞✐❛❧♠❡♥t❡ ❝♦♥❤❡❝✐❞♦✱ ♣❛r❛ ✉s♦ ♥❛ ❧✐♥❤❛ ❇❧✉❡ ▲❛❜❡❧✱ ❞❡ ❛❧t♦ ✈❛❧♦r ❛❣r❡❣❛❞♦✱

❛ ✜♠ ❞❡ ♣♦ss✐❜✐❧✐t❛r à ❡♠♣r❡s❛ ✉♠ ♠❡❧❤♦r ❝♦♥tr♦❧❡ ❞❛ ❝❛❞❡✐❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❡ ❛❥✉❞❛r ♦s

❝♦♥s✉♠✐❞♦r❡s ❛ ✈❡r✐✜❝❛r ❛ ❛✉t❡♥t✐❝✐❞❛❞❡ ❞♦ ♣r♦❞✉t♦ ✭❙❲❊❉❇❊❘●✱ ✷✵✶✺✮✳

❯♠❛ ❡①t❡♥s❛ ❧✐♥❤❛ ❞❡ s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s é ♣r♦❞✉③✐❞❛ ♣❡❧❛ ❡♠♣r❡s❛ ❡s♣❛♥❤♦❧❛

❋❛rs❡♥s ✭❋❆❘❙❊◆❙✱ ✷✵✶✺❜✮✳ ❖s ✶✼ t✐♣♦s ❞❡ ❡t✐q✉❡t❛s ❛t✉❛❧♠❡♥t❡ ❝♦♠❡r❝✐❛❧✐③❛❞❛s

❞❡st✐♥❛♠✲s❡ à ♠❡❞✐çã♦ ❞❡ ❣r❛♥❞❡③❛s ❝♦♠♦ t❡♠♣❡r❛t✉r❛✱ ❞❡❢♦r♠❛çã♦✱ ♣r❡ssã♦✱ ♦r✐❡♥t❛çã♦✱

❝❛♠♣♦ ♠❛❣♥ét✐❝♦✱ ❧✉③✱ ✉♠✐❞❛❞❡✱ r❡s✐stê♥❝✐❛ ❡ t❡♥sã♦ ❡❧étr✐❝❛✱ ❛❧é♠ ❞❡ ❡t✐q✉❡t❛s

s✐♥❛❧✐③❛❞♦r❛s à ▲❊❉ ❡ ❛t✉❛❞♦r❛s ❝♦♠♦ r❡❧é✳ ❚♦❞❛s ❡❧❛s s❡ ❜❛s❡✐❛♠ ♥♦ ❆◆❉❨✶✵✵

✭❋❆❘❙❊◆❙✱ ✷✵✶✺❛✮✱ ✉♠ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❡❧❛ ♣ró♣r✐❛ ❡♠♣r❡s❛✱ ❝♦♠♣❛tí✈❡❧

❝♦♠ ❛ ♥♦r♠❛ ■❙❖✴■❊❈ ✶✽✵✵✵✲✻ q✉❡ ✐♠♣❧❡♠❡♥t❛ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❝♦♠♣❧❡t❛ ❞♦ t✐♣♦

❊P❈ ❈❧❛ss❡ ✶✱ ●❡r❛çã♦ ✷ ✭❈✶●✷✮ ♣❛r❛ ❛ ❢❛✐①❛ ❞❡ ✽✻✵ ▼❍③ ❛ ✾✻✵ ▼❍③✳ ❖ ❝❤✐♣

❞✐s♣♦♥✐❜✐❧✐③❛ s❛í❞❛s r❡❣✉❧❛❞❛s ❞❡ t❡♥sã♦ ❞❡ ✶✱✷ ❱✱ ✶✱✽ ❱ ❡ ✷✱✺ ❱ ❛❧é♠ ❞❡ ✉♠❛ ✐♥t❡r❢❛❝❡

❙P■ ❞❡ ❢♦r♠❛ ❛ ♣♦❞❡r ❛❧✐♠❡♥t❛r ❡ s❡ ❝♦♠✉♥✐❝❛r ❝♦♠ ♦✉tr♦s ❞✐s♣♦s✐t✐✈♦s ❡①t❡r♥♦s ❝♦♠♦



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✹

s❡♥s♦r❡s ♦✉ ✉♠ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r✱ ♣♦r ❡①❡♠♣❧♦✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡ ❛ ❡♠♣r❡s❛ t❛♠❜é♠

❝♦♠❡r❝✐❛❧✐③❛ ❡t✐q✉❡t❛s ❘❋■❉ ❞❡ ♣r♦♣ós✐t♦ ❣❡r❛❧ ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡❞✐❝❛❞♦ ❞❡

s❡♥s♦r❡s ❡ ❛t✉❛❞♦r❡s✱ ❛❧é♠ ❞❡ t❛♠❜é♠ ❝♦♠❡r❝✐❛❧✐③❛r ♦ ❝❤✐♣ ❆◆❉❨✶✵✵ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✳

✷✳✷✳✸ ❙❡♥s♦r❡s ❘❋■❉ ❙❡♠✐✲P❛ss✐✈♦s

❙❡♥s♦r❡s ❘❋■❉ s❡♠✐✲♣❛ss✐✈♦s ❣✉❛r❞❛♠ ❣r❛♥❞❡ s❡♠❡❧❤❛♥ç❛ ❡str✉t✉r❛❧ ❡

❝♦♠♣♦rt❛♠❡♥t❛❧ ❝♦♠ ♦s s❡♥s♦r❡s ❘❋■❉ ♣❛ss✐✈♦s✳ ❈❛s♦ ❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡ ❘❋

r❡❝❡❜✐❞❛ s❡❥❛ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❧t❛✱ ♣♦❞❡♠ ♦♣❡r❛r t❛❧ q✉❛❧ ✉♠ ❛ ✈❡rsã♦ ♣❛ss✐✈❛ ♦ ❢❛r✐❛✳

❉♦ ❝♦♥trár✐♦✱ ❛ ❛❧✐♠❡♥t❛çã♦ ♣r♦✈✐❞❛ ♣❡❧❛ ❜❛t❡r✐❛ ♦✉ ♦✉tr❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ♣❡r♠✐t❡♠ s✉❛

♦♣❡r❛çã♦ ♥♦ ♠♦❞♦ s❡♠✐✲♣❛ss✐✈♦✳ ❆ ♦♣❡r❛çã♦ ♥♦ ♠♦❞♦ s❡♠✐✲♣❛ss✐✈♦ ❡♥✈♦❧✈❡ t✐♣✐❝❛♠❡♥t❡

❛t✐✈✐❞❛❞❡s ❞❡ s❡♥s♦r✐❛♠❡♥t♦✱ r❡❣✐str♦ ❞❡ t❡♠♣♦ ❡ ❞❡ ❞❛❞♦s ❛♠♦str❛❞♦s ❞♦s s❡♥s♦r❡s✳

❯♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❘❋■❉ s❡♠✐✲♣❛ss✐✈♦ ♣❛r❛ ❛ ❢❛✐①❛ ❞❡ ❯❍❋✱ ❝♦♠♣❛tí✈❡❧ ❝♦♠

♦ ♣r♦t♦❝♦❧♦ ❊P❈ ●❡♥✲✷ ✭❊P❈●▲❖❇❆▲✱ ✷✵✶✺✮ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❑✐♠ ❡t ❛❧✳ ❡♠ ✭❑■▼ ❡t ❛❧✳✱

✷✵✵✼✮✳ ❖ s❡♥s♦r ♣r♦♣♦st♦ ♦♣❡r❛ ❝♦♠♦ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣❛ss✐✈❛ q✉❛♥❞♦ ♣♦tê♥❝✐❛ ❞♦

s✐♥❛❧ ❞❡ ❘❋ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❛❧✐♠❡♥t❛r s❡✉ ❝✐r❝✉✐t♦ ❡ ♦♣❡r❛ ❝♦♠♦ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉

s❡♠✐✲♣❛ss✐✈❛ ❝❛s♦ ❝♦♥trár✐♦✳ ❯♠❛ ♠❡♠ór✐❛ ♥ã♦ ✈♦❧át✐❧ ❞♦ t✐♣♦ ❋❡❘❆▼ ❞❡ ✉❧tr❛❜❛✐①♦

❝♦♥s✉♠♦ é ❡♠♣r❡❣❛❞❛ ♣❛r❛ r❡❣✐str❛r ♦s ❞❛❞♦s ❛♠♦str❛❞♦s ❞♦ s❡♥s♦r✳

❆ ◆❋❈✲❲■❙P✱ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❝❛♣❛③ ❞❡ ♦♣❡r❛r t❛♥t♦ ♥❛ ❢♦r♠❛ ♣❛ss✐✈❛ q✉❛♥t♦

s❡♠✐✲♣❛ss✐✈❛✱ ❝♦♠ ✉♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ r❡❝✉rs♦s ❢♦✐ ♣r♦♣♦st❛ ♣♦r ❨✐ ❩❤❛♦ ✭❩❍❆❖ ❡t ❛❧✳✱

✷✵✶✺✮✳ ❆ ❡t✐q✉❡t❛✱ ❜❛s❡❛❞❛ ♥✉♠ ♠✐❝r♦❝♦♥tr♦❧❛❞♦r r❡♣r♦❣r❛♠á✈❡❧ ❞❡ ✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦✱

é ❝❛♣❛③ ❞❡ s❡ ❝♦♠✉♥✐❝❛r ❝♦♠ ❛ ♠❛✐♦r✐❛ ❞♦s ❧❡✐t♦r❡s ❘❋■❉ ❝♦♠❡r❝✐❛✐s✱ ✐♥❝❧✉s✐✈❡ ♣♦r

s♠❛rt♣❤♦♥❡s ❝♦♠ r❡❝✉rs♦ ❞❡ ◆❋❈✱ ❛tr❛✈és ❞♦ ♣r♦t♦❝♦❧♦ ■❙❖✲✶✹✹✹✸✱ ❡ ✐♥❝❧✉✐ ✉♠ s❡♥s♦r

❞❡ t❡♠♣❡r❛t✉r❛ ❡ ✉♠ ❛❝❡❧❡rô♠❡tr♦✱ ✉♠❛ ♠❡♠ór✐❛ ❢❡rr♦❡❧étr✐❝❛ ✭❋❘❆▼✮ ❞❡ ✷ ▼❇✱ ❧❡❞s ❡

✉♠❛ t❡❧❛ ♠♦♥♦❝r♦♠át✐❝❛ ❞❡ ✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦ ❞♦ t✐♣♦ ❊✲✐♥❦ ✭P❊❘❱❆❙■❱❊❉■❙P▲❆❨❙✱

✷✵✶✺✮✱ ❝❛♣❛③ ❞❡ r❡t❡r ❛ ✐♠❛❣❡♠ ❛♣ós ♣r♦❣r❛♠❛❞❛✱ ♠❡s♠♦ ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✳

❖♣❝✐♦♥❛❧♠❡♥t❡✱ ✉♠❛ ❜❛t❡r✐❛ r❡❝❛rr❡❣á✈❡❧ ❞❡ ✜❧♠❡ ✜♥♦ ♣♦❞❡ s❡r ❝♦♥❡❝t❛❞❛ à ❡t✐q✉❡t❛✱

♣❡r♠✐t✐♥❞♦ s✉❛ ♦♣❡r❛çã♦ ♥♦ ♠♦❞♦ s❡♠✐✲♣❛ss✐✈♦ ❡ s❡♥❞♦ r❡❝❛rr❡❣❛❞❛ r❡♠♦t❛♠❡♥t❡✱

s❡♠♣r❡ q✉❡ ❛ ❡♥❡r❣✐❛ ❡♥tr❡❣✉❡ ♣❡❧♦ ❧❡✐t♦r ❡①❝❡❞❛ ❛q✉❡❧❛ ♥❡❝❡ssár✐❛ ❛♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❛

❡t✐q✉❡t❛✳

❯♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❘❋■❉ s❡♠✐✲♣❛ss✐✈❛ ♦♣❡r❛♥❞♦ ♥❛ ❢❛✐①❛ ❞❡ ❯❍❋ ✭✽✻✵✲✾✻✵ ▼❍③✮

❢♦✐ ♣r♦♣♦st❛ ♣♦r ●✉❛♥❣✇❡✐ ❡t ❛❧✳ ✭▲■❯ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆ ❡t✐q✉❡t❛ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❝♦♠ ❜❛s❡

♥♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❙▲✾✵✵❆ ❆▼❙ ✭❆▼❙✱ ✷✵✶✺✮ q✉❡ ✐♥❝❧✉✐ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✺

✐♥t❡r♥♦✱ ❛❣r❡❣❛♥❞♦ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ❛♦ ❞✐s♣♦s✐t✐✈♦✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ♦s ❛✉t♦r❡s

✐♠♣❧❡♠❡♥t❛r❛♠ ✉♠ s✐st❡♠❛ ❞❡ ❧♦❝❛❧✐③❛çã♦ ❞❛ ❡t✐q✉❡t❛✱ ✉t✐❧✐③❛♥❞♦ ♠ú❧t✐♣❧❛s ❛♥t❡♥❛s

❧❡✐t♦r❛s ❡♠ ✉♠ ❛♠❜✐❡♥t❡ ❝♦♥tr♦❧❛❞♦ ❡ ❡t✐q✉❡t❛s r❡❢❡r❡♥❝✐❛✐s ❡st❛❝✐♦♥ár✐❛s✳ ❆ ❧♦❝❛❧✐③❛çã♦

❞❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ é ❡st✐♠❛❞❛ ♣❡❧❛ ❝♦♠♣❛r❛çã♦ ❞❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ♣♦r ❡❧❛ ❞❡✈♦❧✈✐❞♦ ❛

❝❛❞❛ ❛♥t❡♥❛ ❧❡✐t♦r❛ ❝♦♠ ♦ r❡❝❡❜✐❞♦ ❞❡ t♦❞❛s ❛s ❡t✐q✉❡t❛s r❡❢❡r❡♥❝✐❛✐s✳

❊t✐q✉❡t❛s s❡♥s♦r❛s ❘❋■❉ s❡♠✐✲♣❛ss✐✈❛s t❛♠❜é♠ sã♦ ♣r♦❞✉③✐❞❛s ❝♦♠❡r❝✐❛❧♠❡♥t❡✳ ❯♠

❡①❡♠♣❧♦ é ❛ ❧✐♥❤❛ ❞❡ ❡t✐q✉❡t❛s ❝✉st♦♠✐③á✈❡✐s ♣r♦❞✉③✐❞❛s ♣❡❧❛ P❤❛s❡■❱ ✭P❍❆❙❊■❱✱ ✷✵✶✺✮✳

❖ ❢❛❜r✐❝❛♥t❡ ❞❡s❡♥✈♦❧✈❡✉ ✉♠ ❞✐s♣♦s✐t✐✈♦ ❈▼❖❙ ❝❤❛♠❛❞♦ ❙❡♥s■❈ ❘❋■❉ ❆❙■❈ ❝❛♣❛③ ❞❡

♠❡❞✐r ❡ tr❛♥s♠✐t✐r ❛ t❡♠♣❡r❛t✉r❛✱ ❛ss✐♠ ❝♦♠♦ ❛ ❧❡✐t✉r❛ ❞❡ s❡♥s♦r❡s ❝❛♣❛❝✐t✐✈♦s ❡①t❡r♥♦s

❞♦ t✐♣♦ ▼❊▼❙✱ ♣♦❞❡♥❞♦ ♦♣❡r❛r t❛♥t♦ ♥♦ ♠♦❞♦ ♣❛ss✐✈♦ q✉❛♥t♦ ♥♦ ♠♦❞♦ ❛t✐✈♦✳ ❖✉tr♦

❡①❡♠♣❧♦ ❞❡ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❘❋■❉ s❡♠✐✲♣❛ss✐✈❛ ❝♦♠❡r❝✐❛❧ é ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ s❡♠

✜♦ ❚❤❡r♠❆ss✉r❡❘❋ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ❊✈✐❞❡♥❝✐❛ ✭❊❱■❉❊◆❈■❆✱ ✷✵✶✺✮✳

✷✳✷✳✹ ❙❡♥s♦r❡s ▲✐❣❛❞♦s ❛♦ ▲❛❞♦ ❆♥❛❧ó❣✐❝♦

❚r❛t❛♠✲s❡ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉ ❡q✉✐♣❛❞❛s ❝♦♠ ✉♠ s❡♥s♦r ❧✐❣❛❞♦ ❛♦ s❡✉ ❢r♦♥t✲❡♥❞

❛♥❛❧ó❣✐❝♦✱ ✐st♦ é✱ à ♣♦rçã♦ ❛♥❛❧ó❣✐❝❛ ❞♦ s✐st❡♠❛ ❞❛ ❡t✐q✉❡t❛✳ ❊st❡ ❛❝♦♣❧❛♠❡♥t♦ é ❢❡✐t♦

❝♦♥❡❝t❛♥❞♦✲s❡ ♦ s❡♥s♦r ❞✐r❡t❛♠❡♥t❡ ❡♠ ❛❧❣✉♠❛ ♣❛rt❡ ❞❛ ❛♥t❡♥❛✱ ❞✐str✐❜✉✐♥❞♦ ♦ ♠❛t❡r✐❛❧

s❡♥s✐t✐✈♦ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞❛ ❛♥t❡♥❛ ♦✉ ♠❡s♠♦ ❢❛❜r✐❝❛♥❞♦✲s❡ ❛ ❛♥t❡♥❛ ❛ ♣❛rt✐r ❞♦

♣ró♣r✐♦ ♠❛t❡r✐❛❧ s❡♥s♦r ✭❚❊❉❏■◆■ ❡t ❛❧✳✱ ✷✵✶✻✮✳

◆❡ss❛s ❡t✐q✉❡t❛s ♦ s❡♥s♦r ❛❣❡ ❝♦♠♦ ✉♠❛ ❝❛r❣❛ ❝♦♥❡❝t❛❞❛ à ❛♥t❡♥❛ ❝✉❥❛ ✐♠♣❡❞â♥❝✐❛ ✐rá

✈❛r✐❛r ❝♦♥❢♦r♠❡ ❛ ♠✉❞❛♥ç❛ ❞❛ ❣r❛♥❞❡③❛ ♠❡❞✐❞❛ ✭t❡♠♣❡r❛t✉r❛✱ ✉♠✐❞❛❞❡✱ ❧✉♠✐♥♦s✐❞❛❞❡✱

♣r❡ssã♦✱ ❡t❝✮✳ ❆ ✈❛r✐❛çã♦ ❞❛ ✐♠♣❡❞â♥❝✐❛ ❞♦ s❡♥s♦r ❛❧t❡r❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡✢❡①ã♦ ❞❛ ❛♥t❡♥❛

♠♦❞✉❧❛♥❞♦ ❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ r❡✢❡t✐❞♦ ♣❛r❛ ♦ ❧❡✐t♦r✳ ❆ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ♣♦r s✉❛ ✈❡③ ❞❡✈❡

s❡r ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❛ ♠✉❞❛♥ç❛ ♥❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ r❡❝❡❜✐❞♦ ❡ ❡①tr❛✐r ❛ ✐♥❢♦r♠❛çã♦

♦r✐✉♥❞❛ ❞♦ s❡♥s♦r✳ ❆ ✐♠♣❡❞â♥❝✐❛ ❡q✉✐✈❛❧❡♥t❡ ❞♦ s❡♥s♦r ❞❡✈❡ s❡r ♣r❡❢❡r❡♥❝✐❛❧♠❡♥t❡ r❡❛t✐✈❛

❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r ❛s ♣❡r❞❛s ❡❧étr✐❝❛s ❡✱ ♦ q✉❡ r❡s✉❧t❛ ❡♠ r❡❞✉çã♦ ❞❛ ❞✐stâ♥❝✐❛ ♠á①✐♠❛

❞❡ ❧❡✐t✉r❛ ❞❛ ❡t✐q✉❡t❛✳ P♦r ❡ss❛ r❛③ã♦✱ ♦s s❡♥s♦r❡s ♣❛r❛ ❡ss❛s ❡t✐q✉❡t❛s ❞❡✈❡♠ ❝♦♠♣♦rt❛r✲s❡

✐❞❡❛❧♠❡♥t❡ ❝♦♠♦ ❝❛♣❛❝✐t♦r❡s ♦✉ ✐♥❞✉t♦r❡s ✈❛rá✈❡✐s✳

P❤✐❧✐♣♦s❡ ❡t ❛❧✳ ✐♠♣❧❡♠❡♥t❛r❛♠ ✉♠❛ ❡t✐q✉❡t❛ ❝♦♠ s❡♥s♦r ❞❡ ♣♦s✐çã♦ ❛ ♣❛rt✐r ❞❡

❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❝♦♠❡r❝✐❛✐s ✭P❍■▲■P❖❙❊ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❆ ❡t✐q✉❡t❛✱ ❝❤❛♠❛❞❛

α✲❲■❙P✱ ❜❛s❡❛✈❛✲s❡ ❡♠ ❞✉❛s ❡t✐q✉❡t❛s ❘❋■❉ ❆▲▲✲✾✷✺✵ ✭✾✶✺ ▼❍③✮ ❞❛ ❆❧✐❡♥ ❚❡❝❤♥♦❧♦❣②

✭❆▲■❊◆❚❊❈❍◆❖▲❖●❨✱ ✷✵✶✺✮ ❧✐❣❛❞❛s ❞❡ ❢♦r♠❛ ❛ ❝♦♠♣❛rt✐❧❤❛r❡♠ ❛ ♠❡s♠❛ ❛♥t❡♥❛✳ ❊♠



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✻

❝❛❞❛ ❡t✐q✉❡t❛✱ ✉♠ ❞♦s t❡r♠✐♥❛✐s ❞❡ ❝♦♥❡①ã♦ ❝♦♠ ❛ ❛♥t❡♥❛ ❢♦✐ ❧✐❣❛❞♦ ❡♠ sér✐❡ ❝♦♠ ✉♠

s❡♥s♦r ❞❡ ♣♦s✐çã♦ ❞♦ t✐♣♦ t✐❧t ❡st❛♥❞♦ ♦s s❡♥s♦r❡s ♣♦s✐❝✐♦♥❛❞♦s ✶✽✵o ✉♠ ❡♠ r❡❧❛çã♦ ❛♦

♦✉tr♦✳ ❙❡♥s♦r❡s t✐❧t sã♦ ❜❛s✐❝❛♠❡♥t❡ ❝♦♥st✐t✉í❞♦s ❞❡ ✉♠ ♣❛r ❞❡ ❡❧❡tr♦❞♦s ❞❡♥tr♦ ❞❡ ✉♠❛

♣❡q✉❡♥❛ ❝â♠❛r❛ ❝♦♠ ✉♠❛ ❡s❢❡r❛ ❞❡ ♠❡r❝úr✐♦✱ q✉❡✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦s✐çã♦ ❞♦ s❡♥s♦r✱ ✐rá

❝✉rt♦✲❝✐r❝✉✐t❛r ♦✉ ♥ã♦ ♦s ❡❧❡tr♦❞♦s✳ ❉❡st❛ ❢♦r♠❛✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦s✐çã♦ ❞❛ ❡t✐q✉❡t❛✱ s❡

✈♦❧t❛❞❛ ♣❛r❛ ❝✐♠❛ ♦✉ ♣❛r❛ ❜❛✐①♦✱ ❛♣❡♥❛s ❛ ❡t✐q✉❡t❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❡r❛ ❝❛♣❛③ ❞❡ s❡

❝♦♠✉♥✐❝❛r ❝♦♠ ♦ ❧❡✐t♦r✳

❯♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♠♦❞✐✜❝❛❞❛ ♣❛r❛ ❛ ♠❡❞✐çã♦ ❞❡ ✉♠✐❞❛❞❡ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞❛ ♣♦r

❏✐❛ ❡t ❛❧✳ ✭❏■❆ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❢♦✐ ❢❡✐t❛ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉

❯❍❋ ❝♦♠❡r❝✐❛❧ ❝♦❜❡rt❛ ❝♦♠ ✉♠ ✜❧♠❡ ❞❡ ♣♦❧✐❛♠✐❞❛ s❡♥sí✈❡❧ ❛ ✉♠✐❞❛❞❡✳ ❖ r❡s✉❧t❛❞♦ é

✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ ❛ ✉♠✐❞❛❞❡ ❡ ❛ ❛t❡♥✉❛çã♦ ❞♦ s✐♥❛❧ ❞❛ ❛♥t❡♥❛✳ ❙✉❛ ♣r✐♥❝✐♣❛❧

✈❛♥t❛❣❡♠ é ♥ã♦ ♥❡❝❡ss✐t❛r ❞❡ ♥❡♥❤✉♠ ❝✐r❝✉✐t♦ ❛❞✐❝✐♦♥❛❧ ♥❛ ❡t✐q✉❡t❛✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱

❛ ♠❡❞✐çã♦ ❞❛ ✉♠✐❞❛❞❡ só ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ ❝♦♠♣❛r❛♥❞♦✲s❡ ♦ s✐♥❛❧ ❞❛ ❡t✐q✉❡t❛ s❡♥s♦r❛

❝♦♠ ♦ ❞❡ ♦✉tr❛ ❡t✐q✉❡t❛ s❡♠ ✜❧♠❡ ♥❛ ♠❡s♠❛ ❧♦❝❛❧✐❞❛❞❡ ♦✉ ❝♦♠ ✈❛❧♦r❡s r❡❢❡r❡♥❝✐❛✐s

♣r❡✈✐❛♠❡♥t❡ ♠❡❞✐❞♦s✳ ❯♠❛ s♦❧✉çã♦ s❡♠❡❧❤❛♥t❡ ❢♦✐ ♣r♦♣♦st❛ ♣♦r ❙✐❞❡♥ ❡t ❛❧✳ ✭❙■❉❊◆ ❡t

❛❧✳✱ ✷✵✵✼✮ ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ✉♠✐❞❛❞❡ ♥♦ ✐♥t❡r✐♦r ❞❡ ❡str✉t✉r❛s ❞❡ ❝♦♥❝r❡t♦ ❡♠

❡❞✐✜❝❛çõ❡s✳ ◆♦ s✐st❡♠❛ ♣r♦♣♦st♦✱ ❞✉❛s ❡t✐q✉❡t❛s✱ ✉♠❛ r❡❢❡r❡♥❝✐❛❧ ❡ ✉♠❛ s❡♥s♦r❛ ✜❝❛♠

❞✐s♣♦st❛s ❧❛❞♦ ❛ ❧❛❞♦✱ s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ♣❡q✉❡♥❛ ❞✐stâ♥❝✐❛✳ ❆ ❡t✐q✉❡t❛ s❡♥s♦r❛✱ é

❝♦♥st✐t✉í❞❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❝♦♠❡r❝✐❛❧ ❝♦♠✉♠✱ ❛♥❡①❛❞❛ ❛ ✉♠❛ ❡s♣❡ss❛ ❢♦❧❤❛ ❞❡ ♠❛t❡r✐❛❧

❤✐❣r♦s❝ó♣✐❝♦ ✭♣♦❧✐❡t✐❧❡♥♦ ❞❡ ❛❧t❛ ❞❡♥s✐❞❛❞❡ ✲ ❍❉P❊✮✱ ❡♥q✉❛♥t♦ ❛ ❡t✐q✉❡t❛ r❡❢❡r❡♥❝✐❛❧ é

✐❞ê♥t✐❝❛ à ♣r✐♠❡✐r❛✱ ♣♦ré♠ s❡♠ ♥❡♥❤✉♠ ✐♥t❡r♣♦st♦ ❛té ♦ ❝♦♥❝r❡t♦✳ ❖ ♠❛t❡r✐❛❧

❤✐❣r♦s❝ó♣✐❝♦ ❛❣❡ ❛✉♠❡♥t❛♥❞♦ ❛s ♣❡r❞❛s ❞✐❡❧étr✐❝❛s ♥♦ s✐♥❛❧ ❞❡ ❧❡✐t✉r❛ q✉❡ ❝❤❡❣❛ ❛té ❛

❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛✱ ❞❡ ♠❛♥❡✐r❛ ♣r♦♣♦r❝✐♦♥❛❧ à ✉♠✐❞❛❞❡ ❛❜s♦r✈✐❞❛✳ ❖ ♥í✈❡❧ ❞❡ ✉♠✐❞❛❞❡ é

❡♥tã♦ ❡st✐♠❛❞♦ ♣❡❧♦ s❡♥s♦r ❛ ♣❛rt✐r ❞❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♣♦tê♥❝✐❛ q✉❡ ♣r❡❝✐s❛ s❡r ❛♣❧✐❝❛❞❛ ♥♦

s✐♥❛❧ ❞❡ ❧❡✐t✉r❛ ♣❛r❛ ❝♦♥s❡❣✉✐r ❧❡r ❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❡♠ r❡❧❛çã♦ à ♥❡❝❡ssár✐❛ ♣❛r❛ ❧❡r ❛

❡t✐q✉❡t❛ r❡❢❡r❡♥❝✐❛❧✳

❯♠❛ s♦❧✉çã♦ ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❧✐♠✐❛r ❞❡ t❡♠♣❡r❛t✉r❛✱ ❞❡s❧♦❝❛♠❡♥t♦ ❡ ♥í✈❡❧ ❞❡ ✢✉✐❞♦

❢♦✐ ♣r♦♣♦st♦ ♣♦r ❇❤❛tt❛❝❤❛r②②❛ ❡t ❛❧✳ ✭❇❍❆❚❚❆❈❍❆❘❨❨❆ ❡t ❛❧✳✱ ✷✵✶✵❛✮✳ ❖ ♠ét♦❞♦ ❞❡

❞❡t❡❝çã♦ ❞❡ ❧✐♠✐❛r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦♣♦st♦ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ❞✉❛s ❡t✐q✉❡t❛s

♣♦s✐❝✐♦♥❛❞❛s ✉♠❛ ❧♦❣♦ ❛❝✐♠❛ ❞❛ ♦✉tr❛✱ ❝♦♠ ✉♠❛ ♣❡q✉❡♥❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ ♣♦s✐❝✐♦♥❛❞❛

❧♦❣♦ ❛trás ❞❛ ♠❛✐s ❡❧❡✈❛❞❛✳ ❆ ♣❧❛❝❛ ♠❡tá❧✐❝❛ ✜❝❛ ❝♦♥t✐❞❛ ❡♠ ✉♠❛ ♣❡q✉❡♥❛ ❡♠❜❛❧❛❣❡♠

♣❧❛♥❛✱ ✐♠❡rs❛ ♥✉♠ ❧íq✉✐❞♦✱ ✐♥✐❝✐❛❧♠❡♥t❡ ❝♦♥❣❡❧❛❞♦✱ ❝✉❥❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉sã♦ ❝♦✐♥❝✐❞❡



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✼

❝♦♠ ♦ ❧✐♠✐❛r ❞❡ t❡♠♣❡r❛t✉r❛ q✉❡ s❡ ❞❡s❡❥❛ ❞❡t❡❝t❛r✳ ◆♦ ❡st❛❞♦ ✐♥✐❝✐❛❧✱ ❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛

✐rá ♣r❡❥✉❞✐❝❛r ❛ ❝♦♠✉♥✐❝❛çã♦ ❞❛ ❡t✐q✉❡t❛ ❞❡ ❝✐♠❛ ❝♦♠ ♦ ❧❡✐t♦r✱ ❡♥q✉❛♥t♦ ❛ ❡t✐q✉❡t❛ ❞❡

❜❛✐①♦ s❡ ❝♦♠✉♥✐❝❛rá ♥♦r♠❛❧♠❡♥t❡✳ ❈❛s♦ ❛ ❡t✐q✉❡t❛ s❡❥❛ ❡①♣♦st❛ ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛

❛❝✐♠❛ ❞♦ ❧✐♠✐❛r ♣♦r ✉♠ t❡♠♣♦ ♠❛✐♦r q✉❡ ♦ t♦❧❡rá✈❡❧✱ ♦ ❧íq✉✐❞♦ s❡ ❞❡s❝♦♥❣❡❧❛rá

♣❡r♠✐t✐♥❞♦ q✉❡ ❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ ❞❡sç❛ ❞❡♥tr♦ ❞❛ ❡♠❜❛❧❛❣❡♠✱ ❜❧♦q✉❡❛♥❞♦ ❛ ❝♦♠✉♥✐❝❛çã♦

❞❛ ❡t✐q✉❡t❛ ❞❡ ❜❛✐①♦ ❡ ❧✐❜❡r❛♥❞♦ ❛ ❞❛ ❡t✐q✉❡t❛ ❞❡ ❝✐♠❛✳ ❆✐♥❞❛ q✉❡ ❛ ❡t✐q✉❡t❛ s❡❥❛

♥♦✈❛♠❡♥t❡ r❡s❢r✐❛❞❛✱ ❛ ♣♦s✐çã♦ ❞❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ ♥ã♦ s❡ ❛❧t❡r❛rá ♠❛✐s✱ ❞❡♥✉♥❝✐❛♥❞♦ ❛

♦❝♦rrê♥❝✐❛✳ ❖ s❡♥s♦r ❞❡ ❞❡s❧♦❝❛♠❡♥t♦ ♣r♦♣♦st♦✱ ❛❞❡q✉❛❞♦ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❢❛❧❤❛s

❡str✉t✉r❛✐s ❡♠ ❡❞✐✜❝❛çõ❡s✱ ❜❛s❡♦✉✲s❡ ♥❛ ❞❡❣r❛❞❛çã♦ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛

❯❍❋ ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞❡ ✉♠ ♠❡t❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ ❡t✐q✉❡t❛ ❢♦✐ ❝♦❧♦❝❛❞❛ ❛ ❛❧❣✉♥s

❝❡♥tí♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❞❡ ✉♠❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛✱ ♣♦r s✉❛ ✈❡③ ✜①❛❞❛ ♥❛ ❡str✉t✉r❛ ❝✉❥♦

❞❡s❧♦❝❛♠❡♥t♦ s❡ ❞❡s❡❥❛ ♠❡❞✐r✳ ❉❡s❞❡ q✉❡ ❛ ♣♦s✐çã♦ ❞❛ ❡t✐q✉❡t❛ é ✜①❛✱ ❞❡s❧♦❝❛♠❡♥t♦s ♥❛

❡str✉t✉r❛ ✐rã♦ ❛♣r♦①✐♠❛r ♦✉ ❛❢❛st❛r ❛ ♣❧❛❝❛ ♠❡tá❧✐❝❛ ❞❛ ❡t✐q✉❡t❛✱ ❛✉♠❡♥t❛♥❞♦ ♦✉

r❡❞✉③✐♥❞♦ s✉❛ ✐♥t❡r❢❡rê♥❝✐❛ ♥❛ ❝♦♠✉♥✐❝❛çã♦✳ ❆ ♠❡❞✐çã♦ ❞♦ ❞❡s❧♦❝❛♠❡♥t♦ ♣♦r s✉❛ ✈❡③

♣♦❞❡ s❡r ❢❡✐t❛ ♣❡❧♦ ❧❡✐t♦r ❛tr❛✈és ❞❛ ♣♦tê♥❝✐❛ ♥❡❝❡ssár✐❛ ♥♦ s✐♥❛❧ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ♣❛r❛ s❡

✐♥t❡rr♦❣❛r ❛ ❡t✐q✉❡t❛✳ ❯♠❛ ❡①♣❧✐❝❛çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛ ❞❡ss❡ ♠ét♦❞♦ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛

❡♠ ✭❇❍❆❚❚❆❈❍❆❘❨❨❆ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❖ ♠ét♦❞♦ ♣r♦♣♦st♦ ❞❡ ❞❡t❡❝çã♦ ❞❡ ✢✉✐❞♦ s❡ ❜❛s❡✐❛

♥♦ ♠❡s♠♦ ♣r✐♥❝í♣✐♦✱ ✐st♦ é✱ ❛ ❞❡❣r❛❞❛çã♦ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❞❛ ❡t✐q✉❡t❛

❘❋■❉ ❯❍❋ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✢✉✐❞♦s✳ ❊♠ ✭❇❍❆❚❚❆❈❍❆❘❨❨❆ ❡t ❛❧✳✱ ✷✵✶✵❜✮ ❇❤❛tt❛❝❤❛r②②❛

❡t ❛❧✳ ♣r♦♣õ❡♠ ✉♠❛ ♥♦✈❛ ❢♦r♠❛ ❞❡ s❡ ❞❡t❡❝t❛r ❛ ❡①♣♦s✐çã♦ ❞❛ ❡t✐q✉❡t❛ à t❡♠♣❡r❛t✉r❛s

❛❝✐♠❛ ❞♦ ❧✐♠✐❛r✳ ❖ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠ s✉❜st✐t✉✐r ♦ ♠❡❝❛♥✐s♠♦ ❞❡s❝r✐t♦ ❡♠

✭❇❍❆❚❚❆❈❍❆❘❨❨❆ ❡t ❛❧✳✱ ✷✵✶✵❛✮ ♣♦r ✉♠❛ ♣❧❛❝❛ ❞❡ ♠❡t❛❧ ❛ss♦❝✐❛❞❛ ❛ ✉♠ ♣♦❧í♠❡r♦ ❝♦♠

♠❡♠ór✐❛ ❞❡ ❢♦r♠❛✳ ◗✉❛♥❞♦ r❡s❢r✐❛❞♦ ♦ ♣♦❧í♠❡r♦ ♠❛♥té♠ ❛ ♣❧❛❝❛ ❞❡ ♠❡t❛❧ s♦❜ ✉♠❛

❡t✐q✉❡t❛ ✭❡t✐q✉❡t❛ ❆✮ ♣❡rt✉r❜❛♥❞♦ s✉❛ ❝♦♠✉♥✐❝❛çã♦ ♠❛s ❞❡✐①❛♥❞♦ ❛ ♦✉tr❛ ✭❡t✐q✉❡t❛ ❇✮

❧✐✈r❡✳ ❈❛s♦ ❛ ❡t✐q✉❡t❛ s❡❥❛ ❛q✉❡❝✐❞❛ ❛❝✐♠❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❧✐♠✐t❡✱ ♦ ♣♦❧í♠❡r♦ r❡❛ss✉♠❡

♣❡r♠❛♥❡♥t❡♠❡♥t❡ s✉❛ ❢♦r♠❛ ♦r✐❣✐♥❛❧✱ ❧✐❜❡r❛♥❞♦ ❛ ❡t✐q✉❡t❛ ❆ ♠❛s ❜❧♦q✉❡❛♥❞♦ ❛ ❡t✐q✉❡t❛

❇✱ ♣❡r♠✐t✐♥❞♦ ❛ss✐♠ q✉❡ ♦ ❧❡✐t♦r ✐❞❡♥t✐✜q✉❡ ❛ ♦❝♦rrê♥❝✐❛ ♠❡s♠♦ q✉❡ ❛ ❡t✐q✉❡t❛ ✈♦❧t❡ ❛

s❡r r❡s❢r✐❛❞❛✳

✷✳✷✳✺ ❙❡♥s♦r❡s ▲✐❣❛❞♦s ❛♦ ▲❛❞♦ ❉✐❣✐t❛❧

◆❛s ❡t✐q✉❡t❛s ❘❋■❉ ❝♦♠ s❡♥s♦r❡s ❧✐❣❛❞♦s ❛♦ ❧❛❞♦ ❞✐❣✐t❛❧ ♦s s❡♥s♦r❡s ❝♦♥❡❝t❛♠✲s❡ ❛♦

♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝✐r❝✉✐t♦ ❞❡ tr❛t❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦ s❡♥s♦r ❡✱



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✽

❢r❡q✉❡♥t❡♠❡♥t❡✱ ✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧✳ ❆ ✐♥❢♦r♠❛çã♦ ♦r✐✉♥❞❛ ❞♦ s❡♥s♦r é

tr❛♥s♠✐t✐❞❛ ❞✐❣✐t❛❧♠❡♥t❡ ♠❡❞✐❛♥t❡ ✉♠❛ s♦❧✐❝✐t❛çã♦ ❞♦ ❧❡✐t♦r✱ ❛tr❛✈és ❞♦ ♣r♦t♦❝♦❧♦ ❞❡

❝♦♠✉♥✐❝❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❞♦✱ ♦✉ s❡❥❛✱ ❝♦♥❢♦r♠❡ ✉♠❛ ❝♦♠✉♥✐❝❛çã♦ r❡❣✉❧❛r ❞♦ ♣❛❞rã♦

❘❋■❉✳

❊st❡ t✐♣♦ ❞❡ s♦❧✉çã♦ ♣❡r♠✐t❡ q✉❡ ♦s tr❛t❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s s❡❥❛ r❡❛❧✐③❛❞♦

❞✐r❡t❛♠❡♥t❡ ♥❛ ❡t✐q✉❡t❛✱ ❛♥t❡s ❞❡ ❡♥✈✐❛✲❧♦s ❛♦ ❧❡✐t♦r✱ t♦r♥❛♥❞♦ ❡ss❛ ❛rq✉✐t❡t✉r❛ ❜❡♠ ♠❛✐s

r♦❜✉st❛ à ✈❛r✐❛çõ❡s ❛♠❜✐❡♥t❛✐s ❛❧❤❡✐❛s às ❣r❛♥❞❡③❛s s❡♥s♦r❡❛❞❛s✱ ❜❡♠ ❝♦♠♦ ❛♦ r✉í❞♦ ❞♦

❝❛♥❛❧ ❞❡ ❝♦♠✉♥✐❝❛çã♦✱ ❥á q✉❡ ♦s ❞❛❞♦s ♣r♦✈❡♥✐❡♥t❡s ❞♦s s❡♥s♦r❡s sã♦ tr❛♥s♠✐t✐❞♦s ♣♦r

❝♦❞✐✜❝❛çã♦ ❞✐❣✐t❛❧✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ t❛♠❜é♠ é ♣♦ssí✈❡❧ ❛ss♦❝✐❛r ♠ú❧t✐♣❧♦s s❡♥s♦r❡s à ✉♠❛

♠❡s♠❛ ❡t✐q✉❡t❛✱ ❛❧é♠ ❛♠♦str❛r ❡ ❛r♠❛③❡♥❛r ♦s ❞❛❞♦s ❞❡ ❝❛❞❛ s❡♥s♦r ♣❛r❛ ❡♥✈✐♦ ❢✉t✉r♦

♠❡❞✐❛♥t❡ ✉♠❛ s♦❧✐❝✐t❛çã♦ ❞♦ ❧❡✐t♦r✳

❆ ❇✐♦✲❚❤❡r♠♦✱ ♣r♦❞✉③✐❞❛ ❝♦♠❡r❝✐❛❧♠❡♥t❡ ❡♠ ✷✵✵✸✱ ❢♦✐ ♣r✐♠❡✐r❛ ❡t✐q✉❡t❛ ❘❋■❉

♣❛ss✐✈❛ ❝♦♠ s❡♥s♦r ❞✐❣✐t❛❧♠❡♥t❡ ❛❝♦♣❧❛❞♦ ❛ s❡r ❝♦♠❡r❝✐❛❧✐③❛❞❛✭❈❍❆◆❀ ▼❊❏■❆✱ ✷✵✵✻✮✳

❖♣❡r❛♥❞♦ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ✶✸✹✱✷ ❦❍③✱ ❛ ❡t✐q✉❡t❛ ✐♥❝❧✉í❛ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣❛r❛

❛ ❢❛✐①❛ ❞❡ ✸✺ oC ❛ ✹✺ oC ❝♦♠ ❡①❛t✐❞ã♦ ❞❡ ✵✱✶ oC ❡ ❡r❛ ❡♥❝❛♣s✉❧❛❞❛ ❡♠ ✈✐❞r♦ ✭❣❧❛ss✲t❛❣✮

♣❛r❛ ✐♥s❡rçã♦ s✉❜❝✉tâ♥❡❛ ❡♠ ❛♥✐♠❛✐s✱ ❝♦♥❢♦r♠❡ ♦ ♣❛❞rã♦ ■❙❖ ✶✶✼✽✺ ♣❛r❛ ✐❞❡♥t✐✜❝❛çã♦

❞❡ ❛♥✐♠❛✐s✳ ❯♠❛ s♦❧✉çã♦ s❡♠❡❧❤❛♥t❡ ❢♦✐ ♣r♦♣♦st❛ ♣♦r ❑❛r♥ ❖♣❛s❥✉♠r✉s❦✐t ❡t ❛❧✳ ❡♠

✷✵✵✻ ✭❖P❆❙❏❯▼❘❯❙❑■❚ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❖♣❛s❥✉♠r✉s❦✐t ❡ s✉❛ ❡q✉✐♣❡ ♣r♦❥❡t❛r❛♠ ♦ ♠✐❝r♦❝❤✐♣

❝♦♠♣❧❡t♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉✱ ♣❛r❛ ❛ ❢❛✐①❛ ❞❡ ❢r❡q✉ê♥❝✐❛ ❞❡ ✶✵✵ ❦❍③ ❛ ✶✺✵ ❦❍③✱ ❝♦♠

✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠❜❛r❝❛❞♦✱ ✈♦❧t❛❞♦ ♣❛r❛ ♠❡❞✐çã♦ ✐♥❞✉str✐❛❧✱ ❝♦❜r✐♥❞♦ ❛ ❢❛✐①❛

❡♥tr❡ ✲✹✵ oC ❡ ✶✷✵ oC✳ ❖ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❢♦♥t❡

❞❡ ❝♦rr❡♥t❡ ❞♦ t✐♣♦ P❚❆❚ ✭❲■❉▲❆❘✱ ✶✾✻✺✮ ❡ s✉❛ ✐♥t❡r❢❛❝❡ ❝♦♠ ❛ ✉♥✐❞❛❞❡ ❞❡ ❝♦♥tr♦❧❡

✐♠♣❧❡♠❡♥t❛❞❛ ❝♦♠ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❞♦ t✐♣♦ Σ∆ ❝♦♠ r❡s♦❧✉çã♦ ❞❡ ✽ ❜✐ts✳

❆♣❡s❛r ❞♦ ❛❝♦♣❧❛♠❡♥t♦ ❞✐❣✐t❛❧ ❞♦s s❡♥s♦r❡s ❛♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ❞❛ ❡t✐q✉❡t❛ ❛

♣r✐♥❝í♣✐♦ ❡♥✈♦❧✈❡r ✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✲❞✐❣✐t❛❧✱ ❡ss❡ ♥ã♦ é ✉♠ ❝♦♠♣♦♥❡♥t❡

❢✉♥❞❛♠❡♥t❛❧✳ ❙❡♥s♦r❡s ❞❡ ❞♦✐s ❡st❛❞♦s✱ ❝♦♠♦ ♦s ❞❡ ✐♥t❡❣r✐❞❛❞❡ ❞❡ ❧❛❝r❡✱ ♣♦r ❡①❡♠♣❧♦✱

❞✐s♣❡♥s❛♠ q✉❛❧q✉❡r t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❆✴❉ ❡ s❡✉ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧

♣♦❞❡ s❡ r❡s✉♠✐r ❛ ✉♠ s✐♠♣❧❡s ❘❈✱ t❛❧ ❝♦♠♦ ❡♠ ✭❙❲❊❉❇❊❘●✱ ✷✵✶✺✮✳ ❙❡♥s♦r❡s ❝✉❥❛

r❡s♣♦st❛ é ❞❡ ♥❛t✉r❡③❛ ❝♦♥tí♥✉❛ ❝♦♠♦ ♦s ❞❡ t❡♠♣❡r❛t✉r❛✱ ✉♠✐❞❛❞❡✱ ❧✉♠✐♥♦s✐❞❛❞❡✱

♣r❡ssã♦✱ ❡t❝✳✱ t❛♠❜é♠ ♣♦❞❡♠ s❡r ✐♥t❡r❢❛❝❡❛❞♦s s❡♠ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ♣r♦♣r✐❛♠❡♥t❡

❞✐t♦✳ ■st♦ ♣♦❞❡ s❡r ❢❡✐t♦ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞❡ ✉♠❛ ♣♦rt❛ ❧ó❣✐❝❛ ❞♦ t✐♣♦ s❝❤♠✐tt tr✐❣❣❡r✳ ◆❡st❡

❝❛s♦✱ ♦ s✐st❡♠❛ ♥ã♦ s❡rá ❝❛♣❛③ ❞❡ r❡❛❧✐③❛r ✉♠❛ ❧❡✐t✉r❛ ♣r♦♣♦r❝✐♦♥❛❧ à ❣r❛♥❞❡③❛ ♠❡❞✐❞❛✱



✷✳✷ s❡♥s♦r❡s r❢✐❞ ✷✾

♠❛s ❛♣❡♥❛s ❞❡t❡❝t❛r s❡ ❡ss❛ ❣r❛♥❞❡③❛ ❡stá ❛❝✐♠❛ ♦✉ ❛❜❛✐①♦ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❧✐♠✐❛r

♣r❡✈✐❛♠❡♥t❡ ❞❡✜♥✐❞♦✳ ➱ ♦ ❝❛s♦ ❞❡ ❡t✐q✉❡t❛s ❞❡st✐♥❛❞❛s ❛ ♠♦♥✐t♦r❛r ❛ t❡♠♣❡r❛t✉r❛ ❞❡

❝♦♥s❡r✈❛çã♦ ❞❡ ❛❧✐♠❡♥t♦s✱ t❛✐s ❝♦♠♦ ❛s ♣r♦❞✉③✐❞❛s ♣❡❧❛ ❚❤✐♥❋✐❧♠ ✭❚❍■◆❋■▲▼✱ ✷✵✶✺✮✳

❍á ❛✐♥❞❛ ♦✉tr❛s s♦❧✉çõ❡s ♠❛✐s r❡❜✉s❝❛❞❛s✱ t❛✐s ❝♦♠♦ ❛ ♣r♦♣♦st❛ ♣♦r ❙❤❡♥❣❤✉❛ ❡

◆❛♥❥✐❛♥ ✭❙❍❊◆●❍❯❆❀ ◆❆◆❏■❆◆✱ ✷✵✵✼✮✳ ◆❡st❛ s♦❧✉çã♦✱ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦✐

✐♥t❡❣r❛❞♦ à ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❯❍❋ ❡♠♣r❡❣❛♥❞♦ ✉♠ ♦s❝✐❧❛❞♦r ❝✉❥❛ ❢r❡q✉ê♥❝✐❛ é

❧✐♥❡❛r♠❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛✳ ❖ s✐♥❛❧ ♦s❝✐❧❛♥t❡ é ❡♥tã♦ ❛♣❧✐❝❛❞♦ ❡♠ ✉♠

❝♦♥t❛❞♦r ❞✉r❛♥t❡ ✉♠ ✐♥t❡r✈❛❧♦ ✜①♦ ❞❡ t❡♠♣♦✱ ♣❡r❢❛③❡♥❞♦ ❛ ♠❡❞✐çã♦✳ ❙✉❛s ♣r✐♥❝✐♣❛✐s

❞❡s✈❛♥t❛❣❡♥s sã♦ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝❛❧✐❜r❛çã♦ ❡ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❣❡r❛❞♦r ❞❡

♣✉❧s♦s ❝♦♥st❛♥t❡s✱ t♦r♥❛♥❞♦ ❛ ❡①❛t✐❞ã♦ ❞❛ ♠❡❞✐❞❛ ♠✉✐t♦ ❞❡♣❡♥❞❡♥t❡ ❞❡ ♣❛râ♠❡tr♦s

✈✉❧♥❡rá✈❡✐s às ✈❛r✐❛çõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞♦ ❝❤✐♣✳

◆❛♠❥✉♥ ❈❤♦ ❡t ❛❧✳ ♣r♦♣õ❡♠ ❡♠ ✭❈❍❖ ❡t ❛❧✳✱ ✷✵✵✺✮ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❯❍❋ ♣❛ss✐✈❛

♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❛♠❜✐❡♥t❛❧ ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❧✉♠✐♥♦s✐❞❛❞❡✳ ❆♠❜♦s ♦s s❡♥s♦r❡s

❢♦r❛♠ ♣r♦❞✉③✐❞♦s ❡♠ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦ r❡st❛♥t❡ ❞♦ ❝✐r❝✉✐t♦ ❞❛ ❡t✐q✉❡t❛ ❡♠ ✉♠ só ❝❤✐♣

♥❛ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✵✱✷✺ µm✳ ❈❛❞❛ ✉♠ ❞♦s s❡♥s♦r❡s ❢♦✐ ✐♥t❡❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ✉♠

❝♦♥✈❡rs♦r ❆✴❉ ❞❡❞✐❝❛❞♦✱ ♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠♣r❡❣♦✉ ✉♠ ❝♦♥✈❡rs♦r ❞♦ t✐♣♦ r❛♠♣❛

s✐♠♣❧❡s ❡ ♦ ❞❡ ❧✉♠✐♥♦s✐❞❛❞❡✱ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ❝♦rr❡♥t❡ ❡♠ ♣✉❧s♦s✱ ❝✉❥❛ ❞✉r❛çã♦ é

❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ à ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ r❡❝❡❜✐❞❛ ♣❡❧♦ s❡♥s♦r ✭❢♦t♦❞✐♦❞♦✮✳

❊♠ ✭❇❘❊◆❑ ❡t ❛❧✳✱ ✷✵✶✶✮ ❇r❡♥❦ ❡t ❛❧✳ r❡❧❛t❛♠ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❝♦♠♣❧❡t♦ ❞❡ ✉♠❛

❡t✐q✉❡t❛ ❘❋■❉ ♣❛ss✐✈❛✱ ♦♣❡r❛❝✐♦♥❛❧ ❡♠ ❯❍❋ ✭✽✻✽ ▼❍③✮✱ ❝♦♠ ❛❧❝❛♥❝❡ ❞❡ ❧❡✐t✉r❛ ❡stá✈❡❧

à ✻✱✺ ♠ ❞♦ ❧❡✐t♦r✱ ✐♥❝❧✉✐♥❞♦ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✐♥t❡r❢❛❝❡❛❞♦ ❝♦♠ ❛ ❡t✐q✉❡t❛ ♣♦r

♠❡✐♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ✭▼❈❈❘❊❆❘❨❀ ●❘❆❨✱ ✶✾✼✺✮ ❝♦♠

r❡s♦❧✉çã♦ ❞❡ ✽ ❜✐ts✱ ✐♠♣❧❡♠❡♥t❛❞♦ ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ❞❡ ✶✸✵ ♥♠✳ ❯♠❛ ❡✈♦❧✉çã♦ ❞❡ss❡

s✐st❡♠❛ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❡♠ ✭❯❙❙▼❯❊▲▲❊❘ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ◆♦ ❛rt✐❣♦✱ ❛ ❡t✐q✉❡t❛ ♣❛ss❛ ❛

✐♥❝❧✉✐r ✉♠ ♠✉❧t✐♣❧❡①❛❞♦r ❛♥❛❧ó❣✐❝♦ ♣❛r❛ três s❡♥s♦r❡s ❛❞✐❝✐♦♥❛✐s✱ ❛❧é♠ ❞♦ ♣ró♣r✐♦ s❡♥s♦r

❞❡ t❡♠♣❡r❛t✉r❛ ❡♠❜❛r❝❛❞♦✱ t❡♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡r❛r ❡♠ ❯❍❋ ✭✾✵✵ ▼❍③✮ ❡ ❍❋ ✭✶✸✱✺✻

▼❍③✮ ❡ ♦❢❡r❡❝❡ s✉♣♦rt❡ à ❧♦❝❛❧✐③❛çã♦ ❞❛ ❡t✐q✉❡t❛ ✈✐❛ r❛❞❛r ❋▼❈❲ ✭❍❊■❉❘■❈❍ ❡t ❛❧✳✱ ✷✵✶✵❀

❆❯❇❊❘❚ ❡t ❛❧✳✱ ✷✵✶✷✮✳

❆ r❛③ã♦ ❞♦ ❡♠♣r❡❣♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ s❡r ❡✈✐t❛❞❛ ❡♠ ♠✉✐t❛s s♦❧✉çõ❡s s❡ ❞❡✈❡ ♥ã♦

só ❛♦ ❛✉♠❡♥t♦ ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ s✐st❡♠❛ ✭❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❛ ár❡❛ t♦t❛❧ ❞♦ ❝❤✐♣✮✱

♠❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ às ❞✐✜❝✉❧❞❛❞❡s ❡♠ s❡ ❛t❡♥❞❡r ❛♦s r❡q✉✐s✐t♦s ❞❡ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛

✐♠♣♦st♦s ♣❡❧♦ ♣ró♣r✐♦ s✐st❡♠❛ ❘❋■❉✱ ❡s♣❡❝✐❛❧♠❡♥t❡ às ❡t✐q✉❡t❛s ♣❛ss✐✈❛s✳ P♦r ❡ss❡ ♠♦t✐✈♦✱



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✵

❛ ❡s❝♦❧❤❛ ❡ ♣r♦❥❡t♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣❛r❛ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛ ♥❡st❡ tr❛❜❛❧❤♦ ❞❡♠❛♥❞♦✉

❧♦♥❣♦ t❡♠♣♦ ❞❡ ❡st✉❞♦ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦✱ s❡♥❞♦ tr❛t❛❞♦ ❞❡ ♠❛♥❡✐r❛ ♠❛✐s ❞❡t❛❧❤❛❞❛ ♥♦

❈❛♣ít✉❧♦ ✸✳

✷✳✸ ❙❡♥s♦r❡s P❛r❛ ❛ ❉❡t❡❝çã♦ ❞❡ ●❛s❡s

■♥str✉♠❡♥t♦s ❞❡ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ ❣❛s❡s sã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♥❛s ár❡❛s

❛✉t♦♠♦t✐✈❛✱ ♠é❞✐❝❛✱ ✐♥❞✉str✐❛❧ ❡ ❞❡ ❛♥á❧✐s❡ ❛♠❜✐❡♥t❛❧✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ♠♦❜✐❧✐❞❛❞❡ ❡

♣♦rt❛❜✐❧✐❞❛❞❡ r❡q✉❡r✐❞❛ ♥♦ ❡♠♣r❡❣♦ ❞❡ss❡s ✐♥str✉♠❡♥t♦s ✐♠♣❧✐❝❛♠ ❞✐r❡t❛♠❡♥t❡ ❡♠

❡①✐❣ê♥❝✐❛s ❞❡ ♠✐♥✐❛t✉r✐③❛çã♦ ❡ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞♦s s❡♥s♦r❡s ♥❡❧❡s ❡♠♣r❡❣❛❞♦s✳

❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛ ❝r❡s❝❡♥t❡ ❞❡♠❛♥❞❛ ♣❡❧❛ ❛✉t♦♠❛çã♦ ♥❛ ✐♥❞ústr✐❛ ❡ ♥❛ ❛❣r♦♣❡❝✉ár✐❛

r❡q✉❡r✱ ❛❧é♠ ❞❡ ✐♥str✉♠❡♥t♦s ❞✐s❝r❡t♦s✱ r❡❞❡s ❞❡ s❡♥s♦r❡s ❝✉❥♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s ❞❡

♠❡❞✐çã♦ ✭♥ós✮ ♣♦❞❡ ❝❤❡❣❛r à ❝❛s❛ ❞♦s ♠✐❧❤❛r❡s✳ ■♥t❡r❧✐❣❛r tã♦ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡

s❡♥s♦r❡s ❛ ✉♠ s✐st❡♠❛ ❝❡♥tr❛❧ ♣♦r ♠❡✐♦ ❞❡ ✜♦s é q✉❛s❡ ✐♠♣r❛t✐❝á✈❡❧✱ ❛❧é♠ ❞❡ ❛❝❛rr❡t❛r

❡♠ ❡❧❡✈❛❞♦s ❝✉st♦s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ s❡ ♦ s✐st❡♠❛ ❡♥✈♦❧✈❡r ♣♦♥t♦s ❞❡ ♠❡❞✐çã♦ ♠ó✈❡✐s✳

◆❡st❡ ❝❛s♦✱ ❛ ❛❞♦çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ s❡♠ ✜♦s é✱ ✐♥❞✉❜✐t❛✈❡❧♠❡♥t❡✱ ❛

♠❡❧❤♦r ❡s❝♦❧❤❛✳

❆ ❛❞♦çã♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ s❡♠ ✜♦s tr❛③✱ ♥♦ ❡♥t❛♥t♦✱ ✉♠ ♣r♦❜❧❡♠❛

❛❞✐❝✐♦♥❛❧✳ ❊♠ ✉♠❛ r❡❞❡ ❝❛❜❡❛❞❛ ❞❡ s❡♥s♦r❡s✱ ♦s ✜♦s ❞❡ ❝♦♥❡①ã♦ t❛♠❜é♠ sã♦ r❡s♣♦♥sá✈❡✐s

♣❡❧❛ ❛❧✐♠❡♥t❛çã♦ ❞♦s ♥ós✳ ◆ã♦ ❤❛✈❡♥❞♦ ♠❛✐s ❝♦♥❡①ã♦ ✜❛❞❛ ❛té ♦s ♥ós s❡♥s♦r❡s✱ ❡st❡s

♣❛ss❛♠ ❛ ♥❡❝❡ss✐t❛r ❞❡ ✉♠❛ ❢♦♥t❡ ❞❡ ❡♥❡r❣✐❛ ❧♦❝❛❧✳ ❙❡ ❡st❛ ❢♦♥t❡ ❢♦r ✉♠❛ ❜❛t❡r✐❛✱ s✉❛

tr♦❝❛ ♣❡r✐ó❞✐❝❛ ✐♠♣❧✐❝❛rá ❡♠ ❝✉st♦s ❡ ♣r♦❜❧❡♠❛s ❞❡ ❧♦❣íst✐❝❛✱ ❡s♣❡❝✐❛❧♠❡♥t❡ s❡ ♦ ♥ú♠❡r♦

❞❡ ♥ós s❡♥s♦r❡s ❢♦r ❡❧❡✈❛❞♦ ❡✴♦✉✱ ♦s ♠❡s♠♦s ❧♦❝❛❧✐③❛r❡♠✲s❡ ❡♠ ♣♦♥t♦s ❞❡ ❞✐❢í❝✐❧ ❛❝❡ss♦✳

◆❡st❡ ❝❛s♦✱ ♦ t❡♠♣♦ ❞❡ ✈✐❞❛ ❞❛ ❜❛t❡r✐❛ ♣r❡❝✐s❛ s❡r ♠❛①✐♠✐③❛❞♦✱ ❡①✐❣✐♥❞♦ ❛✐♥❞❛ ♠❛✐s q✉❡

♦ s✐st❡♠❛ ❞♦ ♥ó s❡♥s♦r ❝♦♥s✉♠❛ ♦ ♠í♥✐♠♦ ♣♦ssí✈❡❧ ❞❡ ❡♥❡r❣✐❛✳ ❙❡ ♦ ♥ó ✉t✐❧✐③❛r ❢♦♥t❡s

❛❧t❡r♥❛t✐✈❛s ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ s❡ ❛❧✐♠❡♥t❛r ✭s♦❧❛r✱ ✈✐❜r❛❝✐♦♥❛❧✱ ❝✐♥ét✐❝❛✱ tér♠✐❝❛✱ ❡t❝✳✮ ♦✉ ❛

♣ró♣r✐❛ ❡♥❡r❣✐❛ ❢♦r♥❡❝✐❞❛ ♣❡❧❛ ❛♥t❡♥❛ ❞❡ ❧❡✐t✉r❛ ✭t❡❧❡✲❛❧✐♠❡♥t❛çã♦✮✱ ❤❛✈❡rá ♠✉✐t♦ ♣♦✉❝❛

❡♥❡r❣✐❛ ❞✐s♣♦♥í✈❡❧✱ ✐♠♣♦♥t♦ r❡q✉✐s✐t♦s ❞❡ r❡❞✉çã♦ ❞❡ ❝♦♥s✉♠♦ ❛✐♥❞❛ ♠❛✐s ❡❧❡✈❛❞♦s ❞♦ q✉❡

♥♦ ❝❛s♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♣♦r ❜❛t❡r✐❛s✳

❆s ❡①✐❣ê♥❝✐❛s ❞❡ ♠✐♥✐❛t✉r✐③❛çã♦ ❞♦s s❡♥s♦r❡s✱ ❛❧✐❛❞❛s ❛♦s r❡q✉✐s✐t♦s ❞❡ ❜❛✐①♦

❝♦♥s✉♠♦ ❡ ✐♥t❡❣r❛çã♦ ❛♦s ❝✐r❝✉✐t♦s ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✱ ❝♦♥✈❡rsã♦

❛♥❛❧ó❣✐❝♦✲❞✐❣✐t❛❧ ❡ ❝♦♠✉♥✐❝❛çã♦✱ ✐♠♣✉❧s✐♦♥♦✉ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦s s❡♥s♦r❡s ❈▼❖❙ ❞❡



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✶

❣ás✳ ❯❞r❡❛ ❡ ●❛r❞♥❡r ✭❯❉❘❊❆❀ ●❆❘❉◆❊❘✱ ✷✵✵✷✮ ❞❡✜♥❡♠ ❝✐♥❝♦ ❛❜♦r❞❛❣❡♥s ❜ás✐❝❛s ❞❡

♣r♦❥❡t♦ ❞❡ s❡♥s♦r❡s ❈▼❖❙ ❞❡ ❣ás✱ sã♦ ❡❧❡s✿

✶✳ ❙❡♥s♦r q✉í♠✐❝♦✲r❡s✐st✐✈♦✿ ❜❛s❡✐❛✲s❡ ♥❛ ❛❧t❡r❛çã♦ ❞❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞❡ ✉♠❛ ❝❛♠❛❞❛

❞❡ ó①✐❞♦ ♠❡tá❧✐❝♦ ♦✉ ❞❡ ♣♦❧í♠❡r♦✱ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠ ❣ás✳ ❖s s❡♥s♦r❡s ❞❡ ó①✐❞♦

♠❡tá❧✐❝♦ sã♦ ♠❛✐s ❡stá✈❡✐s✱ ♠❛s ♦♣❡r❛♠ ❡♠ t❡♠♣❡r❛t✉r❛ ❡❧❡✈❛❞❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱

s❡♥s♦r❡s ❞❡ ♣♦❧í♠❡r♦ ♣♦❞❡♠ tr❛❜❛❧❤❛r s♦❜ t❡♠♣❡r❛t✉r❛s ♠❛✐s ❜❛✐①❛s ✭✐♥❢❡r✐♦r❡s ❛

✷✵✵ ➦❈✮ ✭❙❯❊❍▲❊ ❡t ❛❧✳✱ ✶✾✾✸✮✳ ◗✉❛♥❞♦ ✐♠♣❧❡♠❡♥t❛❞♦s ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙✱ ♦s

❛q✉❡❝❡❞♦r❡s sã♦ ❢❡✐t♦s ❡♠ ♣♦❧✐s✐❧í❝✐♦ ❡ ✐♠♣❧❡♠❡♥t❛❞♦s ❛❝✐♠❛ ❞❡ ✉♠❛ ✜♥❛ ♠❡♠❜r❛♥❛

✐s♦❧❛♥t❡ ❛ ✜♠ ❞❡ r❡❞✉③✐r ❛s ♣❡r❞❛s ❞❡ ❡♥❡r❣✐❛✳ ❙✉❛ ❢❛❜r✐❝❛çã♦ r❡q✉❡r ✈ár✐♦s ♣❛ss♦s

❛❞✐❝✐♦♥❛✐s ❛♦ ♣r♦❝❡ss♦ ❈▼❖❙ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ✐♠♣❛❝t❛♥❞♦ ❞✐r❡t❛♠❡♥t❡ ♥♦s ❝✉st♦s ❞❡

❢❛❜r✐❝❛çã♦✳

✷✳ ❙❡♥s♦r q✉í♠✐❝♦✲❝❛♣❛❝✐t✐✈♦✿ ❜❛s❡✐❛✲s❡ ♥❛ ✈❛r✐❛çã♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ✉♠ ♣♦❧í♠❡r♦

✭✐st♦ é✱ s✉❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ♦✉ ❡s♣❡ss✉r❛✮ q✉❛♥❞♦ ❡①♣♦st♦ ❛ ✉♠ ❣ás✳ ❆

♠✉❞❛♥ç❛ ♥❛ ❝❛♣❛❝✐tâ♥❝✐❛ ♣♦❞❡ s❡r ♠❡❧❤♦r ❞❡t❡❝t❛❞❛ q✉❛♥❞♦ ♠❡❞✐❞❛ ❞❡ ❢♦r♠❛

❞✐❢❡r❡♥❝✐❛❧ t❡♥❞♦ ✉♠ ❝❛♣❛❝✐t♦r ✜①♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳ ❖ ❝❛♣❛❝✐t♦r ♣♦❞❡ s❡r

❢❛❜r✐❝❛❞♦ ❧❛t❡r❛❧♠❡♥t❡ ❝♦♠ ❞♦✐s ❡❧❡tr♦❞♦s ✐♥t❡r❞✐❣✐t❛✐s✱ s♦❜r❡ ♦s q✉❛✐s ✉♠❛ ❝❛♠❛❞❛

❞❡ ♣♦❧í♠❡r♦ é ❞❡♣♦s✐t❛❞❛ ✭❇❆▲❚❊❙ ❡t ❛❧✳✱ ✶✾✾✽✮ ♦✉ ♣♦❞❡ t❡r ✉♠ ❛rr❛♥❥♦ ✈❡rt✐❝❛❧ ♥♦

q✉❛❧ ♦ s❡❣✉♥❞♦ ❡❧❡tr♦❞♦ é ✉♠ ♠❡t❛❧ ♣♦r♦s♦✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ❛s ♠♦❧é❝✉❧❛s ❞♦ ❣ás ♦

♣❡♥❡tr❡♠✳ ❆ ♦♣❡r❛çã♦ ❞❡st❡ s❡♥s♦r ❡♥✈♦❧✈❡ ❝✐❝❧♦s ❞❡ ❛❜s♦rçã♦ ❡ ❛❞s♦rçã♦✱ ♦ q✉❡

r❡q✉❡r s✉❛ ❡①♣♦s✐çã♦ à t❡♠♣❡r❛t✉r❛s ❡❧❡✈❛❞❛s ❝✐❝❧✐❝❛♠❡♥t❡✳ ❊♠ ✉♠ s❡♥s♦r ❈▼❖❙

✐st♦ é ❣❡r❛❧♠❡♥t❡ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♣♦s✐❝✐♦♥❛❞❛

❥✉♥t♦ ❛♦ s❡♥s♦r✱ ❞❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦ s❡♥s♦r q✉í♠✐❝♦✲r❡s✐st✐✈♦✳

✸✳ ❙❡♥s♦r ❞❡ r❡ss♦♥â♥❝✐❛✿ ❜❛s❡✐❛✲s❡ ♥❛ ❛❧t❡r❛çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❡ ✉♠

❝❛♥t✐❧❡✈❡r ❞❡ s✐❧í❝✐♦ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♠❛ss❛ ❞❛s ♠♦❧é❝✉❧❛s ❞♦ ❣ás ❛❜s♦r✈✐❞♦ ♣♦r

✉♠❛ ❝❛♠❛❞❛ s❡♥sí✈❡❧ ❞❡ ♣♦❧í♠❡r♦ ❧♦❝❛❧✐③❛❞❛ ♥❛ ♣♦♥t❛ ❞♦ ❝❛♥t✐❧❡✈❡r ✭❩❍❖❯ ❡t ❛❧✳✱

✷✵✵✸✮✳ ❉✐❢❡r❡♥t❡s t✐♣♦s ❞❡ ❣❛s❡s ♣♦❞❡♠ s❡r ❞✐st✐♥❣✉✐❞♦s ♣❡❧❛s ❞✐❢❡r❡♥t❡s ♠❛ss❛s

♠♦❧❡❝✉❧❛r❡s ❛❜s♦r✈✐❞❛s✳ ❊♠ ❣❡r❛❧✱ t❛✐s s❡♥s♦r❡s ✉t✐❧✐③❛♠ ❛t✉❛❞♦r❡s ♣✐❡③♦❡❧étr✐❝♦s✱

❛t✉❛❞♦r❡s t❡r♠♦♠❡❝â♥✐❝♦s t❛♠❜é♠ ♣♦❞❡♠ s❡r ❡♠♣r❡❣❛❞♦s ✭▲❆◆●❊ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❊♠ ❛♠❜❛s ❛s ❛❜♦r❞❛❣❡♥s✱ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ r❡s✉❧t❛♥t❡ ❞❡❝❛✐ ❞❡ ❢♦r♠❛

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❧✐♥❡❛r ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ♠❛ss❛ ❛❜s♦r✈✐❞❛ ♥♦ ❝❛♥t✐❧❡✈❡r✳ ❯♠

✐♠♣♦rt❛♥t❡ r❡q✉✐s✐t♦ ♥♦ ♣r♦❥❡t♦ ❞❡ss❡s s❡♥s♦r❡s é ♦t✐♠✐③❛r ♦ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ❞❡



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✷

❢♦r♠❛ ♠❡❧❤♦r❛r ❛ r❡❧❛çã♦ s✐♥❛❧✲r✉í❞♦ ❡ r❡❞✉③✐r ❛ ✐♥t❡r❢❡rê♥❝✐❛ ❡♥tr❡ ♦ ❛t✉❛❞♦r ❡ ♦

tr❛♥s❞✉t♦r ♣✐❡③♦r❡s✐st✐✈♦ ✭❘❖◆❈❆●▲■❆ ❡t ❛❧✳✱ ✷✵✵✵✮✳

✹✳ ▼✐❝r♦❝❛❧♦rí♠❡tr♦✿ ❞❡t❡❝t❛ ❛ ♠✉❞❛♥ç❛ ❞❡ s✉❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❝❛✉s❛❞❛ ♣❡❧❛ r❡❛çã♦ q✉í♠✐❝❛ ♦❝❛s✐♦♥❛❞❛ ❡♠ ✉♠ ♠❛t❡r✐❛❧ ❛t✐✈♦ ♣❡❧❛ ✐♥tr♦❞✉çã♦ ❞❡

✉♠ ❣ás✳ P♦r ❡st❛ r❛③ã♦✱ ♠✐❝r♦❝❛❧♦rí♠❡tr♦s ❣❡r❛❧♠❡♥t❡ tr❛❜❛❧❤❛♠ ❡♠ t❡♠♣❡r❛t✉r❛s

♠✉✐t♦ ❡❧❡✈❛❞❛s✱ t✐♣✐❝❛♠❡♥t❡ ❛❝✐♠❛ ❞❡ ✷✺✵ ➦❈✱ ♦ q✉❡ ❞✐✜❝✉❧t❛ s✉❛ ✐♥t❡❣r❛çã♦ ❝♦♠ ❛

t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✭❩❆◆■◆■ ❡t ❛❧✳✱ ✶✾✾✺✮✳ P♦r ♦♣❡r❛r ❡♠ t❡♠♣❡r❛t✉r❛ ❡❧❡✈❛❞❛✱ ❛

❡st❛❜✐❧✐❞❛❞❡ tér♠✐❝❛ ❡ ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❡♠ ❧♦♥❣♦ ♣r❛③♦ ❞❡✈❡ s❡r

❝✉✐❞❛❞♦s❛♠❡♥t❡ ❝♦♥s✐❞❡r❛❞❛✳

✺✳ ❝❤❡♠❋❊❚✿ ❞❡t❡❝t❛ ❛ ♠✉❞❛♥ç❛ ♥❛ t❡♥sã♦ ❞❡ ❧✐♠✐❛r ❞❡ ✉♠❛ ♣♦rt❛ ❋❊❚

❡s♣❡❝✐✜❝❛♠❡♥t❡ ♣r♦❥❡t❛❞❛ ♣❛r❛ ❡ss❡ ♣r♦♣ós✐t♦✳ ❆s ♣♦rt❛s ♠❛✐s ❝♦♠✉♠❡♥t❡

❡♠♣r❡❣❛❞❛s sã♦ ❛ ❝❛t❛❧ít✐❝❛ ✭P❞✱ Pt✱ ■r✮ ✭❇❘■❆◆❉ ❡t ❛❧✳✱ ✷✵✵✵✮✱ ❛ ♣♦❧✐♠ér✐❝❛

✭❈❖❱■◆●❚❖◆ ❡t ❛❧✳✱ ✷✵✵✶✮ ♦✉ ❛ s✉s♣❡♥s❛ ✭❈❯◆◆■◆●❍❆▼ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❖ ❝❤❡♠❋❊❚

❞❡ ♣♦rt❛ s✉s♣❡♥s❛ é ❜❛s❡❛❞♦ ❡♠ ✉♠❛ ❢❡♥❞❛ ❞❡ ❛r ❡♥tr❡ ✉♠❛ ❝❛♠❛❞❛ ❞❡ ♠❡t❛❧ ❡

✉♠❛ ❝❛♠❛❞❛ ❞❡ ✐s♦❧❛♥t❡✱ ❛ss♦❝✐❛❞❛ ❛ ✉♠❛ ❡♥tr❛❞❛ q✉❡ ♣❡r♠✐t❛ às ♠♦❧é❝✉❧❛s ❞♦ ❣ás

❡♥tr❛r ❡ ♣r❡❡♥❝❤❡r ❛ ❢❡♥❞❛✳ ❆ ♣r❡s❡♥ç❛ ❞♦ ❣ás ❛❧t❡r❛ ❛ ❝♦♥st❛♥t❡ ❞✐❡❧étr✐❝❛ ❞♦ ♠❡✐♦

✐s♦❧❛♥t❡✱ ❜❡♠ ❝♦♠♦ ❛ t❡♥sã♦ ❞❡ ❧✐♠✐❛r ❞❛ ♣♦rt❛✳ ❈❤❡♠❋❊❚s ❞❡ ♣♦rt❛ ❝❛t❛❧ít✐❝❛

r❡q✉❡r❡♠ t❡♠♣❡r❛t✉r❛s ❞❡ ♣❡❧♦ ♠❡♥♦s ✶✽✵ ➦❈ ♣❛r❛ ♦♣❡r❛r✳ P♦r ❡ss❡ ♠♦t✐✈♦✱ ♣❛r❛

r❡❞✉③✐r ❛ ♣♦tê♥❝✐❛ ❝♦♥s✉♠✐❞❛✱ ❡ss❡s s❡♥s♦r❡s sã♦ ❣❡r❛❧♠❡♥t❡ ❢❛❜r✐❝❛❞♦s ❝♦♠♦ ✉♠❛

❡str✉t✉r❛ s✉s♣❡♥s❛ ❡♠ ♠❡♠❜r❛♥❛s ❞❡ s✐❧í❝✐♦✳ ❖ ❈❤❡♠❋❊❚ ❞❡ ♣♦rt❛ ♣♦❧✐♠ér✐❝❛ é

❝❛♣❛③ ❞❡ ♦♣❡r❛r à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ❝♦st✉♠❛ s❡r ❛ ❡str✉t✉r❛ ❝✉❥❛

✐♠♣❧❡♠❡♥t❛çã♦ é ♠❛✐s ❛tr❛t✐✈❛ ❞❡✈✐❞♦ à ❢❛❝✐❧✐❞❛❞❡ ❡♠ s❡ ❢❛③❡r ❛ ❞❡♣♦s✐çã♦ ❞❡

♣❡❧í❝✉❧❛ ♣♦❧✐♠ér✐❝❛ s♦❜r❡ ♦ s✉❜str❛t♦ ❞❡ s✐❧í❝✐♦✳ ❚♦❞❛✈✐❛✱ ♣♦❧í♠❡r♦s sã♦ ❣❡r❛❧♠❡♥t❡

❞❡♣❡♥❞❡♥t❡s ❞❛ t❡♠♣❡r❛t✉r❛ ❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❡st❡ t✐♣♦ ❞❡ s❡♥s♦r ❛✐♥❞❛ é ✉♠

♣r♦❜❧❡♠❛✳

▼❛✐s ✐♥❢♦r♠❛çõ❡s s♦❜r❡ ❛ ❛t✉❛❧ t❡❝♥♦❧♦❣✐❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ♣♦❞❡♠ s❡r

❡♥❝♦♥tr❛❞❛s ❡♠ ✭▲■❯ ❡t ❛❧✳✱ ✷✵✶✷✮✳

✷✳✸✳✶ ❙❡♥s♦r❡s à ◆❛♥♦t✉❜♦s ❞❡ ❈❛r❜♦♥♦

❖s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ✭❈◆❚s✮✱ ❞❡s❝♦❜❡rt♦s ❡♠ ✶✾✾✶ ♣♦r ❙✉♠✐♦ ■✐❥✐♠❛ ✭■■❏■▼❆✱

✶✾✾✶✮✱ sã♦ t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❣r❛❢ít✐❝♦ ✭❣r❛❢❡♥♦✮ ❡♠ ❡s❝❛❧❛ ♠♦❧❡❝✉❧❛r q✉❡ ❛♣r❡s❡♥t❛♠



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✸

❛❧❣✉♠❛s ♣r♦♣r✐❡❞❛❞❡s ú♥✐❝❛s✳ P♦❞❡♠ s❡r ❞✐✈✐❞✐❞♦s ❡♠ ❞✉❛s ❝❛t❡❣♦r✐❛s✿ ♦s ♥❛♥♦t✉❜♦s ❞❡

❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ ú♥✐❝❛ ✭❙❲❈◆❚s✱ ❞♦ ✐♥❣❧ês ❙✐♥❣❧❡✲❲❛❧❧❡❞ ❈❛r❜♦♥ ◆❛♥♦t✉❜❡s✮ ❡ ♦s

♥❛♥♦t✉❜♦s ❞❡ ♣❛r❡❞❡s ♠ú❧t✐♣❧❛s ✭▼❲❈◆❚s✱ ❞♦ ✐♥❣❧ês ▼✉❧t✐✲❲❛❧❧❡❞ ❈❛r❜♦♥ ◆❛♥♦t✉❜❡s✮✳

❯♠ ♥❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ ú♥✐❝❛ ♣♦❞❡ s❡r ❝♦♠♣r❡❡♥❞✐❞♦ ❝♦♠♦ ✉♠❛ ❢♦❧❤❛ ❞❡

❣r❛✜t❡ ❡♥r♦❧❛❞❛ ❡♠ ❝✐❧✐♥❞r♦ ❝♦♠ ❛❧t❛ r❡❧❛çã♦ ❞❡ ❛s♣❡❝t♦✳ ❖ s❡✉ ❞✐â♠❡tr♦ é ❞❛ ♦r❞❡♠ ❞❡

❛❧❣✉♥s ♥❛♥ô♠❡tr♦s ❡ ♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ♣♦❞❡ ✈❛r✐❛r ❞❡ ❞❡③❡♥❛s ❞❡ ♥❛♥♦♠❡tr♦s ❛ ❛❧❣✉♥s

♠✐❧í♠❡tr♦s ✭❋✐❣✉r❛ ✷✳✹✮✳ ❯♠ ❈◆❚ ❞❡ ♣❛r❡❞❡s ♠ú❧t✐♣❧❛s é s❡♠❡❧❤❛♥t❡ ❛ ✉♠ ❈◆❚ ❞❡

♣❛r❡❞❡ ú♥✐❝❛✱ ♣♦ré♠✱ ❝♦♠ ♠❛✐s ❞❡ ✉♠❛ ♣❛r❡❞❡ ❞❡ ❝❛r❜♦♥♦ ❡♠ s❡✉ ✐♥t❡r✐♦r✳

❋✐❣✉r❛ ✷✳✹ ✕ ◆❛♥♦t✉❜♦ ❞❡ ❝❛r❜♦♥♦ ❞❡ ♣❛r❡❞❡ ú♥✐❝❛ ✭❙❲❈◆❚✮✳

❉❡✈✐❞♦ ❛ s✉❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r ú♥✐❝❛✱ ♦s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❡stã♦ ❡♥tr❡ ♦s

♠❛t❡r✐❛✐s ♠❛✐s rí❣✐❞♦s ❡ ♠❛✐s ❢♦rt❡s ❝♦♥❤❡❝✐❞♦s ✭❚❘❊❆❈❨ ❡t ❛❧✳✱ ✶✾✾✻✮✱ ❡ ❡stã♦ ❡♥tr❡ ♦s

❝♦♥❞✉t♦r❡s tér♠✐❝♦s ♠❛✐s ❡✜❝✐❡♥t❡s ✭❇❊❘❇❊❘ ❡t ❛❧✳✱ ✷✵✵✵✮ ❛❧é♠ ❞❡ ❛♣r❡s❡♥t❛r❡♠ ✈ár✐❛s

♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s ❡ ó♣t✐❝❛s ✐♥♦✈❛❞♦r❛s✳ ❊st❛s ❝❛r❛❝t❡ríst✐❝❛s ú♥✐❝❛s t♦r♥❛♠ ♦s

♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♣♦t❡♥❝✐❛❧♠❡♥t❡ út❡✐s ❡♠ ✉♠❛ ❛♠♣❧❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❛♣❧✐❝❛çõ❡s ❡♠

♥❛♥♦t❡❝♥♦❧♦❣✐❛✱ s❡♥s♦r❡s✱ ❛t✉❛❞♦r❡s✱ ❡❧❡trô♥✐❝❛s ❡ ó♣t✐❝❛s ✭❋❯◆● ❡t ❛❧✳✱ ✷✵✵✺✱ ✷✵✵✺❀ ❑❖◆●

❡t ❛❧✳✱ ✷✵✵✵❀ ❙■◆ ❡t ❛❧✳✱ ✷✵✵✻✮✳

❯♠ ❈◆❚ ♣♦❞❡ s❡r ♠❡tá❧✐❝♦ ♦✉ s❡♠✐❝♦♥❞✉t♦r✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❝❤❛♠❛❞❛

q✉✐r❛❧✐❞❛❞❡✳ ❆ q✉✐r❛❧✐❞❛❞❡✱ r❡♣r❡s❡♥t❛❞❛ ♣♦r ✉♠ ♣❛r ❞❡ í♥❞✐❝❡s ✭♥✱ ♠✮ q✉❡ ❞❡✜♥❡♠ ♦

❝❤❛♠❛❞♦ ♦ ✈❡t♦r q✉✐r❛❧ ✭❉❘❊❙❙❊▲❍❆❯❙ ❡t ❛❧✳✱ ✶✾✾✺❀ ❙❆■❚❖ ❡t ❛❧✳✱ ✶✾✾✷✮✱ é ✐❧✉str❛❞❛ ♥❛

❋✐❣✉r❛ ✷✳✺ ✳ ❖s ♥ú♠❡r♦s ✐♥t❡✐r♦s ♥ ❡ ♠ ❞❡♥♦t❛♠ ♦ ♥ú♠❡r♦ ❞❡ ✈❡t♦r❡s ✉♥✐tár✐♦s ❛♦ ❧♦♥❣♦

❞❡ ❞✉❛s ❞✐r❡çõ❡s ♥♦ r❡t✐❝✉❧❛❞♦ ❝r✐st❛❧✐♥♦ ❞♦ ❣r❛❢❡♥♦✳ ❙❡ m = 0✱ ❛ ❡str✉t✉r❛ ❞♦s ♥❛♥♦t✉❜♦s

é ❞♦ t✐♣♦ ③✐❣③❛❣ ❡ s❡ n = m✱ ❛ ❡str✉t✉r❛ é ❞♦ t✐♣♦ ❛r♠❝❤❛✐r✳ ❈❛s♦ ❝♦♥trár✐♦✱ s✉❛ ❡str✉t✉r❛

é ❞♦ t✐♣♦ q✉✐r❛❧✳ ❊♠ ✉♠ ❙❲◆❚✱ s❡ (n−m) é ✉♠ ♠ú❧t✐♣❧♦ ❞❡ três ♦ ♥❛♥♦t✉❜♦ é ❞♦ t✐♣♦

♠❡tá❧✐❝♦✱ ❝❛s♦ ❝♦♥trár✐♦✱ s❡♠✐❝♦♥❞✉t♦r✳

❙❡♥s♦r❡s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ t❛✐s ❝♦♠♦ ♦s ❜❛s❡❛❞♦s ♥❛ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ tê♠ ❞❡ ❧✐❞❛r ❝♦♠

♦ ♣r♦❜❧❡♠❛ ❞❛ ❜❛✐①❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♥❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ♣❡sq✉✐s❛s



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✹

❋✐❣✉r❛ ✷✳✺ ✕ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ q✉✐r❛❧✐❞❛❞❡ ❞❡ ✉♠ ❙❲❈◆❚✳ ❆ ❞✐r❡çã♦ ❞♦ ❡✐①♦ ❝❡♥tr❛❧ ❞♦
♥❛♥♦t✉❜♦ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ s✉❛ ❝é❧✉❧❛ ✉♥✐tár✐❛ sã♦ r❡♣r❡s❡♥t❛❞♦s ♣❡❧♦ ✈❡t♦r
T ✳ ❖ ❝♦♠♣r✐♠❡♥t♦ ✈❡t♦r q✉✐r❛❧✱ Ch✱ r❡♣r❡s❡♥t❛ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ❞♦✐s ♣♦♥t♦s
❡q✉✐✈❛❧❡♥t❡s ♥❛ ♣❛r❡❞❡ ❞♦ ♥❛♥♦t✉❜♦✳

❡♥✈♦❧✈❡♥❞♦ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ tê♠ ❞❡♠♦♥str❛❞♦ q✉❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧é❝tr✐❝❛s sã♦

❛❧t❛♠❡♥t❡ s❡♥sí✈❡✐s ❛ q✉❛♥t✐❞❛❞❡s ❡①tr❡♠❛♠❡♥t❡ ♣❡q✉❡♥❛s ❞❡ ❣❛s❡s✱ t❛✐s ❝♦♠♦ ♦ á❧❝♦♦❧✱

❛♠ô♥✐❛ ✭◆❍3✮✱ ❞✐ó①✐❞♦ ❞❡ ❝❛r❜♦♥♦ ✭❈❖2✮ ❡ ó①✐❞♦ ❞❡ ♥✐tr♦❣ê♥✐♦ ✭◆❖x✮✱ ♠❡s♠♦ ♥❛

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❡♥q✉❛♥t♦ q✉❡ ♦✉tr♦s ♠❛t❡r✐❛✐s ❝♦♠♦ ó①✐❞♦s ♠❡tá❧✐❝♦s ♣r❡❝✐s❛♠

s❡r ❛q✉❡❝✐❞♦s ♣♦r ✉♠ ❛q✉❡❝❡❞♦r ❛❞✐❝✐♦♥❛❧✱ ❛ ✜♠ ❞❡ ❢✉♥❝✐♦♥❛r ♥♦r♠❛❧♠❡♥t❡✳ ❊st❛

s❡♥s✐❜✐❧✐❞❛❞❡ ❡❧❡✈❛❞❛ ❡❧✐♠✐♥❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ t❡❝♥♦❧♦❣✐❛s ❛✉①✐❧✐❛r❡s ❝♦♠♦

♣ré✲❝♦♥❝❡♥tr❛çã♦✱ s✐♠♣❧✐✜❝❛♥❞♦ s✉❛ ❝♦♥str✉çã♦ ❡ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦s ♠❡s♠♦s s❡❥❛♠

♣r♦❞✉③✐❞♦s ❝♦♠ ❜❛✐①♦ ❝✉st♦✱ ❞✐♠❡♥sõ❡s ❡ ♣❡s♦ r❡❞✉③✐❞♦s ✭▲■❯ ❡t ❛❧✳✱ ✷✵✶✷✮✳

❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ♦s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ t❛♠❜é♠ s✉♣❡r❛♠ ♠❛t❡r✐❛✐s s❡♥s♦r❡s

❝♦♥✈❡♥❝✐♦♥❛✐s ❡♠ t❡r♠♦s ❞❡ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❞s♦rçã♦✱ r❡❧❛çã♦ ár❡❛✲❞❡✲s✉♣❡r❢í❝✐❡✴✈♦❧✉♠❡ ❡

t❡♠♣♦ ❞❡ r❡s♣♦st❛✱ r❡s✉❧t❛♥❞♦ ❡♠ ♠✉❞❛♥ç❛s s✐❣♥✐✜❝❛t✐✈❛s ❡♠ s✉❛s ♣r♦♣r✐❡❞❛❞❡s

❡❧étr✐❝❛s✱ t❛✐s ❝♦♠♦ ❝❛♣❛❝✐tâ♥❝✐❛ ❡ r❡s✐stê♥❝✐❛ ✭❚❍❆■ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❆❞❡♠❛✐s✱ ❛♦ ❝♦♥trár✐♦

❞♦s s❡♥s♦r❡s ❞❡ ó①✐❞♦ ♠❡tá❧✐❝♦✱ q✉❡ ❡①✐❣❡♠ té❝♥✐❝❛s ❞❡ ♠✐❝r♦❢❛❜r✐❝❛çã♦✱ ❢♦r♥❡❝✐♠❡♥t♦ ❞❡

❡♥❡r❣✐❛ ❡ ❡❧❡trô♥✐❝❛ ❝♦♠♣❧❡♠❡♥t❛r✱ s❡♥s♦r❡s ❈◆❚ sã♦ ♠❛✐s s✐♠♣❧❡s ❞❡ s❡ ❢❛❜r✐❝❛r ❡

♣♦❞❡♠ r❡s♣♦♥❞❡r ❝♦♠♦ s✐♠♣❧❡s ✐♠♣❡❞â♥❝✐❛s✱ ❛❧é♠ ❞❡ ♣♦ss✉ír❡♠ ❜♦❛ r❡s✐stê♥❝✐❛ ❝♦♥tr❛

❝♦rr♦sã♦ ❡ ✉♠❛ ♠❡❧❤♦r ❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ✭▼❊❍❉■P❖❯❘ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❚❛♥t♦ ♦s ♥❛♥♦t✉❜♦s ❞❡ ♣❛r❡❞❡ ú♥✐❝❛ q✉❛♥t♦ ♦s ❞❡ ♣❛r❡❞❡ ♠ú❧t✐♣❧❛ ♠♦str❛♠✲s❡

❛❞❡q✉❛❞♦s ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✳ ❨❛♥❣ ❡t ❛❧✳ ❡♠♣r❡❣❛r❛♠ ❙❲❈◆❚s ♥❛ ❝♦♥str✉çã♦ ❞❛

❛♥t❡♥❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣❛ss✐✈❛✱ ❛ ✜♠ ❞❡ t♦r♥❛r ❛ r❡s♣♦st❛ ❞❛ ❡t✐q✉❡t❛ s❡♥sí✈❡❧ à

♣r❡s❡♥ç❛ ❞❡ ❣❛s❡s tó①✐❝♦s ✭❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❖✉tr♦ s❡♥s♦r ❞❡ ❣❛s❡s ✭❈❖2 ❡ ◆❍3✮ s❡♠

✜♦✱ ❛❧✐♠❡♥t❛❞♦ ♣❛ss✐✈❛♠❡♥t❡✱ ✉t✐❧✐③❛♥❞♦ ▼❲❈◆❚s ❛♦ ✐♥✈és ❞❡ ❙❲❈◆❚s✱ ❢♦✐



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✺

❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❖♥❣ ❡t ❛❧✳ ✭❖◆● ❡t ❛❧✳✱ ✷✵✵✷✮✳ ◆♦ ♣r♦❥❡t♦✱ ✉♠❛ ❡t✐q✉❡t❛ ♣❛ss✐✈❛ ❞♦ t✐♣♦

r❡ss♦♥❛♥t❡ ✭❘▲❈✮ ❢♦✐ r❡✈❡st✐❞❛ ♣♦r ✉♠❛ ♣❡❧í❝✉❧❛ ✐s♦❧❛♥t❡ ✭❙✐❖2✮ ❡ ✉♠❛ ✉♠❛ ♣❡❧í❝✉❧❛

s❡♥sí✈❡❧ ❛♦s ❣❛s❡s ❛ ❜❛s❡ ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ✭▼❲❈◆❚s✮ ❡ ❞✐ó①✐❞♦ ❞❡ s✐❧í❝✐♦

✭❙✐❖2✮✳ ❆ ❛❜s♦rçã♦ ❞❡ ❞♦s ❣❛s❡s ♣❡❧❛ ♣❡❧í❝✉❧❛ ❞❡ ▼❲❈◆❚✲❙✐❖2 ❛❧t❡r❛ s✉❛

♣❡r♠✐ss✐✈✐❞❛❞❡ ❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♠✉❞❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛

❞❛ ❡t✐q✉❡t❛✳

◗✉❛♥❞♦ ❡♠♣r❡❣❛❞♦s ❝♦♠♦ ♠❛t❡r✐❛✐s s❡♥s♦r❡s✱ ❈◆❚s ♣♦❞❡♠ s❡r ❞❡❝♦r❛❞♦s ❝♦♠

♥❛♥♦♣❛rtí❝✉❧❛s ✭◆Ps✮ ❛ ✜♠ ❞❡ ❛✉♠❡♥t❛r s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡ ✭●❊▲❆▼❖ ❡t ❛❧✳✱

✷✵✵✾✮✳ ◆❛♥♦♣❛rtí❝✉❧❛s ❞❡ ♠❡t❛✐s ❝♦♠♦ P❞✱ ❆❧✱ Pt✱ ❙♥ ❡ ❘❤ t❡♠ s✐❞♦ ❡♠♣r❡❣❛❞❛s ♣❛r❛

❞❡❝♦r❛r ❈◆❚s✱ ♣❡r♠✐t✐♥❞♦ ❛ ❞❡t❡❝çã♦ s❡❧❡t✐✈❛ ❞❡ ❣❛s❡s ❝♦♠♦ ❍2✱ ◆❍3 ✭❙❆❱❯ ❡t ❛❧✳✱ ✷✵✶✷✮✱

◆❖2 ✭❑■▼ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❈❍4 ✭▲❯ ❡t ❛❧✳✱ ✷✵✵✹✮✱ ❍2❙ ❡ ❈❖ ✭❙❚❆❘ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❖✉tr❛

s♦❧✉çã♦ ♣❛r❛ ❛✉♠❡♥t❛r ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡ ❞♦s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ é

❝♦♠❜✐♥❛✲❧♦s ❝♦♠ ♦✉tr♦s ♠❛t❡r✐❛✐s s❡♥s♦r❡s✳ ❙❡♦♥❣ ❏✳ ❑✐♠ r❡♣♦rt❛ ❡♠ ✭❑■▼✱ ✷✵✶✵✮ ✉♠

s❡♥s♦r ♣❛r❛ ❞❡t❡❝çã♦ ❞❡ ❣ás ❞❡ ✈❛♣♦r ❞❡ á❧❝♦♦❧ ❜❛s❡❛❞♦ ♥✉♠ ✜❧♠❡ ❝♦♠♣♦st♦ ❞❡ ❙❲❈◆❚

❡ s✐❧❛♥♦✱ s❡♥❞♦ ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❝♦♥❝❡♥tr❛çõ❡s ✐♥❢❡r✐♦r❡s ❛ ✵✱✶✪ ❞❡ á❧❝♦♦❧ ♥♦ ❛r✳ ❊♠

✭❲■❙■❚❙❖❘❆❆❚ ❡t ❛❧✳✱ ✷✵✵✼✮ ❲✐s✐ts♦r❛❛t ❡ ❙❜❡r✈❡❣❧✐❡r✐ ♣r♦♣õ❡♠ ✉♠ s❡♥s♦r ❞❡ ✜❧♠❡ ✜♥♦

❞❡ ▼❲❈◆❚✲❙♥❖2 ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❈❖✱ ❡t❛♥♦❧ ❡ ◆❖2✳

❖✉tr❛ ❛♣❧✐❝❛çã♦ ❞❡ s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ é ♥❛ ❞❡t❡❝çã♦ ❞❡

❞❡s❝❛r❣❛s ♣❛r❝✐❛✐s ❣❡r❛❞❛s ♣❡❧❛ ❞❡❝♦♠♣♦s✐çã♦ ❞♦ ❤❡①❛✢✉♦r❡t♦ ❞❡ ❡♥①♦❢r❡ ✭❙❋6✮✳

❉❡t❡❝t❛r ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❞❡s❝❛r❣❛s ♣❛r❝✐❛✐s é ✉♠ ♠ét♦❞♦ ❡❢❡t✐✈♦ ❞❡ ❛✈❛❧✐❛r ❛ ❝♦♥❞✐çã♦ ❞❡

✉♠ ❞✐s❥✉♥t♦r ❛ ❣ás ✐s♦❧❛♥t❡✳ ❉❡s❝❛r❣❛s ♣❛r❝✐❛✐s ❣❡r❛❞❛s ♣❡❧❛ ❞❡❝♦♠♣♦s✐çã♦ ❞♦ ❙❋6

♣r♦✈♦❝❛♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❞♦s ❈◆❚s✱ ✐♥❞✐❝❛♥❞♦ ❛ ❛❧t❡r❛çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦

❞♦ ❣ás ♥♦ ❞✐s❥✉♥t♦r ✭❉■◆● ❡t ❛❧✳✱ ✷✵✵✺✮✳

❖s s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❞♦ t✐♣♦ q✉í♠✐❝♦✲r❡s✐st✐✈♦ ♣♦❞❡♠ s❡r

❝♦♥str✉í❞♦s✱ ❜❛s✐❝❛♠❡♥t❡✱ ♣♦r ❞✉❛s ❛❜♦r❞❛❣❡♥s ❞✐st✐♥t❛s✿

❼ ❙❡♥s♦r❡s ❡♠ ✜❧♠❡ ✜♥♦✿ ❝♦♥s✐st❡ ♥❛ ❞❡♣♦s✐çã♦ ❞❡ ✉♠ ❝♦♠♣♦st♦ à ❜❛s❡ ❞❡

♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❡♥tr❡ ✉♠ ♣❛r ❞❡ ❡❧❡tr♦❞♦s ❢♦r♠❛♥❞♦ ✉♠ ✜❧♠❡ ✜♥♦ ❝✉❥♦ ✈❛❧♦r

❞❛ r❡s✐stê♥❝✐❛ ❡st❛rá ❛ss♦❝✐❛❞♦ à ❝♦♥❝❡♥tr❛çã♦ ❞♦✭s✮ ❣ás✭❡s✮ ❛❧✈♦✳

❼ ◆❛♥♦ss❡♥s♦r❡s✿ ❝♦♥s✐st❡ ♥❛ ❞❡♣♦s✐çã♦ ❞❡ ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥❛♥♦t✉❜♦s

❛❧✐♥❤❛❞♦s ❡♥tr❡ ❞♦✐s ♠✐❝r♦❡❧❡tr♦❞♦s ❞❡ ❢♦r♠❛ q✉❡ ❝❛❞❛ ❡①tr❡♠✐❞❛❞❡ ❞❡ ❝❛❞❛

♥❛♥♦t✉❜♦ t♦q✉❡ ❡♠ ✉♠ ❞♦s ❡❧❡tr♦❞♦s✱ ❝♦♥❡❝t❛♥❞♦✲♦s✳



✷✳✸ s❡♥s♦r❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✸✻

❙❡♥s♦r❡s ❞❡ ✜❧♠❡ ✜♥♦ sã♦ ❣❡r❛❧♠❡♥t❡ ♦s ♠❛✐s s✐♠♣❧❡s ❞❡ s❡r❡♠ ❝♦♥str✉í❞♦s✱ ♣♦❞❡♥❞♦

s❡r ❢❛❜r✐❝❛❞♦s ♣♦r té❝♥✐❝❛s ❞❡ ❞❡♣♦s✐çã♦ q✉í♠✐❝❛ ♦✉ ❞❡ ✐♠♣r❡ssã♦ ✭❚❍❆■ ❡t ❛❧✳✱ ✷✵✶✶❀ ❘■❉❆

▲■ ❨❆◆●✱ ✷✵✶✵✮✳ ❙✉❛s ❞✐♠❡♥sõ❡s ✈ã♦✱ t✐♣✐❝❛♠❡♥t❡✱ ❞❡ ✉♠❛ ❢r❛çã♦ ❞❡ ❝❡♥tí♠❡tr♦s à ❛❧❣✉♥s

❝❡♥tí♠❡tr♦s✳ ❖ ♣r✐♥❝✐♣❛❧ ♣r♦❜❧❡♠❛ ❞❡st❡ t✐♣♦ ❞❡ s❡♥s♦r é q✉❡ ♦ ✜❧♠❡ s❡♥sí✈❡❧ é ♠❛✐s

s✉s❝❡♣tí✈❡❧ ❛ r❡t❡r ❝♦♥t❛♠✐♥❛♥t❡s✱ ✐♥❝❧✉s✐✈❡ ♠♦❧é❝✉❧❛s ❞♦s ♣ró♣r✐♦s ❣❛s❡s ❛❧✈♦✳ ❊ss❡s

❝♦♥t❛♠✐♥❛♥t❡s ❛❧t❡r❛♠ ❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r r❡❞✉③✐♥❞♦ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❡ ♥❡❝❡ss✐t❛♠ ❞❡

❛❧❣✉♠ ♣r♦❝❡ss♦ ❞❡ ❧✐♠♣❡③❛ ❡s♣❡❝í✜❝♦ ♣❛r❛ s❡r❡♠ r❡♠♦✈✐❞♦s✱ t❛❧ ❝♦♠♦ ❛q✉❡❝✐♠❡♥t♦✱ ♣♦r

❡①❡♠♣❧♦✳

◆❛♥♦ss❡♥s♦r❡s sã♦ ♠❛✐s ❝♦♠♣❧❡①♦s ❞❡ s❡r❡♠ ❝♦♥str✉í❞♦s✳ ❙❡✉s ❡❧❡tr♦❞♦s sã♦ ❢❡✐t♦s

♣♦r ♣r♦❝❡ss♦ ❞❡ ♠✐❝r♦❢❛❜r✐❝❛çã♦ ❡ ❛ ❞❡♣♦s✐çã♦ ❞♦s ♥❛♥♦t✉❜♦s ❛❧✐♥❤❛❞♦s ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s

é ❝♦♠✉♠❡♥t❡ ❢❡✐t❛ ♣♦r ♣r♦❝❡ss♦ ❞❡ ❞✐❡❧❡tr♦❢♦r❡s❡ ✭❉❊P✮ ✭❙❊■❈❍❊P■◆❊ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❆s

❞✐♠❡♥sõ❡s t♦t❛✐s ❞♦ s❡♥s♦r ♣♦❞❡♠ s❡r r❡❞✉③✐❞❛s ❛ ❛❧❣✉♠❛s ❞❡③❡♥❛s ♠✐❝r♦♠❡tr♦s✳ ❙✉❛ ár❡❛

♠í♥✐♠❛ ♦s t♦r♥❛ ♠❡♥♦s s✉s❝❡♣tí✈❡✐s ❛ r❡t❡r ❝♦♥t❛♠✐♥❛♥t❡s ❡ ♠❛✐s ❢á❝❡✐s ❞❡ s❡r❡♠ ❧✐♠♣♦s✱

♦ q✉❡ ♣♦❞❡ s❡r ❢❡✐t♦ ❞❡ ❢♦r♠❛ ♣✉r❛♠❡♥t❡ ❡❧étr✐❝❛ ♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❞❡ ❝♦rr❡♥t❡

❡♥tr❡ ♦s ❡❧❡tr♦❞♦s✱ ❣❡r❛♥❞♦ ♦ ❛q✉❡❝✐♠❡♥t♦ ❞♦s ♥❛♥♦t✉❜♦s ❡ ❛ ❡①♣✉❧sã♦ ❞❛s ♠♦❧é❝✉❧❛s

❡①t❡r♥❛s ❛♦ s❡♥s♦r✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ✷✳✸✳✶✱ ♥❛♥♦t✉❜♦s ❞❡

❝❛r❜♦♥♦ ♣♦❞❡♠ ❛✐♥❞❛ s❡r ❞❡❝♦r❛❞♦s ❝♦♠ ♥❛♥♦♣❛rtí❝✉❧❛s ✭◆Ps✮ ❛ ✜♠ ❞❡ ❛✉♠❡♥t❛r s✉❛

s❡♥s✐❜✐❧✐❞❛❞❡ ❡ s❡❧❡t✐✈✐❞❛❞❡ ❛♦s ❣❛s❡s ❞❡ ✐♥t❡r❡ss❡✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♠✐♥✐❛t✉r✐③❛çã♦ ❡ ✐♥t❡❣r❛çã♦ ❞♦s ♥❛♥♦ss❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s

❞❡ ❝❛r❜♦♥♦ ❛❧✐❛❞❛ ❛ s❡✉ ❜❛✐①♦ ❝♦♥s✉♠♦ ♦s t♦r♥❛ ❡①tr❡♠❛♠❡♥t❡ ❛❞❡q✉❛❞♦s ❛♦ s✐st❡♠❛ ❞❡

❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ✉t✐❧✐③❛♥❞♦ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s q✉❡ ❛q✉✐ s❡ ♣r♦♣õ❡ r❡❛❧✐③❛r✳

❊♥tr❡t❛♥t♦✱ ❛ ❢❛❜r✐❝❛çã♦ ❞♦s ♥❛♥♦ss❡♥s♦r❡s✱ ❜❡♠ ❝♦♠♦ ❞♦s ♥❛♥♦t✉❜♦s ❞❡❝♦r❛❞♦s ♣❛r❛

❞❡t❡❝çã♦ s❡❧❡t✐✈❛ ❞❡ ❣❛s❡s✱ é ❝♦♠♣❧❡①❛ ❡ ❡①✐❣❡ ✉♠ ❛♣✉r❛❞♦ ❞♦♠í♥✐♦ ❞❡ té❝♥✐❝❛s q✉❡

✉❧tr❛♣❛ss❛♠ ♦ ❢♦❝♦ ❞❡st❡ tr❛❜❛❧❤♦✳

❖ ✉s♦ ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ s❡♥s♦r❡s ♣❛ss❛ ♣❡❧❛ ❡s❝♦❧❤❛ ❞♦ t✐♣♦

❞❡ ♥❛♥♦t✉❜♦ ❛ s❡r ❡♠♣r❡❣❛❞♦✱ ♦s ❞❡ ♣❛r❡❞❡ s✐♠♣❧❡s ✭❙❲❈◆❚✮ ♦✉ ❞❡ ♣❛r❡❞❡ ♠ú❧t✐♣❧❛

✭▼❲❈◆❚✮✳ ❆ ♣r✐♥❝í♣✐♦✱ ♦s s❡♥s♦r❡s à ▼❲❈◆❚ ❞❡✈❡♠ s❡r ♠❡♥♦s s❡♥sí✈❡✐s ❞♦ q✉❡ ♦s

❜❛s❡❛❞♦s ❡♠ ❙❲❈◆❚s✱ ❥á q✉❡ ❛ ❝♦rr❡♥t❡ ♠❡❞✐❞❛ ✭❡ ♦ r✉í❞♦ ❛ss♦❝✐❛❞♦✮ ❞❡✈❡ ♣❛ss❛r ❛tr❛✈és

❞❡ t♦❞♦ ♦ ✈♦❧✉♠❡ ❞❡ ✉♠ ▼❲❈◆❚ ✐♥❝❧✉✐♥❞♦ t♦❞❛s ❛s ♣❛r❡❞❡s ✐♥t❡r♥❛s✱ ❛♦ ♣❛ss♦ q✉❡

❛♣❡♥❛s ❛ ❢r❛çã♦ ❞❡ ❝♦rr❡♥t❡ q✉❡ ✢✉✐ ❛tr❛✈és ❞❛ ♣❛r❡❞❡ ❡①t❡r✐♦r s♦❢r❡ ❛ ♠❛✐♦r ✈❛r✐❛çã♦

❞❡✈✐❞♦ à r❡❛çã♦ ❝♦♠ ♦s ❣❛s❡s✳ ◆♦ ❡♥t❛♥t♦✱ ❡st✉❞♦s ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧étr✐❝❛s ▼❲❈◆❚

✭▼❖❙❍❑❆▲❊❱ ❡t ❛❧✳✱ ✷✵✵✽✮ r❡✈❡❧❛r❛♠ q✉❡ ♣❛r❛ ❞✐stâ♥❝✐❛s ✐♥❢❡r✐♦r❡s ❛ ✶ µ♠✱ ❛ r❡❞✐str✐❜✉✐çã♦



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✸✼

❞❡ ❝♦rr❡♥t❡ ❡♥tr❡ ❛s ❝❛♠❛❞❛s ❣r❛❢ít✐❝❛s é ♣❡q✉❡♥❛✱ ♦✉ s❡❥❛✱ ♣❛r❛ ▼❲❈◆❚s ❝♦♥❡❝t❛❞♦s

❧❛t❡r❛❧♠❡♥t❡ ❡ s❡♣❛r❛çã♦ ❝✉rt❛ ❡♥tr❡ ❡❧❡tr♦❞♦s ❛ ♠❛✐♦r ❢r❛çã♦ ❞❡ ❝♦rr❡♥t❡ ♣❛ss❛ ❛tr❛✈és

❞❛ ♣❛r❡❞❡ ♠❛✐s ❡①t❡r♥❛✳ ❊♠ t❡r♠♦s ❞❡ ❝♦♥✜❣✉r❛çã♦ s❡♥s♦r❛✱ ✐st♦ ♣♦❞❡ ❡❢❡t✐✈❛♠❡♥t❡

tr❛♥s❢♦r♠❛r ✉♠ ▼❲❈◆❚ ❝✉rt♦ ❡ ❝♦♥❡❝t❛❞♦ ❧❛t❡r❛❧♠❡♥t❡✱ ❡♠ ✉♠ ❈◆❚ ❞❡ ♣❛r❡❞❡ s✐♠♣❧❡s

❞❡ ❣r❛♥❞❡ ❞✐â♠❡tr♦✱ ♣r♦♣♦r❝✐♦♥❛♥❞♦ ✉♠❛ ♠❛✐♦r r❡❧❛çã♦ s✐♥❛❧✴r✉í❞♦ ♥❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✳

❯♠ ♥❛♥♦ss❡♥s♦r ♣❛r❛ ❣❛s❡s ❞❡ ◆2✱ ❆r ❡ ❖2 ❜❛s❡❛❞♦ ❡♠ ▼❲❈◆❚s ❞❡❝♦r❛❞♦s ❝♦♠ t✐tâ♥✐♦

✉t✐❧✐③❛♥❞♦ ♦ ♣r✐♥❝í♣✐♦ ❛❝✐♠❛ ❞❡s❝r✐t♦ ❢♦✐ ❝♦♥❝❡❜✐❞♦ ♣♦r ●❡❧❛♠♦ ❡t ❛❧✳ ✭●❊▲❆▼❖ ❡t ❛❧✳✱

✷✵✵✾✮✳

✷✳✹ ❙❡♥s♦r❡s ❘❋■❉ P❛r❛ ❛ ❉❡t❡❝çã♦ ❞❡ ●❛s❡s✿ ❊st❛❞♦ ❞❛ ❆rt❡

❆ ❢❛❜r✐❝❛çã♦ ❞♦s s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ é ❜❛st❛♥t❡ s✐♠♣❧❡s q✉❛♥❞♦

❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ❞♦s s❡♥s♦r❡s ❈▼❖❙ ❝♦♥✈❡♥❝✐♦♥❛✐s✳ ❖ ♠ét♦❞♦ ♠❛✐s s✐♠♣❧❡s✱ ❡ t❛❧✈❡③

♦ ♠❛✐s ❡①♣❧♦r❛❞♦ ❡♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①♦✱ ❝✉st♦ ❝♦♥s✐st❡ s✐♠♣❧❡s♠❡♥t❡ ❡♠ ❞❡♣♦s✐t❛r ✉♠❛

✜♥❛ ❝❛♠❛❞❛ ❞❡ ♣♦❧✐♠ér✐❝❛ à ❜❛s❡ ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❡♥tr❡ ❞♦✐s ❡❧❡tr♦❞♦s ♠❡tá❧✐❝♦s

♣♦r ✐♠♣r❡ssã♦ ✭❘■❉❆ ▲■ ❨❆◆●✱ ✷✵✶✵❀ ❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱ ✷✵✶✷❀ ❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❙❡♥s♦r❡s

❞❡ ❈◆❚ sã♦ t❛♠❜é♠ s✐♠♣❧❡s ❞❡ s❡ ✉t✐❧✐③❛r✱ ❝♦♠♣♦rt❛♥❞♦✲s❡ ❝♦♠♦ ✐♠♣❡❞â♥❝✐❛s ❝✉❥♦s

♣❛râ♠❡tr♦s s❡ r❡❧❛❝✐♦♥❛♠ ❝♦♠ ♦s ❣❛s❡s ♠❡❞✐❞♦s✳ ❆❧é♠ ❞✐ss♦✱ sã♦ ❝❛♣❛③❡s ❞❡ ♦♣❡r❛r à

t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❡ ❝♦♥s♦♠❡♠ ❜❡♠ ♠❡♥♦s ❡♥❡r❣✐❛ q✉❡ ♦s ❞❡♠❛✐s s❡♥s♦r❡s ❞❡ ❣ás

✭❲❆◆●❀ ❨❊❖❲✱ ✷✵✵✾✮✳ ❚♦❞❛s ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s t♦r♥❛♠ ❡ss❡ t✐♣♦ ❞❡ s❡♥s♦r ♦ ♠❛✐s

✈❛♥t❛❥♦s♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ♣♦rtát❡✐s ❡ ❞❡ ✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦✱ t❛✐s ❝♦♠♦ ♦s s❡♥s♦r❡s ❘❋■❉

♣❛ss✐✈♦s✳

❖ ♣r✐♠❡✐r♦ s❡♥s♦r ♣❛ss✐✈♦ s❡♠ ✜♦ ❜❛s❡❛❞♦ ❡♠ ❈◆❚ r❡❧❛t❛❞♦ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r

❑❡❛t ●✳ ❖♥❣ ❡t ❛❧✳ ✭❖◆● ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❈♦♥❢♦r♠❡ ❝✐t❛❞♦ ♥❛ ❙❡çã♦ ✷✳✸✳✶✱ ♦ s❡♥s♦r ❞❡st✐♥❛✲s❡

à ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s ❞❡ ❈❖2 ❡ ◆❍3✱ ❝♦♥s✐st✐♥❞♦ ♥✉♠ ❝✐r❝✉✐t♦ r❡ss♦♥❛♥t❡ r❡✈❡st✐❞♦ ♣♦r

✉♠❛ ♣❡❧í❝✉❧❛ ✐s♦❧❛♥t❡ ✭❙✐❖2✮ ❡ ✉♠❛ ♣❡❧í❝✉❧❛ s❡♥sí✈❡❧ ❛♦s ❣❛s❡s ❝♦♠♣♦st❛ ❞❡ ▼❲❈◆❚

❡ ❞✐ó①✐❞♦ ❞❡ s✐❧í❝✐♦ ✭❙✐❖2✮✳ ❆ ❛❜s♦rçã♦ ❞❡ ❞♦s ❣❛s❡s ♣❡❧❛ ♣❡❧í❝✉❧❛ ❞❡ ▼❲❈◆❚✲❙✐❖2

❛❧t❡r❛ s✉❛ ♣❡r♠✐ss✐✈✐❞❛❞❡ ❡ ❛ ❝♦♥❞✉t✐✈✐❞❛❞❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ♠✉❞❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡

r❡ss♦♥â♥❝✐❛ ❞❛ ❡t✐q✉❡t❛✳ ❊♥tr❡t❛♥t♦✱ ❛ ❡str✉t✉r❛ ♣r♦♣♦st❛✱ ❛❧é♠ ❞❡ ♥ã♦ s❡ tr❛t❛r ❞❡ ✉♠

❘❋■❉ ♣r♦♣r✐❛♠❡♥t❡ ❞✐st♦✱ ❛✐♥❞❛ t❡♠ s✉❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❧✐♠✐t❛❞❛✱ ✉♠❛ ✈❡③ q✉❡ ♦♣❡r❛ ❡♠

❜❛✐①❛ ❢r❡q✉ê♥❝✐❛ ✭❝❡r❝❛ ❞❡ ✶✽✱✺ ▼❍③✮✱ ♠❛❣♥❡t✐❝❛♠❡♥t❡ ❛❝♦♣❧❛❞❛✱ ♦ q✉❡ r❡❞✉③ s✉❛ ♠á①✐♠❛

❞✐stâ♥❝✐❛ ❞❡ ❧❡✐t✉r❛ à ✉♠❛ ❞❡③❡♥❛ ❞❡ ❝❡♥tí♠❡tr♦s✳



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✸✽

❆ ♣r✐♠❡✐r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❯❍❋ ♣❛ss✐✈❛ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡

❣❛s❡s ✉t✐❧✐③❛♥❞♦ ✉♠ s❡♥s♦r ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❢♦✐ r❡♣♦rt❛❞❛ ♣♦r ▲✐ ❨❛♥❣ ❡t ❛❧✳ ❡♠

✭❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❚r❛t❛✲s❡ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ s❡♠ ❝❤✐♣ ✐♠♣❧❡♠❡♥t❛❞❛ ❡♠ ♣❛♣❡❧✱

❡♠♣r❡❣❛♥❞♦ té❝♥✐❝❛s ❞❡ ✐♠♣r❡ssã♦ ♣r❡✈✐❛♠❡♥t❡ ✈❛❧✐❞❛❞❛s ❡♠ ✭❨❆◆● ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❖

s❡♥s♦r ❢♦✐ ❞❡♣♦s✐t❛❞♦ ♥❛ ❡t✐q✉❡t❛ ♣♦r ✐♠♣r❡ssã♦✱ ❝♦♠ ❛✉①í❧✐♦ ❞❡ ✉♠❛ ✐♠♣r❡ss♦r❛

♣✐❡③♦❡❧étr✐❝❛ ✭❉✐♠❛t✐① ❉▼❈▲❈P✲✶✶✻✶✵✮✱ ✉t✐❧✐③❛♥❞♦ ✉♠❛ t✐♥t❛ ❝♦♠♣♦st❛ ♣♦r ❙❲❈◆❚

❞❛ ❈❛r❜♦♥❙♦❧✉t✐♦♥s ✭❈❆❘❇❖◆❙❖▲❯❚■❖◆❙✱ ✷✵✶✹✮ ❡ ❉▼❋ ✭❞✐♠❡t✐❧❢♦r♠❛♠✐❞❛✱

✭❈❍3✮2◆❈❍✮✳ ❆ ❡t✐q✉❡t❛ ♣r♦❥❡t❛❞❛ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥✉♠❛ ❛♥t❡♥❛ ❞✐♣♦❧♦✱ ✉♠

♣❡q✉❡♥♦ ❝✐r❝✉✐t♦ ❡♠ ♠✐❝r♦✜t❛ ❡ ♦ s❡♥s♦r ❞❡ ❈◆❚ ❝♦♠♦ ❡❧❡♠❡♥t♦ ❝❡♥tr❛❧✳ ❖ ❝✐r❝✉✐t♦ ❢♦✐

❛❥✉st❛❞♦ ♣❛r❛ ♦♣❡r❛r ♥❛ ❜❛♥❞❛ ❞❡ ❢r❡q✉ê♥❝✐❛ ❯❍❋ ❞♦ ♣❛❞rã♦ ❘❋■❉ ❡✉r♦♣❡✉ ✭✽✻✽ ▼❍③✮✳

❱❡r✐✜❝♦✉✲s❡ q✉❡✱ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ tr❛❜❛❧❤♦✱ ❛ ✐♠♣❡❞â♥❝✐❛ ❞♦ s❡♥s♦r ♥❛ ❛✉sê♥❝✐❛ ❞❡ ❣ás

❡r❛ ❞❡ (51, 6 − j6, 1) Ω ❛♦ ❛r ❧✐✈r❡✱ ♠✉❞❛♥❞♦ ♣❛r❛ (97, 1 − j18, 8) Ω q✉❛♥❞♦ ❡①♣♦st♦ ❛♦

❣ás ❞❡ ❛♠ô♥✐❛✳ ❆ ❛❧t❡r❛çã♦ ♥❛ ✐♠♣❡❞â♥❝✐❛ ❞❡s❝❛s❛ ❛ ❛♥t❡♥❛ ❣❡r❛♥❞♦ ✉♠ ❛✉♠❡♥t♦ ♥❛

♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ r❡✢❡t✐❞♦ ♣❛r❛ ❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r ❞❡ ✶✵✱✽ ❞❇✐✱ ♣❡r♠✐t✐♥❞♦ ❛ ❞❡t❡❝çã♦

r❡♠♦t❛ ❞❛ ♣r❡s❡♥ç❛ ❞♦ ❣ás✳

❯♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ s❡♠ ✜♦ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❛♠ô♥✐❛ ❝♦♠ s❡♥s♦r ❜❛s❡❛❞♦ ❡♠

✜❧♠❡s ✜♥♦s ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ✐♠♣r❡ss♦s ❡♠ ♣❛♣❡❧ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❇❛❝❝❛r❡❧❧✐ ❡t

❛❧✳✳ ❚r❛t❛✲s❡ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ s❡♠ ❝❤✐♣✱ ❢♦r♠❛❞❛ ♣♦r ✉♠ ❝✐r❝✉✐t♦ s✐♥t♦♥✐③❛❞♦ ♣❛r❛ ❛

❢r❡q✉ê♥❝✐❛ ❞❡ ✽✻✽ ▼❍③✳ ❯♠ r❡t✐✜❝❛❞♦r à ❞✐♦❞♦ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❞♦❜r❛r ❛ ❢r❡q✉ê♥❝✐❛ ❞♦

s✐♥❛❧ ❞❡ ❡♥tr❛❞❛✳ ❖ s✐♥❛❧ r❡s✉❧t❛♥t❡ é ❡♥tã♦ ❛♣❧✐❝❛❞♦ ❛ ✉♠❛ ♣♦♥t❡ ❞❡ ❲❤❡❛tst♦♥❡ ❝♦♥t❡♥❞♦

✉♠ s❡♥s♦r ❈◆❚ r❡s✐st✐✈♦ ❡♠ ❝❛❞❛ ✉♠ ❞♦s ❜r❛ç♦s✱ ❡♠ ❛♥t✐♣❛r❛❧❡❧♦✳ ❆ s❛í❞❛ ❞✐❢❡r❡♥❝✐❛❧ ❞❛

♣♦♥t❡ ❛❧✐♠❡♥t❛ ❛ ❛♥t❡♥❛ ❞❡ s❛í❞❛✳ ◆❛ ❛✉sê♥❝✐❛ ❞❡ ❣ás✱ ❛ ♣♦♥t❡ ♣❡r♠❛♥❡❝❡ ❡♠ ❡q✉✐❧í❜r✐♦ ❡

♦ s✐♥❛❧ ♥❛ ❛♥t❡♥❛ ❞❡ s❛í❞❛ é ✐❞❡❛❧♠❡♥t❡ ♥✉❧♦✳ ◆❛ ♣r❡s❡♥ç❛ ❞❡ ❣ás✱ ❛ ♣♦♥t❡ s❛✐ ❞♦ ❡q✉✐❧í❜r✐♦

❡ ♦ s✐♥❛❧ ❞❡ ✶✼✸✻ ▼❍③ é ✐rr❛❞✐❛❞♦ ♣❡❧❛ ❛♥t❡♥❛ ❞❡ s❛í❞❛✳ ❯♠❛ ✈❡③ q✉❡ ❛ r❡s✐stê♥❝✐❛ ❞♦s

s❡♥s♦r❡s ❞❡ ❈◆❚ ❡stá ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❣ás ❞❡ ❛♠ô♥✐❛✱ ❛

❛♠♣❧✐t✉❞❡ ❞♦ s✐♥❛❧ ✐rr❛❞✐❛❞♦ ♣❡❧❛ ❡t✐q✉❡t❛✱ ❞✐r❡t❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ❞❡s✐q✉✐❧í❜r✐♦ ❞❛

♣♦♥t❡✱ s❡rá s❛♥t♦ ♠❛✐♦r q✉❛♥t♦ ♠❛✐♦r ❢♦r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ◆❍3 ❞❡t❡❝t❛❞❛ ✭❇❆❈❈❆❘❊▲▲■

❡t ❛❧✳✱ ✷✵✶✷✮✳

❖✉tr♦ s❡♥s♦r s❡♠ ✜♦ ❜❛s❡❛❞♦ ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❍♦s❡♦♥ ▲❡❡

❡t ❛❧✳ ✭▲❊❊ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❆ss✐♠ ❝♦♠♦ ♦ s❡♥s♦r ❞❡ ❇❛❝❝❛r❡❧❧✐ ✭❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱ ✷✵✶✷✮✱

♥ã♦ s❡ tr❛t❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣r♦♣r✐❛♠❡♥t❡ ❞✐t❛✱ ✉♠❛ ✈❡③ q✉❡ ♥ã♦ ❤á ♦ ❡❧❡♠❡♥t♦

❞❡ ✐❞❡♥t✐✜❝❛çã♦ ú♥✐❝❛✳ ❖ s❡♥s♦r ♣r♦♣♦st♦ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥✉♠❛ ❛♥t❡♥❛ ❝♦♥❡❝t❛❞❛



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✸✾

❛ ✉♠❛ ♠❛❧❤❛ r❡ss♦♥❛♥t❡ ❞❛ q✉❛❧ ♦ s❡♥s♦r ❈◆❚ ❢❛③ ♣❛rt❡✳ ❍❛✈❡♥❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ❣ás

❞❡ ❛♠ô♥✐❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ♠❛❧❤❛ s❡ ❛❧t❡r❛✱ ♦ q✉❡ ♣♦❞❡ s❡r ❞❡t❡❝t❛❞♦ ♣❡❧♦

s✐♥❛❧ r❡✢❡t✐❞♦ ♣❛r❛ ♦ ❧❡✐t♦r✳ ❖ s❡♥s♦r ❢♦✐ ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ♣♦❧í♠❡r♦ ❝♦♠♣♦st♦ ❞❡

❙❲❈◆❚ ❡ P❆❇❙ ✭♣♦❧✐✭á❝✐❞♦ ♠✲❛♠✐♥♦❜❡♥③❡♥♦ s✉❧❢ô♥✐❝♦✮✮✱ q✉❡ ❛♣r❡s❡♥t❛ ❜♦❛ s❡♥s✐❜✐❧✐❞❛❞❡

❡ s❡❧❡t✐✈✐❞❛❞❡ ❛♦ ❣ás ❞❡ ❛♠ô♥✐❛✳ ❖ ♣♦❧í♠❡r♦ ❢♦✐ ❡♥tã♦ ❞❡♣♦s✐t❛❞♦ ♣♦r ✐♠♣r❡ssã♦ s♦❜r❡

✉♠ ♣❛r ❞❡ ❡❧❡tr♦❞♦s ♠❡tá❧✐❝♦s ♣r❡✈✐❛♠❡♥t❡ ❣r❛✈❛❞♦s ❡♠ ✉♠❛ ❡t✐q✉❡t❛ ❞❡ ♣❛♣❡❧ ❡s♣❡ss♦✱

❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❞❛ ♠❛❧❤❛ r❡ss♦♥❛♥t❡ ✐♠♣❧❡♠❡♥t❛❞♦s ❡♠ ♠✐❝r♦✜t❛✳

❆ ❡t✐q✉❡t❛ ❢♦✐ s✉❜♠❡t✐❞❛ ❛ ✉♠ s✐♥❛❧ ❞❡ ❘❋ ✈❛rr✐❞♦ ❡♥tr❡ ✹ ●❍③ ❡ ✻ ●❍③ ❡ ♦s ❡♥s❛✐♦s

r❡❛❧✐③❛❞♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❣ás ❞❡ ❛♠ô♥✐❛ ✭✵ ♣♣♠✱ ✺✵ ♣♣♠✱ ✼✺ ♣♣♠ ❡

✶✵✵ ♣♣♠✮ ❡ ♣❛r❛ ♦ ❣ás ❞✐s♣❡rs♦ ❞❡ ❢♦r♠❛ ♥ã♦ ❝♦♥tr♦❧❛❞❛ ♣♦r ✉♠ ❢r❛s❝♦ ❞❡ ❛♠ô♥✐❛ ❞❡

✉s♦ ❞♦♠ést✐❝♦✳ ❖❜s❡r✈♦✉✲s❡ q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ❡t✐q✉❡t❛ ❞❡❝❛✐✉ ❝❡r❝❛ ❞❡

✶✷✵ ▼❍③ ❞❛ ❢r❡q✉ê♥❝✐❛ ♦r✐❣✐♥❛❧ ✭✹✱✻ ●❍③✮ q✉❛♥❞♦ ❡①♣♦st❛ ❛♦ ❣ás ❞✐s♣❡rs♦ ❞❡ ❢♦r♠❛ ♥ã♦

❝♦♥tr♦❧❛❞❛ ❡ ❝♦♠ ✉♠❛ t❛①❛ ❞❡ ❝❡r❝❛ ❞❡ ✶✶✷ ❦❍③✴♣♣♠ ♣❛r❛ ♦s ❡♥s❛✐♦s à ❝♦♥❝❡♥tr❛çã♦

❝♦♥tr♦❧❛❞❛✳ ❉✉r❛♥t❡ ♦s ❡♥s❛✐♦s✱ ❛♣ós ❝❛❞❛ ❡①♣♦s✐çã♦ ❞❡ ❝❡r❝❛ ❞❡ ✶✽ ♠✐♥✉t♦s✱ ♦ s❡♥s♦r ❢♦✐

❞❡s❝♦♥t❛♠✐♥❛❞♦ ✉s❛♥❞♦ ❣ás ❞❡ ♥✐tr♦❣ê♥✐♦ ❛♥t❡s ❞♦ ❡♥s❛✐♦ s❡❣✉✐♥t❡✳

❖✉tr♦ s❡♥s♦r s❡♠ ✜♦ ❜❛s❡❛❞♦ ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❍♦s❡♦♥ ▲❡❡

❡t ❛❧✳ ✭▲❊❊ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❆ss✐♠ ❝♦♠♦ ♦ s❡♥s♦r ❞❡ ❇❛❝❝❛r❡❧❧✐ ✭❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱ ✷✵✶✷✮✱

♥ã♦ s❡ tr❛t❛ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ♣r♦♣r✐❛♠❡♥t❡ ❞✐t❛✱ ✉♠❛ ✈❡③ q✉❡ ♥ã♦ ❤á ♦ ❡❧❡♠❡♥t♦

❞❡ ✐❞❡♥t✐✜❝❛çã♦ ú♥✐❝❛✳ ❖ s❡♥s♦r ♣r♦♣♦st♦ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥✉♠❛ ❛♥t❡♥❛ ❝♦♥❡❝t❛❞❛

❛ ✉♠❛ ♠❛❧❤❛ r❡ss♦♥❛♥t❡ ❞❛ q✉❛❧ ♦ s❡♥s♦r ❈◆❚ ❢❛③ ♣❛rt❡✳ ❍❛✈❡♥❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ ❣ás

❞❡ ❛♠ô♥✐❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ♠❛❧❤❛ s❡ ❛❧t❡r❛✱ ♦ q✉❡ ♣♦❞❡ s❡r ❞❡t❡❝t❛❞♦ ♣❡❧♦

s✐♥❛❧ r❡✢❡t✐❞♦ ♣❛r❛ ♦ ❧❡✐t♦r✳ ❖ s❡♥s♦r ❢♦✐ ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ♣♦❧í♠❡r♦ ❝♦♠♣♦st♦ ❞❡

❙❲❈◆❚ ❡ P❆❇❙ ✭♣♦❧✐✭á❝✐❞♦ ♠✲❛♠✐♥♦❜❡♥③❡♥♦ s✉❧❢ô♥✐❝♦✮✮✱ q✉❡ ❛♣r❡s❡♥t❛ ❜♦❛ s❡♥s✐❜✐❧✐❞❛❞❡

❡ s❡❧❡t✐✈✐❞❛❞❡ ❛♦ ❣ás ❞❡ ❛♠ô♥✐❛✳ ❖ ♣♦❧í♠❡r♦ ❢♦✐ ❡♥tã♦ ❞❡♣♦s✐t❛❞♦ ♣♦r ✐♠♣r❡ssã♦ s♦❜r❡

✉♠ ♣❛r ❞❡ ❡❧❡tr♦❞♦s ♠❡tá❧✐❝♦s ♣r❡✈✐❛♠❡♥t❡ ❣r❛✈❛❞♦s ❡♠ ✉♠❛ ❡t✐q✉❡t❛ ❞❡ ♣❛♣❡❧ ❡s♣❡ss♦✱

❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❞❛ ♠❛❧❤❛ r❡ss♦♥❛♥t❡ ✐♠♣❧❡♠❡♥t❛❞♦s ❡♠ ♠✐❝r♦✜t❛✳

❆ ❡t✐q✉❡t❛ ❢♦✐ s✉❜♠❡t✐❞❛ ❛ ✉♠ s✐♥❛❧ ❞❡ ❘❋ ✈❛rr✐❞♦ ❡♥tr❡ ✹ ●❍③ ❡ ✻ ●❍③ ❡ ♦s ❡♥s❛✐♦s

r❡❛❧✐③❛❞♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥❝❡♥tr❛çõ❡s ❞❡ ❣ás ❞❡ ❛♠ô♥✐❛ ✭✵ ♣♣♠✱ ✺✵ ♣♣♠✱ ✼✺ ♣♣♠ ❡

✶✵✵ ♣♣♠✮ ❡ ♣❛r❛ ♦ ❣ás ❞✐s♣❡rs♦ ❞❡ ❢♦r♠❛ ♥ã♦ ❝♦♥tr♦❧❛❞❛ ♣♦r ✉♠ ❢r❛s❝♦ ❞❡ ❛♠ô♥✐❛ ❞❡

✉s♦ ❞♦♠ést✐❝♦✳ ❖❜s❡r✈♦✉✲s❡ q✉❡ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ❡t✐q✉❡t❛ ❞❡❝❛✐✉ ❝❡r❝❛ ❞❡

✶✷✵ ▼❍③ ❞❛ ❢r❡q✉ê♥❝✐❛ ♦r✐❣✐♥❛❧ ✭✹✱✻ ●❍③✮ q✉❛♥❞♦ ❡①♣♦st❛ ❛♦ ❣ás ❞✐s♣❡rs♦ ❞❡ ❢♦r♠❛ ♥ã♦

❝♦♥tr♦❧❛❞❛ ❡ ❝♦♠ ✉♠❛ t❛①❛ ❞❡ ❝❡r❝❛ ❞❡ ✶✶✷ ❦❍③✴♣♣♠ ♣❛r❛ ♦s ❡♥s❛✐♦s à ❝♦♥❝❡♥tr❛çã♦



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✹✵

❝♦♥tr♦❧❛❞❛✳ ❉✉r❛♥t❡ ♦s ❡♥s❛✐♦s✱ ❛♣ós ❝❛❞❛ ❡①♣♦s✐çã♦ ❞❡ ❝❡r❝❛ ❞❡ ✶✽ ♠✐♥✉t♦s✱ ♦ s❡♥s♦r ❢♦✐

❞❡s❝♦♥t❛♠✐♥❛❞♦ ✉s❛♥❞♦ ❣ás ❞❡ ♥✐tr♦❣ê♥✐♦ ❛♥t❡s ❞♦ ❡♥s❛✐♦ s❡❣✉✐♥t❡✳

❆ ♣r✐♠❡✐r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ♣❛ss✐✈❛ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉

❡①✐st❡♥t❡s ❡ ✐♥t❡❣r❛❞❛ ❛ ✉♠ s❡♥s♦r ❞❡ ❣ás ❜❛s❡❛❞♦ ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❢♦✐ r❡♣♦rt❛❞❛

♣♦r ❈❡❝✐❧✐❛ ❖❝❝❤✐✉③③✐ ❡t ❛❧✳ ❡♠ ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❜✮ ❡ ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❆

❡t✐q✉❡t❛ ❢♦✐ ❝♦♥str✉í❞❛ ❛ ♣❛rt✐r ❞❡ ✉♠ ❝❤✐♣ ❘❋■❉ ♣❛ss✐✈♦ ❝♦♠❡r❝✐❛❧ ♣r♦❞✉③✐❞♦ ♣❡❧❛ ◆❳P

✭◆❳P❙❊▼■❈❖◆❉❯❈❚❖❘❙✱ ✷✵✶✺✮ ❝♦♥❡❝t❛❞♦ ❛ ✉♠ ✐♥❞✉t♦r ❡♠ ❛♥❡❧ ❛❝♦♣❧❛❞♦ ✐♥❞✉t✐✈❛♠❡♥t❡

❛ ✉♠❛ ❛♥t❡♥❛ ❞✐♣♦❧♦ ❡♠ ❝♦❜r❡✱ t❡♥❞♦ ✉♠ ✜❧♠❡ ♣♦❧✐♠ér✐❝♦ à ❜❛s❡ ❞❡ ❙❲❈◆❚ ❝♦♠♦

❡❧❡♠❡♥t♦ ❝❛s❛❞♦r ❡♥tr❡ ❛s ✐♠♣❡❞â♥❝✐❛s ❞♦ ✐♥❞✉t♦r ❡ ❞❛ ❛♥t❡♥❛✳ ❖ ♣r♦tót✐♣♦✱ ♦♣❡r❛♥❞♦

❡♠ ✾✶✺ ▼❍③✱ ❢♦✐ ❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ❛ ♣r❡s❡♥ç❛ ❞❡ ❛♠ô♥✐❛ ♣❡❧❛ ❛❧t❡r❛çã♦ ❞♦ ❝❛s❛♠❡♥t♦

❝❤✐♣✲❛♥t❡♥❛✱ ♣r♦✈♦❝❛♥❞♦ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ❝❡r❝❛ ❞❡ ✶✵✪ ♥❛ ♣♦tê♥❝✐❛ ♥❡❝❡ssár✐❛ à ❛t✐✈❛çã♦

❞❛ ❡t✐q✉❡t❛✱ ❡♠ r❡❧❛çã♦ ❛♦ ❡st❛❞♦ ✐♥✐❝✐❛❧ ✭s❡♠ ❛♠ô♥✐❛✮✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛ ❡①♣♦s✐çã♦

❞❛ ❡t✐q✉❡t❛ ❛♦ ❣ás ❞❡ ❛♠ô♥✐❛ ♣r♦✈♦❝♦✉ ❛❧t❡r❛çõ❡s ✐rr❡✈❡rsí✈❡✐s ♥♦ s❡♥s♦r✳ ■st♦ s✉❣❡r❡

q✉❡ t❛❧ ❛❜♦r❞❛❣❡♠ ♥❡❝❡ss✐t❡ ❛✐♥❞❛ ❞❡ ❛♣r✐♠♦r❛♠❡♥t♦s✱ ❞♦ ❝♦♥trár✐♦ ❛ ❡t✐q✉❡t❛ ❡①✐❣✐r✐❛

❛❧❣✉♠ tr❛t❛♠❡♥t♦ ❞❡ ❞❡s❝♦♥t❛♠✐♥❛çã♦ ❛♣ós ❝❛❞❛ ❞❡t❡❝çã♦✳ ❖✉tr♦ ♣♦♥t♦ ❝rít✐❝♦ ♣❛r❡❝❡

s❡r ♦ ❝❛s❛♠❡♥t♦ ❡♥tr❡ ❛ ❛♥t❡♥❛ ❡ ♦ ❛♥❡❧ ✐♥❞✉t✐✈♦ ❝♦♠ ♦ ❝❤✐♣✱ ❝✉❥❛ r❡❣✉❧❛r✐❞❛❞❡ ❞❡♣❡♥❞❡

❞✐r❡t❛♠❡♥t❡ ❞❛ r❡♣r♦❞✉t✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ♣♦❧✐♠ér✐❝♦ ❝♦♠ ❛s ♠❡s♠❛s ❝❛r❛❝t❡ríst✐❝❛s

❡❧étr✐❝❛s✳

■♥❢♦r♠❛çõ❡s ❛❞✐❝✐♦♥❛✐s s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ s❡♥s♦r❡s ❞❡ ♥❛♥♦t✉❜♦s ❞❡

❝❛r❜♦♥♦ ♣♦r ✐♠♣r❡ssã♦ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ✭❨❯◆ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ✭❘■❉❆ ▲■ ❨❆◆●✱

✷✵✶✵✮ ❡ ✭❚❍❆■ ❡t ❛❧✳✱ ✷✵✶✶✮✳

✷✳✹✳✶ ❆♥á❧✐s❡ ❞❛s ❙♦❧✉çõ❡s ❊①✐st❡♥t❡s

❈♦♥❢♦r♠❡ ❡①♣♦st♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r✱ t♦❞❛s ❛s s♦❧✉çõ❡s ❡①✐st❡♥t❡s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡

❣❛s❡s ✉t✐❧✐③❛♥❞♦ ❡t✐q✉❡t❛s s❡♥s♦r❛s ♣❛ss✐✈❛s ❜❛s❡✐❛♠✲s❡ ♦✉ ♥❛ ❛❧t❡r❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞❡

✉♠ ❝✐r❝✉✐t♦ r❡ss♦♥❛♥t❡ ❛ss♦❝✐❛❞♦ à ❛♥t❡♥❛ ✭❡t✐q✉❡t❛s s❡♠ ❝❤✐♣✮ ♦✉ ♥❛ ♠♦❞✉❧❛çã♦ ❞✐r❡t❛

❞❛ ✐♠♣❡❞â♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞❛ ❡t✐q✉❡t❛✳ ❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱ ❡♥q✉❛❞r❛♠✲s❡ ♥❛ ❝❛t❡❣♦r✐❛

❞❡ s❡♥s♦r❡s ❛❝♦♣❧❛❞♦s ❛♥❛❧♦❣✐❝❛♠❡♥t❡✱ ❞❡s❝r✐t❛ ♥❛ ❙❡çã♦ ✷✳✷✳✹✳ ❊♠❜♦r❛ ♥✉♠ ♣r✐♠❡✐r♦

♠♦♠❡♥t♦ ❡ss❛ s♦❧✉çã♦ ♣♦ss❛ s❡r ✈❛♥t❛❥♦s❛ q✉❛♥t♦ à s✐♠♣❧✐❝✐❞❛❞❡ ❡ ♦s ❝✉st♦s ❡♥✈♦❧✈✐❞♦s✱

❡❧❛ ✐♠♣õ❡ ❛❧❣✉♠❛s ❧✐♠✐t❛çõ❡s✳ ❉❡♥tr❡ ❡❧❛s✱ ♣♦❞❡✲s❡ ❝✐t❛r✿

❼ ■♥❝♦♠♣❛t✐❜✐❧✐❞❛❞❡ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉ ❛t✉❛✐s✿ ❡①❝❡t♦ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✹✶

♣♦r ❈❡❝✐❧✐❛ ❖❝❝❤✐✉③③✐ ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❜✮✱ ❛s ❡t✐q✉❡t❛s ❞❡s❡♥✈♦❧✈✐❞❛s ♣♦r ❑❡❛t

●✳ ❖♥❣ ✭❖◆● ❡t ❛❧✳✱ ✷✵✵✷✮✱ ▲✐ ❨❛♥❣ ✭❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾✮✱ ❇❛❝❝❛r❡❧❧✐ ✭❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱

✷✵✶✷✮ ❡ ❍♦s❡♦♥ ▲❡❡ ✭▲❊❊ ❡t ❛❧✳✱ ✷✵✶✶✮ ♥ã♦ s❡❣✉❡♠ ♥❡♥❤✉♠ ❞♦s ❛t✉❛✐s ♣❛❞rõ❡s ❘❋■❉✳

P♦r ❡ss❛ r❛③ã♦✱ ♦s ❧❡✐t♦r❡s ❛t✉❛❧♠❡♥t❡ ♥♦ ♠❡r❝❛❞♦ sã♦ ✐♥❝❛♣❛③❡s ❞❡ ❧ê✲❧♦s✳ ❙✉❛ ❛❞♦çã♦

✐♠♣❧✐❝❛r✐❛ ♥❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ❞❡s❡♥✈♦❧✈❡r ❡ ❝♦♠❡r❝✐❛❧✐③❛r ❧❡✐t♦r❡s ❞❡❞✐❝❛❞♦s✱ ♦ q✉❡

❧✐♠✐t❛r✐❛ s✉❛ ❛♣❧✐❝❛çã♦ ❡ ❛❝❛rr❡t❛r✐❛ ❡♠ ❝✉st♦s ❛❞✐❝✐♦♥❛✐s✳

❼ Pr❡❝✐sã♦ ❧✐♠✐t❛❞❛✿ ✉♠❛ ✈❡③ q✉❡ ❛ ✐♥❢♦r♠❛çã♦ s♦❜r❡ ❛ ♣r❡s❡♥ç❛ ❡ ❝♦♥❝❡♥tr❛çã♦

❞♦ ❣ás ❡stá ❡♠ ✉♠❛ ✐♠♣❡❞â♥❝✐❛ ❛ss♦❝✐❛❞❛ à ❛♥t❡♥❛✱ ❛ ❝♦♠✉♥✐❝❛çã♦ ❞❡st❛

✐♥❢♦r♠❛çã♦ s❡ ❞á ❞❡ ❢♦r♠❛ ❛♥❛❧ó❣✐❝❛✱ ✐st♦ é✱ ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛

❡t✐q✉❡t❛ s❡♥s♦r❛ ✭❖◆● ❡t ❛❧✳✱ ✷✵✵✷❀ ▲❊❊ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ♥❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡✈♦❧✈✐❞♦

❛♦ ❧❡✐t♦r ✭❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱ ✷✵✶✷❀ ❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾✮ ♦✉ ♥❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡

❛t✐✈❛çã♦ ❞❛ ❡t✐q✉❡t❛ ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❜✮✳ ◆♦s s✐st❡♠❛s ❡♠ q✉❡ ❛ ✐♥❢♦r♠❛çã♦

❡stá ♥❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡✈♦❧✈✐❞♦ ❛♦ ❧❡✐t♦r ♦✉ ♥❛ ♣♦tê♥❝✐❛ ❞♦ s✐♥❛❧ ❞❡ ❛t✐✈❛çã♦ ❞❛

❡t✐q✉❡t❛ t❡♠✲s❡ ✉♠❛ ♠❛✐♦r s✉❥❡✐çã♦ ❛♦ r✉í❞♦✱ ♣r♦❜❧❡♠❛ ❡s♣❡❝✐❛❧♠❡♥t❡ ♥♦tá✈❡❧ ❡♠

❛♠❜✐❡♥t❡s ✐♥❞✉str✐❛✐s✱ ♠❛s q✉❡ ✈❡♠ s❡ t♦r♥❛♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❝♦♠✉♠ t❛♠❜é♠ ❡♠

❛♠❜✐❡♥t❡s ❞♦♠ést✐❝♦s ❞❡✈✐❞♦ à ❣r❛♥❞❡ ❞✐❢✉sã♦ ❞❡ ❡q✉✐♣❛♠❡♥t♦s q✉❡ ❡♠♣r❡❣❛♠

❢♦♥t❡s ❝❤❛✈❡❛❞❛s ❞❡ ❜❛✐①❛ q✉❛❧✐❞❛❞❡ ❡ ❞❡ ❧â♠♣❛❞❛s ✢✉♦r❡s❝❡♥t❡s ❝♦♠♣❛❝t❛s

✭❉❖▲❆❘❆❀ ▲❊❱❆✱ ✷✵✶✷✮✳ ◆❛ ♣rát✐❝❛✱ ❛ ❛❞♦çã♦ ❞❡ss❡s s✐st❡♠❛s ❛❝❛❜❛ r❡q✉❡r❡♥❞♦

t❛♠❜é♠ ♦✉tr❛ ❡t✐q✉❡t❛ ✭♥ã♦ s❡♥s♦r❛✮ ❛ ♣♦✉❝♦s ❝❡♥tí♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❞❛

❡t✐q✉❡t❛ s❡♥s♦r❛ ♣❛r❛ s❡r✈✐r ❝♦♠♦ r❡❢❡r❡♥❝✐❛❧ ❞❡ ❝♦♠♣❛r❛çã♦ ♣❛r❛ ♦ ❧❡✐t♦r ✭❏■❆ ❡t

❛❧✳✱ ✷✵✵✽❀ ❙■❉❊◆ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❙✐st❡♠❛s ❡♠ q✉❡ ❛ ✐♥❢♦r♠❛çã♦ ❡stá ♥❛ ❢r❡q✉ê♥❝✐❛ ❞❡

r❡ss♦♥â♥❝✐❛ sã♦ ♠❛✐s r♦❜✉st♦s ❛♦ r✉í❞♦ ❞♦ ❝❛♥❛❧✱ ❡♥tr❡t❛♥t♦ ❡stã♦ s✉❥❡✐t♦s ❛ ♦✉tr❛s

❢♦♥t❡s ❞❡ ✐♠♣r❡❝✐sã♦ t❛✐s ❝♦♠♦ ✈❛r✐❛çõ❡s ❞❛s ❝♦♥❞✐çõ❡s ❞♦ ❛♠❜✐❡♥t❡ q✉❡ ❛❢❡t❛♠

♥ã♦ s♦♠❡♥t❡ ♦ ♣ró♣r✐♦ s❡♥s♦r ❝♦♠♦ t❛♠❜é♠ ♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❞❛ ♠❛❧❤❛

r❡ss♦♥❛♥t❡✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ✐♠♣r❡ss♦s ❡♠ ♣❛♣❡❧✳ ❆❧é♠ ❞✐ss♦✱ ❝♦♠♦ ❛

❝♦♥❝❡♥tr❛çã♦ ❞♦ ❣ás ❛❧t❡r❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛✱ é ♥❡❝❡ssár✐♦ r❡s❡r✈❛r ✉♠❛

❥❛♥❡❧❛ ❡s♣❡❝tr❛❧ ❛❞❡q✉❛❞❛ ♣❛r❛ ❝❛❞❛ ❡t✐q✉❡t❛ ♥❛ ♠❡s♠❛ ③♦♥❛ ❞❡ ❧❡✐t✉r❛✳ P❛r❛ ✉♠❛

ár❡❛ ❝♦❜❡rt❛ ♣♦r ♠✉✐t♦s s❡♥s♦r❡s ❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ t♦t❛❧ r❡s❡r✈❛❞❛ ♣♦❞❡ s❡ t♦r♥❛r

❜❛st❛♥t❡ ❧❛r❣❛✱ ❣❡r❛♥❞♦ ♣r♦❜❧❡♠❛s ❝♦♠ ♦✉tr♦s s✐st❡♠❛s ❡①✐st❡♥t❡s✳ ◆♦ s✐st❡♠❛

❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❇❛❝❝❛r❡❧❧✐ ✭❇❆❈❈❆❘❊▲▲■ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ♣♦r ❡①❡♠♣❧♦✱ ♦❜s❡r✈♦✉✲s❡

✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✶✷✵ ▼❍③ ❛ ♣❛rt✐r ❞❛ ❢r❡q✉ê♥❝✐❛ ♦r✐❣✐♥❛❧ ❞❡ ✹✱✻ ●❍③ ❡♠ ✉♠ ❞♦s

❡♥s❛✐♦s r❡❛❧✐③❛❞♦s✳ ■st♦ s✐❣♥✐✜❝❛ q✉❡ s❡ ✶✵ s❡♥s♦r❡s ❝♦♠♦ ❡st❡s ❡st✐✈❡ss❡♠ ♥✉♠❛



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✹✷

♠❡s♠❛ ③♦♥❛ ❞❡ ❧❡✐t✉r❛✱ ✉♠❛ ❢❛✐①❛ ❞❡ ♣❡❧♦ ♠❡♥♦s ✶✱✷ ●❍③ ❞❡✈❡r✐❛ s❡r r❡s❡r✈❛❞❛

♣❛r❛ ♠♦♥✐t♦r❛✲❧♦s✳

❼ ■♥❛❞❡q✉❛çã♦ ♣❛r❛ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s✿ ❆ ✐♥❝❧✉sã♦ ❞❡ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s ♥✉♠❛

♠❡s♠❛ ❡t✐q✉❡t❛ s❡♠ ❝❤✐♣ ❡♥✈♦❧✈❡r✐❛ s❡♣❛r❛çã♦ ❡♠ ❢r❡q✉ê♥❝✐❛ ♦✉ s❡♣❛r❛çã♦ ❞❡

❞♦♠í♥✐♦✳ ◆❛ s❡♣❛r❛çã♦ ♣♦r ❞♦♠í♥✐♦✱ ✉♠ ❞♦s s❡♥s♦r❡s ❡st❛r✐❛ ❛ss♦❝✐❛❞♦ à ❛♠♣❧✐t✉❞❡

❞♦ s✐♥❛❧ ❡ ♦ ♦✉tr♦ à ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ♠❛❧❤❛✳ ■st♦ ✐♠♣❧✐❝❛ q✉❡ ✉♠

s❡♥s♦r ❞❡✈❡r✐❛ t❡r ❛ r❡s♣♦st❛ ♣✉r❛♠❡♥t❡ r❡s✐st✐✈❛ à ✈❛r✐á✈❡❧ ♠❡❞✐❞❛ ❡♥q✉❛♥t♦ ♦

♦✉tr♦ ✉♠❛ r❡s♣♦st❛ ♣✉r❛♠❡♥t❡ r❡❛t✐✈❛✳ ❚♦❞❛✈✐❛✱ ♦ q✉❡ ❢♦✐ ♦❜s❡r✈❛❞♦ ♥♦s tr❛❜❛❧❤♦s

❛♥t❡r✐♦r❡s é q✉❡ s❡♥s♦r❡s ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❛♣r❡s❡♥t❛♠ ✈❛r✐❛çã♦ t❛♥t♦

r❡s✐st✐✈❛ q✉❛♥t♦ r❡❛t✐✈❛ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❣ás ✭❖◆● ❡t ❛❧✳✱ ✷✵✵✷❀ ❨❆◆● ❡t ❛❧✳✱ ✷✵✵✾❀ ▲❊❊

❡t ❛❧✳✱ ✷✵✶✶❀ ❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❛✮✱ ✐♥✈✐❛❜✐❧✐③❛♥❞♦ t❛❧ s♦❧✉çã♦✳ ◆❛ s❡♣❛r❛çã♦ ❡♠

❢r❡q✉ê♥❝✐❛ ❝❛❞❛ s❡♥s♦r ❡st❛r✐❛ ❛ss♦❝✐❛❞♦ ❛ ✉♠❛ ♠❛❧❤❛ r❡ss♦♥❛♥t❡ ♥✉♠❛ ❢r❡q✉ê♥❝✐❛

❞✐st✐♥t❛ ❞❛s ❞❡♠❛✐s ❡ t♦❞❛s ❛s ♠❛❧❤❛s ❝♦♠♣❛rt✐❧❤❛r✐❛♠ ❞❛ ♠❡s♠❛ ❛♥t❡♥❛✳ P♦r

❛❧♦❝❛r ❝❛❞❛ s❡♥s♦r ❡♠ ✉♠❛ ❢❛✐①❛ ❞❡ ❢r❡q✉ê♥❝✐❛ ❞✐st✐♥t❛✱ ❡st❛ s♦❧✉çã♦ ❛❝❛❜❛r✐❛

r❡❝❛✐♥❞♦ ♥♦ ♠❡s♠♦ ♣r♦❜❧❡♠❛ ❞❡s❝r✐t♦ ♥♦ ✐t❡♠ ❛♥t❡r✐♦r✱ q✉❛♥❞♦ ♠ú❧t✐♣❧❛s ❡t✐q✉❡t❛s

❞❡ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ✈❛r✐á✈❡❧ ♦❝✉♣❛♠ ❛ ♠❡s♠❛ ③♦♥❛ ❞❡ ❧❡✐t✉r❛✳ ❉❡✈❡✲s❡

r❡ss❛❧t❛r ❛✐♥❞❛ q✉❡ ❛♠❜❛s ❛s s♦❧✉çõ❡s ♣♦❞❡♠ s❡r ✐♥✈✐á✈❡✐s ♣❛r❛ ✉s♦ s✐♠✉❧tâ♥❡♦

❝♦♠ s❡♥s♦r❡s ♠❛✐s ❝♦♠♣❧❡①♦s✱ ❝♦♠♦ ❛❝❡❧❡rô♠❡tr♦s ♦✉ ❣✐r♦s❝ó♣✐♦s✱ ♣♦r ❡①❡♠♣❧♦✳

❼ ■♥❡①✐stê♥❝✐❛ ❞❡ ✉♠ ✐❞❡♥t✐✜❝❛❞♦r ú♥✐❝♦✿ ❊t✐q✉❡t❛s ♦♣❡r❛♥❞♦ ♥❛ ♠❡s♠❛

❢r❡q✉ê♥❝✐❛ ❞❡♥tr♦ ❞❛ ♠❡s♠❛ ③♦♥❛ ❞❡ ❧❡✐t✉r❛ sã♦ ❞✐❢❡r❡♥❝✐❛❞❛s ♣❡❧♦ ❧❡✐t♦r ♠❡❞✐❛♥t❡

♣r♦t♦❝♦❧♦s ❞❡ ❣❡stã♦ ❞❡ ❝♦❧✐sã♦✳ ❆ ❛❞♦çã♦ ❞❡ t❛✐s ♣r♦t♦❝♦❧♦s ✐♠♣❧✐❝❛ ♥❛ ❡①✐stê♥❝✐❛

❞❡ ✉♠ ✐❞❡♥t✐✜❝❛❞♦r ú♥✐❝♦ ♣❛r❛ ❝❛❞❛ ❡t✐q✉❡t❛ ❡ ❡♠ ✉♠ ❝✐r❝✉✐t♦ ♥❛ ❡t✐q✉❡t❛ ❝❛♣❛③

❞❡ ✐♠♣❧❡♠❡♥t❛r ♦ ♣r♦t♦❝♦❧♦ ❡ r❡❝♦♥❤❡❝❡r s❡✉ ✐❞❡♥t✐✜❝❛❞♦r ú♥✐❝♦✳ ❈♦♠ ❡①❝❡çã♦ ❞❛

s♦❧✉çã♦ ♣r♦♣♦st❛ ❡♠ ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❜✮✱ q✉❡ ✉t✐❧✐③❛ ✉♠❛ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦

❘❋■❉ ❝♦♠❡r❝✐❛❧✱ ❛s ❞❡♠❛✐s s♦❧✉çõ❡s ♥ã♦ ♣♦ss✉❡♠ ❝❤✐♣ ♣❛r❛ ❛❣r❡❣❛r t❛❧

❢✉♥❝✐♦♥❛❧✐❞❛❞❡✱ só ♣♦❞❡♥❞♦ s❡r ❞✐❢❡r❡♥❝✐❛❞❛s ♣❡❧♦ ❧❡✐t♦r ♠❡❞✐❛♥t❡ ❢r❡q✉ê♥❝✐❛s ❞❡

♦♣❡r❛çã♦ ❞✐st✐♥t❛s✱ ♦ q✉❡ ❛❝❛rr❡t❛✱ ♠❛✐s ✉♠❛ ✈❡③✱ ♥✉♠❛ ❢❛✐①❛ ❡s♣❡❝tr❛❧ ❞❡ ♦♣❡r❛çã♦

t❛♥t♦ ♠❛✐♦r q✉❛♥t♦ ♠❛✐s s❡♥s♦r❡s ❢♦r❡♠ ❝♦❜❡rt♦s ♣❡❧❛ ♠❡s♠❛ ③♦♥❛ ❞❡ ❧❡✐t✉r❛✳

❼ ❆❥✉st❡ ❡stát✐❝♦✿ ❖ ❛❥✉st❡ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ é ♦ ❝♦♥❥✉♥t♦ ❞❡ ♦♣❡r❛çõ❡s

r❡❛❧✐③❛❞❛s ♥✉♠ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ♣❛r❛ q✉❡ ❡❧❡ ❢♦r♥❡ç❛ ❛s ✐♥❞✐❝❛çõ❡s

❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ✈❛❧♦r❡s ❞❛❞♦s ❞❛ ❣r❛♥❞❡③❛ ❛ ♠❡❞✐r ✭■❙❖✱ ✷✵✵✽✮✳ ◆✉♠ s✐st❡♠❛



✷✳✹ s❡♥s♦r❡s r❢✐❞ ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞❡ ❣❛s❡s✿ ❡st❛❞♦ ❞❛ ❛rt❡ ✹✸

❡❧❡trô♥✐❝♦ ❞❡ ♠❡❞✐çã♦✱ ❡ss❛s ♦♣❡r❛çõ❡s ♣♦❞❡♠ ❡♥✈♦❧✈❡r ♦ ❛❥✉st❡ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡

♣♦t❡♥❝✐❛❧ ♦✉ ❝♦rr❡♥t❡ s♦❜r❡ ♦ s❡♥s♦r✱ t❡♥sã♦ r❡❢❡r❡♥❝✐❛❧ ❡ ♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ❞♦

❛♠♣❧✐✜❝❛❞♦r ❛ss♦❝✐❛❞♦ ❛♦ s✐♥❛❧ ❞♦ s❡♥s♦r ✭q✉❛♥❞♦ ❡①✐st✐r✮✳ ❯♠❛ ✈❡③ ❛❥✉st❛❞♦ ♦

s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ♣r❡❝✐s❛ s❡r ❝❛❧✐❜r❛❞♦✳ ❖ ♣r♦❝❡ss♦ ❞❡ ❝❛❧✐❜r❛çã♦✱ ♥❡st❡ ❝❛s♦✱

❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ♥❛ r❡❛❧✐③❛çã♦ ❞❡ ❡♥s❛✐♦s ♣ré✈✐♦s ❡♠ ❝♦♥❞✐çõ❡s ❝♦♥tr♦❧❛❞❛s ❡ ❛

❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❝♦♠ ♦s ❞❡ ✉♠ ✐♥str✉♠❡♥t♦ r❡❢❡r❡♥❝✐❛❧✳ ❖s

♣❛râ♠❡tr♦s ♠❛t❡♠át✐❝♦s q✉❡ ❞❡✈❡♠ s❡r ❛♣❧✐❝❛❞♦s à r❡s♣♦st❛ ❞♦ s❡♥s♦r ♣❛r❛ q✉❡ ❛

s✉❛ ❧❡✐t✉r❛ s❡ ❛♣r♦①✐♠❡ àq✉❡❧❛ ❞❛❞❛ ♣❡❧♦ ✐♥str✉♠❡♥t♦ ❞❡ r❡❢❡rê♥❝✐❛ sã♦

✏♣❛râ♠❡tr♦s ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦✑✳ ◆❛t✉r❛❧♠❡♥t❡✱ t❛♥t♦ ♦s

♣❛râ♠❡tr♦s ❞❡ ❛❥✉st❡ q✉❛♥t♦ ♦s ❞❡ ♠❡❞✐çã♦ ✈❛r✐❛♠ ❞❡ ✉♠ s❡♥s♦r ♣❛r❛ ♦ ♦✉tr♦✱

❛✐♥❞❛ q✉❡ s❡❥❛♠ ❞♦ ♠❡s♠♦ t✐♣♦ ❡ t❡♥❤❛♠ s✐❞♦ ♣r♦❞✉③✐❞♦s ❞❛ ♠❡s♠❛ ❢♦r♠❛ ❞❡✈✐❞♦

à ✈❛r✐❛çõ❡s ♥♦ ♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❡ ♥♦s ♣ró♣r✐♦s ✈❛❧♦r❡s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦

❝✐r❝✉✐t♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❛❥✉st❡ ❞❡ ❝❛❞❛ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ♣♦❞❡ ♣r❡❝✐s❛r s❡r r❡❢❡✐t♦

❞❡ t❡♠♣♦s ❡♠ t❡♠♣♦s ❛ ✜♠ ❞❡ ♠✐♥✐♠✐③❛r ♦s ❡rr♦s ♠❡❞✐çã♦ ✐♥s❡r✐❞♦s ♣❡❧❛

❞❡t❡r✐♦r❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ s✐st❡♠❛ ❡ ❞♦ ♣ró♣r✐♦ s❡♥s♦r✳ P♦r ❡ss❛ r❛③ã♦✱ ❝❛❞❛

❡t✐q✉❡t❛ s❡♥s♦r❛ ♣♦ss✉✐ ✉♠ ❝♦♥❥✉♥t♦ ♣❛rt✐❝✉❧❛r ❞❡ ✈❛❧♦r❡s ♣❛r❛ ❡ss❡s ♣❛râ♠❡tr♦s

q✉❡ ❞❡✈❡♠ s❡r ❛♣❧✐❝❛❞♦s ♥❛ ❧❡✐t✉r❛ ❞♦s s❡♥s♦r❡s✳ ❊♠ t♦❞❛s ❛s ❡t✐q✉❡t❛s s❡♥s♦r❛s

❡st✉❞❛❞❛s ♥❛ ❙❡çã♦ ✷✳✷✳✹ ♦ ❛❥✉st❡ ❞♦ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ♣❛r❛ ❝❛❞❛ ❡t✐q✉❡t❛ ❢♦✐

❢❡✐t♦ ❞❡ ♠❛♥❡✐r❛ ♠❛♥✉❛❧ ❡ ❡♥✈♦❧✈✐❛ ♦✉ ❛ ♠✉❞❛♥ç❛ ❞❡ ❛❧❣✉♠ ♣❛râ♠❡tr♦ ❢ís✐❝♦ ❞❡

❝❛rát❡r ♣❡r♠❛♥❡♥t❡ ✭❝♦♠♦ ❛ ❛❧t❡r❛çã♦ ❞❡ ❞✐stâ♥❝✐❛s ❡♥tr❡ ❝♦♠♣♦♥❡♥t❡s ♦✉ ❞♦

❝♦♠♣r✐♠❡♥t♦ ❞❛ ❛♥t❡♥❛✮✱ ♦✉ ❛ ❛❧t❡r❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ♣ró♣r✐♦s ❞❛ ❝♦♠✉♥✐❝❛çã♦

❝♦♠♦ ❛ ♣♦tê♥❝✐❛ ❡♠✐t✐❞❛ ♣❡❧♦ ❧❡✐t♦r ♦✉ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦✳ ❊♥q✉❛♥t♦ ♦

❛❥✉st❡ ♣♦r ♠❡✐♦ ❞❡ ❛❧t❡r❛çõ❡s ❞❡ ❝❛rát❡r ♣❡r♠❛♥❡♥t❡ t❡♠ ❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡ ♥ã♦

♣♦❞❡r s❡r ❞❡s❢❡✐t♦ ♥✉♠ ❡✈❡♥t✉❛❧ r❡❛❥✉st❡ ❞♦s s✐st❡♠❛✱ ❛ ♠✉❞❛♥ç❛ ❞♦s ♣❛râ♠❡tr♦s

❞❡ ❝♦♠✉♥✐❝❛çã♦ ❡①✐❣❡ q✉❡ ❝❛❞❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❝♦♥❤❡ç❛ ♣r❡✈✐❛♠❡♥t❡ ♦s ♣❛râ♠❡tr♦s

❛t✉❛✐s ❞❡ ❛❥✉st❡ ❞❡ ❝❛❞❛ s❡♥s♦r✱ ❛❧é♠ ❞♦s ❞❡ ❝❛❧✐❜r❛çã♦✳ ■st♦ s✐❣♥✐✜❝❛ q✉❡ ✉♠ ❧❡✐t♦r

♥ã♦ ♣♦❞❡rá ❧❡r ❝♦rr❡t❛♠❡♥t❡ ✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❛té q✉❡ t♦❞♦s ♦s ♣❛râ♠❡tr♦s

r❡❢❡r❡♥t❡s à ❡ss❛ ❡t✐q✉❡t❛ t❡♥❤❛♠ s✐❞♦ ✐♥❢♦r♠❛❞♦s ❛ ❡❧❡ ♣♦r ✉♠ ❡♥t❡ ❡①t❡r♥♦✳

❼ ■♥❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ♠❡♠♦r✐❛ ❞❡ ✉s✉ár✐♦✿ ❯♠❛ ♠❡♠ór✐❛ ✐♥t❡❣r❛❞❛ ❛ ❝❛❞❛

❡t✐q✉❡t❛✱ ♣❛ssí✈❡❧ ❞❡ ❛❝❡ss♦ r❡♠♦t♦ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛✱ ❛❣r❡❣❛ ✉♠ ✐♠♣♦rt❛♥t❡

r❡❝✉rs♦✳ ■♥❢♦r♠❛çõ❡s ❝♦♠♦ ♦ ♥ú♠❡r♦ ❡ t✐♣♦ ❞❡ s❡♥s♦r❡s ❞✐s♣♦♥í✈❡✐s✱ ❜❡♠ ❝♦♠♦

s❡✉s ♣❛râ♠❡tr♦s ❞❡ ❝❛❧✐❜r❛çã♦ ❡ ❛❥✉st❡✱ ♣♦❞❡♠ s❡r r❡❣✐str❛❞❛s ❞✐r❡t❛♠❡♥t❡ ❡♠ ❝❛❞❛



✷✳✺ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ s❡♥s♦r❡s r❢✐❞ ✹✹

❡t✐q✉❡t❛✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦ ❧❡✐t♦r ❝❛❧❝✉❧❡ ❝♦rr❡t❛♠❡♥t❡ ❛s ❣r❛♥❞❡③❛s ❛♠♦str❛❞❛s✱

s❡♠ q✉❡ ❤❛❥❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ✉♠ r❡❣✐str♦ ♣ré✈✐♦ ❞❡ t❛✐s ♣❛râ♠❡tr♦s ❞♦ ❧❛❞♦ ❞♦

❧❡✐t♦r✳ ❊ss❡ r❡❝✉rs♦ é ❡s♣❡❝✐❛❧♠❡♥t❡ ✈❛❧✐♦s♦ s❡ ❛ ❧❡✐t✉r❛ ❞❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ♣r❡❝✐s❛r

s❡r ❢❡✐t❛ ♣♦r ❞✐❢❡r❡♥t❡s ❡q✉✐♣❛♠❡♥t♦s s❡♠ ❛❝❡ss♦ ❛ ✉♠ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ❝❡♥tr❛❧✳

❆❧é♠ ❞✐ss♦✱ ❛ ♠❡♠ór✐❛ t❛♠❜é♠ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛r♠❛③❡♥❛r ♦ ❤✐stór✐❝♦ ❞❛s

♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❞❛❞♦ ✐♥t❡r✈❛❧♦✳ ❊ss❡ r❡❝✉rs♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦✱

♣♦r ❡①❡♠♣❧♦✱ ♥❛ ❝❛❞❡✐❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣r♦❞✉t♦s✱ ✜❝❛♥❞♦ ❝❛❞❛ ✉♥✐❞❛❞❡ ❞❛ ❝❛❞❡✐❛

r❡s♣♦♥sá✈❡❧ ♣♦r ❧❡r ❡ r❡❣✐str❛r ♥❛ ❡t✐q✉❡t❛ ♦s ✈❛❧♦r❡s ❝♦❧❡t❛❞♦s ♣❡❧♦s s❡♥s♦r❡s✳ ▼❛✐s

✉♠❛ ✈❡③✱ ❛♣❡♥❛s ❛ s♦❧✉çã♦ ❞❡ ❖❝❝❤✐✉③③✐ ❞✐s♣õ❡ ❞❡ss❡ r❡❝✉rs♦✳

✷✳✺ ❈♦♥✈❡rs♦r❡s ❆✴❉ P❛r❛ ❆♣❧✐❝❛çã♦ ❡♠ ❙❡♥s♦r❡s ❘❋■❉

❯♠❛ ❜♦❛ ♠❛♥❡✐r❛ ❞❡ ✐❞❡♥t✐✜❝❛r ♦s t✐♣♦s ❞❡ ❝♦♥✈❡rs♦r❡s ❆✴❉ ♠❛✐s ❛❞❡q✉❛❞♦s ♣❛r❛

à ❛♣❧✐❝❛çõ❡s ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❘❋■❉ é ❛ ♣❛rt✐r ❞❛ ❛♥á❧✐s❡ ❡ ❝♦♠♣❛r❛çã♦ ❞❡ ✉♠ ❣r❛♥❞❡

♥ú♠❡r♦ ❞❡ ✐♠♣❧❡♠❡♥t❛çõ❡s ❞❡st❡s ❝♦♥✈❡rs♦r❡s✳ ◆❡st❡ s❡♥t✐❞♦✱ ✉♠ ❧❡✈❛♥t❛♠❡♥t♦ ❞❡ ❞❛❞♦s

❢♦✐ r❡❛❧✐③❛❞♦ ❛ ♣❛rt✐r ❞♦ r❡❧❛tór✐♦ ❣❡r❛❞♦ ♣♦r ❇♦r✐s ▼✉r♠❛♥♥ ✭▼❯❘▼❆◆◆✱ ✷✵✶✺✮ q✉❡ r❡ú♥❡

♦s ❞❛❞♦s ❞❡ ♠❛✐s ❞❡ ✹✵✵ ❝♦♥✈❡rs♦r❡s ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛✐s ♣✉❜❧✐❝❛❞♦s ♥♦s ú❧t✐♠♦s ✶✽ ❛♥♦s ♥❛

❈♦♥❢❡rê♥❝✐❛ ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ❈✐r❝✉✐t♦s ❞❡ ❊st❛❞♦ ❙ó❧✐❞♦ ✭■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙♦❧✐❞✲❙t❛t❡

❈✐r❝✉✐ts ❈♦♥❢❡r❡♥❝❡ ✲ ■❙❙❈❈✮ ❡ ♥♦ ❙✐♠♣ós✐♦ ❞❡ ■♥t❡❣r❛çã♦ ❡♠ ▼✉✐t♦ ▲❛r❣❛ ❊s❝❛❧❛ ✭❱▲❙■

❙②♠♣♦s✐✉♠✮✳ ◆♦ ✐♥t✉✐t♦ ❞❡ ✐❞❡♥t✐✜❝❛r ❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❞❡ ♠❡❧❤♦r ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛

♦s ❝♦♥✈❡rs♦r❡s r❡♣♦rt❛❞♦s ❢♦r❛♠ ❛❣r✉♣❛❞♦s ♣♦r ❛♥♦ ❞❡ ♣✉❜❧✐❝❛çã♦ ❡ ❝❧❛ss✐✜❝❛❞♦s q✉❛♥t♦

❛ s✉❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋♦▼✮ ❡ t✐♣♦✳ ❖ r❡s✉❧t❛❞♦ ❞❡ss❡ ❧❡✈❛♥t❛♠❡♥t♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✻✳

❆ ❛♥á❧✐s❡ ❞❛ ❋✐❣✉r❛ ✷✳✻ r❡✈❡❧❛ q✉❡ ❞❡s❞❡ ✷✵✵✼✱ ❛♥♦ ❛♣ós ❛♥♦✱ ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♠❛✐♦r

❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ sã♦ ♦s ❞♦ t✐♣♦ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ ✭❙❆❘✮ ✭❈❘❆◆■◆❈❑❳❀ P▲❆❙✱

✷✵✵✼✮✱ s❡❣✉✐❞♦s ♣❡❧♦s t✐♣♦s P✐♣❡❧✐♥❡ ❡ ❙✐❣♠❛✲❉❡❧t❛✳ ▼❛✐s ❡s♣❡❝✐✜❝❛♠❡♥t❡✱ ❡①❝❡t♦ ♣❡❧♦

❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♣♦r P❛t✐❧ ❡t ❛❧✳ ✭P❆❚■▲ ❡t ❛❧✳✱ ✷✵✶✺✮✱ t♦❞♦s ♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ q✉❡

♦❜t✐✈❡r❛♠ ✉♠❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ✐♥❢❡r✐♦r ❛ ✼ ❢❏ ♣♦r ♣❛ss♦ ❞❡ ❝♦♥✈❡rsã♦ sã♦ ❞♦ t✐♣♦

❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ ❜❛s❡❛❞♦s ❡♠ r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ♣♦r ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s✱

❝✉❥❛ ♣r✐♠❡✐r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❢♦✐ ♣r♦♣♦st❛ ♣♦r ▼❝❈r❡❛r② ❡ ●r❛② ✭▼❈❈❘❊❆❘❨❀ ●❘❆❨✱

✶✾✼✺✮✳ ❊♠❜♦r❛ ♦ ♠❛r❝♦ ❞❡ ✼ ❢❏✴P❛ss♦✲❞❡✲❝♦♥✈❡rsã♦ s❡❥❛ ♣✉r❛♠❡♥t❡ ❛r❜✐trár✐♦ ♥❡st❛

❛♥á❧✐s❡✱ ♥ã♦ s❡♥❞♦ ❡❧❡ ♣ró♣r✐♦ ✉♠❛ ❡①✐❣ê♥❝✐❛ ♣❛r❛ ❛ ❛❞❡q✉❛çã♦ ❛ ❛♣❧✐❝❛çã♦ ❡♠ ❡t✐q✉❡t❛s



✷✳✺ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ s❡♥s♦r❡s r❢✐❞ ✹✺

❋✐❣✉r❛ ✷✳✻ ✕ ❋✐❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋❖▼✮ ❞♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ r❡♣♦rt❛❞♦s ♥♦ ■❙❙❈❈ ❡ ♥♦ ❙✐♠♣ós✐♦
❱▲❙■ ❛♦ ❧♦♥❣♦ ❞♦s ú❧t✐♠♦s ✶✵ ❛♥♦s ✭❩❯❘■❚❆ ❡t ❛❧✳✱ ✷✵✶✻✮✳

❘❋■❉ s❡♥s♦r❛s✱ ❡st❡ ❧✐♠✐❛r ❡✈✐❞❡♥❝✐❛ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ❡❝♦♥♦♠✐❛ ❞❡ ❡♥❡r❣✐❛ ❞❡ss❡ t✐♣♦ ❞❡

❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ✉♠ ❛s♣❡❝t♦ ✐♠♣♦rt❛♥t❡ ❞❡ s✐st❡♠❛s ♠✐❝r♦❡❧❡trô♥✐❝♦s é ♦ ♣r♦❝❡ss♦ ❞❡

❢❛❜r✐❝❛çã♦ ✉t✐❧✐③❛❞♦✳ P♦r ❡ss❛ r❛③ã♦✱ ✉♠ ♥♦✈♦ ❧❡✈❛♥t❛♠❡♥t♦ ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♠ ❜❛s❡ ♥♦

♠❡s♠♦ r❡❧❛tór✐♦✳ ❉❡st❛ ✈❡③✱ t♦♠❛♥❞♦✲s❡ ♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ ❞♦ t✐♣♦ ❈▼❖❙ ♣✉❜❧✐❝❛❞♦s

❞❡s❞❡ ✶✾✾✼ ❛té ✷✵✶✺✱ ❛❣r✉♣❛♥❞♦✲♦s ♣♦r t❡❝♥♦❧♦❣✐❛ ❞❡ ❢❛❜r✐❝❛çã♦ ❡ ❝❧❛ss✐✜❝❛❞♦s q✉❛♥t♦

❛ s✉❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋♦▼✮ ❡ t✐♣♦✳ ❖ r❡s✉❧t❛❞♦ ❞❡ss❡ ❧❡✈❛♥t❛♠❡♥t♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✷✳✼✳

❖s ❝♦♥✈❡rs♦r❡s ❆✴❉ ♠❛✐s ❡✜❝✐❡♥t❡s ♣✉❜❧✐❝❛❞♦s ♥♦ ❙✐♠♣ós✐♦ ❱▲❙■ ❡ ♥♦ ■❙❙❈❈ ❞❡s❞❡

✷✵✵✽ ❡stã♦ ❧✐st❛❞♦s ❝♦♠ ♠❛✐♦r❡s ❞❡t❛❧❤❡s ♥❛ ❚❛❜❡❧❛ ✷✳✶✳

❈♦♥❢♦r♠❡ ❛ ❚❛❜❡❧❛ ✷✳✶✱ ♣r❛t✐❝❛♠❡♥t❡ t♦❞♦s ♦s ❝♦♥✈❡rs♦r❡s ❞❡ ♠❛✐s ❛❧t❛ ❡✜❝✐ê♥❝✐❛

❡♥❡r❣ét✐❝❛ ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞♦s ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✐❣✉❛❧ ♦✉ s✉♣❡r✐♦r ❛ ✾✵ ♥♠✳ ❯♠❛

❡①❝❡çã♦ ♥♦tá✈❡❧ é ♦ ❝♦♥✈❡rs♦r ♣r♦♣♦st♦ ♣♦r ❏❡♦♥❣ ❡t ❛❧✳ ✭❏❊❖◆● ❡t ❛❧✳✱ ✷✵✶✺✮✱ ✉♠ ❆✴❉

❞♦ t✐♣♦ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ à ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s ❞❡ ✽ ❜✐ts ✭❊◆❖❇ ❂ ✼✱✺✮ ❝♦♠

✉♠❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ✐♥❢❡r✐♦r ❛ ✼ ❢❏✴♣❛ss♦✲❞❡✲❝♦♥✈❡rsã♦✱ ❞❡ ❜❛✐①íss✐♠♦ ❝♦♥s✉♠♦ ✭❝❡r❝❛

❞❡ ✶✷✵ ♥❲✮✱ ✐♠♣❧❡♠❡♥t❛❞♦ ❡♠ ✶✽✵ ♥♠✱ ✉♠❛ t❡❝♥♦❧♦❣✐❛ r❡❧❛t✐✈❛♠❡♥t❡ ❛♥t✐❣❛✳ ❆ ❡❧❡✈❛❞❛

❡❝♦♥♦♠✐❛ ❞❡ ❡♥❡r❣✐❛ ❞❡st❡ ❝♦♥✈❡rs♦r é ♦❜t✐❞❛ r❡❝✐❝❧❛♥❞♦✲s❡ ❛ ❝❛r❣❛ ✉t✐❧✐③❛❞❛ ♥❛ ❝♦♥✈❡rsã♦

❛♥t❡r✐♦r ♣❡❧♦ ❝❛♣❛❝✐t♦r ❞❡ ♠❛✐♦r ♣❡s♦ ❡ ❛ r❡✉t✐❧✐③❛♥❞♦ ♥❛s ❝♦♥✈❡rsõ❡s s❡❣✉✐♥t❡s✱ ❡✈✐t❛♥❞♦



✷✳✺ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ s❡♥s♦r❡s r❢✐❞ ✹✻

❋✐❣✉r❛ ✷✳✼ ✕ ❋✐❣✉r❛ ❞❡ ♠ér✐t♦ ✭❋❖▼✮ ❞♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ r❡♣♦rt❛❞♦s ♥♦ ■❙❙❈❈ ❡ ♥♦ ❙✐♠♣ós✐♦
❱▲❙■ ❡♠ ❢✉♥çã♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❞❡ ❢❛❜r✐❝❛çã♦✳ ❆♣❡♥❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❡♠ ♣r♦❝❡ss♦
❈▼❖❙ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ✭❩❯❘■❚❆ ❡t ❛❧✳✱ ✷✵✶✻✮✳

♦ ❝❤❛✈❡❛♠❡♥t♦ ❞❡s♥❡❝❡ssár✐♦ ❞♦ r❡s♣❡❝t✐✈♦ ❝❛♣❛❝✐t♦r ❡ ♣♦✉♣❛♥❞♦ ❝✐❝❧♦s ❞❡ ❝♦♥✈❡rsã♦✳

❚❛❜❡❧❛ ✷✳✶ ✕ ❈♦♥✈❡rs♦r❡s ❆✴❉ ♠❛✐s ❡✜❝✐❡♥t❡s ♣✉❜❧✐❝❛❞♦s ♥♦ ❙✐♠♣ós✐♦ ❱▲❙■ ❡ ♥♦ ■❙❙❈❈ ❞❡s❞❡
✷✵✵✽
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❉❡✈❡✲s❡ ❛✐♥❞❛ ♥♦t❛r q✉❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❛❞❡q✉❛❞♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ s❡♥s♦r✐❛♠❡♥t♦

❘❋■❉ ❞❡✈❡ ♥ã♦ ❛♣❡♥❛s ❛♣r❡s❡♥t❛r ✉♠❛ r❡❞✉③✐❞❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ❝♦♠♦ t❛♠❜é♠ ✉♠ ❜❛✐①♦

❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳ ❆❧❣✉♠❛s s♦❧✉çõ❡s t❛❧ ❝♦♠♦ ♦ ❝♦♥✈❡rs♦r ❛ssí♥❝r♦♥♦ ♣r♦♣♦st♦ ❡♠



✷✳✺ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❡♠ s❡♥s♦r❡s r❢✐❞ ✹✼

✭P❆❚■▲ ❡t ❛❧✳✱ ✷✵✶✺✮ ♦✉ ♦ ❝♦♥✈❡rs♦r ♣✐♣❡❧✐♥❡ ♣r♦♣♦st♦ ❡♠ ✭▲■▼❀ ❋▲❨◆◆✱ ✷✵✶✺✮ ❛❧❝❛♥ç❛♠

✉♠❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ❜❛st❛♥t❡ r❡❞✉③✐❞❛ ♠❡❞✐❛♥t❡ t❛①❛s ❞❡ ❛♠♦str❛❣❡♠ ❡❧❡✈❛❞❛s ❡ ❝♦♠

✉♠ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❜❡♠ ♠❛✐s ❡❧❡✈❛❞♦ ❞♦ q✉❡ ♦✉tr❛s s♦❧✉çõ❡s s✐♠✐❧❛r❡s ❝♦♠ t❛①❛s ❞❡

❛♠♦str❛❣❡♠ ♠❛✐s ❜❛✐①❛s✳

P♦r ✜♠✱ ❛ ♣❛rt✐r ❞❛ ❛♥á❧✐s❡ ❞♦s ❞♦✐s ❧❡✈❛♥t❛♠❡♥t♦s ❛♣r❡s❡♥t❛❞♦s✱ ♣❛r❡❝❡ ❝❧❛r♦ q✉❡ ♦

❝♦♥✈❡rs♦r ❆✴❉ ❞♦ t✐♣♦ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ ❛ ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s é ♦ ♠❛✐s

❛❞❡q✉❛❞♦ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ✉❧tr❛ ❜❛✐①♦ ❝♦♥s✉♠♦✱ t❛❧ ❝♦♠♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉

s❡♥s♦r❛s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ s❡ ❡ss❛s ❡t✐q✉❡t❛s ❢♦r❡♠ ♣❛ss✐✈❛s✳ ❉❡ ❢❛t♦✱ ❛ ❛❞❡q✉❛çã♦ ❞❡ t❛✐s

❝♦♥✈❡rs♦r❡s é ❝♦♥✜r♠❛❞❛ ♣❡❧❛ ✐♠♣❧❡♠❡♥t❛çã♦ r❡♣♦rt❛❞❛ ❡♠ ✭❇❘❊◆❑ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ◆❡❧❛✱

✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✲❞✐❣✐t❛❧ ❞❡ ✽ ❜✐ts ❞♦ t✐♣♦ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ à ❝❛♣❛❝✐t♦r❡s

❝❤❛✈❡❛❞♦s ❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ ✐♥t❡❣r❛r ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❛ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉

♣❛ss✐✈❛✳ ❆ ❡t✐q✉❡t❛ s❡♥s♦r❛✱ ♦♣❡r❛♥❞♦ ♥❛ ❢❛✐①❛ ❯❍❋✱ ❢♦✐ ❝❛♣❛③ ❞❡ ❝♦♠✉♥✐❝❛r✲s❡ ❡

r❡❛❧✐③❛r ♠❡❞✐❞❛s ❛ ✻✱✺ ♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❞♦ ❧❡✐t♦r✳



❈❛♣ít✉❧♦ ✸

■♥t❡r❢❛❝❡ ❞❡ ❙❡♥s♦r✐❛♠❡♥t♦ ♣❛r❛
❊t✐q✉❡t❛s ❘❋■❉ P❛ss✐✈❛s

❈♦♥❢♦r♠❡ ❡①♣♦st♦ ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r✱ ❛s s♦❧✉çõ❡s ❛t✉❛❧♠❡♥t❡ ❡①✐st❡♥t❡s ❛♦

s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ♣♦r ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ♣♦ss✉❡♠ ✉♠❛ sér✐❡ ❞❡ ❧✐♠✐t❛çõ❡s ❡

✐♥❝♦♥✈❡♥✐❡♥t❡s ❞❡ ♦r❞❡♠ té❝♥✐❝❛ ❡ ❝♦♠❡r❝✐❛❧✳ Pr♦♣õ❡✲s❡ ❛q✉✐ ✉♠❛ s♦❧✉çã♦ q✉❡ ❛❣r❡❣✉❡ ❛

❝❛♣❛❝✐❞❛❞❡ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ❛ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❝❛♣❛③ ❞❡ s✉♣❡r❛r ♦s

♣r♦❜❧❡♠❛s ✐❞❡♥t✐✜❝❛❞♦s ♥❛s s♦❧✉çõ❡s ❛té ❡♥tã♦ ❡①✐st❡♥t❡s✳

✸✳✶ ■♥tr♦❞✉çã♦

❊♠ ❧✐♥❤❛s ❣❡r❛✐s✱ ❛ ♠❛✐♦r ♣❛rt❡ ❞❛s ❧✐♠✐t❛çõ❡s ❡ ✐♥❝♦♥✈❡♥✐❡♥t❡s ✐❞❡♥t✐✜❝❛❞♦s ❡♠

t♦❞❛s ❛s s♦❧✉çõ❡s ❡st✉❞❛❞❛s ♥♦ ❝❛♣ít✉❧♦ ❛♥t❡r✐♦r ❛❞✈é♠ ❞❛ ❢♦r♠❛ ❝♦♠♦ ❛ ❝❛♣❛❝✐❞❛❞❡

s❡♥s♦r❛ é ❛❣r❡❣❛❞❛ ❛ ❡t✐q✉❡t❛ ❘❋■❉✳ ◆❡❧❛s ❛ ♣r❡s❡♥ç❛ ❞♦ ❣ás ❛❢❡t❛ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛

❛♥t❡♥❛ r❡❝❡♣t♦r❛ ♦✉ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ❡t✐q✉❡t❛✳ ❆ ❛❧t❡r❛çã♦ ❞❛ ❢r❡q✉ê♥❝✐❛

❞❡ r❡ss♦♥â♥❝✐❛ ❞❛ ❡t✐q✉❡t❛ t♦r♥❛ ❛ s♦❧✉çã♦ ✐♥❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉

❛t✉❛❧♠❡♥t❡ ❡♠ ✈✐❣♦r✱ ❛❧é♠ ❞❡ ❞✐✜❝✉❧t❛r ❛ ✐♥❝❧✉sã♦ ❞❡ ♠❛✐s ❞❡ ✉♠ s❡♥s♦r ♥❛ ♠❡s♠❛

❡t✐q✉❡t❛✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ♠✉❞❛♥ç❛ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞❛ ❛♥t❡♥❛ r❡❝❡♣t♦r❛✱ ❡♠❜♦r❛

❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉ ❛t✉❛✐s✱ ♥ã♦ r❡❞✉③ ❛ ❞✐✜❝✉❧❞❛❞❡ ❡♠ ✐♥❝❧✉✐r ♠ú❧t✐♣❧♦s

s❡♥s♦r❡s ❛❧é♠ ❞❡ r❡❞✉③✐r ❛ ❞✐stâ♥❝✐❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ♦ ❧❡✐t♦r ❡ ❞❡❣r❛❞❛r ❛ r❡❧❛çã♦

s✐♥❛❧✴r✉í❞♦✱ ❛❢❡t❛♥❞♦ ❞✐r❡t❛♠❡♥t❡ ❛ ♣r❡❝✐sã♦ ❞❛ ❧❡✐t✉r❛ ❞♦ s❡♥s♦r✳ ❆❧é♠ ❞✐ss♦✱ ❛♠❜❛s ❛s

s♦❧✉çõ❡s ✐♠♣õ❡♠ sér✐❛s ❞✐✜❝✉❧❞❛❞❡s ❛♦ ♣r♦❝❡ss♦ ❞❡ ❛❥✉st❡ ❡ ❝❛❧✐❜r❛çã♦ ❡stát✐❝♦s✱ ✉♠

❣r❛♥❞❡ ✐♥❝♦♥✈❡♥✐❡♥t❡ ❡♠ s✐st❡♠❛s ❞❡ ✐♥str✉♠❡♥t❛çã♦✳

P❛r❛ s✉♣❡r❛r ♦s ♣r♦❜❧❡♠❛s ✐❞❡♥t✐✜❝❛❞♦s✱ ♣r♦♣õ❡✲s❡ ♣r✐♠❡✐r❛♠❡♥t❡ q✉❡ ♦ ❝✐r❝✉✐t♦ s❡♥s♦r

s❡❥❛ ❛ss♦❝✐❛❞♦ ♥ã♦ ❛♦ ❢r♦♥t✲❡♥❞ ❛♥❛❧ó❣✐❝♦ ❞❛ ❡t✐q✉❡t❛✱ ♠❛s ❛♦ ♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ✭♦

✹✽



✸✳✷ s✐st❡♠❛ ♣r♦♣♦st♦ ✹✾

❢r♦♥t✲❡♥❞ ❛♥❛❧ó❣✐❝♦ ❞❡✈❡ s❡r ♠❛♥t✐❞♦ ♦t✐♠✐③❛❞♦ ❡ ❡♠ ❝♦♥❢♦r♠✐❞❛❞❡ ❝♦♠ ♦s ♣❛❞rõ❡s ❘❋■❉

❡♠ ✈✐❣♦r✮✳ P❛r❛ ✐ss♦✱ ✉♠ s✐st❡♠❛ ❝❛♣❛③ ❞❡ ❢❛③❡r ❛ ✐♥t❡r❢❛❝❡ ❡♥tr❡ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s ❞❡

❣ás ❡ ♦ ♥ú❝❧❡♦ ❞✐❣✐t❛❧ é ♣r♦♣♦st♦ ❡ ♣r♦❥❡t❛❞♦✳ P♦r ✜♠✱ ♣r♦♣õ❡✲s❡ t❛♠❜é♠ ❛ ♠✉❞❛♥ç❛ ❞♦

t✐♣♦ ❞❡ s❡♥s♦r ❞❡ ❣ás ❛❞♦t❛❞♦ ♥❛s s♦❧✉çõ❡s ❛té ❡♥tã♦ ❡①✐st❡♥t❡s✳ ❈♦♥❢♦r♠❡ s❡rá ❡①♣❧✐❝❛❞♦

♥❛ s❡çã♦ s❡❣✉✐♥t❡✱ ❡ss❛ ♠✉❞❛♥ç❛ ❛❢❡t❛ ❞✐r❡t❛♠❡♥t❡ ♦ s✐st❡♠❛✳

❆ s♦❧✉çã♦ ♣r♦♣♦st❛ é ❞❡t❛❧❤❛❞❛ ❛♦ ❧♦♥❣♦ ❞❡st❡ ❝❛♣ít✉❧♦✳ ❯♠❛ ❛♥á❧✐s❡ ❞❛s r❡str✐çõ❡s ❞❡

❡♥❡r❣✐❛ ❡ t❡♠♣♦ ❞❡ r❡s♣♦st❛✱ ♣r✐♥❝✐♣❛✐s ❧✐♠✐t❛♥t❡s ❞♦ s✐st❡♠❛✱ é ❛♣r❡s❡♥t❛❞❛ ✐♥✐❝✐❛❧♠❡♥t❡

❞❡ ❢♦r♠❛ ❛ ❛✉①✐❧✐❛r ❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ ♣r♦❜❧❡♠❛ ❡ ❞❛s ❡s❝♦❧❤❛s ❢❡✐t❛s ♣♦st❡r✐♦r♠❡♥t❡✳

✸✳✷ ❙✐st❡♠❛ Pr♦♣♦st♦

❖ ♥ú❝❧❡♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ é ♦ s✐st❡♠❛ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛s

❢✉♥❝✐♦♥❛❧✐❞❛❞❡s ❞♦ ♣❛❞rã♦ ❘❋■❉ ❛❞♦t❛❞♦✳ ❊st❡ ♥ú❝❧❡♦ ♣♦❞❡ ❢❛❝✐❧♠❡♥t❡ s❡r ♣r♦❥❡t❛❞♦ ♣❛r❛

❛❝r❡s❝❡♥t❛r ♦ s✉♣♦rt❡ ❛♦ ❝♦♥tr♦❧❡ ❞❡ ✉♠ s✐st❡♠❛ ❡①t❡r♥♦ t❛❧ ❝♦♠♦ ♦ q✉❡ ❛q✉✐ s❡ ♣r♦♣õ❡✳

❊♥tr❡t❛♥t♦✱ ❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❛ s✐st❡♠❛s ❞✐❣✐t❛✐s ❡♥✈♦❧✈❡✱ ❛♦ ♠❡♥♦s✱ ✉♠ ❝♦♥✈❡rs♦r

❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧✱ ❡①❝❡t♦ ♣❛r❛ s❡♥s♦r❡s ❞❡ r❡s♣♦st❛ ♥❛t✉r❛❧♠❡♥t❡ ❜✐♥ár✐❛ t❛❧ ❝♦♠♦ ♦ s❡♥s♦r

❞❡ ✈✐♦❧❛çã♦ ❞❡ ❧❛❝r❡ ✭❙❲❊❉❇❊❘●✱ ✷✵✶✺✮✱ ♦✉ s❡♥s♦r❡s ❞❡ ❞❡t❡❝çã♦ ❞❡ ♣❛ss❛❣❡♠ ♣♦r ✈❛❧♦r

❧✐♠✐❛r ✭❚❍■◆❋■▲▼✱ ✷✵✶✻✮ ✭❡♠❜♦r❛ ♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞❡st❡ ú❧t✐♠♦

♣♦ss❛ s❡r t❛♠❜é♠ ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✉♠ ú♥✐❝♦ ❜✐t✮✳ P❛r❛ ♣♦ss✐❜✐❧✐t❛r

❛ ♠❡❞✐çã♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❣ás✱ ❡ ♥ã♦ ❛♣❡♥❛s ❛ ❞❡t❡❝çã♦ ❞❡ s✉❛

♣r❡s❡♥ç❛ ♥♦ ❡♥t♦r♥♦ ❞♦ s❡♥s♦r✱ é ♥❡❝❡ssár✐♦ ❛❞♦t❛r ✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦ ❞✐❣✐t❛❧ ❞❡

♠ú❧t✐♣❧♦s ❜✐ts ❞❡ r❡s♦❧✉çã♦✳ ◆❛t✉r❛❧♠❡♥t❡✱ q✉❛♥t♦ ♠❛✐s ❡❧❡✈❛❞❛ ❢♦r ❛ r❡s♦❧✉çã♦ ❞❡ss❡

s❡♥s♦r✱ t❛♥t♦ ♠❛✐♦r s❡rá ❛ ❡①❛t✐❞ã♦ ♣♦ssí✈❡❧ ❞❡ s❡r ❛❧❝❛♥ç❛❞❛ ♣♦r ❡ss❡ s✐st❡♠❛✳

❊♥tr❡t❛♥t♦✱ ❛s ❧✐♠✐t❛çõ❡s ❞❡ ❡♥❡r❣✐❛ ✐♥trí♥s❡❝❛s à ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✱ ❝♦♥❢♦r♠❡

❡①♣♦st♦ ♥❛ ❙❡çã♦ ✷✳✶✳✸✱ ❡①✐❣❡♠ q✉❡ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❛❞♦t❛❞♦ ♣♦ss✉❛ ❝❛r❛❝t❡ríst✐❝❛s ❞❡

❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛ ❜❡♠ ❛❝✐♠❛ ❞❛q✉❡❧❛s ❛♣r❡s❡♥t❛❞❛s ♣♦r ✐♠♣❧❡♠❡♥t❛çõ❡s

❝♦♥✈❡♥❝✐♦♥❛✐s✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ❡ss❛s ❝❛r❛❝t❡ríst✐❝❛s sã♦ ❛❝♦♠♣❛♥❤❛❞❛s ♣❡❧❛

❡①✐❣ê♥❝✐❛ s✐♠✉❧tâ♥❡❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ♦♣❡r❛çã♦ ✐♠♣♦st❛ ♣❡❧❛s ❧✐♠✐t❛çõ❡s ❞❡ t❡♠♣♦

❞✐s❝✉t✐❞❛s ♥❛ ❙❡çã♦ ✷✳✶✳✷✳ ◆❡ss❡ s❡♥t✐❞♦✱ ♦ ❧❡✈❛♥t❛♠❡♥t♦ r❡❛❧✐③❛❞♦ ♥❛ ❙❡çã♦ ✷✳✺ ♣❡r♠✐t✐✉

✐❞❡♥t✐✜❝❛r ❝♦♠ ❜♦❛ s❡❣✉r❛♥ç❛ ♦ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❆✴❉ ♠❛✐s ❛❞❡q✉❛❞♦ ❛♦ ❝✉♠♣r✐♠❡♥t♦

❞❡ss❡s r❡q✉✐s✐t♦s✳

❯♠ ❞♦s ♣r♦❜❧❡♠❛s ✐❞❡♥t✐✜❝❛❞♦s ♥❛s s♦❧✉çõ❡s ❛t✉❛❧♠❡♥t❡ ❡①✐st❡♥t❡s ❛♦ s❡♥s♦r✐❛♠❡♥t♦
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❞❡ ❣❛s❡s ✉t✐❧✐③❛♥❞♦ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s é ♦ t✐♣♦ ❞❡ s❡♥s♦r ❛❞♦t❛❞♦✳ ❚♦❞❛s ❡❧❛s

❡♠♣r❡❣❛♠ ❛❧❣✉♠ ✈❛r✐❛♥t❡ ❞❡ s❡♥s♦r ❞❡ ✜❧♠❡ ✜♥♦ ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✳ ❊♠❜♦r❛ ♦

♣r♦❝❡ss♦ ❞❡ ♣r♦❞✉çã♦ ❞❡st❡ t✐♣♦ ❞❡ s❡♥s♦r r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s ❡ ♣♦ss❛ t❡r ❝✉st♦s ❜❡♠

r❡❞✉③✐❞♦s ❡♠ ❧❛r❣❛ ❡s❝❛❧❛✱ ❡❧❡ ♣♦ss✉✐ ✐♥❝♦♥✈❡♥✐❡♥t❡s r❡❧❡✈❛♥t❡s✿ ✉♠❛ ✈❡③ ❝♦♥t❛♠✐♥❛❞♦s

t♦r♥❛♠✲s❡ ♣♦✉❝♦ s❡♥sí✈❡✐s ❛♦ ❣ás ❞❡ ✐♥t❡r❡ss❡✳ ❆ r❡❝✉♣❡r❛çã♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ r❡q✉❡r

❣❡r❛❧♠❡♥t❡ ❛❧❣✉♠ ♣r♦❝❡ss♦ ❞❡ ❧✐♠♣❡③❛ t✐♣✐❝❛♠❡♥t❡ ❧❛❜♦r❛t♦r✐❛❧ ❝♦♠♦ ❛ ❡①♣♦s✐çã♦ ❡♠ ◆2

s♦❜ ♣r❡ssã♦ ♦✉ ♦ ❛q✉❡❝✐♠❡♥t♦ ❞❡ t♦❞♦ ♦ s❡♥s♦r ❛ t❡♠♣❡r❛t✉r❛s ❡❧❡✈❛❞❛s ❡♠ ✉♠❛ ❡st✉❢❛

✭♦ q✉❡ ♣♦❞❡ ❞❡str✉✐r ❛ ❡t✐q✉❡t❛ ♦✉ ❧✐♠✐t❛r s✉❛ ✈✐❞❛ út✐❧✮✳ ❆✐♥❞❛ ❛ss✐♠✱ ♦❜s❡r✈❛✲s❡ ♥❡ss❡s

s❡♥s♦r❡s ✉♠❛ ❡s♣é❝✐❡ ❞❡ ❡❢❡✐t♦ ♠❡♠ór✐❛ q✉❡ s❡ tr❛❞✉③ ♥❛ q✉❡❞❛ ❞❡ s✉❛ s❡♥s✐❜✐❧✐❞❛❞❡

❛♣ós ❛ ❧✐♠♣❡③❛ ❡♠ r❡❧❛çã♦ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♦r✐❣✐♥❛❧✳ ❆ s♦❧✉çã♦ ♣r♦♣♦st❛ ♣❛r❛ ❡ss❡

♣r♦❜❧❡♠❛ é ❛❞♦t❛r ♦✉tr♦ t✐♣♦ ❞❡ s❡♥s♦r ❞❡ ❣ás✳ ❊st❡ ♦✉tr♦ s❡♥s♦r✱ ❞❡t❛❧❤❛❞♦ ♥♦ ❈❛♣ít✉❧♦

✼✱ ❡♠❜♦r❛ t❛♠❜é♠ s❡ ❜❛s❡✐❡ ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ♥ã♦ ❛♣r❡s❡♥t❛ ❛s ❞❡s✈❛♥t❛❣❡♥s

❞❡ ❝♦♥t❛♠✐♥❛çã♦ ❞♦s s❡♥s♦r❡s ❞❡ ✜❧♠❡ ✜♥♦ ❡ ♣♦❞❡♠ s❡r ❧✐♠♣♦s ❡❧❡tr✐❝❛♠❡♥t❡✳

P♦ss✉✐r ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✐♥t❡❣r❛❞♦ é t❛♠❜é♠ ✉♠ ✐♠♣♦rt❛♥t❡ r❡❝✉rs♦ t❛♥t♦

♣❡❧❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❡♠ s✐✱ q✉❛♥t♦ ♣❡❧❛ ♣♦ss✐❜✐❧✐❞❛❞❡ q✉❡

❡st❛ ✐♥❢♦r♠❛çã♦ ❛❣r❡❣❛ à ♠❡❧❤♦r✐❛ ❞❛ ♣r❡❝✐sã♦ ♥❛ ♠❡❞✐çã♦ ❞❛s ❞❡♠❛✐s ❣r❛♥❞❡③❛s✳ ❆ss✐♠

❝♦♠♦ ♦s s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ♦✉tr♦s s❡♥s♦r❡s t❛♠❜é♠ s♦❢r❡♠ ✐♥✢✉ê♥❝✐❛

❞❛ t❡♠♣❡r❛t✉r❛ ♥❛ r❡s♣♦st❛ às ❣r❛♥❞❡③❛s ♠❡❞✐❞❛s✳ ❚❡r ❛ ✐♥❢♦r♠❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♥❛

q✉❛❧ ♦s ❞❡♠❛✐s s❡♥s♦r❡s ❡stã♦ ♦♣❡r❛♥❞♦ ❞á ❛ ❝❛♣❛❝✐❞❛❞❡ à ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❞❡ ❛♣❧✐❝❛r

❝♦rr❡çõ❡s ❛♦s ✈❛❧♦r❡s ❧✐❞♦s ✭♣❛rt❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝❛❧✐❜r❛çã♦✮✱ ♠❡❧❤♦r❛♥❞♦ ❛ ♣r❡❝✐sã♦ ❞❛s

♠❡❞✐❞❛s r❡❛❧✐③❛❞❛s✳

❯♠❛ ✈❡③ ✐❞❡♥t✐✜❝❛❞❛ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❛ ❛❞♦çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ♣❛r❛ ♦ s✐st❡♠❛

♣r♦♣♦st♦ ❡ ❞❡✜♥✐❞♦ ♦ t✐♣♦ ❞♦s s❡♥s♦r❡s q✉❡ s❡rã♦ ❡♠♣r❡❣❛❞♦s✱ t♦r♥❛✲s❡ ❡✈✐❞❡♥t❡ ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ✐♥❝❧✉✐r ♥♦ s✐st❡♠❛ ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s

s❡♥s♦r❡s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ❉❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱ ❛s ♠❡s♠❛s r❡str✐çõ❡s ✐♠♣♦st❛s ❛♦

❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ t❛♠❜é♠ s❡ ❛♣❧✐❝❛♠ ❛♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✱

✐st♦ é✱ ❡❧❡ ❞❡✈❡ ❝♦♥s✉♠✐r ♦ ♠í♥✐♠♦ ❞❡ ❡♥❡r❣✐❛ ♣♦ssí✈❡❧ ❡ ❡♥tr❡❣❛r ♦ s✐♥❛❧ ❝♦♥❞✐❝✐♦♥❛❞♦ ♥❛

s❛í❞❛ ❛ t❡♠♣♦ ❞♦ ❆✴❉ ❛✐♥❞❛ ♣♦❞❡r ❞✐❣✐t❛❧✐③❛✲❧♦ ❡ ❡♥✈✐❛r ♦ ✈❛❧♦r ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦

♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ❛♥t❡s q✉❡ ♦ t❡♠♣♦ ❧✐♠✐t❡ ❞❡ r❡s♣♦st❛ s❡ ❡s❣♦t❡✳ ❱❛❧♦r❡s ♠❛✐s

♣r❡❝✐s♦s ❞♦s ❧✐♠✐t❡s ❞❡ ❡♥❡r❣✐❛ ❡ t❡♠♣♦ ❞❡♣❡♥❞❡♠ ❞♦ ♣❛❞rã♦ ❘❋■❉ ❛ s❡r ❛❞♦t❛❞♦✱

❝♦♥❢♦r♠❡ ♣r❡✈✐❛♠❡♥t❡ ❡①♣❧✐❝❛❞♦ ♥❛s ❙❡çõ❡s ✷✳✶✳✸ ❡ ✷✳✶✳✷✳

P♦r ✜♠✱ ♦ s✉♣♦rt❡ ❛ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s r❡q✉❡r ✉♠ ♠✉❧t✐♣❧❡①❛❞♦r ❝❛♣❛③ ❞❡ ❝♦♠✉t❛r ❛



✸✳✷ s✐st❡♠❛ ♣r♦♣♦st♦ ✺✶

❡♥tr❛❞❛ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❡♥tr❡ ❝❛❞❛ ✉♠ ❞♦s s❡♥s♦r❡s✳ ➱ t❛♠❜é♠

❝♦♥✈❡♥✐❡♥t❡ q✉❡ ❡ss❡ ♠❡s♠♦ ❝✐r❝✉✐t♦ t❡♥❤❛ ♦ s✉♣♦rt❡ ❛ ❧✐♠♣❡③❛ ❞♦s s❡♥s♦r❡s✱ ✉♠❛ ✈❡③ q✉❡

❡ss❛ t❛r❡❢❛ t❛♠❜é♠ ❡st❛rá s✉❥❡✐t❛ ❛ ♠✉❧t✐♣❧❡①❛çã♦✳ ❖ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❡ ✉♠❛ ❡t✐q✉❡t❛

❘❋■❉ ❣❡♥ér✐❝❛ ✐♥t❡❣r❛❞❛ ❛♦ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦✱ ♦r❛ ♣r♦♣♦st♦✱ é ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✸✳✶

❋✐❣✉r❛ ✸✳✶ ✕ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣❛r❛ ❛ ❡t✐q✉❡t❛ s❡♥s♦r❛✳

❉♦s três ♠❛❝r♦❜❧♦❝♦s ❝♦♥st✐t✉✐♥t❡s ❞❛ ❡t✐q✉❡t❛✱ ♦s ✐❞❡♥t✐✜❝❛❞♦s ❝♦♠♦ ❋r♦♥t✲❊♥❞

❆♥❛❧ó❣✐❝♦ ❡ ◆ú❝❧❡♦ ❉✐❣✐t❛❧ ❝♦♥st✐t✉❡♠ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❝♦♥✈❡♥❝✐♦♥❛❧✱ s❡♥❞♦ ♦

♠❛❝r♦❜❧♦❝♦ ■♥t❡r❢❛❝❡ P❛r❛ ❙❡♥s♦r❡s ♦ s✐st❡♠❛ ♣r♦♣♦st♦✳ ❖s ❞♦✐s ♣r✐♠❡✐r♦s ♠❛❝r♦❜❧♦❝♦s

♥ã♦ s❡rã♦ ❞❡t❛❧❤❛❞♦s ♥♦ ❡s❝♦♣♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ❥á q✉❡ ♥ã♦ s♦❢r❡♠ ❛❧t❡r❛çõ❡s ❡♠ r❡❧❛çã♦

❛♦s ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❝♦♥✈❡♥❝✐♦♥❛❧✱ s❛❧✈♦ ♣❡❧❛ ♠í♥✐♠❛ ❛❧t❡r❛çã♦ ♣r♦✈♦❝❛❞❛ ♣❡❧♦

❛❝rés❝✐♠♦ ❞❛s ♣♦rt❛s ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❡ ❞❛❞♦s ❛♦ ◆ú❝❧❡♦ ❉✐❣✐t❛❧ ♣❛r❛ ♣♦ss✐❜✐❧✐t❛r s✉❛

❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ❛ ■♥t❡r❢❛❝❡ P❛r❛ ❙❡♥s♦r❡s✳

❊♠ ❧✐♥❤❛s ❣❡r❛✐s✱ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣♦❞❡ s❡r ✐♥t❡❣r❛❞♦ t❛♥t♦ ❛ ❡t✐q✉❡t❛s ❘❋■❉ ❍❋

q✉❛♥t♦ ❯❍❋✱ ✉♠❛ ✈❡③ q✉❡ s❡✉ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♥ã♦ ❞❡♣❡♥❞❡ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡

❝♦♠✉♥✐❝❛çã♦ ❞♦ s✐st❡♠❛✱ ❝♦♠♦ é ♦ ❝❛s♦ ❞❛s s♦❧✉çõ❡s ✐❞❡♥t✐✜❝❛❞❛s ♥❛ ❙❡çã♦ ✷✳✹✳ ❈♦♥t✉❞♦✱

❛ ♦♣❡r❛çã♦ ♥♦ ♣❛❞rã♦ ❯❍❋ ✐♠♣õ❡ r❡str✐çõ❡s ♠❛✐s ❡❧❡✈❛❞❛s ❛♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❡ t❡♠♣♦

❞❡ r❡s♣♦st❛ ❞❛ ❡t✐q✉❡t❛✳ ❖ ❝✉♠♣r✐♠❡♥t♦ ❞❡ss❛s r❡str✐çõ❡s r❡q✉❡r✱ ♠✉✐t♦ ♣r♦✈❛✈❡❧♠❡♥t❡✱

♦ ❛❝❡ss♦ ❛ t❡❝♥♦❧♦❣✐❛s ❞❡ ❢❛❜r✐❝❛çã♦ ❈▼❖❙ s✉♣❡r✐♦r❡s ❛ ✶✸✵ ♥♠✱ ♥ã♦ ❞✐s♣♦♥í✈❡✐s ❛♦

❧❛❜♦r❛tór✐♦ ❛♦ q✉❛❧ ❡st❡ tr❛❜❛❧❤♦ ❡stá ✈✐♥❝✉❧❛❞♦✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ❛❞♦çã♦ ❞❡ ❡t✐q✉❡t❛s

❘❋■❉ ♥❛ ❜❛♥❞❛ ❯❍❋ ♣❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❧✐♠✐t❛r✐❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡

t♦❞♦ ♦ s✐st❡♠❛ ❛♦ ♥í✈❡❧ ❞❡ s✐♠✉❧❛çã♦✳

P♦r ♦✉tr♦ ❧❛❞♦ ❛ ❛❞♦çã♦ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉ ❍❋ ♣❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞♦ s✐st❡♠❛ ✐♠♣õ❡

r❡str✐çõ❡s ♠❛✐s ❜r❛♥❞❛s ❛♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✱ ❡♠❜♦r❛ ❛✐♥❞❛ s❡❥❛♠ ❜❛st❛♥t❡ s❡✈❡r❛s

q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❛ s✐st❡♠❛s ❝♦♥✈❡♥❝✐♦♥❛✐s✳ P❛r❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ♦♣❡r❛çã♦ ❞❡ ✶✸✱✺✻ ▼❍③



✸✳✷ s✐st❡♠❛ ♣r♦♣♦st♦ ✺✷

❞♦✐s ♣❛❞rõ❡s ❞✐st✐♥t♦s ❡stã♦ ♣r❡✈✐st♦s ❡♠ ♥♦r♠❛✿ ■❙❖✴■❊❈ ✶✹✹✹✸ ❡ ■❙❖✴■❊❈ ✶✺✻✾✸✳ ❆s

♣r✐♥❝✐♣❛✐s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ❡❧❡s ❞✐③❡♠ r❡s♣❡✐t♦ ❛♦s ♠ét♦❞♦s ❞❡ ♠♦❞✉❧❛çã♦ ❡♠♣r❡❣❛❞♦s ❡ ❛

♣♦tê♥❝✐❛ ♠í♥✐♠❛ ❞♦ ❝❛♠♣♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ r❡q✉❡r✐❞♦ ♣❡❧❛ ❡t✐q✉❡t❛✳ ❚❡♥❞♦ ❡♠ ✈✐st❛ q✉❡

♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✺✻✾✸ ✐♠♣õ❡ r❡str✐çõ❡s ❛♦s t❡♠♣♦s ❞❡ r❡s♣♦st❛ ❞❛ ❡t✐q✉❡t❛ q✉❛s❡ tã♦

s❡✈❡r♦s q✉❛♥t♦ ♦ ❊P❈ ❈❧❛ss✶ ●❡♥✷ ♣❛r❛ ❯❍❋✱ ♣r❡❢❡r✐✉✲s❡ ❛❞♦t❛r ♦ ♣❛❞rã♦ ❘❋■❉ ■❙❖✴■❊❈

✶✹✹✹✸✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ◆❋❈✳

❚❡♥❞♦✲s❡ ❞❡✜♥✐❞♦ ♦s ❜❧♦❝♦s ❝♦♥st✐t✉✐♥t❡s ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❡ ♦ ♣❛❞rã♦ ❘❋■❉

❛❞♦t❛❞♦✱ é ♣♦ssí✈❡❧ ❡q✉❛❝✐♦♥❛r ❛ r❡❧❛çã♦ ❡♥tr❡ ♦s t❡♠♣♦s ❞❡ r❡s♣♦st❛ ❞❡ ❝❛❞❛ ❜❧♦❝♦ ❡ ♦s

t❡♠♣♦s ❧✐♠✐t❡ ✐♠♣♦st♦s ♣❡❧♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✹✹✹✸✿

TAFE + TCore + TADC + TSCC + TMUX + TSens ≤ T1 ✭✸✳✶✮

s❡♥❞♦ TAFE é ♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❞♦ ❢r♦♥t✲❡♥❞ ❛♥❛❧ó❣✐❝♦ ♣❛r❛ ✉♠❛ ♦♣❡r❛çã♦ ❞❡

tr❛♥s♠✐ssã♦✱ TCore é ♦ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ♦ ♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ❝♦♠♣❧❡t❡

t♦❞❛s ❛s ♦♣❡r❛çõ❡s r❡❧❛t✐✈❛s à ❞❡❝♦❞✐✜❝❛çã♦ ❞❡ ❝♦♠❛♥❞♦s ❡ ❛♦ ❝♦♥tr♦❧❡ ❞❛ ✐♥t❡r❢❛❝❡ ♣❛r❛

s❡♥s♦r❡s✱ TADC é ♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ♥❡❝❡ssár✐♦ ♣❛r❛ q✉❡ ♦ ❝♦♥✈❡rs♦r ❆✴❉ r❡❛❧✐③❡ ✉♠❛

❝♦♥✈❡rsã♦ ✭✐♥❝❧✉✐♥❞♦ ♦ t❡♠♣♦ ❞❡ ❛♠♦str❛❣❡♠✴r❡t❡♥çã♦✮✱ TMUX é ♦ t❡♠♣♦ ❝♦♥s✉♠✐❞♦

♣❡❧♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❡ TSCC é ♦ t❡♠♣♦ ❝♦♥s✉♠✐❞♦ ♣❡❧♦ ❝✐r❝✉✐t♦ ❞❡

❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s s❡♥s♦r❡s ♣❛r❛ q✉❡ ❡❧❡ ❛♣r❡s❡♥t❡ ♥❛ s❛í❞❛ ♦ s✐♥❛❧

❝♦♥❞✐❝✐♦♥❛❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ s✐♥❛❧ ❛♣❧✐❝❛❞♦ ❡♠ s✉❛ ❡♥tr❛❞❛ ♣❡❧♦ ❝✐r❝✉✐t♦

♠✉❧t✐♣❧❡①❛❞♦r✱ TSens é ♦ t❡♠♣♦ ❞❡ r❡s♣♦st❛ ❞♦ s❡♥s♦r✱ ✐st♦ é✱ ♦ t❡♠♣♦ ♥❡❝❡ssár✐♦ ❛ ♣❛rt✐r

❞❡ s✉❛ ❛❧✐♠❡♥t❛çã♦ ♣❛r❛ q✉❡ ❡❧❡ ❢♦r♥❡ç❛ ✉♠❛ s❛í❞❛ ❝♦rr❡t❛ ❡♠ r❡❧❛çã♦ à ❣r❛♥❞❡③❛ ❞❡

✐♥t❡r❡ss❡✳ ❋✐♥❛❧♠❡♥t❡✱ T1 é ♦ t❡♠♣♦ ♠á①✐♠♦ ♣❡r♠✐t✐❞♦ ♣❡❧♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✹✹✹✸ ♣❛r❛

q✉❡ ❛ ❡t✐q✉❡t❛ r❡s♣♦♥❞❛ ❛ ✉♠ ❝♦♠❛♥❞♦ ❞♦ t✐♣♦ ✧❵❧❡✐t✉r❛✧✬✱ ♦✉ s❡❥❛✱ ✹✾✹✾ ♠s✱ ❝♦♥❢♦r♠❡

❞❡t❛❧❤❛❞♦ ♥❛ ❙❡çã♦ ✷✳✶✳✷✳ ❉❛❞❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❡ ❛ ❡❧❡✈❛❞❛ r❡str✐çã♦

❞❡ ❝♦♥s✉♠♦ ✐♠♣♦st❛ ❛♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✱ é ♣r❡✈✐sí✈❡❧ q✉❡ ❡ss❡s ❞♦✐s

❜❧♦❝♦s s❡❥❛♠ ♦s ♠❛✐♦r❡s ❝♦♥s✉♠✐❞♦r❡s ❞❡ t❡♠♣♦ ❞♦ s✐st❡♠❛✳

❖ ❞✐❛❣r❛♠❛ ❞❡ t❡♠♣♦ ❞❛ s❡q✉ê♥❝✐❛ ❝♦♠♣❧❡t❛ ❞❡ ❧❡✐t✉r❛ ❞❡ ✉♠ s❡♥s♦r é ❛♣r❡s❡♥t❛❞♦

♥❛ ✜❣✉r❛ ❋✐❣ ✸✳✷✳

P♦r ✜♠✱ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛ ♣♦❞❡ s❡r ✐♥t❡✐r❛♠❡♥t❡

✐♥t❡❣r❛❞❛ ♥✉♠ ú♥✐❝♦ ❝❤✐♣ ❞❡ t❡❝♥♦❧♦❣✐❛ ❤í❜r✐❞❛✳ ❊st❛ r❡❛❧✐③❛çã♦ ❝♦♥s✐st❡ ❡♠

✐♠♣❧❡♠❡♥t❛r ♦ ❝✐r❝✉✐t♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦s ❜❧♦❝♦s ❞❛ ❡t✐q✉❡t❛ ❘❋■❉ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦

s✐st❡♠❛ ♣r♦♣♦st♦ ✉t✐❧✐③❛♥❞♦ ✉♠❛ t❡❝♥♦❧♦❣✐❛✱ ❝♦♥❢♦r♠❡ ✢✉①♦ ❞❡ ♣r♦❥❡t♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡



✸✳✷ s✐st❡♠❛ ♣r♦♣♦st♦ ✺✸

❋✐❣✉r❛ ✸✳✷ ✕ ❉✐❛❣r❛♠❛ ❞❡ t❡♠♣♦ ❞❛ s❡q✉ê♥❝✐❛ ❝♦♠♣❧❡t❛ ❞❡ ❧❡✐t✉r❛ ❞❡ ✉♠ s❡♥s♦r✳ ❆♣❡♥❛s ♦s
✐♥t❡r✈❛❧♦s ❤❛❝❤✉r❛❞♦s sã♦ ❧❡✈❛❞♦s ❡♠ ❝♦♥t❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❡♠♣♦ t♦t❛❧ T1✳

❛♦ ✜♥❛❧✱ ❢❛❜r✐❝❛r ♦s ♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♥❛ s✉♣❡r❢í❝✐❡ s✉♣❡r✐♦r

❞❛ ♣❛st✐❧❤❛✱ ❛♣ós ❛ ❝❛♠❛❞❛ ❞❡ ♣❛ss✐✈❛çã♦✱ ✉t✐❧✐③❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ ❞✐❡❧❡tr♦❢♦r❡s❡ ✭❱❆❩ ❡t

❛❧✳✱ ✷✵✵✽❀ ❙❊■❈❍❊P■◆❊ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❊ss❛ té❝♥✐❝❛ ❢♦✐ ♣r♦♣♦st❛ ❡ ✈❛❧✐❞❛❞❛ ♣♦r ❆❦✐♥✇❛♥❞❡

❡t ❛❧✳ ✭❆❑■◆❲❆◆❉❊ ❡t ❛❧✳✱ ✷✵✵✽✮✳

◆♦s ❝❛♣ít✉❧♦s s❡❣✉✐♥t❡s ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ❡ ♦s s❡♥s♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❡ ❣ás q✉❡ ♦

✐♥t❡❣r❛♠ sã♦ ❡①♣❧♦r❛❞♦s ♠❛✐s ❞❡t❛❧❤❛❞❛♠❡♥t❡✳



❈❛♣ít✉❧♦ ✹

❈♦♥✈❡rs♦r ❆♥❛❧ó❣✐❝♦✴❉✐❣✐t❛❧

✹✳✶ ■♥tr♦❞✉çã♦

❉✉r❛♥t❡ ❛ r❡✈✐sã♦ ❜✐❜❧✐♦❣rá✜❝❛ r❡❛❧✐③❛❞❛ ♥♦ ✐♥í❝✐♦ ❞❡st❡ ♣r♦❥❡t♦✱ ❢♦r❛♠ ❡①❛♠✐♥❛❞❛s

❞✐✈❡rs❛s s♦❧✉çõ❡s ♣❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❛❞❡q✉❛❞♦ ❛ ❛♣❧✐❝❛çõ❡s ❞❡

✉❧tr❛ ❜❛✐①♦ ❝♦♥s✉♠♦ ❝♦♠♦ é ♦ ❝❛s♦ ❞❡ ❡t✐q✉❡t❛s ❘❋■❉✳ ❉❡♥tr❡ t♦❞❛s ❛s ♣❡sq✉✐s❛❞❛s✱

❛s s♦❧✉çõ❡s ♠❛✐s ❛❞❡q✉❛❞❛s ❢♦r❛♠ ❜❛s❡❛❞❛s ❡♠ ❝♦♥✈❡rs♦r❡s ❞❡ ❛♣r♦①✐♠❛çã♦ s✉❝❡ss✐✈❛

♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✱ ❝♦♥❢♦r♠❡ ❡①♣♦st♦ ♥❛ ❙❡çã♦ ✷✳✺✳ ❊st❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❢♦✐

♣r♦♣♦st♦ ♦r✐❣✐♥❛❧♠❡♥t❡ ♣♦r ▼❝❈r❡❛r② ❡ ●❛r②✱ s❡✉ ❞✐❛❣r❛♠❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶

✭▼❈❈❘❊❆❘❨❀ ●❘❆❨✱ ✶✾✼✺✮✳ ❯♠ s❡♥s♦r ❘❋■❉ ♣❛ss✐✈♦ ♣❛r❛ ❛ ❜❛♥❞❛ ❞❡ ❯❍❋ ✐♠♣❧❡♠❡♥t❛❞♦

❝♦♠ ❡ss❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r ❞❡♠♦♥str♦✉ ❡①❝❡❧❡♥t❡ ❞❡s❡♠♣❡♥❤♦✱ ♣♦❞❡♥❞♦ s❡r ❧✐❞♦ ❡ ❢❛③❡r

♠❡❞✐çõ❡s ❛ ✻✱✺ ♠ ❞❡ ❞✐stâ♥❝✐❛ ❞❛ ❛♥t❡♥❛ ❧❡✐t♦r❛ ✭❇❘❊◆❑ ❡t ❛❧✳✱ ✷✵✶✶✮✳

❋✐❣✉r❛ ✹✳✶ ✕ ❈♦♥✈❡rs♦r ❆✴❉ ❞❡ ❛♣r♦①✐♠❛çã♦ s✉❝❡ss✐✈❛ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✳

❆ ❛♥á❧✐s❡ ❞♦ ❝✐❝❧♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❞❡ ❛♣r♦①✐♠❛çã♦ s✉❝❡ss✐✈❛ ♣♦r

r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ♦r✐❣✐♥❛❧ r❡✈❡❧♦✉ ♣♦♥t♦s q✉❡ ♣♦❞❡r✐❛♠ s❡r ❛♣r✐♠♦r❛❞♦s ❛ ✜♠ ❞❡

♠❡❧❤♦r❛r s❡✉ ❞❡s❡♠♣❡♥❤♦✳ ◆♦ ❝♦♥✈❡rs♦r ♦r✐❣✐♥❛❧✱ ❛♦ ♣❛ss❛r ❞♦ ❡st❛❞♦ ❞❡ ❆♠♦str❛❣❡♠

✺✹



✹✳✶ ✐♥tr♦❞✉çã♦ ✺✺

♣❛r❛ ♦ ❞❡ ❘❡t❡♥çã♦ ✭✈✐❞❡ ❆♣ê♥❞✐❝❡ ❆✮✱ t♦❞❛s ❛s ❝❤❛✈❡s ❛ss♦❝✐❛❞❛s ❛♦s ❝❛♣❛❝✐t♦r❡s

♣r❡❝✐s❛♠ s❡r ❝♦♠✉t❛❞❛s✱ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ❞❡ Vin ♣❛r❛ ♦ t❡rr❛✳ ❊♠ ❛♣❧✐❝❛çõ❡s ❞❡ ❜❛✐①♦

❝♦♥s✉♠♦✱ ❡st❡ t✐♣♦ ❞❡ ♦♣❡r❛çã♦ é ✐♥❞❡s❡❥á✈❡❧✱ ♣♦✐s ❛ ❝♦♠✉t❛çã♦ ❞❡ ❝❛❞❛ ❝❤❛✈❡✱ ❡♥tr❡

❞✐❢❡r❡♥t❡s ♥í✈❡✐s ❞❡ t❡♥sã♦✱ ❞✐ss✐♣❛ ❡♥❡r❣✐❛✳

❆ ❡①♣❧✐❝❛çã♦ ♣❛r❛ ❡ss❡ ❢❡♥ô♠❡♥♦ ❡stá ♥♦ ❢❛t♦ ❞❡ q✉❡✱ tr❛t❛♥❞♦✲s❡ ❞❛ t❡❝♥♦❧♦❣✐❛

❈▼❖❙✱ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ t❛✐s ❝❤❛✈❡s é ❢❡✐t❛ ❣❡r❛❧♠❡♥t❡ ♣♦r ✉♠ ♣❛r ❝♦♠♣❧❡♠❡♥t❛r ❞❡

tr❛♥s✐st♦r❡s ▼❖❙ ❝♦♥❡❝t❛❞♦s ❡♠ sér✐❡✱ t❛❧ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✳ ❖ ❝♦♥s✉♠♦

❡stát✐❝♦ ❞❡st❡ t✐♣♦ ❞❡ ❝❤❛✈❡ é ♠✉✐t♦ ❜❛✐①♦ ✈✐st♦ q✉❡✱ ♣❛r❛ ❝❛❞❛ ❡st❛❞♦✱ ✉♠ ❞♦s

tr❛♥s✐st♦r❡s ❡st❛rá ❡♠ ❝♦rt❡ ❡ s❡✉ ❝❛♥❛❧ ❛❣✐rá ❛♣❡♥❛s ❝♦♠♦ ✉♠❛ ✐♠♣❡❞â♥❝✐❛ ❞❡ ✈❛❧♦r

❡❧❡✈❛❞♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❞✉r❛♥t❡ ❛ ❝♦♠✉t❛çã♦ ❞❡ ✉♠ ❡st❛❞♦ ♣❛r❛ ♦✉tr♦✱ ❤❛✈❡rá ✉♠

✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ❡♠ q✉❡ ❛♠❜♦s ♦s tr❛♥s✐st♦r❡s ❡st❛rã♦ ❝♦♥❞✉③✐♥❞♦ ❡ ♦ r❛♠♦ ❡♥tr❡ ♦s

❞♦✐s ♣♦❧♦s ❞❛ ❝❤❛✈❡ s❡ ❝♦♠♣♦rt❛rá ❝♦♠♦ ❞✉❛s ✐♠♣❡❞â♥❝✐❛s ❞❡ ❜❛✐①♦ ✈❛❧♦r ❡♠ sér✐❡✳

◆❡ss❛ s✐t✉❛çã♦✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ♦s ♣♦❧♦s ❞❛ ❝❤❛✈❡ ❡ ❞❛

r❡s✐stê♥❝✐❛ ❞❡ ❝❛♥❛❧ ❞❡ ❝❛❞❛ tr❛♥s✐st♦r✱ ❛ ❝♦rr❡♥t❡ q✉❡ ♦s ♣❡r❝♦rr❡ ♣♦❞❡rá ❛t✐♥❣✐r ♥í✈❡✐s

❡❧❡✈❛❞♦s✱ ❞✐ss✐♣❛♥❞♦ ✉♠❛ q✉❛♥t✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❞❡ ❡♥❡r❣✐❛✳

✭❛✮ ■♠♣❧❡♠❡♥t❛çã♦ ♣♦r
tr❛♥s✐st♦r❡s ▼❖❙✳

✭❜✮ ❈✐r❝✉✐t♦
❡q✉✐✈❛❧❡♥t❡✳

❋✐❣✉r❛ ✹✳✷ ✕ ❈❤❛✈❡ ❈▼❖❙ ❞❡ ❞♦✐s ♣♦❧♦s✳

❯♠❛ ❢♦r♠❛ ❞❡ ♠✐♥✐♠✐③❛r ❡ss❡ ♣r♦❜❧❡♠❛✱ s✉❣❡r✐❞❛ ♣♦r ❆♥❞r❡❛ ❆❣♥❡s ✭❆●◆❊❙ ❡t ❛❧✳✱

✷✵✵✽✮✱ ❝♦♥s✐st❡ ❡♠ ♣❡r♠✉t❛r ❛s t❡♥sõ❡s VREF+ ❡ VREF− ♥♦ ❝✐r❝✉✐t♦ ♦r✐❣✐♥❛❧✳ ◆❡st❛

s♦❧✉çã♦✱ ❛♦ ♣❛ss❛r ❞♦ ❡st❛❞♦ ❞❡ ❆♠♦str❛❣❡♠ ♣❛r❛ ♦ ❞❡ ❘❡t❡♥çã♦✱ ❛♣❡♥❛s ❛ ❝❤❛✈❡ S1

♣r❡❝✐s❛ s❡r ❝♦♠✉t❛❞❛✱ ♣♦✉♣❛♥❞♦ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♦ ❝♦♥s✉♠♦ ♥❡st❛ ❡t❛♣❛✳

❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❡st❛ s♦❧✉çã♦ ♠✐♥✐♠✐③❛ ♦✉tr♦ ♣r♦❜❧❡♠❛ r❡❧❛❝✐♦♥❛❞♦ ❛♦ ❝❤❛✈❡❛♠❡♥t♦ ❡♠

❝✐r❝✉✐t♦s ▼❖❙✱ ❛ ❝❤❛♠❛❞❛ ✏✐♥❥❡çã♦ ❞❡ ❝❛r❣❛s✑ q✉❡ ❞❡❣r❛❞❛ ❛ ♣r❡❝✐sã♦ ❞♦ ❝♦♥✈❡rs♦r

✭❙❍❊❯❀ ❍❯✱ ✶✾✽✹❀ ❲❊●▼❆◆◆ ❡t ❛❧✳✱ ✶✾✽✼✮✳ ❖✉tr♦ ❜❡♥❡❢í❝✐♦ r❡s✉❧t❛♥t❡ ❞❡ss❛ ♠✉❞❛♥ç❛ é

q✉❡ ❛ ❝❤❛✈❡ S3✱ r❡s♣♦♥sá✈❡❧ ♣♦r ❝♦♠✉t❛r ♦ ❝❛♣❛❝✐t♦r ❞❡ ♣♦♥❞❡r❛çã♦✱ ♣♦❞❡ s❡r ❡❧✐♠✐♥❛❞❛✱
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✜❝❛♥❞♦ ♦ ❝❛♣❛❝✐t♦r ❛ ❝♦♥❡❝t❛❞♦ ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ❛ ❝❤❛✈❡ S1✳

❆ ♠♦❞❡❧❛❣❡♠ ❡♠ ♥í✈❡❧ ❞❡ tr❛♥s✐st♦r❡s ❞♦ ❝✐r❝✉✐t♦ ♠♦❞❡❧❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✸ ❢♦✐ ❞✐✈✐❞❛ ❡♠

três ♣❛rt❡s✿ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛✱ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ❡ r❡❣✐str❛❞♦r ❞❡ ❛♣r♦①✐♠❛çõ❡s

s✉❝❡ss✐✈❛s✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ❝❛❞❛ ♣❛rt❡ é ❞❡t❛❧❤❛❞❛ ♥❛s s❡çõ❡s s❡❣✉✐♥t❡s✱ ♣♦r ✜♠✱ ♦

❝♦♥✈❡rs♦r ❝♦♠♣❧❡t♦ é r❡❧❛t❛❞♦ ♥❛ ❙❡çã♦ ✹✳✺✳

❋✐❣✉r❛ ✹✳✸ ✕ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ❛❞♦t❛❞♦✳

➱ ✐♠♣♦rt❛♥t❡ s❛❧✐❡♥t❛r q✉❡ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❛q✉✐ r❡❧❛t❛❞♦ ❜❛s❡♦✉✲s❡ ❡♠❜ ♦✉tr❛

✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✽ ❜✐ts✱ ❢❛❜r✐❝❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❝✉❥❛

♠✐❝r♦❣r❛✜❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✹✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❛♥t❡r✐♦r ❢♦✐ ❢❡✐t❛ s❡❣✉✐♥❞♦ ❛

♠❡s♠❛ t♦♣♦❧♦❣✐❛ ❡ ❢❛❜r✐❝❛❞❛ ♥❛ ♠❡s♠❛ t❡❝♥♦❧♦❣✐❛ ❡ ♣r♦❝❡ss♦ ❈▼❖❙✱ ♦ q✉❡ ♣❡r♠✐t✐✉ ♦

❛♣❡r❢❡✐ç♦❛♠❡♥t♦ ❞♦ ♣r♦❥❡t♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❛ r❡❞✉çã♦ ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ❡ ❛

❞✐♠✐♥✉✐çã♦ ❞❛s ❝❛r❣❛s ✐♥❥❡t❛❞❛s ♣❡❧♦ ❝✐r❝✉✐t♦ ❞❡ ❝❤❛✈❡❛♠❡♥t♦✳ ❖ ♠❡s♠♦ ❝✐r❝✉✐t♦

✐♥t❡❣r❛❞♦ ✐♥❝❧✉✐✉ t❛♠❜é♠ ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✭❞❡st❛❝❛❞♦ ♥❛ ♣❛rt❡ s✉♣❡r✐♦r

❡sq✉❡r❞❛ ❞❛ ✜❣✉r❛✮✱ ❞❡t❛❧❤❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✺✳

❋✐❣✉r❛ ✹✳✹ ✕ ▼✐❝r♦❣r❛✜❛ ❞♦ ♠✐❝r♦❝❤✐♣ ❢❛❜r✐❝❛❞♦✳ ❊♠ ❞❡st❛q✉❡ ♥♦ ❝❡♥tr♦ ❞❛ ✐♠❛❣❡♠✱ ❛ ♠❛tr✐③
❞❡ ❝❛♣❛❝✐t♦r❡s ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳



✹✳✷ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✺✼

✹✳✷ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛

❈♦♥❢♦r♠❡ ❞❡t❛❧❤❛❞♦ ♥❛ ❙❡çã♦ ❆✳✶✳✷✱ ❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ q✉❡ ❝♦♠♣õ❡ ❡ss❡ t✐♣♦ ❞❡

❝♦♥✈❡rs♦r ✐♥t❡❣r❛ t❛♥t♦ ♦ ❝♦♥✈❡rs♦r ❉✴❆ q✉❛♥t♦ ♦ ❝✐r❝✉✐t♦ ❞❡ ❛♠♦str❛❣❡♠ ❡ r❡t❡♥çã♦

✭❆✴❘✮✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞❡ss❡ ❝♦♥✈❡rs♦r é ♠✉✐t❛s ✈❡③❡s r❡❢❡r✐❞❛

❛♣❡♥❛s ♣♦r ✏❝♦♥✈❡rs♦r ❉✴❆✑✳ ❉❡ ❢❛t♦✱ ♥❛ ♣r✐♠❡✐r❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❡ss❡ ❝♦♥✈❡rs♦r

✭✈❡rsã♦ ❞❡ ✽ ❜✐ts✮✱ ❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❢♦✐ ❝♦♥❡❝t❛❞❛ ❛♦ r❡❣✐str❛❞♦r ❞❡ ❛♣r♦①✐♠❛çõ❡s

s✉❝❡ss✐✈❛s ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝✐r❝✉✐t♦ ❝❛♣❛③ ❞❡ t❡st❛✲❧❛ ✐s♦❧❛❞❛♠❡♥t❡ ❝♦♠♦ ✉♠ ❝♦♥✈❡rs♦r

❉✴❆✳ ❊ss❡ r❡❝✉rs♦ ♣❡r♠✐t✐✉ ✈❛❧✐❞❛r ♦ ❝♦♥✈❡rs♦r ❉✴❆ ❡♠♣r❡❣❛❞♦ ♥♦ ❛❥✉st❡ ❞❡ ♦✛s❡t ❞♦

❈✐r❝✉✐t♦ ❞❡ ❈♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ ❙✐♥❛❧ ❞♦ ❙❡♥s♦r✳

❆❧é♠ ❞❛s ❛❧t❡r❛çõ❡s ❡♥tr❡ ♦ ❝✐r❝✉✐t♦ ❡s❜♦ç❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✸ ❡♠ r❡❧❛çã♦ ❛♦ ❞❛ ❋✐❣✉r❛ ✹✳✶

❥á ❡①♣❧✐❝❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡✱ ❞❡✈❡✲s❡ ♥♦t❛r ❛✐♥❞❛ ♦✉tr❛ ♠✉❞❛♥ç❛ ✐♠♣♦rt❛♥t❡✱ ❛ r❡s♦❧✉çã♦

❞♦ ❝♦♥✈❡rs♦r✱ q✉❡ s❛❧t♦✉ ❞❡ ✺ ♣❛r❛ ✶✵ ❜✐ts✳ ❊♥tr❡t❛♥t♦✱ ❛♦ ♠✐❣r❛r ❞❡ ✉♠ ♣r♦❥❡t♦ ❞❡ ✺

❜✐ts ♣❛r❛ ✉♠ ❞❡ ✶✵ ❜✐ts✱ ❛ t♦♣♦❧♦❣✐❛ ✐♥✐❝✐❛❧♠❡♥t❡ s❡❣✉✐❞❛ t♦r♥❛✲s❡ ❞❡s✈❛♥t❛❥♦s❛ ❞❡✈✐❞♦ às

❞✐♠❡♥sõ❡s r❡q✉❡r✐❞❛s ♣❛r❛ ♦s ❝❛♣❛❝✐t♦r❡s ❛ss♦❝✐❛❞♦s ❛♦s ❜✐ts ❞❡ ♠❛✐♦r ♣❡s♦✳ ❆❞♦t❛♥❞♦✲

s❡ ♦ ❝❛♣❛❝✐t♦r ❧✐❣❛❞♦ ❛ b0 ❡♠ ✶✷✵ ❢❋✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❝❛♣❛❝✐t♦r ❧✐❣❛❞♦ ❛ b9 ❞❡✈❡r✐❛ t❡r

✻✶✱✹✹ ♣❋✱ ♦ q✉❡ r❡q✉❡r❡r✐❛ ✉♠❛ ár❡❛ ❞❡ s✐❧í❝✐♦ ❞❡ ✸✵✾✼✻ µ♠2 ❛♣❡♥❛s ♣❛r❛ ❡ss❡ ❝❛♣❛❝✐t♦r✳

P♦r ❡ss❛ r❛③ã♦✱ ♦♣t♦✉✲s❡ ♣♦r ❛❞♦t❛r ❛ t♦♣♦❧♦❣✐❛ ❡s❝❛❧♦♥❛❞❛✱ ♥❛ q✉❛❧ ✉♠ ❝♦♥✈❡rs♦r ❞❡ N

❜✐ts é ❝♦♠♣♦st♦ ♣❡❧❛ ❛ss♦❝✐❛çã♦ ❞❡ ❞♦✐s ❝♦♥✈❡rs♦r❡s✱ ✉♠ ❞❡ M ❜✐ts ❡ ♦✉tr♦ ❞❡ K ❜✐ts✱

s❡♥❞♦ N = M +K✳ ◆❡st❡ ❝❛s♦✱ ❞♦✐s ❝♦♥✈❡rs♦r❡s ❞❡ ✺ ❜✐ts ❛ss♦❝✐❛❞♦s ❡♠ ❝❛s❝❛t❛ ♣♦r ✉♠

❝❛♣❛❝✐t♦r ❞❡ ❡s❝❛❧♦♥❛♠❡♥t♦✱ Cs✳ ❉❡st❛ ❢♦r♠❛✱ ♦ ♠❛✐♦r ❝❛♣❛❝✐t♦r ❞♦ ❝✐r❝✉✐t♦ ♣❛ss❛ ❛ s❡r

❞❡ ✶✱✾✷ ♣❋✳

❈♦♥❢♦r♠❡ ❆❧❧❡♥ ❡ ❍♦❧❜❡r❣ ✭❆▲▲❊◆❀ ❍❖▲❇❊❘●✱ ✷✵✵✷✮✱ ♦ ✈❛❧♦r ❞♦ ❝❛♣❛❝✐t♦r ❞❡

❡s❝❛❧♦♥❛♠❡♥t♦ é ❝❛❧❝✉❧❛❞♦ ♣♦r✿

Cs = Cu
2N/2

2N/2 − 1
✭✹✳✶✮

s❡♥❞♦ Cu ♦ ✈❛❧♦r ❞♦ ❝❛♣❛❝✐t♦r ❛ss♦❝✐❛❞♦ ❛♦ ❜✐t ❞❡ ♣❡s♦ ✵✱ ❛q✉✐ r❡❢❡r✐❞♦ ❝♦♠♦ ❝❛♣❛❝✐t♦r

✉♥✐tár✐♦✳

❚❛❧ ❝♦♠♦ q✉❛❧q✉❡r ❝✐r❝✉✐t♦ ❛ ❝❛♣❛❝✐t♦r ❝❤❛✈❡❛❞♦✱ ❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ q✉❡ ❝♦♠♣õ❡ ♦

❝♦♥✈❡rs♦r ❡stá s✉❥❡✐t❛ ❛♦ r✉í❞♦ tér♠✐❝♦ ❝✉❥❛ ♣♦tê♥❝✐❛ é ❡①♣r❡ss❛ ♣♦r✿

σ2
T =

kBT

CT

✭✹✳✷✮



✹✳✷ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✺✽

s❡♥❞♦ kB ❛ ❝♦♥st❛♥t❡ ❞❡ ❇♦❧t③♠❛♥♥ ❡①♣r❡ss❛ ❡♠ ❏♦✉❧❡s ♣♦r ❑❡❧✈✐♥✱ T ❛ t❡♠♣❡r❛t✉r❛

❛❜s♦❧✉t❛ ❡ CT ❛ ❝❛♣❛❝✐tâ♥❝✐❛ t♦t❛❧✳ ◆❡st❡ ❝✐r❝✉✐t♦✱ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s ❡stã♦ s✉❥❡✐t♦s ❛

❝❛r❣❛ ❡ ❞❡s❝❛r❣❛ ❞✉r❛♥t❡ ❛ ♠❡s♠❛ ❝♦♥✈❡rsã♦✱ ❧♦❣♦✱ ♦ r✉í❞♦ tér♠✐❝♦ ❡①♣r❡ss♦ ♥❛ ❊q✉❛çã♦

✹✳✷ ❞❡✈❡ s❡r ❝❛❧❝✉❧❛❞♦ ❡♠ ❞♦❜r♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ♣♦tê♥❝✐❛ ❞♦ r✉í❞♦ ❞❡ q✉❛♥t✐③❛çã♦ ❞❡

✉♠ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ ❞❡ N ❜✐ts é ❡①♣r❡ss❛ ♣♦r✿

σ2
Q =

V 2
IR

12 · 22N ✭✹✳✸✮

♦♥❞❡ VIR é ❛ ❢❛✐①❛ ❞❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✱ ✐st♦ é✱ VIR = VREF+−VREF−
✳ ❖

❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❛❞❡q✉❛❞♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ✉♥✐tár✐❛ ✭CU✮ ❞❡✈❡ s❡r ❢❡✐t♦ ❞❡ ❢♦r♠❛ ❛ ♦❜t❡r

✉♠ r✉í❞♦ tér♠✐❝♦ s❡♠♣r❡ ✐♥❢❡r✐♦r ❛♦ r✉í❞♦ ❞❡ q✉❛♥t✐③❛çã♦✳ ❙❛❜❡♥❞♦✲s❡ q✉❡ ❛ ❝❛♣❛❝✐tâ♥❝✐❛

t♦t❛❧ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿

CT = CU

(

2N/2 + 1
)

✭✹✳✹✮

♣♦❞❡✲s❡ ❝❛❧❝✉❧❛r ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ✉♥✐tár✐❛ q✉❡ ❣❡r❛ ✉♠ r✉í❞♦ tér♠✐❝♦ ❞❡ ♣♦tê♥❝✐❛ ♠❡♥♦r

q✉❡ ♦ r✉í❞♦ ❞❡ q✉❛♥t✐③❛çã♦ ❝♦♠♦ s❡♥❞♦ ❞❛❞❛ ♣♦r

CU ≥ 24 · kBT · 22N
V 2
IR(2

N/2 + 1)
✭✹✳✺✮

❆♣❧✐❝❛♥❞♦✲s❡ N = 10 ❜✐ts✱ T = 300 ❑ ❡ VIR = 500 ♠❱ à ❊q✉❛çã♦ ✹✳✺✱ ♦❜té♠✲s❡

CU ≥ 12, 63 ❢❋✱ q✉❡ é ✉♠ ✈❛❧♦r ❜❛st❛♥t❡ ❜❛✐①♦✱ ♣♦❞❡♥❞♦ s❡r ❢❛❝✐❧♠❡♥t❡ s❛t✐s❢❡✐t♦✳

❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❞✉❛s ♥ã♦ ✐❞❡❛❧✐❞❛❞❡s ❛❞✐❝✐♦♥❛✐s ❞❡✈❡♠ s❡r ❝♦♥s✐❞❡r❛❞❛s✿ ♦

❞❡s❝❛s❛♠❡♥t♦ ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s ❡♠ ❞❡❝♦rrê♥❝✐❛ ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ♣r❡s❡♥t❡s ❛♦

❧♦♥❣♦ ❞❡ t♦❞❛s ❛s ❝♦♥❡①õ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❡ ♦ ❞❡s❝❛s❛♠❡♥t♦ ♥❛s ❞✐♠❡♥sõ❡s ❞♦s

❝❛♣❛❝✐t♦r❡s✱ ❞❡❝♦rr❡♥t❡s ❞❡ ✐♠♣r❡❝✐sõ❡s ❞♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦✳ ❆s ❝❛♣❛❝✐tâ♥❝✐❛s

♣❛r❛s✐t❛s ♣♦❞❡♠ s❡r r❡❞✉③✐❞❛s ♣♦r ✉♠ ❜♦♠ ❧❡✐❛✉t❡ ❡ s✉❛ ✐♥✢✉ê♥❝✐❛ ♣♦❞❡ s❡r ❞✐♠✐♥✉í❞❛

❛tr❛✈és ❞♦ ❛✉♠❡♥t♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ✉♥✐tár✐❛✳ ❉❛ ♠❡s♠❛ ♠❛♥❡✐r❛✱ ♦ ❡rr♦ ❞❡

❞❡s❝❛s❛♠❡♥t♦ ♥❛s ❞✐♠❡♥sõ❡s ♣♦❞❡ s❡r ♠✐♥✐♠✐③❛❞♦ ❛tr❛✈és ❞♦ ❛✉♠❡♥t♦ ❞❛s ❞✐♠❡♥sõ❡s

❞❛s ♣❧❛❝❛s ❞♦s ❝❛♣❛❝✐t♦r❡s✱ ♦ q✉❡ t❛♠❜é♠ ✐♠♣❧✐❝❛ ♥♦ ❛✉♠❡♥t♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛✳

❖❜t❡✈❡✲s❡ ❛♣ós ❛❧❣✉♠❛s s✐♠✉❧❛çõ❡s✱ ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ❞❛ ♦r❞❡♠ ❞❡ ❛❧❣✉♥s ❢❋ ❝♦♠

❝♦♥❡①õ❡s ❞❡ t❛♠❛♥❤♦ ❡st✐♠❛❞♦ àq✉❡❧❛s ♥❡❝❡ssár✐❛s ❛♦ ♣♦st❡r✐♦r ❧❡✐❛✉t❡ ❞♦ ❝✐r❝✉✐t♦✳ P♦r

❡ss❛ r❛③ã♦✱ ❢♦✐ ❛❞♦t❛❞♦ CU ≈ 120 ❢❋✱ r❡❞✉③✐♥❞♦ ❛s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ❛ ❛♣❡♥❛s ✉♠❛

♣❡q✉❡♥❛ ❢r❛çã♦ ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ t♦t❛❧✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♥♦✈♦ ✈❛❧♦r é q✉❛s❡ ✶✵ ✈❡③❡s s✉♣❡r✐♦r



✹✳✷ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✺✾

❛♦ ♠í♥✐♠♦ ✈❛❧♦r ❞❡✜♥✐❞♦ ♣❡❧❛ ❊q✉❛çã♦ ✹✳✺✱ ❞❛♥❞♦ ✉♠❛ ❜♦❛ ♠❛r❣❡♠ ❞❡ s❡❣✉r❛♥ç❛ ❡♥tr❡

♦ r✉í❞♦ tér♠✐❝♦ ❡ ♦ ❞❡ q✉❛♥t✐③❛çã♦ ♣❛r❛ ✉♠ ❝♦♥✈❡rs♦r ❞❡ ✶✵ ❜✐ts✳

❖ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❝♦♠♣❧❡t♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✺✳

❖ ❝✐r❝✉✐t♦ ❝♦♠♣❧❡t♦ ❢♦✐ ♠♦❞❡❧❛❞♦ ❡ s✐♠✉❧❛❞♦ ♣❛r❛ ❛ t❡❝♥♦❧♦❣✐❛ ■❇▼ ❈▼❖❙ ✵✱✶✽ µ♠

✭■❇▼✲✼❍❱✮ ♥❛ q✉❛❧ ❢♦✐ ♣♦st❡r✐♦r♠❡♥t❡ ❢❛❜r✐❝❛❞♦✳

❆ ✜♠ ❞❡ ♣❡r♠✐t✐r ✉♠❛ ♠❡❧❤♦r ❛❞❡q✉❛çã♦ ❞♦ ❧❡✐❛✉t❡ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ à ❣❡♦♠❡tr✐❛

❡♠ ❝❡♥tr♦✐❞❡ ❝♦♠✉♠✱ ♦ ❝❛♣❛❝✐t♦r ✉♥✐tár✐♦ ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s ✐❣✉❛✐s ❞❡ ✻✵ ❢❋✱ ♦

q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❞✉❛s ár❡❛s q✉❛❞r❛❞❛s ❞❡ ❝❡r❝❛ ❞❡ ✺✱✺ ① ✺✱✺ µ♠ ❝❛❞❛✳ ❈♦♠ ✐ss♦✱ ♦

❝❛♣❛❝✐t♦r ❞❡ ❡s❝❛❧♦♥❛♠❡♥t♦ ✭CS✮ ❢♦✐ ❝❛❧❝✉❧❛❞♦ ❡♠ ✶✷✸✱✽✼ ❢❋✳ ❆ té❝♥✐❝❛ ❞❡ ❧❡✐❛✉t❡ ❡♠

❝❡♥tr♦✐❞❡ ❝♦♠✉♠ ❢♦✐ ❡♠♣r❡❣❛❞❛ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ♠✐♥✐♠✐③❛r ♦ ♣r♦❜❧❡♠❛ ❞❡ ❞❡s❝❛s❛♠❡♥t♦

❡♥tr❡ ♦s ✈❛❧♦r❡s r❡❧❛t✐✈♦s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞♦ ❝✐r❝✉✐t♦✱ ✉♠❛ ❞❛s ♠❛✐♦r❡s ❢♦♥t❡s ❞❡

✐♠♣r❡❝✐sã♦ ❞❡st❡ t✐♣♦ ❞❡ ❝♦♥✈❡rs♦r✳ ◆❡ss❛ té❝♥✐❝❛✱ ♦s ❝♦♠♣♦♥❡♥t❡s sã♦ ❞✐str✐❜✉í❞♦s ♥♦

❧❡✐❛✉t❡ ❞❡ ❢♦r♠❛ s✐♠étr✐❝❛ ❡♠ t♦r♥♦ ❞❡ ✉♠ ♣♦♥t♦ ❝❡♥tr❛❧ ❞❡ ❢♦r♠❛ q✉❡ ❡✈❡♥t✉❛✐s

❞❡s❝❛s❛♠❡♥t♦s ♥❛s ♠ás❝❛r❛s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞♦ ♠✐❝r♦❝❤✐♣ ❛❝❛rr❡t❡ ❡♠

✉♠ ❡rr♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧ ♣❛r❛ t♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s✱ ♠❛♥t❡♥❞♦ ❛s r❡❧❛çõ❡s

♣r♦♣♦r❝✐♦♥❛✐s ❡♥tr❡ ♦s s❡✉s ✈❛❧♦r❡s✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ✈❛r✐❛çõ❡s ❞❡ ❞♦♣❛❣❡♠ ❡ ❡s♣❡ss✉r❛

❞♦s ❞✐❡❧étr✐❝♦s t❡♥❞❡♠ ❛ ❛❢❡t❛r ❞❡ ♠❛♥❡✐r❛ s✐♠✐❧❛r ♦s ❝♦♠♣♦♥❡♥t❡s ❝✐r❝✉♥✈✐③✐♥❤♦s✳

❆❧é♠ ❞✐ss♦✱ ♦s tr❛♥s✐st♦r❡s ◆▼❖❙ ❞❛s ❝❤❛✈❡s ❝♦♠♣❧❡♠❡♥t❛r❡s ❢♦r❛♠ r❡❞✐♠❡♥s✐♦♥❛❞♦s

❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r ❛s ❞✐st♦rçõ❡s ✐♥s❡r✐❞❛s ♣❡❧♦ ❝❤❛✈❡❛♠❡♥t♦ ♥❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦

❝♦♥✈❡rs♦r ✭VO✮✱ t❡♥❞♦ s✐❞♦ ❛ r❡❧❛çã♦ ❞❛ ❝❤❛✈❡ ◆▼❖❙ ❛ss♦❝✐❛❞❛ ❛♦ ❝❛♣❛❝✐t♦r ✉♥✐tár✐♦

❡st❛❜❡❧❡❝✐❞❛ ❝♦♠♦ ✺✴✵✱✶✽✳ ❆s ❝❤❛✈❡s ❛ss♦❝✐❛❞❛s ❛♦s ❜✐ts b3 ❡ b4✱ ✐st♦ é✱ TP3✴TN3 ❡

TP4✴TN4 t✐✈❡r❛♠ s✉❛s ❞✐♠❡♥sõ❡s ♠❛♥t✐❞❛s ❡♠ r❡❧❛çã♦ ❛ TP2✴TN2✱ ♣♦✐s s❡ ♥♦t♦✉ ❡♠

s✐♠✉❧❛çã♦ q✉❡ ❛ ❝❛r❣❛ ♣❛r❛s✐t❛ ✐♥❥❡t❛❞❛ ♣♦r ❞✐♠❡♥sõ❡s ♠❛✐♦r❡s s✉♣❡r❛✈❛ ❛ r❡❞✉çã♦ ❞❛s

♣❡r❞❛s ❞❡ ❝♦♥❞✉çã♦✳ ❖ ♠❡s♠♦ s❡ ❢❡③ ♣❛r❛ TP9✴TN9 ❡ TP8✴TN8 ❡♠ r❡❧❛çã♦ ❛ TP7✴TN7✳

❖ tr❛♥s✐st♦r ❞✉♠♠② TN11 ❢♦✐ ❛❝r❡s❝❡♥t❛❞♦ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝♦♠♣❡♥s❛r ❛ ✐♥❥❡çã♦ ❞❡

❝❛r❣❛s ✐♥tr♦❞✉③✐❞❛ ♣❡❧❛s ❝❤❛✈❡s ❞❡ ❛♠♦str❛❣❡♠✳ P❛r❛ q✉❡ s✉❛ ❛t✉❛çã♦ ♥❛ ❝♦♠♣❡♥s❛çã♦

❞❛ ✐♥❥❡çã♦ ❞❡ ❝❛r❣❛s s❡❥❛ ❡❢❡t✐✈❛✱ ♦ tr❛♥s✐st♦r TN11 ♣r❡❝✐s❛ s❡r ❝♦♠❛♥❞❛❞♦ ❞❡ ❢♦r♠❛

s✐♥❝r♦♥✐③❛❞❛ ❛♦ ✐♥st❛♥t❡ ❞❛ ✐♥❥❡çã♦ ❞❛s ❝❛r❣❛s✱ ♦ q✉❡ r❡q✉❡r ❛❧❣✉♠ ❛tr❛s♦ ❡♠ r❡❧❛çã♦ ❛♦

❝♦♠❛♥❞♦ ❞✐r❡t♦ ❞❛ ♣♦rt❛ ❞❡ ♣❛ss❛❣❡♠ I3✳ P❛r❛ ❣❡r❛r ❡ss❡ ❛tr❛s♦✱ três ✐♥✈❡rs♦r❡s ❢♦r❛♠

❛❞✐❝✐♦♥❛❞♦s ❡♠ sér✐❡ ❝♦♠ ♦ ✐♥✈❡rs♦r ❧✐❣❛❞♦ ❛ TN10✳



✹✳✷ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✻✵

❋✐❣✉r❛ ✹✳✺ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✭❝♦♥✈❡rs♦r ❉✴❆✮ ❞❡ ✶✵ ❜✐ts✳



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✶

◆♦ ✐♥t✉✐t♦ ❞❡ ♠❡❧❤♦r❛r ❛ r❡❣✉❧❛r✐❞❛❞❡ ❞❛ ❡str✉t✉r❛ ❝❛♣❛❝✐t✐✈❛✱ r❡❞✉③✐♥❞♦ ♦

❞❡s❝❛s❛♠❡♥t♦ ♥❛s ❞✐♠❡♥sõ❡s ❞♦s ❝❛♣❛❝✐t♦r❡s q✉❡ ❢♦r♠❛♠ ♦ ❛♥❡❧ ♠❛✐s ❡①t❡r♥♦ ❞♦

❝♦♥✈❡rs♦r✱ ✉♠ ❛♥❡❧ ❞❡ ❝❛♣❛❝✐t♦r❡s ❞✉♠♠② ❢♦✐ ❛❝r❡s❝❡♥t❛❞♦ ✭❝♦♠♣♦♥❡♥t❡ Cr ♥♦ ❞✐❛❣r❛♠❛

❡sq✉❡♠át✐❝♦✮✳ ◆♦ ❧❡✐❛✉t❡✱ ❡ss❡s ❝❛♣❛❝✐t♦r❡s ♣❛ss❛♠ ❛ ❢♦r♠❛r ♦ ❛♥❡❧ ♠❛✐s ❡①t❡r♥♦ ❞❛

♠❛tr✐③ ❞❡ ❝❛♣❛❝✐t♦r❡s✱ ❣❛r❛♥t✐♥❞♦ ❛ r❡❣✉❧❛r✐❞❛❞❡ ❞♦s ❛♥é✐s ✐♥t❡r♥♦s✳

P♦r ✜♠✱ ❞♦✐s ✐♥✈❡rs♦r❡s ❞❡ t❡♥sã♦ ✭❝♦♠♣♦♥❡♥t❡ ❱❴■◆❱❊❘❚❊❘ ♥❛ ❋✐❣✉r❛ ✹✳✺✮ ❢♦r❛♠

♥❡❝❡ssár✐♦s ♣❛r❛ ❛ss❡❣✉r❛r ♦ ❞❡s❧✐❣❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❈▼❖❙ ■✶ ❡ ■✷ ❞✉r❛♥t❡ ❛ ❢❛s❡ ❞❡

r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✱ q✉❛♥❞♦ ❛s t❡♥sõ❡s ♥♦s s❡✉s ❞r❡♥♦s ♣♦❞❡♠ s❡ t♦r♥❛r ♥❡❣❛t✐✈❛s

♦ s✉✜❝✐❡♥t❡ ♣❛r❛ ♣♦❧❛r✐③❛✲❧♦s ♥❛ r❡❣✐ã♦ ❞❡ trí♦❞♦ ♦✉ ♠❡s♠♦ ❞❡ s❛t✉r❛çã♦ ❝❛s♦ ❢♦ss❡♠

❝♦♠❛♥❞❛❞❛s s♦♠❡♥t❡ ❝♦♠ t❡♥sõ❡s ❡♥tr❡ ✵ ❡ VDD✳

✹✳✸ ❈♦♠♣❛r❛❞♦r ❞❡ ❇❛✐①♦ ❖✛s❡t

❈♦♠♦ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✐♠♣❧❡♠❡♥t♦✉✲s❡ ♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦

✭❚❉❈✮✱ ✐♥✐❝✐❛❧♠❡♥t❡ ♣r♦♣♦st♦ ♣♦r ❆❣♥❡s ❡t ❛❧✳ ✭❆●◆❊❙ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❆♦ ✐♥✈és ❞❡ ❝♦♠♣❛r❛r ❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ✉t✐❧✐③❛♥❞♦ ✉♠ ♣ré✲❛♠♣❧✐✜❝❛❞♦r ❡ ✉♠

❧❛t❝❤ t❛❧ ❝♦♠♦ ♥❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❝♦♥✈❡♥❝✐♦♥❛✐s✱ ♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦

tr❛♥s❢♦r♠❛ ♣r✐♠❡✐r❛♠❡♥t❡ ❛♠❜❛s ❛s t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ ♣♦r

♠❡✐♦ ❞❡ ✉♠ ❣❡r❛❞♦r ❞❡ r❛♠♣❛ ❝✉❥♦ ❞✐❛❣r❛♠❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✻✳

◗✉❛♥❞♦ ♦ s✐♥❛❧ ❞❡ ❝♦♠♣❛r❛çã♦ ✭❝♦♠♣❛r❡✮ ❡stá ❡♠ ❵✵✬✱ ♦ ❝❛♣❛❝✐t♦r C1 é ❝❛rr❡❣❛❞♦

❛tr❛✈és ❞❡ M1 ❛♦ ♠❡s♠♦ t❡♠♣♦ q✉❡ q✉❛✐sq✉❡r ❝❛r❣❛s ♣❛r❛s✐t❛s ❡♠ R1 r❡♠❛♥❡s❝❡♥t❡s ❞❛

❝♦♥✈❡rsã♦ ❛♥t❡r✐♦r ✭r❡♣r❡s❡♥t❛❞❛s ♣❡❧❛ ❝❛♣❛❝✐tâ♥❝✐❛ ♣❛r❛s✐t❛ Cp✮ sã♦ ❞❡s❝❛rr❡❣❛❞❛s ❛tr❛✈és

❞❡ M5 ❡ ❛ s❛í❞❛ ❝♠♣❖✉t é ❝♦❧♦❝❛❞❛ ❡♠ ♥í✈❡❧ ❧ó❣✐❝♦ ❜❛✐①♦✳ ◗✉❛♥❞♦ ♦ s✐♥❛❧ ❞❡ ❝♦♠♣❛r❛çã♦

é ❧❡✈❛❞♦ ♣❛r❛ ♥í✈❡❧ ❧ó❣✐❝♦ ❛❧t♦✱ ♦ tr❛♥s✐st♦r M2 ❛t✉❛ ❝♦♠♦ ✉♠❛ ❝❤❛✈❡ ❢❡❝❤❛❞❛ ❡ M4 ♣❛ss❛ ❛

s❡ ❝♦♠♣♦rt❛r ❝♦♠♦ ✉♠❛ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ ❝♦♥st❛♥t❡ ❝✉❥❛ ❝♦rr❡♥t❡ é ♣r♦♣♦r❝✐♦♥❛❧ à t❡♥sã♦

❞❡ ❡♥tr❛❞❛ V in✱ ❞❡s❝❛rr❡❣❛♥❞♦ ♦ ❝❛♣❛❝✐t♦r C1 ❝♦♠ t❛①❛ ❝♦♥st❛♥t❡ ❛tr❛✈és ❞❛s r❡s✐stê♥❝✐❛s

R1 + rds2 + rds4✳ ◗✉❛♥❞♦ ❛ t❡♥sã♦ ♥❛ ♣❧❛❝❛ s✉♣❡r✐♦r ❞♦ ❝❛♣❛❝✐t♦r C1 ❛t✐♥❣❡ ❛ t❡♥sã♦ ❞❡

❧✐♠✐❛r ❞♦ tr❛♥s✐st♦r M6 ❡❧❡ ❝♦♠✉t❛✱ ❧❡✈❛♥❞♦ ❛ s❛í❞❛ ❝♠♣❖✉t ♣❛r❛ ♥í✈❡❧ ❧ó❣✐❝♦ ❵✶✬✳

❖ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ é r❡❛❧✐③❛❞♦ s✐♠✉❧t❛♥❡❛♠❡♥t❡ ♣❛r❛ ❛♠❜❛s ❛s ❡♥tr❛❞❛s✳ ❖

❝♦♥✈❡rs♦r t❡♥sã♦✴t❡♠♣♦ ❝✉❥❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❢♦r ♠❛✐s ❡❧❡✈❛❞❛ ✐rá ❝♦♠✉t❛r ❛ s❛í❞❛ ❞❡

❵✵✬ ♣❛r❛ ❵✶✬ ♠❛✐s r❛♣✐❞❛♠❡♥t❡ q✉❡ ♦ ♦✉tr♦✳ ❆ ❝♦♠♣❛r❛çã♦ ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦ é ❡♥tã♦

r❡❛❧✐③❛❞❛ ♣♦r ✉♠ s✐♠♣❧❡s ✢✐♣✲✢♦♣ ❞♦ t✐♣♦ ❉✱ t❛❧ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥♦ ❞✐❛❣r❛♠❛



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✷

❋✐❣✉r❛ ✹✳✻ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝♦♥✈❡rs♦r t❡♥sã♦✲t❡♠♣♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣❛r❛ ❝♦♠♣♦r ♦
❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳

❝♦♠♣❧❡t♦ ❞♦ ❝♦♠♣❛r❛❞♦r ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✼✳

❋✐❣✉r❛ ✹✳✼ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳

❆s ♣r✐♥❝✐♣❛✐s ✈❛♥t❛❣❡♥s ❞❡st❡ ❝♦♠♣❛r❛❞♦r ❡♠ r❡❧❛çã♦ ❛♦s ❝♦♠♣❛r❛❞♦r❡s

❝♦♥✈❡♥❝✐♦♥❛✐s é ♦ ❜❛✐①íss✐♠♦ ❝♦♥s✉♠♦ ❞✉r❛♥t❡ ❛ ❝♦♠♣❛r❛çã♦✱ ❝♦♥s✉♠♦ ♣r❛t✐❝❛♠❡♥t❡

♥✉❧♦ ❛♣ós ❛ ❝♦♠♣❛r❛çã♦ ❡ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♠♣❛r❛r t❡♥sõ❡s ❞❡ ♠♦❞♦ ❝♦♠✉♠

✈✐rt✉❛❧♠❡♥t❡ ♥✉❧❛s ♠❡s♠♦ ❝♦♠ ❛❧✐♠❡♥t❛çã♦ s✐♠♣❧❡s ✭♥ã♦ s✐♠étr✐❝❛✮✳

❯♠❛ ♠❡❧❤♦r❛ ❢❡✐t❛ ❡♠ r❡❧❛çã♦ ❛♦ ♣r♦❥❡t♦ ♦r✐❣✐♥❛❧ ✭❆●◆❊❙ ❡t ❛❧✳✱ ✷✵✵✽✮ ❢♦✐ ❛ ❛❞✐çã♦

❞♦ tr❛♥s✐st♦r ❞✉♠♠② M3✱ ❝✉❥♦ ♣❛♣❡❧ é ❝♦♠♣❡♥s❛r ❛s ❝❛r❣❛s ♣❛r❛s✐t❛s ✐♥❞✉③✐❞❛s ♣❡❧♦

❝❤❛✈❡❛♠❡♥t♦ ❞❡ M2 ♥♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ V in✳



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✸

❆ss✉♠✐♥❞♦✲s❡ rds2 << R1 ❡ rds4 >> R1✱ ❛ ♠í♥✐♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♥sã♦ q✉❡ ♦ ❚❉❈ é

❝❛♣❛③ ❞❡ ❞❡t❡❝t❛r ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r ✭❆●◆❊❙ ❡t ❛❧✳✱ ✷✵✵✽✮✿

∆Vin =
∆t · V 2

R1

R1C1∆Vout

✭✹✳✻✮

s❡♥❞♦ ∆Vin = Vin❴p−Vin❴m✱ ∆t ♦ ♠í♥✐♠♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ♥❡❝❡ssár✐♦ ❡♥tr❡ ❛s ❡♥tr❛❞❛s

❞♦ ✢✐♣✲✢♦♣ ♣❛r❛ q✉❡ ❡❧❡ ❢✉♥❝✐♦♥❡ ❝♦rr❡t❛♠❡♥t❡✱ VR1 ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♠ R1 ❡

∆Vout ❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ♥♦ ❝❛♣❛❝✐t♦r✳

❆ ✜♠ ❞❡ ♠✐♥✐♠✐③❛r ♦ ∆t✱ ✉♠ ✢✐♣✲✢♦♣ t✐♣♦ ❉ ❢♦✐ ❡s♣❡❝✐❛❧♠❡♥t❡ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦

❝♦♠♣❛r❛❞♦r✳ ❙✐♠✉❧❛çõ❡s ♣ós✲❧❡✐❛✉t❡ ✭❝♦♠ ♣❛r❛s✐t❛s ✐♥❝❧✉s♦s✮✱ r❡✈❡❧❛r❛♠ ∆t ≈ 26 ♣s✱ ♦

q✉❡ é ♠❛✐s ❞❡ ✺ ✈❡③❡s ♠❛✐s rá♣✐❞♦ q✉❡ ❛ ❝é❧✉❧❛ ♣❛❞rã♦ ❡q✉✐✈❛❧❡♥t❡ ❞❛ ❜✐❜❧✐♦t❡❝❛✳ P❛r❛

❡st❡ ♣r♦❥❡t♦ ❛ r❡s✐stê♥❝✐❛ rds2 ♥ã♦ ♣♦❞❡ s❡r ❞❡s♣r❡③❛❞❛ ❞❡ ❢♦r♠❛ q✉❡ s❡✉ ✈❛❧♦r ♠é❞✐♦

❢♦✐ ❝♦♠♣✉t❛❞♦ ❝♦♠♦ ♣❛rt❡ ❞❡ R1✳ ❖ ✈❛❧♦r ❛♣r♦①✐♠❛❞♦ ❞♦ ❝❛♣❛❝✐t♦r C1 ❢♦✐ ✼✵✵ ❢❋✱ ❞❡

❢♦r♠❛ q✉❡ ♦ ✈❛❧♦r ♣❛r❛ ♦ ♣r♦❞✉t♦ R1C1 ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✵✱✽✼ µs ❡ VR1 ≈ 180 ♠❱✳ ❖

tr❛♥s✐st♦r M6 ❢♦✐ ❞✐♠❡♥s✐♦♥❛❞♦ ♣❛r❛ ♦♣❡r❛r ❡♠ ✐♥✈❡rsã♦ ❢♦rt❡✱ ❞❡ ❢♦r♠❛ q✉❡ ∆Vout ≈ 490

♠❱✳ ❖ ✈❛❧♦r r❡s✉❧t❛♥t❡ ❝❛❧❝✉❧❛❞♦ ♣❛r❛ ∆Vin ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✵ µ❱✳

❆ s✐♠✉❧❛çã♦ ♣ós✲❧❡✐❛✉t❡ r❡✈❡❧♦✉ ✉♠ ✈❛❧♦r ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧✱ ∆Vin = 21 µ❱✳ ❆ r❛③ã♦

❞♦ ♣❡q✉❡♥♦ ❛✉♠❡♥t♦ ❡♠ r❡❧❛çã♦ ❛♦ ✈❛❧♦r t❡ór✐❝♦ ❞❡✈❡✲s❡ ❛ ♣❡r❞❛ ❞❡ ❧✐♥❡❛r✐❞❛❞❡ ♥❛ ❝✉r✈❛ ❞❡

❞❡s❝❛r❣❛ ❞♦ ❝❛♣❛❝✐t♦r C1 ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ ❛ ❞❛ ❝♦♠✉t❛çã♦ ❞❡ M6✱ ❝♦♥❢♦r♠❡ ❡✈✐❞❡♥❝✐❛❞♦

♥❛ ❋✐❣✉r❛ ✹✳✽ ✭❝✉r✈❛s ❱❝❛♣ ✭✶✮ ❡ ❱❝❛♣ ✭✷✮✮✳ ❊ss❛ ♣❡r❞❛ ❞❡ ❧✐♥❡❛r✐❞❛❞❡ s❡ ❞❡✈❡ ❛ ✐♥❥❡çã♦ ❞❡

❝❛r❣❛s ❛tr❛✈és ❞❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ♣♦rt❛ ❞❡ M6 ✭Cgs+Cgd+Cgb✮ ❞❡❝♦rr❡♥t❡ ❞❛ ❝♦♠✉t❛çã♦✳

❙❡✉ ❡❢❡✐t♦ t❡♥❞❡ ❛ s❡r t❛♥t♦ ♠❛✐♦r q✉❛♥t♦ ♠❛✐♦r ❢♦r ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ♣♦rt❛ ❞❡ M6 ❢r❡♥t❡

à ❝❛♣❛❝✐tâ♥❝✐❛ C1✳ ❙❡ ♣♦r ✉♠ ❧❛❞♦ ❛ r❡❞✉çã♦ ❞❡ss❡ ❡❢❡✐t♦ r❡q✉❡r ❛ r❡❞✉çã♦ ❞♦ ♣r♦❞✉t♦

W · L ❞♦ tr❛♥s✐st♦r✱ ♣♦r ♦✉tr♦ ❧❛❞♦ ♥ã♦ s❡ ♣♦❞❡ r❡❞✉③✐r ❞❡♠❛s✐❛❞❛♠❡♥t❡ ❛ ❧❛r❣✉r❛ ❞♦

❝❛♥❛❧ ✭L✮✱ s♦❜ ♣❡♥❛ ❞❡ s♦❢r❡r ❡❢❡✐t♦s ❞❡ ❝❛♥❛❧ ❝✉rt♦✱ ❧❡✈❛♥❞♦ ♦ tr❛♥s✐st♦r ❛ ♦♣❡r❛r ❝♦♠

✈❛❧♦r❡s r❡❞✉③✐❞♦s ❞❡ t❡♥sã♦ ❧✐♠✐❛r✱ ❞✐♠✐♥✉✐♥❞♦ ∆Vout✮ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ r❡❞✉③✐♥❞♦

✐♥❞❡s❡❥❛✈❡❧♠❡♥t❡ ♦ t❡♠♣♦ ❞❡ ❝♦♠♣❛r❛çã♦ ❡ ❛ ♠í♥✐♠❛ ❞✐❢❡r❡♥ç❛ ❞❡t❡❝tá✈❡❧ ✭∆Vin✮✳

❊♠❜♦r❛ ♥ã♦ s❡❥❛ ♣♦ssí✈❡❧ ♥♦t❛r ♥❛ ❋✐❣✉r❛ ✹✳✽✱ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✲✸✵ µ❱ ❛♣❧✐❝❛❞❛ ♥❛

❡♥tr❛❞❛ ❞♦ ❝♦♠♣❛r❛❞♦r ♣r♦✈♦❝❛ ✉♠ ♣❡q✉❡♥♦ ❛tr❛s♦ ❞❡ ❝❡r❝❛ ❞❡ ✺✹ ♣✐❝♦ss❡❣✉♥❞♦s ♥♦ s✐♥❛❧

❞❡ ❡♥tr❛❞❛ ❈▲❑ ❞♦ ✢✐♣✲✢♦♣ ❡♠ r❡❧❛çã♦ ❛♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ❉✳ ❊ss❛ ❞✐❢❡r❡♥ç❛ é ♠♦str❛❞❛

♥❛ ❋✐❣✉r❛ ✹✳✾✱ ✉♠❛ ❛♠♣❧✐❛çã♦ ❞❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❉❋❋❴❈▲❑✱ ❉❋❋❴❉ ❡ ❝♠♣❖ ❞❛

❋✐❣✉r❛ ✹✳✽ ♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✱✵✷✻ µs ❡ ✶✱✵✷✽ µs✳ ❆♣❡s❛r ❞✐ss♦✱ ❛ ♣r❡❝✐sã♦ t❡ór✐❝❛ ❞❡st❡

❝♦♠♣❛r❛❞♦r é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✵✽ µ❱ ❞❡✈✐❞♦ ❛♦ r✉í❞♦ tér♠✐❝♦ ❛ss♦❝✐❛❞♦ ❛ C1✳



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✹

❋✐❣✉r❛ ✹✳✽ ✕ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s s✐♥❛✐s ✐♥t❡r♥♦s ❞♦ ❈♦♠♣❛r❛❞♦r ♥♦ ❉♦♠í♥✐♦ ❞♦ t❡♠♣♦ ♣❛r❛ ✉♠❛
❡♥tr❛❞❛ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ±30µ❱✳ ❖s ♥ú♠❡r♦s ❡♥tr❡ ♣❛rê♥t❡s✐s ♥❛ ❧❡❣❡♥❞❛ ✐♥❞✐❝❛♠ ❛
q✉❛❧ ❞♦s ❝♦♥✈❡rs♦r❡s t❡♥sã♦✴t❡♠♣♦ ❛s ❝✉r✈❛s s❡ ❝♦rr❡s♣♦♥❞❡♠✱ ❯✶ ♦✉ ❯✷✱ ❝♦♥❢♦r♠❡
❛ ❋✐❣✉r❛ ✹✳✼✳

❖ ❧❡✐❛✉t❡ ❞♦ ❝♦♠♣❛r❛❞♦r ♣r♦❥❡t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✵✳ ❆s q✉❛tr♦ ár❡❛s

q✉❛❞r❛❞❛s ♠❛✐♦r❡s sã♦ ♦s ❝❛♣❛❝✐t♦r❡s C1 ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s t❡♥sã♦✴t❡♠♣♦✱ ❞✐✈✐❞✐❞♦s

❡♠ ❞✉❛s ♣❛rt❡s ❝❛❞❛ ❞❡ ❢♦r♠❛ ❛ ♠❡❧❤♦r❛r s✉❛ ❞✐str✐❜✉✐çã♦ ❡♠ ❝❡♥tr♦✐❞❡ ❝♦♠✉♠✳ ❉❛

♠❡s♠❛ ❢♦r♠❛✱ ❛s q✉❛tr♦ ár❡❛s r❡t❛♥❣✉❧❛r❡s s♦❜r❡ ❛s q✉❛✐s ♦s ❝❛♣❛❝✐t♦r❡s s❡ s♦❜r❡♣õ❡♠

sã♦ ♦s r❡s✐st♦r❡s R1 t❛♠❜é♠ ❞✐✈✐❞✐❞♦s ❡♠ ❞✉❛s ♣❛rt❡s ❡ ♣♦s✐❝✐♦♥❛❞♦s ❡♠ ❝❡♥tr♦✐❞❡ ❝♦♠✉♠✳

❚♦❞♦s ♦s ❞❡♠❛✐s ❝♦♠♣♦♥❡♥t❡s ❡stã♦ ❞✐str✐❜✉í❞♦s ❞❡ ❢♦r♠❛ ❡s♣❡❧❤❛❞❛ ❡♠ t♦r♥♦ ❞❛ ❧✐♥❤❛

♠❡❞✐❛♥❛ ❤♦r✐③♦♥t❛❧✱ ❡①❝❡t♦ ❛❧❣✉♥s q✉❡ ❝♦♠♣õ❡♠ ❛♦ ✢✐♣✲✢♦♣ ❞❡ ❝♦♠♣❛r❛çã♦ ✭ár❡❛ ❝❡♥tr❛❧

❞✐r❡✐t❛✮ ♣❛r❛ ♦ q✉❛❧ ❛ ♥ã♦ s✐♠❡tr✐❛ ♥ã♦ ❛❢❡t❛ ❛ ♣r❡❝✐sã♦ ❞♦ ❝♦♠♣❛r❛❞♦r✳



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✺

❋✐❣✉r❛ ✹✳✾ ✕ ❉❡t❛❧❤❡ ❞❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s s✐♥❛✐s ❞❡ ❡♥tr❛❞❛ ♥♦ ✢✐♣✲✢♦♣ ❞❡ ❝♦♠♣❛r❛çã♦ ♥♦
✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✱✵✷✻ µs ❡ ✶✱✵✷✽ µs q✉❛♥❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✲✸✵ µ❱ é ❞❡t❡❝t❛❞❛✳
◆❡st❡ ❝❛s♦✱ ✉♠❛ ❛tr❛s♦ ❞❡ ✺✹ ♣s ❢♦✐ ♦❜s❡r✈❛❞♦ ❡♥tr❡ ♦s ❞♦✐s s✐♥❛✐s✳



✹✳✸ ❝♦♠♣❛r❛❞♦r ❞❡ ❜❛✐①♦ ♦✛s❡t ✻✻

❋✐❣✉r❛ ✹✳✶✵ ✕ ▲❡✐❛✉t❡ ❞♦ ❝♦♠♣❛r❛❞♦r ♥♦ ❞♦♠í♥✐♦ ❞♦ t❡♠♣♦✳



✹✳✹ r❡❣✐str❛❞♦r ❞❡ ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✻✼

✹✳✹ ❘❡❣✐str❛❞♦r ❞❡ ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s

❖ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ❣❡r❛❞♦r ❞❛ s❡q✉ê♥❝✐❛ ❞❡ s✐♥❛✐s ❞❡ ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ♣❛r❛

♦ ❝♦♥✈❡rs♦r ❉✴❆ ❡ ❞♦ s✐♥❛❧ ❞❡ ❝♦♠♣❛r❛çã♦ ♣❛r❛ ♦ ❚❉❈ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ❛ ♣❛rt✐r ❞❡

❧❛t❝❤❡s✱ ✢✐♣✲✢♦♣s t✐♣♦ ❉✱ ❡ ♣♦rt❛s ❡❧❡♠❡♥t❛r❡s✱ ❝♦♥❢♦r♠❡ ♦ ❞✐❛❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✹✳✶✶✳

❚♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s ❞✐❣✐t❛✐s ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ❡①♣r❡ss❛♠❡♥t❡ ♣r♦❥❡t❛❞♦s ❡

❝✉st♦♠✐③❛❞♦s ♣❛r❛ ❡ss❛ ❛♣❧✐❝❛çã♦ ✭❢✉❧❧✲❝✉st♦♠ ❞❡s✐❣♥✮ ❛ ✜♠ ❞❡ ♣♦✉♣❛r ♦ ♠á①✐♠♦

♣♦ssí✈❡❧ ❞❡ ❡♥❡r❣✐❛✳ ◆❡♥❤✉♠❛ ❜✐❜❧✐♦t❡❝❛ ❡①t❡r♥❛ ❞❡ ❝♦♠♣♦♥❡♥t❡s ❞✐❣✐t❛✐s ❢♦✐ ✉t✐❧✐③❛❞❛✳

❊♠❜♦r❛ ♦ ❞✐❛❣r❛♠❛ ❞❛ ❋✐❣✉r❛ ✹✳✶✶ ♥ã♦ ❡✈✐❞❡♥❝✐❡✱ ♥❡♠ t♦❞♦s ♦s ✢✐♣✲✢♦♣s✱ ❧❛t❝❤❡s ❡

♣♦rt❛s ❧ó❣✐❝❛s ♣♦ss✉❡♠ ♦ ♠❡s♠♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡ ✐♠♣❧❡♠❡♥t❛çã♦✳ ❙✐♠✉❧❛çõ❡s

r❡✈❡❧❛r❛♠ q✉❡ ❛s s❛í❞❛s b7 ❛ b9✱ ♣♦r ❡①❡♠♣❧♦✱ ❞❡✈❡r✐❛♠ ❝♦♠❛♥❞❛r ❡♥tr❛❞❛s ❝✉❥❛

❝❛♣❛❝✐tâ♥❝✐❛ ♣❛r❛s✐t❛ ❡r❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♠❛✐♦r ❞♦ q✉❡ ❛s ❞❡♠❛✐s✳ P♦r ❡ss❛ r❛③ã♦✱ ❛s

♣♦rt❛s ◆❖❘✼ ❛ ◆❖❘✾ ❢♦r❛♠ ♣r♦❥❡t❛❞❛s ❝♦♠ tr❛♥s✐st♦r❡s ❞❡ ♠❛✐♦r ♣♦rt❡ ❞♦ q✉❡ ♦s

❡♠♣r❡❣❛❞♦s ♥❛s ♣♦rt❛s ◆❖❘✵ ❛ ◆❖❘✻✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♦ ✢✐♣✲✢♦♣ ❋❋✶✻✱ ♣❛r❛ ♦ q✉❛❧

♦ r❡s❡t ♥ã♦ é ♥❡❝❡ssár✐♦✱ ❢♦✐ ♦t✐♠✐③❛❞♦ ❡❧✐♠✐♥❛♥❞♦ ♦s ❝♦♠♣♦♥❡♥t❡s ✐♥t❡r♥♦s ❞❡

✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ r❡s❡t✱ ♥❡❝❡ssár✐♦ ❛♦s ❞❡♠❛✐s ✢✐♣✲✢♦♣s ❞♦ ❝✐r❝✉✐t♦✳ ❖✉tr❛

❞✐❢❡r❡♥ç❛ ♥♦tá✈❡❧ ❡stá ❡♥tr❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦s ✢✐♣✲✢♦♣s ❡ ❞♦s ❧❛t❝❤❡s✳ ❊♥q✉❛♥t♦ ♦s

✢✐♣✲✢♦♣s ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞♦s ✉t✐❧✐③❛❞♦ ❛ ❛❜♦r❞❛❣❡♠ ❝❧áss✐❝❛✱ ❜❛s❡❛❞❛ ❡♠ ♣♦rt❛s

◆❆◆❉✱ ♦s ❧❛t❝❤❡s ❢♦r❛♠ ✐♠♣❧❡♠❡♥t❛❞♦s ❝♦♠ ❜❛s❡ ❡♠ ♣♦rt❛s ❞❡ tr❛♥s♠✐ssã♦ ❈▼❖❙

✭❙■❈❆❘❉✱ ✷✵✵✼✮✳ ❖ s✐st❡♠❛ ❝♦♠♣❧❡t♦ t♦t❛❧✐③♦✉ ✹✽✹ tr❛♥s✐st♦r❡s ▼❖❙✳



✹✳✹ r❡❣✐str❛❞♦r ❞❡ ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✻✽

❋✐❣✉r❛ ✹✳✶✶ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳



✹✳✺ ❝♦♥✈❡rs♦r ❛✴❞ ❝♦♠♣❧❡t♦ ✻✾

✹✳✺ ❈♦♥✈❡rs♦r ❆✴❉ ❈♦♠♣❧❡t♦

◆❛ ✐♥t❡❣r❛çã♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✱ ❛ ❡♥tr❛❞❛ V ref❴p ❞♦ ❝♦♠♣❛r❛❞♦r

❢♦✐ ❝♦♥❡❝t❛❞❛ ❛ ✉♠ ♣❛❞ ♣❛r❛ ♣♦❞❡r s❡r ❧✐❣❛❞❛ ❡①t❡r♥❛♠❡♥t❡ ✭♣✐♥♦ Vofs✮✳ ❆ ✐♥t❡♥çã♦

é ♣❡r♠✐t✐r ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❡✈❡♥t✉❛✐s ❡rr♦s ❞❡ ♦✛s❡t ✐♥tr♦❞✉③✐❞♦s ♣♦r ❛ss✐♠❡tr✐❛ ♦✉

✐♠♣❡r❢❡✐çõ❡s ❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞♦s ❞♦✐s ❝♦♥✈❡rs♦r❡s t❡♥sã♦✴t❡♠♣♦ q✉❡ ❝♦♥st✐t✉❡♠ ♦

❝♦♠♣❛r❛❞♦r✳

❖ ❧❡✐❛✉t❡ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✷✳ ❚❛❧ ❝♦♠♦

s❡ ♣♦❞❡ ♥♦t❛r✱ ♦ ❡✐①♦ ❞❡ s✐♠❡tr✐❛ ❞♦ ❈♦♠♣❛r❛❞♦r ♥♦ ❉♦♠í♥✐♦ ❞♦ ❚❡♠♣♦ ❢♦✐ ♣♦s✐❝✐♦♥❛❞♦

s♦❜r❡ ♦ ❡✐①♦ ❞❡ s✐♠❡tr✐❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞❡ ❢♦r♠❛ ❛ r❡❞✉③✐r ♦ ✐♠♣❛❝t♦ ❞❡ ❡✈❡♥t✉❛✐s

❡rr♦s ❞❡ ❛❧✐♥❤❛♠❡♥t♦ ❞❛s ♠ás❝❛r❛s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦✳ ❆ss✐♠ ❝♦♠♦ ♣r❡✈✐st♦✱

♦ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞❡ ❝♦♠❛♥❞♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❞❛ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛ ♣ró①✐♠♦

❞♦s ❝❛♣❛❝✐t♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s r❡❞✉③✐✉ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛s ✐♥t❡r❝♦♥❡①õ❡s ❡♥tr❡ ❛s ❝❤❛✈❡s

❡ ♦s ❝❛♣❛❝✐t♦r❡s✱ ♠❛s ❛✉♠❡♥t♦✉ ♦ ❞❛s ❝❤❛✈❡s ❝♦♠ ♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♠❛♥❞♦ ✭❝♦♠♣r❡❡♥❞✐❞♦

❞❡♥tr♦ ❞❛ ❣r❛♥❞❡ ár❡❛ r❡t❛♥❣✉❧❛r ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ✜❣✉r❛✮✳

❋✐❣✉r❛ ✹✳✶✷ ✕ ▲❡✐❛✉t❡ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts✳ ❆s ❝❤❛✈❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❞❛
♠❛tr✐③ ❢♦r❛♠ ♣♦s✐❝✐♦♥❛❞❛s ♣ró①✐♠❛s ❛♦s s❡✉s r❡s♣❡❝t✐✈♦s ❝❛♣❛❝✐t♦r❡s ❛ ✜♠ ❞❡
♠✐♥✐♠✐③❛r ❛s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ✐♥tr♦❞✉③✐❞❛s ♣❡❧❛s tr✐❧❤❛s ❞❡ ❝♦♥❡①ã♦✳

❋♦✐ ♣r♦❥❡t❛❞♦ ✉♠ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❝♦♥t❡♥❞♦ ♦ ❝✐r❝✉✐t♦ ❝♦♠♣❧❡t♦ ❞♦ ❝♦♥✈❡rs♦r✱ ♣❛❞s

❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞✐❣✐t❛❧✱ ✭s❛í❞❛s b0✳✳b9 ❡ endConv ❡ ❡♥tr❛❞❛s clk ❡ rst✮ ♣❛❞s ❞❡ ❡♥tr❛❞❛

❛♥❛❧ó❣✐❝❛ ✭V ref❴p✱ V ref❴m✱ Vin ❡ Vofs✮✳ ❆❧é♠ ❞✐ss♦✱ ❢♦r❛♠ ♠❛♥t✐❞♦s ♦s t❡rr❛s ❞✐❣✐t❛❧ ❡



✹✳✻ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✼✵

❛♥❛❧ó❣✐❝♦ ✐s♦❧❛❞♦s✱ ♦ ❝✐r❝✉✐t♦ ❞♦s ♣❛❞s ❛❧✐♠❡♥t❛❞♦s ♣♦r ✉♠❛ ❧✐♥❤❛ ❞❡❞✐❝❛❞❛ ❡ ❛❧✐♠❡♥t❛çõ❡s

✐s♦❧❛❞❛s ♣❛r❛ ❛s ♣❛rt❡s ❞✐❣✐t❛✐s ❡ ❛♥❛❧ó❣✐❝❛s ❞♦ ❝♦♥✈❡rs♦r✳ ❖ ❧❡✐❛✉t❡ ❝♦♠♣❧❡t♦ ❞♦ ❝✐r❝✉✐t♦

✐♥t❡❣r❛❞♦ ❝♦♥t❡♥❞♦ ♦ ♥♦✈♦ ❝♦♥✈❡rs♦r ♣r♦❥❡t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✸✳

❋✐❣✉r❛ ✹✳✶✸ ✕ ▲❡✐❛✉t❡ ❞♦ s❡❣✉♥❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❡♥✈✐❛❞♦ ♣❛r❛ ❢❛❜r✐❝❛çã♦✳ ◆♦ ❝❡♥tr♦ ♦
❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts✳

✹✳✻ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s

❆ss✐♠ ❝♦♠♦ ❢♦✐ ❢❡✐t♦ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❛♥t❡r✐♦r✱ ❛ ❛♥á❧✐s❡ ❞♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦

❝♦♥✈❡rs♦r ♣❛rt❡ ❞❛ ♦❜s❡r✈❛çã♦ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s r❡❢❡r❡♥t❡s à s✉❛ ♦♣❡r❛çã♦ ♠❡❞✐❛♥t❡ ✉♠

✈❛❧♦r ❝♦♥❤❡❝✐❞♦ ❛♣❧✐❝❛❞♦ ♥❛ ❡♥tr❛❞❛✳ ❖s s✐♥❛✐s r❡❢❡r❡♥t❡s à ❝♦♥✈❡rsã♦ ❞♦ ✈❛❧♦r V in = 350

♠❱✱ ❝♦♠ ♦s r❡❢❡r❡♥❝✐❛✐s V ref+ ❡ V ref− ✐❣✉❛✐s ❛ ✻✵✵ ♠❱ ❡ ✶✵✵ ♠❱✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ sã♦

❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✶✹✳ ◆❡st❛ s✐♠✉❧❛çã♦ ♦ ❝♦♥✈❡rs♦r ❢♦✐ ❛❧✐♠❡♥t❛❞♦ ❝♦♠ ✶✱✵ ❱ ❡ ❛

❢r❡q✉ê♥❝✐❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ♦ s✐♥❛❧ ❞❡ r❡❧ó❣✐♦ ❢♦✐ ✷✱✼✽ ▼❍③✳

❈♦♥❢♦r♠❡ ♣r❡✈✐st♦ ❡♠ t❡♦r✐❛✱ ❛♣ós ❛ ❞❡s❝✐❞❛ ❞♦ s✐♥❛❧ ❞❡ ❝♦♥tr♦❧❡ ❞❛ ❝❤❛✈❡ ❞❡

❛♠♦str❛❣❡♠✱ smp✱ ♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ♥❛ s❛í❞❛ ❞♦ ❉❆❈ ❞❡✈❡ ❛ss✉♠✐r

DAC❴Out = −V in + V ref−✱ ♦✉ s❡❥❛✱ ✷✺✵ ♠❱ ♥❡st❡ ❝❛s♦✳ ❖ q✉❡ s❡ ♥♦t❛ ♥♦ ❣rá✜❝♦ é

q✉❡ ❛ t❡♥sã♦ ❉❆❈❴❖✉t ✈❛✐ ♣❛r❛ ❝❡r❝❛ ❞❡ ✲✷✹✼ ♠❱✱ ✉♠ ❡rr♦ ❞❡ ✸ ♠❱ ♣♦rt❛♥t♦✳ ❊♠

s❡❣✉✐❞❛✱ ❛ ❝❤❛✈❡ ❛ss♦❝✐❛❞❛ ❛ b9 é ❝♦♠✉t❛❞❛ ❢❛③❡♥❞♦✲s❡ ADC❴Out ❂ ✷✵✵❤✳ ◆❡st❛

s✐t✉❛çã♦ ♦ ✈❛❧♦r t❡ór✐❝♦ ♣❛r❛ ❛ s❛í❞❛ ❞♦ ❉❆❈ é

DAC❴Out = −V in + V ref − +(V ref + −V ref−)/2✱ ♦✉ s❡❥❛✱ ✵ ❱✱ ♦ q✉❡ ❝♦✐♥❝✐❞❡ ❝♦♠

♦ ❛♣r❡s❡♥t❛❞♦ ♥♦ ❣rá✜❝♦ ✭s❛❧✈♦ ♣♦r ✉♠❛ ♣❡q✉❡♥❛ t❡♥sã♦ ♥❛ ♦r❞❡♠ ❞❡ ♠✐❝r♦✈♦❧ts q✉❡ ♥ã♦

♣♦❞❡ s❡r ♥♦t❛❞❛ ♣❡❧❛ ❡s❝❛❧❛✮✳ ▼❡✐♦ ♣❡rí♦❞♦ ❞❡ r❡❧ó❣✐♦ ❞❡♣♦✐s ♦ ❝♦♠♣❛r❛❞♦r r❡❝❡❜❡ ♦

❝♦♠❛♥❞♦ ❞❡ ❝♦♠♣❛r❛çã♦ ✭clkCmp✮✳ ❆ t❡♥sã♦ ♥❛ s❛í❞❛ ❞♦ ❉❆❈ é ❡♥tã♦ ❝♦♠♣❛r❛❞❛ ❝♦♠



✹✳✻ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✼✶

❋✐❣✉r❛ ✹✳✶✹ ✕ ❘❡s♣♦st❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts s✐♠✉❧❛❞♦ ♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞❡ ✸✺✵ ♠❱
❝♦♠ V ref+ = 600 ♠❱ ❡ V ref− = 100 ♠❱✳ ❆s ❝❛♣❛❝✐tâ♥❝✐❛s ♣❛r❛s✐t❛s ❞♦ ❧❡✐❛✉t❡
❢♦r❛♠ ❝♦♥s✐❞❡r❛❞❛s ♥❛ s✐♠✉❧❛çã♦✳

✵ ❱ ❡ ♦ r❡s✉❧t❛❞♦ é ❡♥tr❡❣✉❡ ❛❧❣✉♥s ♥❛♥♦s❡❣✉♥❞♦s ❞❡♣♦✐s ♥❛ s❛í❞❛ CmpOut✳ ❈♦♥❢♦r♠❡

♣♦❞❡✲s❡ ♥♦t❛r ❛ s❛í❞❛ ❞❛ ❝♦♠♣❛r❛çã♦ é ❵✵✬✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ♦ ✈❛❧♦r ❞❛ s❛í❞❛ DAC❴Out ❢♦✐

❝♦♥s✐❞❡r❛❞♦ s✉♣❡r✐♦r ❛ ③❡r♦✳ ❈♦♠ ❡ss❡ r❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣❛r❛çã♦✱ ♦ ❘❡❣✐str❛❞♦r ❞❡

❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ❝♦♠✉t❛ ❛ ❝❤❛✈❡ ❛ss♦❝✐❛❞❛ ❛ b9 ♥♦✈❛♠❡♥t❡ ♣❛r❛ ❵✵✬ ❡ r❡❢❛③ ♦

♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ❛ ❝❤❛✈❡s b8 ❛ b0✱ ♦❜t❡♥❞♦ ♣♦ré♠ ❵✶✬ ❝♦♠♦ r❡s♣♦st❛ ❞♦

❝♦♠♣❛r❛❞♦r ♣❛r❛ t♦❞❛s ❡❧❛s✳ ❖ q✉❡ s❡ ♦❜s❡r✈❛ é q✉❡ ❛ t❡♥sã♦ ♥❛ s❛í❞❛ ❞♦ ❉❆❈✱ ❛ ❝❛❞❛

♣❛ss♦✱ ❛♣r♦①✐♠❛✲s❡ ♠❛✐s ❞❡ ✵✱ ❝♦♥❢♦r♠❡ ♣r❡✈✐st♦ ❡♠ t❡♦r✐❛✳ ❆♦ ✜♥❛❧✱ ♦ s✐♥❛❧ ❞❡ ✜♠ ❞❡

❝♦♥✈❡rsã♦✱ endConv✱ é ❝♦❧♦❝❛❞♦ ❡♠ ♥í✈❡❧ ❧ó❣✐❝♦ ❵✶✬ s✐♥❛❧✐③❛♥❞♦ ♦ ✈❛❧♦r

ADC❴Out = 1FFh(511) ❝♦♠♦ r❡s♣♦st❛ ❞♦ ❝♦♥✈❡rs♦r✱ ♦ q✉❡ ❝♦♥❞✐③ ❝♦♠ ♦ ❡s♣❡r❛❞♦✳

◆♦t❛✲s❡ ❛✐♥❞❛ q✉❡ ♦s r✉í❞♦s ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ♥♦ s✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆

✭DACOut✮ ♣r❛t✐❝❛♠❡♥t❡ ✐♥❡①✐st❡♠✱ ✉♠ r❡q✉✐s✐t♦ ✐♠♣♦rt❛♥t❡ q✉❛♥❞♦ s❡ ❡❧❡✈❛ ❛

r❡s♦❧✉çã♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ■st♦ ❞❡♠♦♥str❛ ❛ ❡✜❝á❝✐❛ ❛❧❝❛♥ç❛❞❛ ♣❡❧♦

r❡❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❈♦♠♣❛r❛❞♦r ♥♦ ❉♦♠í♥✐♦ ❞♦ ❚❡♠♣♦✳ ❉❛ ♠❡s♠❛

❢♦r♠❛✱ ♦ r✉í❞♦ ❞❡❝♦rr❡♥t❡ ❞❛ ❛t✉❛çã♦ ❞❛ ❝❤❛✈❡ ❞❡ ❛♠♦str❛❣❡♠ t❛♠❜é♠ ❢♦✐ s❡✈❡r❛♠❡♥t❡

♠✐♥✐♠✐③❛❞♦✱ ❣r❛ç❛s ❛♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♠♣❡♥s❛çã♦ ❞❡ ✐♥❥❡çã♦ ❞❡ ❝❛r❣❛s ❛❝r❡s❝❡♥t❛❞♦ ♥❛

♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✭tr❛♥s✐st♦r TN11 ❡ ✐♥✈❡rs♦r❡s✮✳ ❆ r❡❞✉çã♦ ❞♦s ♣✐❝♦s ❞❡ tr❛♥s✐çã♦ ♥♦s

❞❡❣r❛✉s ❞❡ t❡♥sã♦ ❞❛ ❢♦r♠❛ ❞❡ ♦♥❞❛ ❞♦ s✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ❉✴❆ ❡♠ r❡❧❛çã♦ àq✉❡❧❛ ❞♦



✹✳✻ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✼✷

♣r♦❥❡t♦ ❛♥t❡r✐♦r t❛♠❜é♠ r❡✈❡❧❛ ❛ ♠❡❧❤♦r❛ ❢❡✐t❛ ♥♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛s ❝❤❛✈❡s ❞❡

❝♦♠❛♥❞♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ❞❛ ♠❛tr✐③✳

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ◆ã♦ ▲✐♥❡❛r✐❞❛❞❡ ❉✐❢❡r❡♥❝✐❛❧ ✭❉◆▲✮ ❡ ◆ã♦

▲✐♥❡❛r✐❞❛❞❡ ■♥t❡❣r❛❧ ✭■◆▲✮ ❞♦ ♥♦✈♦ ❆✴❉ ❢♦✐ ❢❡✐t❛ ♣♦r s✐♠✉❧❛çõ❡s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❡stát✐❝♦ ❞♦ ❝♦♥✈❡rs♦r✳ P❛r❛ ✐ss♦ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s r❡s♣♦st❛s ❞♦ ❝♦♥✈❡rs♦r ♣❛r❛

✶✻✸✽✹ ✈❛❧♦r❡s ❞❡ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❞✐st✐♥t♦s ❝♦❜r✐♥❞♦ ❧✐♥❡❛r♠❡♥t❡ ❛ ❢❛✐①❛ ❞❡ t❡♥sõ❡s

❡♥tr❡ V ref+ ❡ V ref−✳ ❆♠❜❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✳✶✺✳ ❖s

♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠ ✰✵✱✺✻✷ ▲❙❇ ❡ ✲✵✱✶✷✺ ▲❙❇✳ ❖s ✈❛❧♦r❡s ♠á①✐♠♦s ❞❡ ■◆▲

❢♦r❛♠ ✰✵✱✻✾✽ ▲❙❇ ❡ ✲✵✱✽✽✻ ▲❙❇✳

❋✐❣✉r❛ ✹✳✶✺ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts ♣r♦❥❡t❛❞♦✳

❖ ❝♦♥s✉♠♦ ♠é❞✐♦ s✐♠✉❧❛❞♦ ❢♦✐ ✼✱✷✾ µ❲✱ s❡♥❞♦ ✹✱✸ µ❲ ❝♦♥s✉♠✐❞♦s ♣❡❧❛ ♣❛rt❡

❛♥❛❧ó❣✐❝❛ ✭▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛ ❡ ❈♦♠♣❛r❛❞♦r✮ ❡ ✷✱✾✾ µ❲ ♣❡❧❛ ♣❛rt❡ ❞✐❣✐t❛❧ ✭❘❡❣✐str❛❞♦r

❞❡ ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ❡ ■♥✈❡rs♦r❡s ❞❡ ❚❡♥sã♦✮✳

P❛r❛ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞♦ ❝♦♥✈❡rs♦r ♦♣❡r❛♥❞♦ ❛ ✶✶✽✳✵✵✵

❛♠♦str❛s ♣♦r s❡❣✉♥❞♦✱ ❢♦r❛♠ r❡❛❧✐③❛❞❛s tr❛♥s❢♦r♠❛❞❛s ❞❡ ❋♦✉r✐❡r ✭❋❋❚✮ ♥❛s r❡s♣♦st❛s ❞♦

❝♦♥✈❡rs♦r ♣❛r❛ ❞✉❛s s❡♥♦✐❞❡s ♥❛s ❢r❡q✉ê♥❝✐❛s ❞❡ ✷✱✾✶✽ ❦❍③ ✭❢r❡q✉ê♥❝✐❛ ✐♥❢❡r✐♦r ❛ ✉♠ ❞é❝✐♠♦

❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ◆②q✉✐st✮ ❡ ✹✹✱✽✹✶ ❦❍③ ✭❢r❡q✉ê♥❝✐❛ ♣ró①✐♠❛ ❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ◆②q✉✐st✮✱

❛♠♦str❛❞❛s ❝♦♠ ❡♠ ✻✺✺✸✻ ♣♦♥t♦s ❝❛❞❛ ❡ ♥♦r♠❛❧✐③❛❞❛s ♣❛r❛ ✵ ❞❇✳ ◆❛ s✐♠✉❧❛çã♦✱ ❛♠❜❛s

❛s s❡♥♦✐❞❡s t✐✈❡r❛♠ s❡✉ ✈❛❧♦r ♠é❞✐♦ ❞❡✜♥✐❞♦ ❡♠ ✸✺✵ ♠❱ ❡ s✉❛s ❛♠♣❧✐t✉❞❡s ❡♠ ✺✵✵ ♠❱

❞❡ ❢♦r♠❛ ❛ ❡①❡r❝✐t❛r❡♠ t♦❞❛ ❛ ❢❛✐①❛ ❞❡ t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ♣❛r❛ V ref+ = 600 ♠❱ ❡

V ref− = 100 ♠❱✳ ❖ ❡s♣❡❝tr♦ ❞❡ s❛í❞❛ ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛s ❋✐❣✉r❛s ✹✳✶✻

❡ ✹✳✶✼✳



✹✳✻ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✼✸

❋✐❣✉r❛ ✹✳✶✻ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts ♣❛r❛ ✉♠ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛
❞❡ ✷✱✾✶✽ ❦❍③ ❛♠♦str❛❞♦ ❛ ✶✵✵ ❦❍③✳

❋✐❣✉r❛ ✹✳✶✼ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❛❞❡ ✶✵ ❜✐ts ♣❛r❛ ✉♠ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛
❞❡ ✹✹✱✽ ❦❍③ ❛♠♦str❛❞♦ ❛ ✶✵✵ ❦❍③✳



✹✳✻ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✼✹

❈♦♠ ❜❛s❡ ♥❛ r❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♦s ♣❛râ♠❡tr♦s ❞✐♥â♠✐❝♦s ❞♦

❝♦♥✈❡rs♦r✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❚❛❜❡❧❛ ✹✳✶✳ P❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❉✐st♦rçã♦ ❍❛r♠ô♥✐❝❛

❚♦t❛❧ ✭❚❍❉✮ ❢♦r❛♠ ❧❡✈❛❞❛s ❡♠ ❝♦♥t❛ ❛s ❤❛r♠ô♥✐❝❛s ❞❡ ✷a ❛ ✺a ♦r❞❡♠✳

❚❛❜❡❧❛ ✹✳✶ ✕ ❈❛r❛❝t❡ríst✐❝❛s ❞✐♥â♠✐❝❛s ❞♦ s❡❣✉♥❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣r♦❥❡t❛❞♦✳

P❛râ♠❡tr♦
❱❛❧♦r ♣❛r❛
fIN ❂ ✷✱✾✷ ❦❍③

❱❛❧♦r ♣❛r❛
fIN ❂ ✹✹✱✽✶ ❦❍③

❙◆❉❘ ✺✽✱✾✸ ✺✾✱✷✹
❙◆❘ ✺✾✱✵✺ ✺✾✱✸✻
❚❍❉ ✲✼✹✱✽✷ ✲✼✹✱✽✸
❙❋❉❘ ✼✼✱✾✹ ✼✽✱✵✹
❊◆❖❇ ✾✱✺✵ ✾✱✺✺

P♦r ✜♠✱ ❛ ❋✐❣✉r❛ ❞❡ ▼ér✐t♦ ❞♦ ❝♦♥✈❡rs♦r ❢♦✐ ❝❛❧❝✉❧❛❞❛ ✉t✐❧✐③❛♥❞♦ ❛ ❡q✉❛çã♦ ✭❲❆▲❉❊◆✱

✶✾✾✹✮✿

FoM =
PWR

fS · 2ENOB
✭✹✳✼✮

♣❛r❛ ❛ q✉❛❧ PWR é ♦ ❝♦♥s✉♠♦ ❞♦ ❝♦♥✈❡rs♦r ❡♠ ❲❛tts ❡ fS ❛ t❛①❛ ❞❡ ❛♠♦str❛❣❡♠ ❡♠

❍③✳ ❖ r❡s✉❧t❛❞♦ ♣❛r❛ fS = 118 ❦❍③✱ PWR = 7, 29 µ❲ ❡ ENOB = 9, 5 é ✽✺✱✸✷ ❢❏ ♣♦r

♣❛ss♦ ❞❡ ❝♦♥✈❡rsã♦✳

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

❡ ♣r♦❝❡ss♦ ❞♦ ♣r♦❥❡t♦ ❛♥t❡r✐♦r✱ ✐st♦ é ■❇▼✼❍❱✳ ❙✉❛ ♠✐❝r♦❣r❛✜❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✹✳✶✽✳

❋✐❣✉r❛ ✹✳✶✽ ✕ ▼✐❝r♦❣r❛✜❛ ❞♦ s❡❣✉♥❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❢❛❜r✐❝❛❞♦✳

❆té ♦ ♠♦♠❡♥t♦ ❞❛ r❡❞❛çã♦ ❞❡st❡ t❡①t♦✱ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❛✐♥❞❛ ♥ã♦ ♣♦❞❡ s❡r t❡st❛❞♦

❛❞❡q✉❛❞❛♠❡♥t❡✳ ❚❡st❡s ♣r❡❧✐♠✐♥❛r❡s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❡stát✐❝❛ ✐♥❞✐❝❛♠ ✉♠ ❝♦♥s✉♠♦



✹✳✼ ❝♦♥❝❧✉sã♦ ✼✺

♠é❞✐♦ ❞❡ ✽✱✵✷ µ❲ ♣❛r❛ ✉♠❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✶✱✵ ❱ ❡ ✷✱✽ ▼❍③ ❞❡ ❢r❡q✉ê♥❝✐❛ ❞❡ r❡❧ó❣✐♦✳

❊♥s❛✐♦s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ❉◆▲ ❡ ■◆▲ ❛✐♥❞❛ ♥ã♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s✱ ❜❡♠ ❝♦♠♦ ♦s

♥❡❝❡ssár✐♦s ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞✐♥â♠✐❝❛✳

✹✳✼ ❈♦♥❝❧✉sã♦

❖ s❡❣✉♥❞♦ ❝♦♥✈❡rs♦r ♣r♦❥❡t❛❞♦ ❛♣r❡s❡♥t♦✉ ❝❛r❛❝t❡ríst✐❝❛s ❡stát✐❝❛s ❡ ❞✐♥â♠✐❝❛s ❜❡♠

s✉♣❡r✐♦r❡s àq✉❡❧❛s ❞♦ ♣r✐♠❡✐r♦ ♣r♦❥❡t♦✳ ❊♥q✉❛♥t♦ ❛ ❋✐❣✉r❛ ❞❡ ▼ér✐t♦ ❞♦ ♣r✐♠❡✐r♦

❝♦♥✈❡rs♦r ♣r♦❥❡t❛❞♦ ❢♦✐ ❞❡ ✸✶✸ ❢❏ ♣♦r ♣❛ss♦ ❞❡ ❝♦♥✈❡rsã♦✱ ❡st❡ ú❧t✐♠♦ ♦❜t❡✈❡ ✽✺✱✸✷ ❢❏ ♣♦r

♣❛ss♦ ❞❡ ❝♦♥✈❡rsã♦✱ ♦✉ s❡❥❛✱ ✉♠❛ ♠❡❧❤♦r❛ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞❡ q✉❛s❡ q✉❛tr♦ ✈❡③❡s✳ ❙❡

❝♦♠♣❛r❛❞❛ à ❋✐❣✉r❛ ❞❡ ▼ér✐t♦ ❞♦ ❝♦♥✈❡rs♦r ❢❛❜r✐❝❛❞♦✱ ❡ss❛ ❞✐❢❡r❡♥ç❛ s♦❜❡ ♣❛r❛ ♠❛✐s ❞❡

✽✱✻ ✈❡③❡s✳ ❊♠❜♦r❛ s❡❥❛ ♣r❡✈✐st❛ ✉♠❛ q✉❡❞❛ ♥❛s ♠étr✐❝❛s ❞♦ ❝♦♥✈❡rs♦r ❢❛❜r✐❝❛❞♦ ❡♠

r❡❧❛çã♦ ❛♦s ♣r❡✈✐st♦s ❡♠ s✐♠✉❧❛çã♦✱ ❡s♣❡r❛✲s❡ q✉❡ ♦s ❝✉✐❞❛❞♦s ❛❞✐❝✐♦♥❛✐s ❝♦♠ ♦s q✉❛✐s

❡st❡ s❡❣✉♥❞♦ ❝♦♥✈❡rs♦r ❢♦✐ ❢❡✐t♦✱ ❞❡❝♦rr❡♥t❡s ❞❛ ❡①♣❡r✐ê♥❝✐❛ ❣❛♥❤❛ ❝♦♠ ♦ ♣r✐♠❡✐r♦

♣r♦❥❡t♦✱ ❛❝❛rr❡t❡♠ ❡♠ ❞✐s♣❛r✐❞❛❞❡s ♠❡♥♦r❡s ❞♦ q✉❡ ❛q✉❡❧❛s ♦❜s❡r✈❛❞❛s ♥♦ ♣r✐♠❡✐r♦

❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✳

P♦r ✜♠✱ ❞❡✈❡✲s❡ ♥♦t❛r q✉❡ ♦ ❝♦♥✈❡rs♦r ♣r♦❥❡t❛❞♦ ♣♦❞❡ s❡ ❝♦♠✉♥✐❝❛r ❞❡ ❢♦r♠❛

sí♥❝r♦♥❛ ♦✉ ❛ssí♥❝r♦♥❛ ❝♦♠ ♦ ♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ❘❋■❉✳ ❙❡ ✐♥t❡r❢❛❝❡❛❞♦ ❞❡ ❢♦r♠❛

sí♥❝r♦♥❛✱ ♦ ♥ú❝❧❡♦ ❞✐❣✐t❛❧ ❞❛ ❡t✐q✉❡t❛ ♣♦❞❡ ❝♦♥tr♦❧❛r ❛ r❡s♦❧✉çã♦ ❞♦ ❝♦♥✈❡rs♦r

s✐♠♣❧❡s♠❡♥t❡ ✐♥t❡rr♦♠♣❡♥❞♦ ♦ s✐♥❛❧ ❞❡ r❡❧ó❣✐♦ ♥♦ ♠♦♠❡♥t♦ ❝♦rr❡s♣♦♥❞❡♥t❡ à r❡s♦❧✉çã♦

❞❡s❡❥❛❞❛✱ ✉♠❛ ✈❡③ q✉❡ s✉❛ t❡♠♣♦r✐③❛çã♦ é ❞❡t❡r♠✐♥íst✐❝❛ ❡ ❡❧❛ é s❡♠♣r❡ r❡❛❧✐③❛❞❛ ❞♦ ❜✐t

❞❡ ♠❛✐♦r ♣❡s♦ ♣❛r❛ ♦ ❞❡ ♠❡♥♦r ♣❡s♦✱ s❡♥❞♦ ❛ s❛í❞❛ ❛t✉❛❧✐③❛❞❛ ❞✉r❛♥t❡ ❛ s❡q✉ê♥❝✐❛ ❞❡

❝♦♥✈❡rsã♦✳ ❆♦ ♦♣❡r❛r ❝♦♠ r❡s♦❧✉çã♦ r❡❞✉③✐❞❛✱ ♦ ❝♦♥✈❡rs♦r ✐rá ❝♦♥s✉♠✐r ♠❡♥♦s ❡♥❡r❣✐❛ ❡

❛ ❡t✐q✉❡t❛ ♣♦❞❡rá s❡r ❧✐❞❛ ❛ ♠❛✐♦r❡s ❞✐stâ♥❝✐❛s✳ ❊ss❡ r❡❝✉rs♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦✱ ♣♦r

❡①❡♠♣❧♦✱ ♣❛r❛ ❝r✐❛çã♦ ❞❡ ❞♦✐s ♠♦❞♦s ❞❡ ♦♣❡r❛çã♦ ❞❛ ❡t✐q✉❡t❛✱ ♦ ♠♦❞♦ ❞❡ ❞❡t❡❝çã♦ ❡ ♦

♠♦❞♦ ❞❡ ♠❡❞✐çã♦✳ ◆♦ ♠♦❞♦ ❞❡ ❞❡t❡❝çã♦ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ♦♣❡r❛ ❝♦♠ ❜❛✐①❛ r❡s♦❧✉çã♦✱ ❞❡

❢♦r♠❛ q✉❡ ♦ ✈❛❧♦r ♠❡❞✐❞♦ ❛♣❡♥❛s ✐♥❞✐❝❛rá ❛ ♣r❡s❡♥ç❛ ♦✉ ♥ã♦ ❞♦ ❣ás ♥♦ ❧♦❝❛❧✳ ◆♦ ♠♦❞♦

❞❡ ♠❡❞✐çã♦ ♦ ❝♦♥✈❡rs♦r ❆✴❉ é ✉t✐❧✐③❛❞♦ ❝♦♠ r❡s♦❧✉çã♦ ♠á①✐♠❛ ❡ ♦ r❡s✉❧t❛❞♦ ♣❛ss❛ ❛

✐♥❞✐❝❛r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞♦ ❣ás ♠❡❞✐❞❛ ♥♦ ❧♦❝❛❧✳ ❊ss❡ ú❧t✐♠♦ ♠♦❞♦ ✐rá r❡q✉❡r❡r ♦ ❛✉♠❡♥t♦

❞❛ ♣♦t❡♥❝✐❛ ❞♦ ❝❛♠♣♦ ❧❡✐t♦r✱ ❛ ❛♣r♦①✐♠❛çã♦ ❞♦ ❧❡✐t♦r à ❡t✐q✉❡t❛ ♦✉ ♦ ❛r♠❛③❡♥❛♠❡♥t♦ ❞❡

♠❛✐s ❡♥❡r❣✐❛ ❛♥t❡s ❞❛ ♦♣❡r❛çã♦ ✭r❡q✉❡r❡♥❞♦ ♠❛✐s t❡♠♣♦ ♣❛r❛ ❡①❡❝✉t❛r ❛ t❛r❡❢❛✮✳



❈❛♣ít✉❧♦ ✺

❙❡♥s♦r ❞❡ ❚❡♠♣❡r❛t✉r❛ ❡♠ ❚❡❝♥♦❧♦❣✐❛
❈▼❖❙

✺✳✶ ■♥tr♦❞✉çã♦

❆ ❡s❝♦❧❤❛ ❞♦ s❡♥s♦r ❢♦✐ ❢❡✐t❛ ❝♦♠ ❜❛s❡ ♥❛ ❡①✐❣ê♥❝✐❛ ❞❡ ❜❛✐①♦ ❝♦♥s✉♠♦✱ s❡♥❞♦ ❡st❛

❛ ❞✐r❡tr✐③ ♣r✐♠❛③ ♥♦s ❝r✐tér✐♦s ❞❡ s❡❧❡çã♦ ❞♦ s❡♥s♦r ❛ s❡r ❛❞♦t❛❞♦✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ❛

❝❛♣❛❝✐❞❛❞❡ ❞❡ ✐♥t❡❣r❛çã♦ ❞♦ s❡♥s♦r ❛♦s ♣r♦❝❡ss♦s ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡ ❝✐r❝✉✐t♦s ✐♥t❡❣r❛❞♦s ❥á

❡st❛❜❡❧❡❝✐❞♦s é t❛♠❜é♠ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡s❡❥á✈❡❧✱ t❛♥t♦ ♣❡❧❛ s✐♠♣❧✐✜❝❛çã♦ ❞♦ s✐st❡♠❛

q✉❛♥t♦ ♣❡❧❛ ❡❧✐♠✐♥❛çã♦ ❞❡✱ ❛♦ ♠❡♥♦s✱ ❞♦✐s t❡r♠✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ q✉❡ s❡r✐❛♠

♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❝♦♥❡①ã♦ ❝♦♠ ♦ s❡♥s♦r✳

❈♦♠ ❜❛s❡ ♥♦s ❝r✐tér✐♦s ❛❝✐♠❛ ❡①♣♦st♦s✱ ❛❞♦t♦✉✲s❡ ♦ s❡♥s♦r ♣r♦♣♦st♦ ♣♦r ❋✐❧❛♥♦✈s❦② ❡

❆❧❧❛♠ ✭❋■▲❆◆❖❱❙❑❨❀ ❆▲▲❆▼✱ ✷✵✵✶✮✳ ❙❡✉ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❜❛s❡✐❛✲s❡ ❡♠ ❞♦✐s

❞✐❢❡r❡♥t❡s ❡❢❡✐t♦s ♣r❡s❡♥t❡s ♥❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ▼❖❙✳ ❉❡s♣r❡③❛♥❞♦✲s❡ ❛

♦ ❡❢❡✐t♦ ❞❛ ♠♦❞✉❧❛çã♦ ❞❛ ❧❛r❣✉r❛ ❞♦ ❝❛♥❛❧✱ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡ ✉♠ ❞✐s♣♦s✐t✐✈♦ ▼❖❙

♣♦❧❛r✐③❛❞♦ ♥❛ r❡❣✐ã♦ ❞❡ s❛t✉r❛çã♦ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ♣♦r ✭❆▲▲❊◆❀ ❍❖▲❇❊❘●✱ ✷✵✵✷✮✿

ID =
µCoxW

2L
(VGS − VT )

2 ✭✺✳✶✮

s❡♥❞♦ µ ❛ ♠♦❜✐❧✐❞❛❞❡ ❞♦s ♣♦rt❛❞♦r❡s ♠❛❥♦r✐tár✐♦s ❡ VT ❛ t❡♥sã♦ ❞❡ ❧✐♠✐❛r✱ ❛♠❜♦s

✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛✐s à t❡♠♣❡r❛t✉r❛✳ ❆ r❡❞✉çã♦ ❞❛ ♠♦❜✐❧✐❞❛❞❡ ❞♦s ♣♦rt❛❞♦r❡s

♦❝❛s✐♦♥❛ ❛ r❡❞✉çã♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ r❡❞✉çã♦ ❞❛ t❡♥sã♦ ❞❡ ❧✐♠✐❛r

❛✉♠❡♥t❛ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦✳ ❙❡❣✉♥❞♦ ❋✐❧❛♥♦✈s❦② ❡ ❆❧❧❛♠ ✭❋■▲❆◆❖❱❙❑❨❀ ❆▲▲❆▼✱

✷✵✵✶✮✱ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞❛s ❛t✉❛✐s t❡❝♥♦❧♦❣✐❛s ❈▼❖❙✱ ❡①✐st❡ ✉♠ ♣♦♥t♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦s

tr❛♥s✐st♦r❡s ♣❛r❛ ♦ q✉❛❧ ♦s ❡❢❡✐t♦s ❞❛ ♠♦❜✐❧✐❞❛❞❡ ❞♦s ♣♦rt❛❞♦r❡s ❡ ❞♦ ❧✐♠✐❛r ❞❡ t❡♥sã♦

❝❛♥❝❡❧❛♠✲s❡ ♠✉t✉❛♠❡♥t❡ ❡♠ ✉♠❛ ✈❛st❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛s✳ ❊st❡ ♣♦♥t♦ é ❝❤❛♠❛❞♦

✼✻



✺✳✷ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦♥t♦ ③t❝ ✼✼

❵♣♦♥t♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❩❚❈✬ ✭❞♦ ✐♥❣❧ês✱ ❩❡r♦ ❚❡♠♣❡r❛t✉r❡ ❈♦❡✣❝✐❡♥t✮✳ ❈♦♥❤❡❝❡♥❞♦✲s❡ ♦

♣♦♥t♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❩❚❈ ❞❡ ✉♠ tr❛♥s✐st♦r é ♣♦ssí✈❡❧ ♣r♦❥❡t❛r ✉♠❛ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡

❝♦♥st❛♥t❡ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❢♦r♠❛ ❜❛st❛♥t❡ s✐♠♣❧❡s✳ ❋✐❧❛♥♦✈s❦② ❡ ▲✐♠

❞❡♠♦♥str❛♠ q✉❡ s❡ ❡ss❛ ❝♦rr❡♥t❡ ❝♦♥st❛♥t❡ ❢♦r ❛♣❧✐❝❛❞❛ ❡♠ ♦✉tr♦ ❞✐s♣♦s✐t✐✈♦ ▼❖❙

♦♣❡r❛♥❞♦ ❝♦♠♦ ❞✐♦❞♦✱ ❛ q✉❡❞❛ ❞❡ t❡♥sã♦ ❡♠ VGS s❡rá ✭❋■▲❆◆❖❱❙❑❨❀ ▲■▼✱ ✷✵✵✷✮✿

VGS = VGSF + αV TT

(

1−
√

ID
IDF

)

✭✺✳✷✮

s❡♥❞♦ VGSF ❡ IDF ❛ t❡♥sã♦ ❞❡ ♣♦rt❛✲❢♦♥t❡ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦ tr❛♥s✐st♦r

❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦ s❡✉ ♣♦♥t♦ ❞❡ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ ❡ αV T ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❛

t❡♥sã♦ ❞❡ ❧✐♠✐❛r✳

❉❡ss❛ ❢♦r♠❛✱ ✜❝❛ ❡st❛❜❡❧❡❝✐❞❛ ✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ ❛ t❡♠♣❡r❛t✉r❛ ❡ ❛ t❡♥sã♦ ❞❡

♣♦rt❛✲❢♦♥t❡ ❞♦ tr❛♥s✐st♦r ❝♦♥❡❝t❛❞♦ ❝♦♠♦ ❞✐♦❞♦✳ ❙❡❣✉✐♥❞♦✲s❡ ❡ss❛ ❛❜♦r❞❛❣❡♠ é ♣♦ssí✈❡❧

✐♠♣❧❡♠❡♥t❛r s❡♥s♦r❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❧✐♥❡❛r❡s ❝♦♠ ❝♦rr❡♥t❡s ❞❡ ♣♦❧❛r✐③❛çã♦ ♠✉✐t♦ ❜❛✐①❛s

❡♠ ♣r♦❝❡ss♦s ❈▼❖❙ ❝♦♠✉♥s✳ P❛r❛ t❛♥t♦✱ ❜❛st❛ ❛r❜✐tr❛r✲s❡ ❜❛✐①♦s ✈❛❧♦r❡s ♣❛r❛ ❛ r❡❧❛çã♦

W/L ❞♦ tr❛♥s✐st♦r ❞❛ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡✳ ❇r❡♥❦ ❡t ❛❧✳ ✐♠♣❧❡♠❡♥t❛r❛♠ ✉♠ s❡♥s♦r ❞❡

t❡♠♣❡r❛t✉r❛ ❞❡st❡ t✐♣♦ ❝♦♠ ❛ ❝♦rr❡♥t❡ ❞❡ r❡❢❡rê♥❝✐❛ ♥❛ ♦r❞❡♠ ❞❡ ✸✵ ♥❆ ❡♠ t❡❝♥♦❧♦❣✐❛

❈▼❖❙ ✵✱✶✸ µ♠ ✭❇❘❊◆❑ ❡t ❛❧✳✱ ✷✵✵✾✮✳

✺✳✷ ❉❡t❡r♠✐♥❛çã♦ ❞♦ P♦♥t♦ ❩❚❈

P❛r❛ ♣r♦❥❡t❛r ❡ss❡ s❡♥s♦r ♦ ♣r✐♠❡✐r♦ ♣❛ss♦ é ❝♦♥❤❡❝❡r ♦ ♣♦♥t♦ ❩❚❈ ❞♦ tr❛♥s✐st♦r ♥❛

t❡❝♥♦❧♦❣✐❛ ❛❞♦t❛❞❛ ✭■❇▼✼❍❱✮✳ ❈♦♠ ❡ss❡ ✐♥t✉✐t♦✱ ✉♠ tr❛♥s✐st♦r P▼❖❙ ❝♦♠ ❲❂✷✷✵ ♥♠

❡ ▲❂✻✵ µ♠ ❢♦✐ ❝❛r❛❝t❡r✐③❛❞♦ ❡♠ s✐♠✉❧❛çã♦ ✉t✐❧✐③❛♥❞♦ ♦ ❝✐r❝✉✐t♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛

✺✳✶✳ ❋♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s ❝✉r✈❛s ❞❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ✭■❞✮ ❡♠ ❢✉♥çã♦ ❞❛ t❡♥sã♦ ❞❡

♣♦rt❛✲❢♦♥t❡ ✭❱❣s✮ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❡♥tr❡ ✲✺✵ ❛ ✶✺✵ ❣r❛✉s ❈❡❧s✐✉s✱ ❝♦♠ ♣❛ss♦ ❞❡ ✷✺ ❣r❛✉s

❈❡❧s✐✉s✱ ❝♦♥❢♦r♠❡ ❡s❜♦ç❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✷✳

❋✐❣✉r❛ ✺✳✶ ✕ ❈✐r❝✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ tr❛♥s✐st♦r P▼❖❙ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦♥t♦ ❩❚❈✳



✺✳✷ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦♥t♦ ③t❝ ✼✽

❆ ❛♥á❧✐s❡ ❞❛ ❋✐❣✉r❛ ✺✳✷ r❡✈❡❧❛ q✉❡ ♣❛r❛ ♦ tr❛♥s✐st♦r ❡♠ q✉❡stã♦✱ ♥❛ t❡❝♥♦❧♦❣✐❛

❈▼❖❙✼❍❱ ✭✵✱✶✽ µ♠✮ ❞❛ ■❇▼✱ ♦ ♣♦♥t♦ ❩❚❈ ❡♥❝♦♥tr❛✲s❡ ❡♠ ❝❡r❝❛ ❞❡ ✶✷ ♥❆✱ ♦ q✉❡

❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ♥❛ ♣♦rt❛ ❞❡ ❝❡r❝❛ ❞❡ ✼✷✵ ♠❱✳ ❊♥tr❡t❛♥t♦ ♦

♣♦♥t♦ ❩❚❈ ❡♠ tr❛♥s✐st♦r❡s P▼❖❙ ♥ã♦ é tã♦ ❜❡♠ ❞❡✜♥✐❞♦ q✉❛♥t♦ ❡♠ tr❛♥s✐st♦r❡s

◆▼❖❙✳ ❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r ♥❛ ❋✐❣✉r❛ ✺✳✷ ❛s ❝✉r✈❛s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛ t❡♠♣❡r❛t✉r❛s

♠❛✐s ❡❧❡✈❛❞❛s t❡♥❞❡♠ ❛ s❡ ✐♥t❡r❝❡♣t❛r ❡♠ ♣♦♥t♦s ❞❡ ❝♦rr❡♥t❡ ❧✐❣❡✐r❛♠❡♥t❡ ♠❛✐s ❡❧❡✈❛❞❛

❞♦ q✉❡ ❛s ❞❡ t❡♠♣❡r❛t✉r❛ ♠❛✐s ❜❛✐①❛s✳ ❈♦♠♦ s❡ ❡s♣❡r❛ q✉❡ ❡ss❡ s❡♥s♦r s❡❥❛ ❡♠♣r❡❣❛❞♦

♥❛ ♠❛✐♦r ♣❛rt❡ ❞♦ t❡♠♣♦ ❡♠ t❡♠♣❡r❛t✉r❛s ❜❡♠ ❛❜❛✐①♦ ❞❡ ✶✺✵ o❈✱ ❛❞♦t♦✉✲s❡ ♦ ♣♦♥t♦

❩❚❈ ❧✐❣❡✐r❛♠❡♥t❡ ♠❛✐s ❜❛✐①♦ q✉❡ ♦ ♠❡❞✐❛♥♦ ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r ♦ ❞❡s✈✐♦ ♥❛ ❢❛✐①❛ ❞❡

t❡♠♣❡r❛t✉r❛ ❞❡ ♠❛✐♦r ✉s♦✱ ♥♦ ❝❛s♦ ♦ ♣❛r ✶✵ ♥❆✱ ✼✵✵ ♠❱✳ ❖✉tr❛ ❛❧t❡r♥❛t✐✈❛ s❡r✐❛

❡♠♣r❡❣❛r ✉♠ tr❛♥s✐st♦r ◆▼❖❙ ❡♠ ❧✉❣❛r ❞♦ P▼❖❙✱ ❝♦♥t✉❞♦✱ ✐ss♦ ✐♠♣❧✐❝❛r✐❛ ♦✉ ♥♦

❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ tr❛❜❛❧❤♦ ♦✉ ♥♦ ❛✉♠❡♥t♦ ❞❛ ❧❛r❣✉r❛ ❞♦ tr❛♥s✐st♦r✳ ❚❡♥❞♦ ❡♠

✈✐st❛ q✉❡ ❛ r❡❞✉çã♦ ❞♦ ❝♦♥s✉♠♦ é ❛ ❞✐r❡tr✐③ ♣r✐♥❝✐♣❛❧ ❞♦ ♣r♦❥❡t♦ ❡ q✉❡ ♠❡s♠♦ ♦

tr❛♥s✐st♦r P▼❖❙ ❛❞♦t❛❞♦ ❥á ♣♦ss✉✐ ✉♠ L ❜❛st❛♥t❡ ❡❧❡✈❛❞♦✱ ♦♣t♦✉✲s❡ ♣♦r t❡♥t❛r

♣r✐♠❡✐r❛♠❡♥t❡ ❛ s♦❧✉çã♦ P▼❖❙✳

❋✐❣✉r❛ ✺✳✷ ✕ ❈✉r✈❛s ■❞ ① ❱❣s ♣❛r❛ ✉♠ tr❛♥s✐st♦r P▼❖❙ ❝♦♠ W = 220 ♥♠ ❡ L = 60 µ♠
❝❛r❛❝t❡r✐③❛❞♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❞❡ ✲✺✵ oC ❛ ✶✺✵ oC✳

❯♠❛ ✈❡③ ❞❡t❡r♠✐♥❛❞♦ ♦ ♣♦♥t♦ ❩❚❈✱ ❢♦✐ ♣♦ssí✈❡❧ ♣r♦❥❡t❛r ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛✱

❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✸✳ ❖ tr❛♥s✐st♦r M1 ❢♦✐ ♣♦❧❛r✐③❛❞♦ ♥♦ ♣♦♥t♦ ❩❚❈ ❞❡ ❢♦r♠❛



✺✳✷ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♣♦♥t♦ ③t❝ ✼✾

❛ ❛t✉❛r ❝♦♠♦ ✉♠❛ ❢♦♥t❡ ❞❡ ❝♦rr❡♥t❡ t❡r♠✐❝❛♠❡♥t❡ ❡stá✈❡❧✳ P♦r s✉❛ ✈❡③✱ ♦ ◆▼❖❙ M0✱

❝♦♥❡❝t❛❞♦ ❝♦♠♦ ❞✐♦❞♦✱ ❛❣❡ ❝♦♠♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛✱ t❡♥❞♦ s✉❛ t❡♥sã♦ ❞❡ ♣♦rt❛✲❢♦♥t❡

✭Vsen✮ ❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✉❛çã♦ ✺✳✷ ✭❋■▲❆◆❖❱❙❑❨❀ ▲■▼✱

✷✵✵✷✮✳

❋✐❣✉r❛ ✺✳✸ ✕ ❙❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦❥❡t❛❞♦✳ ❖ r❡s✐st♦r ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ M2✱ Rext é ❡①t❡r♥♦
❛♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✳

❉❡✈❡✲s❡ ♥♦t❛r q✉❡ ♦ tr❛♥s✐st♦r M2 ♥ã♦ ❢❛③ ♣❛rt❡ ❞♦ s❡♥s♦r ♣r♦♣r✐❛♠❡♥t❡ ❞✐t♦✳ ❙❡✉

♣❛♣❡❧ ♥♦ ❝✐r❝✉✐t♦ é ❛t✉❛r ❝♦♠♦ ❜✉✛❡r ❞❡ s❛í❞❛ ♣❛r❛ ❛ t❡♥sã♦ Vsen✱ ✉♠❛ ✈❡③ q✉❡ ❛

❝♦rr❡♥t❡ ♥♦ r❛♠♦ q✉❡ ❛tr❛✈❡ss❛ ♦s ❝❛♥❛✐s ❞❡ M0 ❡ M1 é ❡①tr❡♠❛♠❡♥t❡ ❜❛✐①❛ ♣❛r❛ ❡①❝✐t❛r

♦ ♣❛❞ ❞❡ s❛í❞❛ ❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❡ ✐♥str✉♠❡♥t♦s ❡①t❡r♥♦s ❞❡ ♠❡❞✐çã♦✳ ■st♦ só é

♥❡❝❡ssár✐♦ ♣❛r❛ ♣♦❞❡r ✈❛❧✐❞❛r ♦ s❡♥s♦r ♣r♦♣♦st♦✱ ✉♠❛ ✈❡③ q✉❡ s✉❛ s❛í❞❛ ♣r❡❝✐s❛rá s❡r

♠❡❞✐❞❛ ♣♦r ✐♥str✉♠❡♥t♦s ❡①t❡r♥♦s ❛♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✳ ◆❛ ♦❝❛s✐ã♦ ❞❛ ✐♠♣❧❡♠❡♥t❛çã♦

❝♦♠♣❧❡t❛ ❞♦ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣ás ♣❛r❛ ❡t✐q✉❡t❛s ❘❋■❉✱ ❡ss❡ tr❛♥s✐st♦r

♣♦❞❡r✐❛ t❡r s✉❛s ❞✐♠❡♥sõ❡s r❡❞✉③✐❞❛s ❞r❛st✐❝❛♠❡♥t❡ ♦✉ ♠❡s♠♦ s❡r ❡❧✐♠✐♥❛❞♦✱

❞❡♣❡♥❞❡♥❞♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✳ P♦r ❡ss❛ r❛③ã♦✱

♦ t❡r♠✐♥❛❧ ❞❡ ❞r❡♥♦ ❞❡ M2 ❢♦✐ ❞❡✐①❛❞♦ ❡♠ ❛❜❡rt♦ ❞❡ ❢♦r♠❛ ❛ ♣❡r♠✐t✐r ❛ ♠❡❞✐çã♦ ❞♦

❝♦♥s✉♠♦ ❞♦ s❡♥s♦r ❞❡ ❢♦r♠❛ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❡❧❡✳ ❆♦ ♠❡s♠♦ t❡♠♣♦✱ ❛ ♣♦❧❛r✐③❛çã♦ ❞♦

❞r❡♥♦ ❞❡ M2 ♣♦r ✉♠ r❡s✐st♦r ❡①t❡r♥♦ ♣❡r♠✐t❡ t❛♠❜é♠ r❡❞✉③✐r ❛s ❞✐st♦rçõ❡s ♥❛ r❡s♣♦st❛

❞♦ s❡♥s♦r ✐♥tr♦❞✉③✐❞❛s ♣❡❧♦ ❜✉✛❡r ❞❡ s❛í❞❛✱ ❥á q✉❡ ♦ r❡s✐st♦r ♣♦❞❡ s❡r ❞❡✐①❛❞♦ à ♣❛rt❡ ❞♦

❛♠❜✐❡♥t❡ ❞❡ ❡♥s❛✐♦ tér♠✐❝♦ ❞♦ s❡♥s♦r✳

❖ ❧❡✐❛✉t❡ ❞♦ s❡♥s♦r ♣r♦❥❡t❛❞♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✳ ❊♠❜♦r❛ ❛ r❡❧❛çã♦ ❞❡ ✈❛❧♦r❡s

❞❡ R1 ❡ R2 q✉❡ ❞❡✜♥❡ ❛ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ Vbias s❡❥❛ t❡♦r✐❝❛♠❡♥t❡ ✐♥❞✐❢❡r❡♥t❡ à ❢❛✐①❛

❞❡ t❡♠♣❡r❛t✉r❛s ❞❡ tr❛❜❛❧❤♦✱ ♦♣t♦✉✲s❡ ♣♦r ✐♠♣❧❡♠❡♥t❛r ♦s r❡s✐st♦r❡s ❡♠ ♣♦❧✐s✐❧í❝✐♦

❞♦♣❛❞♦ P✰✱ ❝✉❥♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ✈❛r✐❛çã♦ tér♠✐❝❛ é ♦ ♠❛✐s ❜❛✐①♦ ❞✐s♣♦♥í✈❡❧ ♣❡❧♦ ♣r♦❝❡ss♦

❞❡ ❢❛❜r✐❝❛çã♦✳ ❖s ❞♦✐s r❡s✐st♦r❡s ♣♦❞❡♠ s❡r ✐❞❡♥t✐✜❝❛❞♦s ♥♦ ❧❡✐❛✉t❡ ❝♦♠♦ ❛s ❞✉❛s

❣r❛♥❞❡s ár❡❛s r❡t❛♥❣✉❧❛r❡s ❞♦ ❧❛❞♦ ❡sq✉❡r❞♦✳ ❆ ár❡❛ r❡t❛♥❣✉❧❛r ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ s✉♣❡r✐♦r



✺✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✽✵

é ♦ tr❛♥s✐st♦r M2✱ ♥♦ ❧❛❞♦ ❞✐r❡✐t♦ ✐♥❢❡r✐♦r tr❛♥s✐st♦r M0✱ ❡❧❡♠❡♥t♦ s❡♥s♦r✳ ❊♥tr❡ ♦s

tr❛♥s✐st♦r❡s M0✱ M2 ❡ ♦s r❡s✐st♦r❡s✱ ♣♦❞❡✲s❡ ♥♦t❛r ♦ tr❛♥s✐st♦r M1✱ ❡st❡♥❞❡♥❞♦✲s❡

✈❡rt✐❝❛❧♠❡♥t❡✳ P♦r ✜♠✱ ✉♠ ❛♥❡❧ ❞♦ t✐♣♦ ♠♦❛t ❢♦✐ ❝♦❧♦❝❛❞♦ ❛♦ r❡❞♦r ❞❡ t♦❞♦ ♦ s❡♥s♦r ❛

✜♠ ❞❡ ✐s♦❧❛✲❧♦ ❞❡ ❡✈❡♥t✉❛✐s ❝♦rr❡♥t❡s ♣❛r❛s✐t❛s ❞❡ ❝✐r❝✉✐t♦s ❛❞❥❛❝❡♥t❡s✳ ❆s ❞✐♠❡♥sõ❡s

t♦t❛✐s ❞♦ ❝✐r❝✉✐t♦ sã♦ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✻✸ µ♠ ♣♦r ✼✹ µ♠✳

❋✐❣✉r❛ ✺✳✹ ✕ ▲❡✐❛✉t❡ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦❥❡t❛❞♦✳

✺✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s

✺✳✸✳✶ ❘❡s✉❧t❛❞♦s ❙✐♠✉❧❛❞♦s

❖ ❝✐r❝✉✐t♦ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❝✉❥♦ ♣r♦❥❡t♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ❛♥t❡r✐♦r ❢♦✐

s✐♠✉❧❛❞♦ ♥❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛s ❞❡ ✐♥t❡r❡ss❡✱ ✐st♦ é✱ ❞❡ ✲✺✵ ❛ ✶✺✵ ❣r❛✉s ❈❡❧s✐✉s✱ s❡♥❞♦

♦❜s❡r✈❛❞❛s ❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❡♠ M1✳ ❖ r❡s✉❧t❛❞♦ ❞❡ss❛ s✐♠✉❧❛çã♦

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✺✳

▼❡s♠♦ ♣♦❧❛r✐③❛❞♦ ❧✐❣❡✐r❛♠❡♥t❡ ❢♦r❛ ❞♦ ♣♦♥t♦ ❩❚❈ ❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ♠♦str♦✉✲s❡

❜❛st❛♥t❡ ❧✐♥❡❛r ✭❧✐♥❤❛ ❝♦♥tí♥✉❛ ❡♥tr❡ ✹✺ ♠❱ ❡ ✷✼✵ ♠❱✮ ❝♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r ♣❡❧❛

❝♦♠♣❛r❛çã♦ ❝♦♠ ❛ ❝✉r✈❛ r❡❢❡r❡♥❝✐❛❧ ✭❧✐♥❤❛ ❝♦♠ ♠❛r❝❛❞♦r❡s ❝✐r❝✉❧❛r❡s✮✳ ❈♦♥s✐❞❡r❛♥❞♦✲s❡

♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✲✺✵ ❡ ✶✸✵ ❣r❛✉s ❈❡❧s✐✉s✱ ❛ ♠á①✐♠❛ ✈❛r✐❛çã♦ ♦❜s❡r✈❛❞❛ é ✐♥❢❡r✐♦r ❛ ✸ ♠❱✱

♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ♣r❡❝✐sã♦ ❞❡ ❝❡r❝❛ ❞❡ ✷✱✺ ❣r❛✉s ❈❡❧s✐✉s✳ ❆ ❝✉r✈❛ ❝♦♠ ♠❛r❝❛❞♦r❡s



✺✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✽✶

q✉❛❞r❛❞♦s ❝♦rr❡s♣♦♥❞❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡ M1 ♥♦ ♠❡s♠♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣❡r❛t✉r❛s✱

❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ❝❡r❝❛ ❞❡ ✽✪ ❞❡♥tr♦ ❞♦ ✐♥t❡r✈❛❧♦ ❞❡ ✷✵✵ ❣r❛✉s ❈❡❧s✐✉s✳ P♦r

✜♠✱ ❛ r❡s♣♦st❛ ❡①t❡r♥❛ ❞♦ s❡♥s♦r ✭Vout✮ à t❡♠♣❡r❛t✉r❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✻✳ ❆

s✐♠✉❧❛çã♦ ❢♦✐ ❢❡✐t❛ ❛❞♦t❛♥❞♦ Rext ❂ ✸✱✸ ❦Ω✳

❋✐❣✉r❛ ✺✳✺ ✕ ❈✉r✈❛s ❞❛ r❡s♣♦st❛ ✐♥t❡r♥❛ ❞♦ s❡♥s♦r ♣r♦❥❡t❛❞♦✳ ❆ ❧✐♥❤❛ ❝♦♥tí♥✉❛ ❝♦rr❡s♣♦♥❞❡ ❛
t❡♥sã♦ ♥♦ ♥ó ✐♥t❡r♥♦ Vsen ❡♥q✉❛♥t♦ q✉❡ ❛ ❝✉r✈❛ r❡❢❡r❡✲s❡ ❛ ❝♦rr❡♥t❡ ❞❡ ❞r❡♥♦ ❞❡
M1✳ ❆ ❧✐♥❤❛ tr❛❝❡❥❛❞❛ r❡♣r❡s❡♥t❛ ♦ q✉❡ s❡r✐❛ ❛ r❡s♣♦st❛ ♣❡r❢❡✐t❛♠❡♥t❡ ❧✐♥❡❛r✳

❋✐❣✉r❛ ✺✳✻ ✕ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ s❡♥s♦r ♣r♦❥❡t❛❞♦ ✭Vout✮ ❝♦♥s✐❞❡r❛♥❞♦ ❛ r❡s♣♦st❛ ✐♥t❡r♥❛ ✭Vsen✮
❛♠♣❧✐✜❝❛❞❛ ♣♦r M3 ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✳



✺✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✽✷

✺✳✸✳✷ ❘❡s✉❧t❛❞♦s ▼❡❞✐❞♦s

❖ s❡♥s♦r ♣r♦❥❡t❛❞♦ ❢♦✐ ❢❛❜r✐❝❛❞♦ ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✶✽✵ ♥♠✱ ♣r♦❝❡ss♦ ■❇▼✼❍❱✱ ♣♦r

♠❡✐♦ ❞♦ ♣r♦❣r❛♠❛ ❞❡ ♣❡sq✉✐s❛ ❞❛ ▼❖❙■❙ ✭▼❖❙■❙ ❘❡s❡❛r❝❤ Pr♦❣r❛♠✮✱ ♥♦ ♠❡s♠♦ ❝✐r❝✉✐t♦

✐♥t❡❣r❛❞♦ ❡♠ q✉❡ ♦ ♣r✐♠❡✐r♦ ❝♦♥✈❡rs♦r ❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ ✭❆❉❈ ❞❡ ✽ ❜✐ts✮ ❢♦✐ ❢❛❜r✐❝❛❞♦✳ ❆

♠✐❝r♦❣r❛✜❛ ❞❛ r❡❣✐ã♦ ❞♦ ♦ ♠✐❝r♦❝❤✐♣ q✉❡ ❝♦♥té♠ ♦ s❡♥s♦r é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✼✳ ❆

♠✐❝r♦❣r❛✜❛ ❢♦✐ ❝♦♠♣♦st❛ ❝♦♠ ❛ ✐♠❛❣❡♠ ❞♦ ❧❡✐❛✉t❡ ♣❛r❛ ❡①✐❜✐r ❛s ❝❛♠❛❞❛s ♠❛✐s ✐♥t❡r♥❛s ❥á

q✉❡ ❛♣❡♥❛s ❛s ❝♦♥❡①õ❡s ❞♦ s❡♥s♦r ❝♦♠ ♦s ♣❛❞s ♣✉❞❡r❛♠ s❡r ✈✐s✉❛❧✐③❛❞❛s ❝♦♠ ♦ ♠✐❝r♦s❝ó♣✐♦

✉t✐❧✐③❛❞♦✳

❋✐❣✉r❛ ✺✳✼ ✕ ▼✐❝r♦❣r❛✜❛ ❞❛ r❡❣✐ã♦ ❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ♦♥❞❡ ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦✐
♣♦s✐❝✐♦♥❛❞♦✳ ❆ ♠✐❝r♦❣r❛✜❛ ❢♦✐ ❝♦♠♣♦st❛ ❝♦♠ ❛ ✐♠❛❣❡♠ ❞♦ ❧❡✐❛✉t❡ ♣❛r❛ ❡①✐❜✐r
❛s ❝❛♠❛❞❛s ♠❛✐s ✐♥t❡r♥❛s✳

❖ ♣♦s✐❝✐♦♥❛♠❡♥t♦ ❞♦ s❡♥s♦r ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞♦s ♣❛❞s ✈ért✐❝❡ s✉♣❡r✐♦r ❡sq✉❡r❞♦ ❢♦✐

❛r❜✐tr❛❞❛ ♣❛r❛ r❡❞✉③✐r ❡✈❡♥t✉❛✐s ❞✐st♦rçõ❡s ❝❛✉s❛❞❛s ♣♦r ❝♦♥❡①õ❡s ❧♦♥❣❛s s♦❜ ❡❢❡✐t♦ ❞❛

t❡♠♣❡r❛t✉r❛ ❡✱ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ♣❛r❛ ❞❡✐①❛✲❧♦ ❛❢❛st❛❞♦ ❞❛ r❡❣✐ã♦ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✱

♠❛✐s ♣r♦♣❡♥s❛ ❛ ❝♦rr❡♥t❡s ❡s♣úr✐❛s ❞❡ s✉❜str❛t♦ ❡♠ r❛③ã♦ ❞♦ ❝❤❛✈❡❛♠❡♥t♦ ❞❛s ♣♦rt❛s

❧ó❣✐❝❛s ❞♦ ❘❡❣✐str❛❞♦r ❞❡ ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s✳ P❡❧♦ ♠❡s♠♦ ♠♦t✐✈♦✱ ♦ ♣❛❞ ❞❡ s❛í❞❛

❞♦ s❡♥s♦r ❢♦✐ ♣♦s✐❝✐♦♥❛❞♦ ❡♠ ♠❡✐♦ ❛ ♦✉tr♦s ♣❛❞s ❞❡ ✐♥t❡r❢❛❝❡ ❛♥❛❧ó❣✐❝❛ ❡ ❛❢❛st❛❞♦ ❞♦s ♣❛❞s

❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞✐❣✐t❛❧✳

❖ s❡♥s♦r ❢❛❜r✐❝❛❞♦ ❢♦✐ t❡st❛❞♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❡♥tr❡ ✲✸✵ o❈ ❡ ✶✸✵ o❈✳ ❖s

t❡st❡s ❢♦r❛♠ ❞✐✈✐❞✐❞♦s ❡♠ ❞✉❛s ♣❛rt❡s✿ t❡st❡s ❞❡ r❡s❢r✐❛♠❡♥t♦✱ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❛❜❛✐①♦

❞❡ ✷✹ o❈ ✭t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✮ ❡ t❡st❡s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❛❝✐♠❛ ❞❡ ✷✹

o❈✳

P❛r❛ ❛q✉❡❝❡r ♦ s❡♥s♦r ❛ t❡♠♣❡r❛t✉r❛s ❛❝✐♠❛ ❞❡ ✷✹ o❈✱ ✉♠ r❡s✐st♦r ❝❡râ♠✐❝♦ ❞❡ ✷✵

❲✱ ❛t✉❛♥❞♦ ❝♦♠♦ ❢♦♥t❡ ❞❡ ❝❛❧♦r✱ ❢♦✐ ❛❝♦♣❧❛❞♦ ❛♦ ❧❛❞♦ ✐♥❢❡r✐♦r ❞♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦ ❞♦



✺✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✽✸

❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ✉t✐❧✐③❛♥❞♦ ♣❛st❛ tér♠✐❝❛ ♣❛r❛ ♠❡❧❤♦r❛r ♦ ❝♦♥t❛t♦ tér♠✐❝♦ ❡♥tr❡ ❛s ❞✉❛s

♣❛rt❡s✳ ❖ ❛rr❛♥❥♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✽✳ ❉♦ ❧❛❞♦ ♦♣♦st♦ ❞♦ r❡s✐st♦r ❞❡ ❛q✉❡❝✐♠❡♥t♦

❢♦✐ ❛❝♦♣❧❛❞♦ ✉♠ t❡r♠♦♣❛r ✭t✐♣♦ ❑✮ ❝♦♥❡❝t❛❞♦ ❛ ✉♠ ✐♥str✉♠❡♥t♦ r❡❢❡r❡♥❝✐❛❧ ❞❡ ♠❡❞✐çã♦✳

❆ ♠❛ss❛ t♦t❛❧ ❞♦ ❛rr❛♥❥♦ é r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡✱ ♦ q✉❡ ♣r♦♣♦r❝✐♦♥❛ ✉♠❛ r❡s♣♦st❛ ❧❡♥t❛✱

♠❛s t❛♠❜é♠ ❜❛st❛♥t❡ ❡stá✈❡❧ q✉❛♥❞♦ ♦ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ é ❡st❛❜❡❧❡❝✐❞♦✳ ❖ ❛rr❛♥❥♦ ❢♦✐

❝♦❧♦❝❛❞♦ ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠❛ ♣❡q✉❡♥❛ ❝❛✐①❛ ❞❡ ♣♦❧✐❡st✐r❡♥♦ ❢❡❝❤❛❞❛ ❞❡ ❢♦r♠❛ ♥ã♦ ❤❡r♠ét✐❝❛✳

❋✐❣✉r❛ ✺✳✽ ✕ ❆rr❛♥❥♦ ✐♠♣❧❡♠❡♥t❛❞♦ ♣❛r❛ ♦ ❡♥s❛✐♦ tér♠✐❝♦ ❞♦ s❡♥s♦r ❢❛❜r✐❝❛❞♦✳

Pr✐♠❡✐r❛♠❡♥t❡ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♦s t❡st❡s ❞❡ r❡s❢r✐❛♠❡♥t♦✳ P❛r❛ ✐ss♦✱ ❛ ❝❛✐①❛ ❞❡

♣♦❧✐❡st✐r❡♥♦ ❝♦♥t❡♥❞♦ ♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❢♦✐ ❝♦❧♦❝❛❞❛ ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠

r❡❢r✐❣❡r❛❞♦r ❝♦♠❡r❝✐❛❧✳ ❘❡❢r✐❣❡r❛❞♦r ❢♦✐ ❛❥✉st❛❞♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ❡ ❛s

♠❡❞✐❞❛s t♦♠❛❞❛s ❛♣ós ❝❛❞❛ ❡st❛❜✐❧✐③❛çã♦ tér♠✐❝❛✳ ❖ ♣❛♣❡❧ ❞❛ ❝❛✐①❛ ❞❡ ♣♦❧✐❡st✐r❡♥♦

❞✉r❛♥t❡ ❡ss❡s t❡st❡s ❢♦✐ ♦ ❞❡ ❛ss❡❣✉r❛r ✉♠ ❛♠❜✐❡♥t❡ t❡r♠✐❝❛♠❡♥t❡ ♠❛✐s ❡stá✈❡❧ ♣❛r❛ ♦

s❡♥s♦r✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❛t♠♦s❢❡r❛ ✐♥t❡r♥❛ ❞❡ ✉♠ r❡❢r✐❣❡r❛❞♦r ❝♦♠❡r❝✐❛❧ tí♣✐❝♦ ❝♦st✉♠❛ s❡r

❜❛st❛♥t❡ t✉r❜✉❧❡♥t❛ ❞❡✈✐❞♦ ❛ ❝✐r❝✉❧❛çã♦ ❢♦rç❛❞❛ ❞❡ ❛r ❢r✐♦✳ ❉✉r❛♥t❡ ❡ss❡s t❡st❡s

♥❡♥❤✉♠❛ ❝♦rr❡♥t❡ ❢♦✐ ❛♣❧✐❝❛❞❛ à r❡s✐stê♥❝✐❛ ❞❡ ❛q✉❡❝✐♠❡♥t♦✳ ❆ t❡♠♣❡r❛t✉r❛ ♠❛✐s ❜❛✐①❛

❛❧❝❛♥ç❛❞❛ ❢♦✐ ✲✸✵ o❈✳

❖s t❡st❡s ❞❡ ❛q✉❡❝✐♠❡♥t♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❛♣ós ♦ ✜♠ ❞♦s t❡st❡s ❞❡ r❡s❢r✐❛♠❡♥t♦✳

P❛r❛ ❡ss❡s t❡st❡s✱ ❛ ❝❛✐①❛ ❝♦♥t❡♥❞♦ ♦ ❛rr❛♥❥♦ ❝♦♠ ♦ s❡♥s♦r ❢♦✐ r❡♠♦✈✐❞❛ ❞♦ r❡❢r✐❣❡r❛❞♦r✳

❆♣ós ❛ ❡st❛❜✐❧✐③❛çã♦ tér♠✐❝❛ ❝♦♠ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ✉♠❛ s❡q✉ê♥❝✐❛ ♣r♦❣r❡ss✐✈❛ ❞❡

❞❡❣r❛✉s ❞❡ ❝♦rr❡♥t❡ ❢♦✐ ❛♣❧✐❝❛❞❛ à r❡s✐stê♥❝✐❛ ❞❡ ❛q✉❡❝✐♠❡♥t♦✳ ❈❛❞❛ ❞❡❣r❛✉ ❞❡ ❝♦rr❡♥t❡

❢♦✐ ♠❛♥t✐❞♦ ❛té q✉❡ s❡ ♦❜s❡r✈❛ss❡ ♦ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦ q✉❛♥❞♦ ❡♥tã♦ ❛s ♠❡❞✐❞❛s ❡r❛♠

t♦♠❛❞❛s✳❆ t❡♠♣❡r❛t✉r❛ ♠❛✐s ❛❧t❛ t❡st❛❞❛ ❢♦✐ ✶✸✵ o❈✳ ❊♠❜♦r❛ ♦ s❡♥s♦r t❡♥❤❛ s✐❞♦

♣r♦❥❡t❛❞♦ ♣❛r❛ ♣♦❞❡r ♦♣❡r❛r ❛té ❛ ✶✺✵ o❈✱ ❡✈✐t♦✉✲s❡ t❡♠♣❡r❛t✉r❛s ❛❝✐♠❛ ❞❡ ✶✸✵ o❈ ♣❛r❛



✺✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✽✹

❡✈✐t❛r ♦ ❞❡s♦❧❛♠❡♥t♦ ❞❛ t❛♠♣❛ ❝❡râ♠✐❝❛ ❞♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦ q✉❡ ♣r♦t❡❣❡ ♦ ♠✐❝r♦❝❤✐♣✳ ❆

r❡s♣♦st❛ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♠❡❞✐❞❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✾✳

❋✐❣✉r❛ ✺✳✾ ✕ ❚❡♥sã♦ ❞❡ s❛í❞❛ ❡♠ ❢✉♥çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♦ s❡♥s♦r ❢❛❜r✐❝❛❞♦✳ ❖s ❝ír❝✉❧♦s
r❡♣r❡s❡♥t❛♠ ♦s ♣♦♥t♦s ♠❡❞✐❞♦s ❡♠♣✐r✐❝❛♠❡♥t❡✱ ❛ r❡t❛ ❝♦♥tí♥✉❛ ✐♥❞✐❝❛ ❛ r❡s♣♦st❛
♣❡r❢❡✐t❛♠❡♥t❡ ❧✐♥❡❛r ❡ ❛ ❝✉r✈❛ ❝♦♠ ♠❛r❝❛❞♦r❡s ❡♠ ❝r✉③ r❡♣r❡s❡♥t❛ ❛ r❡s♣♦st❛
♣r❡✈✐st❛ ♣♦r s✐♠✉❧❛çã♦✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❛ r❡s♣♦st❛ ❡♠♣ír✐❝❛ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ é ❛✐♥❞❛ ♠❛✐s

❧✐♥❡❛r ❞♦ q✉❡ ❛q✉❡❧❛ ♣r❡✈✐st❛ ❡♠ s✐♠✉❧❛çã♦✳ ❈♦♠♦ ❡♠ s✐♠✉❧❛çã♦ ♦ ❞❡s✈✐♦ ♦❜s❡r✈❛❞♦ ♥❛

r❡s♣♦st❛ ❞♦ s❡♥s♦r ❡♠ r❡❧❛çã♦ ❛ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❧✐♥❡❛r s❡ ❞❡✈❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❡✈✐❞♦ ❛

✉♠❛ ♣❡q✉❡♥❛ ✈❛r✐❛çã♦ ♥♦ ♣♦♥t♦ ❩❚❈ ❞❡ M1✱ ❛❝r❡❞✐t❛✲s❡ q✉❡ ❡ss❛ ♠❡❧❤♦r❛ s❡ ❞❡✈❛ ❛ ✉♠❛

❢♦rt✉✐t❛ ✈❛r✐❛çã♦ ❞❡ ♣r♦❝❡ss♦ ♥❛ ❢❛❜r✐❝❛çã♦ ❞♦ tr❛♥s✐st♦r✳

❖ ❡rr♦ ❡♥tr❡ ❛ ❝✉r✈❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ s❡♥s♦r t❡st❛❞♦ ❡ ❛ r❡s♣♦st❛ ❧✐♥❡❛r ✐❞❡❛❧ ❞❡♥tr♦

❞❛ ❢❛✐①❛ ❞❡ t❡st❡s ✭✲✸✵ oC ❛ ✶✸✵ oC✮ é r❡♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✳✶✵✳ ❖ ♠❛✐♦r ❡rr♦ ♦❜s❡r✈❛❞♦

♦❝♦rr❡ ❡♠ ✶✸✵ oC✱ s❡♥❞♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✱✽ oC✱ ♦✉ ✶✱✸✽ ✪✳ ❖ ❡rr♦ ❛❜s♦❧✉t♦ é ✐♥❢❡r✐♦r

❛ ✵✱✶ oC ♣❛r❛ t❡♠♣❡r❛t✉r❛s ❛❜❛✐①♦ ❞❡ ✻✵ oC ❡ ♠❡♥♦r ❞♦ q✉❡ ✵✱✺ oC ❢♦r t❡♠♣❡r❛t✉r❛s ❡♥tr❡

✻✵ oC ❡ ✶✶✺ oC✳

❖ ❝♦♥s✉♠♦ ❞♦ s❡♥s♦r ❛✐♥❞❛ ♥ã♦ ♣♦❞❡ s❡r ♠❡❞✐❞♦ ❝♦♠ ❜♦❛ ♣r❡❝✐sã♦✱ ♣♦✐s ♦s

✐♥str✉♠❡♥t♦s ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ♦s ❡♥s❛✐♦s sã♦ ✐♥❝❛♣❛③❡s ❞❡ ♠❡❞✐r ❝♦rr❡♥t❡s ♠❡♥♦r❡s ❞♦

q✉❡ ✶✵✵ ♥❆✱ s❡♥❞♦ ❡ss❡ ❧✐♠✐t❡ ♦ ✈❛❧♦r r❡❣✐str❛❞♦✱ ♦ q✉❡ ✐♠♣❧✐❝❛ ♥✉♠ ❝♦♥s✉♠♦ ❡st✐♠❛❞♦

❞❡ ✶✵✵ ♥❲✱ ❥á q✉❡ ❛ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ é ✶ ❱✳ ❖ ✈❛❧♦r ♣r❡✈✐st♦ ❡♠ t❡♦r✐❛ é ✶✶✵ ♥❲✳



✺✳✹ ❝♦♥❝❧✉sã♦ ✽✺

❋✐❣✉r❛ ✺✳✶✵ ✕ ❊rr♦ ♠❡❞✐❞♦ ❡♥tr❡ ❛ ❝✉r✈❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ s❡♥s♦r t❡st❛❞♦ ❡ ❛ r❡s♣♦st❛ ❧✐♥❡❛r
✐❞❡❛❧ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞❡ ✲✸✵ ❛ ✶✸✵ oC✳

✺✳✹ ❈♦♥❝❧✉sã♦

❖ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♣r♦❥❡t❛❞♦ ❢♦✐ ❢❛❜r✐❝❛❞♦ ❡ t❡st❛❞♦ ❝♦♠ ❡①❝❡❧❡♥t❡s r❡s✉❧t❛❞♦s

❡♠♣ír✐❝♦s✳ ❆ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❢❛❜r✐❝❛❞♦ ❢♦✐ ❛✐♥❞❛ ♠❛✐s ❧✐♥❡❛r ❞♦ q✉❡ ❛q✉❡❧❛ ♣r❡✈✐st❛

❡♠ s✐♠✉❧❛çã♦✱ ♦ q✉❡ ❝♦♠♣r♦✈❛ ♦ ❛❝❡rt♦ ❞❛s ❞❡❝✐sõ❡s ❞❡ ♣r♦❥❡t♦ t♦♠❛❞❛s✳ ❆❧é♠ ❞✐ss♦✱ ❛

❝♦rr❡♥t❡ ❞❡ tr❛❜❛❧❤♦ ❡①tr❡♠❛♠❡♥t❡ r❡❞✉③✐❞❛ ❞♦ s❡♥s♦r t♦r♥❛ ❞❡s♣r❡③í✈❡✐s ❛s ❞✐st♦rçõ❡s ❞❡

♠❡❞✐❞❛ ❝❛✉s❛❞❛s ♣❡❧♦ ❛q✉❡❝✐♠❡♥t♦ ❞♦s ♣ró♣r✐♦s ❝♦♠♣♦♥❡♥t❡s✱ ❛❧é♠ ❞♦ ❜❡♥❡❢í❝✐♦ ❞✐r❡t♦

❞❡ ❡❝♦♥♦♠✐❛ ❞❡ ❡♥❡r❣✐❛✳ ❆ ♣♦tê♥❝✐❛ ❝♦♥s✉♠✐❞❛ ♣♦r ❡ss❡ s❡♥s♦r é tã♦ ❜❛✐①❛ q✉❡ t♦r♥❛

s❡❣✉r♦ ❛✜r♠❛r q✉❡ ♦ ♠❡s♠♦ ♣♦❞❡ s❡r ❛❞♦t❛❞♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ s❡♥s♦r❛s ❍❋ ♦✉ ❯❍❋

s❡♠ ✐♠♣❛❝t♦s s✐❣♥✐✜❝❛t✐✈♦s ♥❛s ❞✐stâ♥❝✐❛s ❞❡ ❧❡✐t✉r❛✳



❈❛♣ít✉❧♦ ✻

❈♦♥❞✐❝✐♦♥❛❞♦r ❞❡ ❙✐♥❛❧ P❛r❛ ❙❡♥s♦r❡s à
◆❛♥♦t✉❜♦s ❞❡ ❈❛r❜♦♥♦

✻✳✶ ■♥tr♦❞✉çã♦

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❛❥✉st❡ r❡♠♦t♦ ♣❡r♠✐t❡ q✉❡ ❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ♣♦ss❛ ❝♦rr✐❣✐r ♦ ❛❥✉st❡

❞❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝♦♥t❛t♦ ♦✉ ✐♥t❡r✈❡♥çã♦ ❢ís✐❝❛✱ ✉♠ r❡❝✉rs♦ ✈❛❧✐♦s♦

❡♠ ❝❛s♦s ❡♠ q✉❡ ❛ ❡t✐q✉❡t❛ ❡stá ❡♠ ♣♦♥t♦s ❞❡ ❞✐❢í❝✐❧ ❛❝❡ss♦ ♦✉ ❡♥❝❡rr❛❞❛ ♥♦ ✐♥t❡r✐♦r ❞❡

✉♠ ❝♦♠♣❛rt✐♠❡♥t♦ ❧❛❝r❛❞♦✱ ♣♦r ❡①❡♠♣❧♦✳ ■ss♦ t❛♠❜é♠ ♣❡r♠✐t❡ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡ t❡r♠✐♥❛✐s

❞❡ ❛❝❡ss♦ ❡ ❝♦♠♣♦♥❡♥t❡s ❞❡ ❛❥✉st❡ ❡①t❡r♥♦s ✭t❛✐s ❝♦♠♦ r❡s✐st♦r❡s ♦✉ tr✐♠✲♣♦ts✮ ♥♦ ❝❛s♦ ❞❡

✉♠❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❝♦♠♣❧❡t❛ ❡♠ s✐❧í❝✐♦✱ ♦ q✉❡ ❛✉♠❡♥t❛ ♦ ♣♦t❡♥❝✐❛❧ ❞❡ ♠✐♥✐❛t✉r✐③❛çã♦ ❞♦

s✐st❡♠❛✳ ❊♠ ❛❧❣✉♥s ❝❛s♦s✱ ♦ ❛❥✉st❡ ❞♦ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ❞❡ ✉♠ s❡♥s♦r ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦

♣❛r❛ ♦t✐♠✐③❛r ❛ ❢❛✐①❛ ❞❡ ❧❡✐t✉r❛ ♣❛r❛ ✉♠❛ ❛♣❧✐❝❛çã♦ ♣❛rt✐❝✉❧❛r✱ ❛❥✉st❛♥❞♦ s❡✉s ❧✐♠✐t❡s à

❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ♣♦ssí✈❡✐s ❞❛ ❛♣❧✐❝❛çã♦ ❡♠ q✉❡stã♦✳ ❯♠❛ ✈❡③ ❛❥✉st❛❞♦✱ ♦s ♣❛râ♠❡tr♦s ❞♦

❛❥✉st❡ ♣♦❞❡♠ s❡r ♠❡♠♦r✐③❛❞♦s ♥❛ ❡t✐q✉❡t❛ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❛s ♠❡❞✐çõ❡s ❢✉t✉r❛s✳

❖ s✐♥❛❧ ❞❡ t❡♥sã♦ r❡❧❛t✐✈♦ ❛ ❧❡✐t✉r❛ ❞❡ ✉♠ ❞♦s s❡♥s♦r❡s ❡♥tr❡❣✉❡ ♣❡❧♦ ❜❧♦❝♦

▼✉❧t✐♣❧❡①❛❞♦r ♣r❡❝✐s❛ s❡r ❝♦rr❡t❛♠❡♥t❡ tr❛t❛❞♦ ❛♥t❡s ❞❡ s❡r ❡♥tr❡❣✉❡ ❛♦ ❝♦♥✈❡rs♦r ❆✴❉✳

❉♦✐s tr❛t❛♠❡♥t♦s ❜ás✐❝♦s ❢♦r❛♠ ♣r❡✈✐st♦s✱ ♦ ❛❥✉st❡ ❞❡ ③❡r♦ ❡ ♦ ❛❥✉st❡ ❞❡ ❣❛♥❤♦✱ ❛♠❜♦s

♣r♦❣r❛♠á✈❡✐s ❞❡ ♠❛♥❡✐r❛ ❛ ♣♦❞❡r❡♠ s❡r ❛❧t❡r❛❞♦s r❡♠♦t❛♠❡♥t❡ ♣❡❧❛ ✉♥✐❞❛❞❡ ❧❡✐t♦r❛ ❞❛

❡t✐q✉❡t❛ ❘❋■❉✳

❖ ❛❥✉st❡ ❞❡ ③❡r♦ ❞❡ ✉♠ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ é ♦ ❛❥✉st❡ q✉❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ t♦r♥❛r

❛ s❛í❞❛ ❞♦ s✐st❡♠❛ ♥✉❧❛ q✉❛♥❞♦ ❛ ❣r❛♥❞❡③❛ q✉❡ s❡ ❞❡s❡❥❛ ♠❡❞✐r ❢♦r ♥✉❧❛ ✭■❙❖✱ ✷✵✵✽✮✳

❊♠ ✉♠ s✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ❡❧❡trô♥✐❝♦✱ ✉♠❛ ❢♦r♠❛ ❜❛st❛♥t❡ ❝♦♠✉♠ ❞❡ ✐♠♣❧❡♠❡♥t❛r

❡ss❡ ❛❥✉st❡ é ❝♦♠♣♦♥❞♦✲s❡ ♦ s❡♥s♦r ❡♠ ✉♠ ❛rr❛♥❥♦ ❞♦ t✐♣♦ P♦♥t❡ ❞❡ ❲❤❡❛tst♦♥❡✱ ❝♦♥❢♦r♠❡

✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✶✭❛✮✳ ◆❡st❡ ❛rr❛♥❥♦✱ ❛ t❡♥sã♦ ❞❡ r❡s✉❧t❛♥t❡ ✭❱s✮ ❞♦ ❞✐✈✐s♦r ❢♦r♠❛❞♦

✽✻
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♣❡❧♦ r❡s✐st♦r ❘♣ ❡ ♣❡❧♦ s❡♥s♦r ✭❘s✮ é ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ t❡♥sã♦ r❡❢❡r❡♥❝✐❛❧ ✭❱r❡❢ ✮ r❡s✉❧t❛♥t❡

❞♦ ❞✐✈✐s♦r ❢♦r♠❛❞♦ ♣♦r ❘✶ ❡ ❘✷✳ ❖ ❛❥✉st❡ ❞❡ ③❡r♦ ♥❡ss❡ ❛rr❛♥❥♦ r❡s✉♠❡✲s❡ ❛ ♣♦♥❞❡r❛r

❘✶ ❡ ❘✷ ❞❡ ❢♦r♠❛ ❛ ✐❣✉❛❧❛r ❛ t❡♥sã♦ ❱r❡❢ à t❡♥sã♦ ❱s q✉❛♥❞♦ ❛ ❣r❛♥❞❡③❛ ♠❡❞✐❞❛ ♣❡❧♦

s❡♥s♦r ❢♦r ♥✉❧❛✳ ◆❡ss❛ s✐t✉❛çã♦ r❡s✉❧t❛♥t❡ s❡rá VM = V s− V ref = 0✳ ❈❛s♦ ❛ r❡s✐stê♥❝✐❛

❞♦ s❡♥s♦r ❝r❡sç❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ❣r❛♥❞❡③❛ ♠❡❞✐❞❛✱ ❛ t❡♥sã♦ r❡s✉❧t❛♥t❡ ✐rá s❡ ❡❧❡✈❛r

♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ ❛♦ ❛✉♠❡♥t♦ ❞❛ ❣r❛♥❞❡③❛✳ ❈❛s♦ ❝♦♥trár✐♦✱ ♦ ❛✉♠❡♥t♦ ❞❛ ❣r❛♥❞❡③❛

♣r♦✈♦❝❛rá ✉♠❛ ❡❧❡✈❛çã♦ ♥❡❣❛t✐✈❛ ❡♠ ❱▼✳

✭❛✮ ❚❡♥sã♦ r❡❢❡r❡♥❝✐❛❧ ✭❱r❡❢✮ ✜①❛✳ ✭❜✮ ❚❡♥sã♦ r❡❢❡r❡♥❝✐❛❧ ❛❥✉stá✈❡❧✳

❋✐❣✉r❛ ✻✳✶ ✕ ❙❡♥s♦r ❡♠ ✉♠ ❛rr❛♥❥♦ ❞♦ t✐♣♦ P♦♥t❡ ❞❡ ❲❤❡❛tst♦♥❡✳

❆♣❡s❛r ❞❡st❡ ❛rr❛♥❥♦ ♣❡r♠✐t✐r ♦ ❛❥✉st❡ ❞❡ ③❡r♦ ❞❡ ♠❛♥❡✐r❛ ❜❛st❛♥t❡ s✐♠♣❧❡s✱ ❡ss❡ ❛❥✉st❡

r❡q✉❡r ❛ ❛❧t❡r❛çã♦ ❞♦s ✈❛❧♦r❡s ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ ❜r❛ç♦ ❞✐r❡✐t♦ ❞❛ ♣♦♥t❡ ✭r❡s✐st♦r❡s ❘✶ ❡

❘✷ ✮✱ ♦ q✉❡ ❝♦♠✉♠❡♥t❡ é ❢❡✐t♦ s✉❜st✐t✉✐♥❞♦ ♣♦r ✉♠ tr✐♠✲♣♦t ♦✉ ♣♦t❡♥❝✐ô♠❡tr♦✱ ❝♦♥❢♦r♠❡

❛ ❋✐❣✉r❛ ✻✳✶✭❜✮✳ ❊♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ♦ ❛❥✉st❡ r❡q✉❡r ✐♥t❡r❢❡rê♥❝✐❛ ♠❛♥✉❛❧ ❞✐r❡t❛✳ ◆❛

s♦❧✉çã♦ ❛❞♦t❛❞❛✱ ❛ t❡♥sã♦ r❡❢❡r❡♥❝✐❛❧ é ❣❡r❛❞❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❉✴❆ ❛ ❝❛♣❛❝✐t♦r❡s

❝❤❛✈❡❛❞♦s✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦ ❛❥✉st❡ ❞❡ ③❡r♦ ♣♦ss❛ s❡r ♣r♦❣r❛♠❛❞♦ ♣❡❧❛ ❡♥tr❛❞❛ ❞✐❣✐t❛❧

❩❡r♦❆❞❥ ❞❡ ✽ ❜✐ts✱ ♣♦❞❡♥❞♦ ❛ss✉♠✐r ✈❛❧♦r❡s ❡♥tr❡ ❱r❡❢✲ ❡ ❱r❡❢✰✳

❆❧é♠ ❞✐ss♦✱ ❝♦♠♦ ♦ s✐st❡♠❛ ❝♦♠♣❧❡t♦ ❞❡ ♠❡❞✐çã♦✱ ♥❡st❡ ❝❛s♦✱ ✐♥t❡❣r❛ ❛ ✉♥✐❞❛❞❡

❧❡✐t♦r❛✱ ♣❛rt❡ ❞♦ ❛❥✉st❡ ♣♦❞❡ s❡r ❢❡✐t♦ ♥❛ ❡t✐q✉❡t❛ ❡ ❛ ♦✉tr❛ ♣❛rt❡ ♣❡❧♦ ❧❡✐t♦r✳ ❊ss❛

❡str❛té❣✐❛ ♣❡r♠✐t❡ q✉❡ ✏③❡r♦✑ ❞❛ ❣r❛♥❞❡③❛ ♣❛r❛ ♦ s✐st❡♠❛ ❡t✐q✉❡t❛ ❝♦rr❡s♣♦♥❞❛ ♥ã♦ ❛♦

③❡r♦ r❡❛❧ ❞❛ ❣r❛♥❞❡③❛✱ ♠❛s ❛ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ♣ré✲❞❡t❡r♠✐♥❛❞♦✱ ❝♦❡r❡♥t❡ ❝♦♠ ✉♠❛

❛♣❧✐❝❛çã♦ ❡s♣❡❝í✜❝❛✳

❖ s❡❣✉♥❞♦ ❛❥✉st❡ ❢❡✐t♦ ♣❡❧♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✱ ❛❥✉st❡ ❞❡ ❣❛♥❤♦✱

é r❡❛❧✐③❛❞♦ ♣♦r ✉♠ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ♣r♦❣r❛♠á✈❡❧✳ ❖ ❞✐❛❣r❛♠❛

❝♦♠♣❧❡t♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s s❡♥s♦r❡s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛
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❋✐❣✉r❛ ✻✳✷ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳

◆❛ ❋✐❣✉r❛ ✻✳✷ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ✭❝♦♠♣♦♥❡♥t❡

U1✮ ❝♦♠ ♦ r❡s♣❡❝t✐✈♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡ ❣❛♥❤♦ ♣♦r r❡❛❧✐♠❡♥t❛çã♦ ❢♦r♠❛❞♦ ♣❡❧♦s

r❡s✐st♦r❡s R1 ❛ R3✱ ♦s q✉❛tr♦ ✐♥✈❡rs♦r❡s ❧ó❣✐❝♦s ❡ ❛s ❝❤❛✈❡s S0 ❛ S4✱ ✐♠♣❧❡♠❡♥t❛❞❛s ♣♦r

♣♦rt❛s ❞❡ tr❛♥s♠✐ssã♦ ❈▼❖❙✳ ❖ ❝✐r❝✉✐t♦ ♣r♦♣♦st♦ ♣r❡✈ê ❝✐♥❝♦ ✈❛❧♦r❡s ❞❡ ❣❛♥❤♦ ❞✐st✐♥t♦s✱

❝♦♥tr♦❧❛❞♦s ✭♦✉ ♣r♦❣r❛♠❛❞♦s✮ ♣❡❧❛s ❡♥tr❛❞❛s ❞✐❣✐t❛✐s g0 ❛ g3 q✉❡ ❝♦♠♣õ❡♠ ❛ ♣❛❧❛✈r❛

❞✐❣✐t❛❧ ❣❛✐♥✳ P❛r❛ gain = 00012 ❡ gain = 00102✱ ♦ ❣❛♥❤♦ ❡♠ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛ s❡rá

❞❡✜♥✐❞♦ ♣❡❧♦s r❡s✐st♦r❡s R1 ❛ R3 ❝♦♥❢♦r♠❡ ❛ ❡q✉❛çã♦

Av1,2 =

(

1 +
R(N+1) +RonN

R1 +Ron4

)

✭✻✳✶✮

♣❛r❛ ❛ q✉❛❧ N é ♦ ✈❛❧♦r ❞❡❝✐♠❛❧ ❞❛ ♣❛❧❛✈r❛ ❞❡ ❣❛♥❤♦ ✭❣❛✐♥✮✱ R(N+1) é ♦ ✈❛❧♦r ❞♦ r❡s✐st♦r

❛ss♦❝✐❛❞♦ ❛♦ ❣❛♥❤♦ ❡ RonN
é ❛ r❡s✐stê♥❝✐❛ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝❤❛✈❡ SN ✳

P❛r❛ gain = 01002✱ ♦ ❣❛♥❤♦ s❡rá ❞❡✜♥✐❞♦ ♣♦r R1 ❡ ♣❡❧♦ r❡s✐st♦r ❡①t❡r♥♦ ✭Re✮

❝♦♥❡❝t❛❞♦ ❡♥tr❡ ♦ t❡r♠✐♥❛❧ Rext ❡ ❛ s❛í❞❛ Vout✳ ❊ss❡ r❡s✐st♦r ❞❡ ❣❛♥❤♦ ❡①t❡r♥♦ ❛♦ ❝✐r❝✉✐t♦

❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛✐s ♣♦❞❡ s❡r t❛♥t♦ ❞❡✐①❛❞♦ ❡①t❡r♥♦ ❛♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦

q✉❛♥t♦ ✐♥t❡r♥❛♠❡♥t❡ ♣♦s✐❝✐♦♥❛❞♦ ♥❛s ✈✐③✐♥❤❛♥ç❛s ❞♦ ♣ró♣r✐♦ ❝✐r❝✉✐t♦✳ ❆ ♣r✐♠❡✐r❛

❛❧t❡r♥❛t✐✈❛ ♣❡r♠✐t❡ ❛ ❛❞♦çã♦ ❞❡ ❣❛♥❤♦ ❛r❜✐trár✐♦ q✉❡ ♣♦❞❡ ❢❛❝✐❧♠❡♥t❡ s❡r ❞❡ ✈❛❧♦r

❡❧❡✈❛❞♦✱ ✉♠❛ ✈❡③ q✉❡ ❣r❛♥❞❡s ✈❛❧♦r❡s ❞❡ r❡s✐stê♥❝✐❛ ♥ã♦ ❝♦st✉♠❛♠ s❡r ✉♠ ♣r♦❜❧❡♠❛ ♥❛



✻✳✶ ✐♥tr♦❞✉çã♦ ✽✾

❡s❝❛❧❛ ❞❡ ❝✐r❝✉✐t♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ ❡ss❛ ❛❧t❡r♥❛t✐✈❛ ✐♠♣❧✐❝❛ ❡♠ ❞♦✐s ♣❛❞s ❛❞✐❝✐♦♥❛✐s ♥♦

❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✱ ♦ q✉❡ ✐♥❝❧✉✐ ♦ ♣ró♣r✐♦ t❡r♠✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡

✐♥str✉♠❡♥t❛çã♦✱ ❞✐r❡t❛♠❡♥t❡ ❧✐❣❛❞♦ à ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ❊①t❡r♥❛r ❡st❡ t❡r♠✐♥❛❧

♣♦❞❡ t❡r ✐♠♣❛❝t♦ ❝♦♥s✐❞❡rá✈❡❧ ♥♦ r✉í❞♦ ❞♦ s✐st❡♠❛✱ ❞❡❣r❛❞❛♥❞♦ ♦ s✐♥❛❧ ♠❡❞✐❞♦✳ ➱ ✉♠❛

❡s❝♦❧❤❛ ♣❡r❢❡✐t❛♠❡♥t❡ ✈á❧✐❞❛ ❡♠ ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ♠❛s ♣❛r❛ ✉♠❛ s♦❧✉çã♦

✜♥❛❧ ❡ss❛ ❞❡s✈❛♥t❛❣❡♠ ❞❡✈❡ s❡r ❝✉✐❞❛❞♦s❛♠❡♥t❡ ♣♦♥❞❡r❛❞❛✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛

❝♦❧♦❝❛çã♦ ❞♦ r❡s✐st♦r Rg ♥♦ ♣ró♣r✐♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ tr❛③ ❛ ✈❛♥t❛❣❡♠ ❞❡ ♣♦✉♣❛r ♦s ❞♦✐s

♣❛❞s ❡①t❡r♥♦s ❡ r❡❞✉③✐r ♦ r✉í❞♦✱ ♠❛s t❛♠❜é♠ ❡❧✐♠✐♥❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ✉♠ ❛❥✉st❡

❛r❜✐trár✐♦ ❞♦ ❣❛♥❤♦ ❛ss♦❝✐❛❞♦ ❡ ♣♦❞❡ t❡r ✐♠♣❛❝t♦ s✐❣♥✐✜❝❛t✐✈♦ ♥❛ ár❡❛ ❞❡ s✐❧í❝✐♦ ❝❛s♦ ♦

✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ s❡❥❛ ♠✉✐t♦ ❡❧❡✈❛❞♦✳ P❛r❛ ❡ss❛ ❝♦♥✜❣✉r❛çã♦✱ ♦ ❣❛♥❤♦ ♣♦❞❡ s❡r

❝❛❧❝✉❧❛❞♦ ❝♦♥❢♦r♠❡ ❛ ❡q✉❛çã♦

Av3 =

(

1 +
Re +Ron2

R1 +Ron4

)

✭✻✳✷✮

❖ ❣❛♥❤♦ ✉♥✐tár✐♦ é ♦❜t✐❞♦ ❝♦♠ ❛ ♣❛❧❛✈r❛ gain = 10002 q✉❡ ❢❡❝❤❛ ❛ ❝❤❛✈❡ S3 ❡ ❛❜r❡

❛ ❝❤❛✈❡ S4✱ ❝♦❧♦❝❛♥❞♦ ♦ ❛♠♣❧✐✜❝❛❞♦r ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ s❡❣✉✐❞♦r ❞❡ t❡♥sã♦✳ P❛r❛ ❣❛♥❤♦

♠á①✐♠♦ ❛ ♣❛❧❛✈r❛ gain ❞❡✈❡ s❡r ③❡r♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛s ❝❤❛✈❡s S0 ❛ S3 ✜q✉❡♠ ❛❜❡rt❛s

❡ ♦ ❛♠♣❧✐✜❝❛❞♦r ♣❛ss❡ ❛ ♦♣❡r❛r ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✳ ◆❡ss❛ s✐t✉❛çã♦✱ ♦ ❝✐r❝✉✐t♦ ✐♥t❡r♥♦ ❞❡

❝♦♠♣❡♥s❛çã♦ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♥ã♦ é ♠❛✐s ♥❡❝❡ssár✐♦ ❡ ♣♦❞❡ s❡r ❞❡s❧✐❣❛❞♦✱ ♦

q✉❡ é ❢❡✐t♦ ❝♦♠ ❛✉①í❧✐♦ ❞❛ ♣♦rt❛ ❖❯ ❞❡ q✉❛tr♦ ❡♥tr❛❞❛s ❝♦♥❡❝t❛❞❛s ❛ ♣❛❧❛✈r❛ ❞❡ ❣❛♥❤♦✳

❖ ❛❥✉st❡ ❞❡ ♦✛s❡t ❞♦ ❛♠♣❧✐✜❝❛❞♦r✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❛❥✉st❡ ❞❡ ③❡r♦ ❞♦ s❡♥s♦r✱ é

✐♠♣❧❡♠❡♥t❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✭❉❆❈✲✽❜✮✱ ❝✉❥❛ t❡♥sã♦ ❞❡ s❛í❞❛ é

❞❡✜♥✐❞❛ ♣❡❧❛ ♣❛❧❛✈r❛ ❞✐❣✐t❛❧ ZeroAdj ❞❡ ♦✐t♦ ❜✐ts✳ ▼❛✐s ✉♠❛ ✈❡③✱ ❜✉s❝❛♥❞♦✲s❡ ♠✐♥✐♠✐③❛r

♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✱ ❛❞♦t♦✉✲s❡ ✉♠ ❝♦♥✈❡rs♦r ❉✴❆ ❛ ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s ✭t❛♠❜é♠

❝❤❛♠❛❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✮✳ ❆ t❡♥sã♦ ❞❡ ♦✛s❡t ❞♦ ❝✐r❝✉✐t♦✱

✐❞❡♥t✐✜❝❛❞❛ ❝♦♠♦ V cm✱ é ❧✐❣❛❞❛ ❛ ✉♠ t❡r♠✐♥❛❧ ❞❡ ♠❡s♠♦ ♥♦♠❡ ♣❛r❛ s❡r ❢✉t✉r❛♠❡♥t❡

❝♦♥❡❝t❛❞❛ ❛ ✉♠ ♣❛❞ ❡①t❡r♥♦ ❞♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❞❡ t❡st❡ ♣❛r❛ ✜♥s ❞❡ ❝❛r❛❝t❡r✐③❛çã♦✳ ❆

❡♥tr❛❞❛ Vbias r❡❢❡r❡✲s❡ à t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❝♦♠✉♠ ❛♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦

❡ ❛♦ ❛♠♣❧✐✜❝❛❞♦r ✐♥t❡r♥♦ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆✳ ❆s ❡♥tr❛❞❛s ❛♥❛❧ó❣✐❝❛s V ref+ ❡

V ref− r❡❢❡r❡♠✲s❡ às t❡♥sõ❡s r❡❢❡r❡♥❝✐❛✐s s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞♦ ❝♦♥✈❡rs♦r ❉✴❆✱ ♣♦❞❡♥❞♦

✐♥❝❧✉s✐✈❡ ❛ss✉♠✐r ✈❛❧♦r❡s ❛❝✐♠❛ ❡ ❛❜❛✐①♦ ❞♦s ❞❡ ❛❧✐♠❡♥t❛çã♦✳ P♦r ✜♠✱ ❛ ❡♥tr❛❞❛ rst

❞❡st✐♥❛✲s❡ ❛♦ r❡s❡t ❞♦ ❝♦♥✈❡rs♦r✱ ❞❡✈❡♥❞♦ s❡r ❛t✐✈❛❞❛ ♣♦r ✉♠ ❜r❡✈❡ ♣❡rí♦❞♦ ❛♥t❡s ❞❡

❞❛ ♣r♦❣r❛♠❛çã♦ ❞♦ ♦✛s❡t ♣❛r❛ ❣❛r❛♥t✐r q✉❡ q✉❛❧q✉❡r ❝❛r❣❛ r❡s✐❞✉❛❧ ♦✉ ♣❛r❛sít✐❝❛ ♥♦s



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✵

❝❛♣❛❝✐t♦r❡s ❞♦ ❝♦♥✈❡rs♦r s❡❥❛ ❡❧✐♠✐♥❛❞❛ ❛ ✜♠ ❞❡ ♥ã♦ ❞✐st♦r❝❡r ♦ ✈❛❧♦r ❛♥❛❧ó❣✐❝♦ ❞❛ t❡♥sã♦

❞❡ s❛í❞❛ ❞❡s❡❥❛❞❛✳

❖ ♣r♦❥❡t♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❞♦ s✐st❡♠❛ s❡rá ❞✐s❝✉t✐❞♦ ❡♠ ♠❛✐s ❞❡t❛❧❤❡s

♥❛s s❡çõ❡s s❡❣✉✐♥t❡s✳

✻✳✷ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ■♥str✉♠❡♥t❛çã♦ ❞❡ ●❛♥❤♦ ❡ ❖✛s❡t

Pr♦❣r❛♠á✈❡✐s

❆♦ ❝♦♥trár✐♦ ❞❛ ❛♥á❧✐s❡ ❜✐❜❧✐♦❣rá✜❝❛ s♦❜r❡ ❝♦♥✈❡rs♦r❡s ❆✴❉✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧

✐❞❡♥t✐✜❝❛r ❡♠ t♦❞❛s ❛s ❢♦♥t❡s ♣❡sq✉✐s❛❞❛s ✉♠❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❡♠ t♦r♥♦ ❞❡ ✉♠❛ t♦♣♦❧♦❣✐❛

❞❡ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡ ✐♥str✉♠❡♥t❛çã♦ q✉❡ s❡ ♠♦str❡ ♠❛✐s ✐♥❞✐❝❛❞❛ ❛♦ ✉s♦ ❡♠ ❡t✐q✉❡t❛s

❘❋■❉ s❡♥s♦r❛s✳

❆♠♣❧✐✜❝❛❞♦r❡s ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❜❛s❡❛❞♦s ♥❛s três t♦♣♦❧♦❣✐❛s ❝❧áss✐❝❛s✱ ✐st♦ é✱ à três

❛♠♣❧✐✜❝❛❞♦r❡s✱ à r❡❛❧✐♠❡♥t❛çã♦ ❞❡ ❝♦rr❡♥t❡ ♦✉ à r❡❛❧✐♠❡♥t❛çã♦ r❡s✐st✐✈❛ ❝❛r❛❝t❡r✐③❛♠✲s❡

♣♦r ❛♣r❡s❡♥t❛r ✉♠❛ ❡①❝❡❧❡♥t❡ ❧✐♥❡❛r✐❞❛❞❡ ❡ ❡❧❡✈❛❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❣❛♥❤♦ ♠❛s✱ ♣♦r ♦✉tr♦

❧❛❞♦✱ ❛♣r❡s❡♥t❛♠ ❡✜❝✐ê♥❝✐❛ ❡♥ér❣✐❝❛ ❧✐♠✐t❛❞❛✳ ❙❡✉ ❝♦♥s✉♠♦ t✐♣✐❝❛♠❡♥t❡ ❡stá ♥❛ ❢❛✐①❛ ❞❡

❞❡③❡♥❛s ❞❡ µ❲ ❛ ❞❡③❡♥❛s ❞❡ ♠❲✳ ❆♠♣❧✐✜❝❛❞♦r❡s ❞❡ ■♥str✉♠❡♥t❛çã♦ ❞❡ t♦♣♦❧♦❣✐❛

❝❤♦♣♣❡r✱ ❡♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛✱ ♠❛s ♥ã♦ ❛

♠❡s♠❛ ❧✐♥❡❛r✐❞❛❞❡ ❞❛s t♦♣♦❧♦❣✐❛s ❝❧áss✐❝❛s ❡ s❡✉ ❣❛♥❤♦ ❉❈ é t✐♣✐❝❛♠❡♥t❡ ❞❛ ♦r❞❡♠ ❞❡

✷✵ ❞❇ ✭✶✵ ❱✴❱✮✱ só ❛❧❝❛♥ç❛♥❞♦ ♦ ✈❛❧♦r ♠á①✐♠♦ ♣❛r❛ s✐♥❛✐s ❞❡ ❢r❡q✉ê♥❝✐❛ ♥❛ ♦r❞❡♠ ❞❡

❞❡③❡♥❛s ♦✉ ❝❡♥t❡♥❛s ❞❡ ❍❡rt③✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ♥❛ t♦♣♦❧♦❣✐❛ ❝❤♦♣♣❡r ♦ ❣❛♥❤♦ ❡♠

❝♦rr❡♥t❡ ❛❧t❡r♥❛❞❛ é ❞❡✜♥✐❞♦ ♣♦r ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❝❛♣❛❝✐tâ♥❝✐❛s q✉❡ sã♦✱ ♣♦r s✉❛ ✈❡③✱

❝❤❛✈❡❛❞❛s ♣♦r ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥tr♦❧❡✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ r❡❝✉rs♦ ❞❡

❣❛♥❤♦ ♣r♦❣r❛♠á✈❡❧ r❡q✉❡r ♦✉ ❛ ♠✉❞❛♥ç❛ ❞❛ ❢r❡q✉ê♥❝✐❛ ❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s ❝❛♣❛❝✐t♦r❡s

♦✉ ❛ ♠✉❞❛♥ç❛ ♠❡s♠❛ ❞❛s ❝❛♣❛❝✐tâ♥❝✐❛s✳ ❚❛✐s s♦❧✉çõ❡s ✐♠♣❧✐❝❛♠ ❡♠ ♣r♦❜❧❡♠❛s ❝♦♠

✐♥❥❡çã♦ ❞❡ ❝❛r❣❛s ♣❛r❛s✐t❛s✱ ❡❧❡✈❛çã♦ ❞♦ ♦✛s❡t r❡s✐❞✉❛❧ ❡ ❞❛ ♣♦tê♥❝✐❛ ❞♦ r✉í❞♦ ♥♦ s✐♥❛❧ ❞❡

s❛í❞❛✳ ❆ ♠❡❧❤♦r s♦❧✉çã♦✱ ♣♦rt❛♥t♦✱ ♣❛r❡❝❡ ❞❡♣❡♥❞❡r ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡st✐♥♦✳

P❛r❛ ✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❘❋■❉ ❝✉❥❛ ❛♣❧✐❝❛çã♦ r❡q✉❡✐r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❝♦♥tí♥✉♦

❞❡ s✐♥❛✐s ✈❛r✐❛♥t❡s ♥♦ t❡♠♣♦ ❝♦♠ ❢r❡q✉ê♥❝✐❛ ✐❣✉❛❧ ♦ ♠❛✐♦r q✉❡ ❛❧❣✉♥s ❍❡rt③✱ ❝♦♠♦ s✐♥❛✐s

❜✐♦❧ó❣✐❝♦s✱ ♣♦r ❡①❡♠♣❧♦✱ ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❡♠ t♦♣♦❧♦❣✐❛ ❝❤♦♣♣❡r ♣❛r❡❝❡

s❡r ♦ ♠❛✐s ✐♥❞✐❝❛❞♦✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ❛♣❧✐❝❛çã♦ ❞❡ss❡ t✐♣♦ ♣♦❞❡ s❡r ✈✐st♦ ❡♠ ✭❨❊❆●❊❘ ❡t ❛❧✳✱

✷✵✶✵✮✱ ✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ❘❋■❉ ❯❍❋ ♣❛r❛ ❛ ❢❛✐①❛ ❞❡ ✾✵✵ ▼❍③✳ ◆❡❧❛ ✉♠ ❛♠♣❧✐✜❝❛❞♦r

❡♠ t♦♣♦❧♦❣✐❛ ❝❤♦♣♣❡r é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♠♣❧✐✜❝❛r ♦ s✐♥❛❧ ❞❡ ✉♠ t❡r♠♦♣❛r q✉❡ é ❡♥tã♦



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✶

❛♣❧✐❝❛❞♦ ❡♠ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉✳ ❆ ❡t✐q✉❡t❛ ❝♦♠♣❧❡t❛ ❢♦✐ ❝❛♣❛③ ❞❡ ♦♣❡r❛r ❛ ✸ ♠ ❞❡ ❞✐stâ♥❝✐❛

❞❛ ❛♥t❡♥❛ ❧❡✐t♦r❛✳

P❛r❛ ❡t✐q✉❡t❛s s❡♥s♦r❛s ❝✉❥❛ ❛♣❧✐❝❛çã♦ r❡q✉❡✐r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ✐♥t❡r♠✐t❡♥t❡ ❞❡ s✐♥❛✐s

❡♠ ♠♦♠❡♥t♦s ♣♦♥t✉❛✐s✱ ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❡♠ ✉♠❛ ❞❛s três t♦♣♦❧♦❣✐❛s

❝❧áss✐❝❛s ♣❛r❡❝❡ s❡r ❛ ♠❡❧❤♦r s♦❧✉çã♦✳ ❯♠ ❡①❡♠♣❧♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦r ❞❡

t♦♣♦❧♦❣✐❛ ❝❧áss✐❝❛ ❡♠ ✉♠ s✐st❡♠❛ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ s❡♠ ✜♦ ♣♦❞❡ s❡r ✈✐st♦ ❡♠ ✭❇❯▲❚ ❡t ❛❧✳✱

✶✾✾✻✮✳

❖ s✐st❡♠❛ q✉❡ s❡ ♣r♦♣õ❡ ♥❡st❡ tr❛❜❛❧❤♦ ♥ã♦ s❡ ❞❡st✐♥❛ ❛ ♠♦♥✐t♦r❛çã♦ ❝♦♥tí♥✉❛ ♥♦

t❡♠♣♦ ♠❛s ❛ ♠❡❞✐çõ❡s ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❣❛s❡s ❡♠ ♠♦♠❡♥t♦s ♣♦♥t✉❛✐s✳ P♦r ♦✉tr♦ ❧❛❞♦✱

❛s r❡s✐stê♥❝✐❛s ❞♦s s❡♥s♦r❡s ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♣r♦❥❡t❛❞♦s ❞❡✈❡♠ ❛ss✉♠✐r ✉♠ ✈❛❧♦r

❡♥tr❡ ✶✵✵ ❦Ω ❡ ✸✵✵ ❦Ω ❝♦♠ ✈❛r✐❛çã♦ ❞❡ ✵✱✵✵✶✪ ❛ ✷✵✪ ♠❡❞✐❛♥t❡ ❛ ❡①♣♦s✐çã♦ ❛♦ ❣ás ❛❧✈♦✱

❝♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ❡♠ ♠❛✐♦r❡s ❞❡t❛❧❤❡s ♥♦ ❈❛♣ít✉❧♦ ✼✳ ❆ss✉♠✐♥❞♦ ♦ ♣✐♦r ❝❛s♦✱ ✐st♦ é✱

RS = 100 kΩ ❡ ∆RS = 0, 001%✱ s❡ ♦ s❡♥s♦r ❢♦r ♣♦❧❛r✐③❛❞♦ ♣♦r r❡s✐st♦r ❞❡ ♣✉❧❧✲✉♣ t❛❧ ❝♦♠♦

♥❛ ❋✐❣✉r❛ ✻✳✶✱ ❝♦♠ RP = 200 kΩ ❡ VDD = 1, 2 V ✱ ❛ ♠❡♥♦r ✈❛r✐❛çã♦ ❞♦ s✐♥❛❧ ❞♦ s❡♥♦r

s❡rá ❞❡ 2, 67 µV ✳ ❈♦♠♦ ❛ ❢❛✐①❛ ❞❡ t❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣r♦❥❡t❛❞♦ é ❞❡

✺✵✵ ♠❱ ✭✈❛❧♦r❡s ✐♥❢❡r✐♦r❡s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞♦s✱ ♠❛s ❝♦♠ ♣❡r❞❛ ❞❡ ❧✐♥❡❛r✐❞❛❞❡✮✱ ♦ ❣❛♥❤♦

❝♦rr❡s♣♦♥❞❡♥t❡ ♣❛r❛ ♦ ❛♠♣❧✐✜❝❛❞♦r é ❞❡ ✶✵✻✱✺✼ ❞❇✱ ❜❡♠ ❛❝✐♠❛ ❞♦ ❣❛♥❤♦ tí♣✐❝♦ ❞❡ ✉♠

❛♠♣❧✐✜❝❛❞♦r ❝❤♦♣♣❡r ❡♠ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛✳ P♦r ❡ss❛s r❛③õ❡s ✉♠❛ t♦♣♦❧♦❣✐❛ ❝❧áss✐❝❛ ❢♦✐

❛❞♦t❛❞❛✳

❉❡♥tr❡ ❛s três t♦♣♦❧♦❣✐❛s ❝❧áss✐❝❛s✱ ❛ ❞❡ r❡❛❧✐♠❡♥t❛çã♦ ❞❡ ❝♦rr❡♥t❡ é q✉❡ ❛♣r❡s❡♥t❛ ❛

♠❡♥♦r ❡✜❝✐ê♥❝✐❛ ❡♥❡r❣ét✐❝❛✱ t❡♥❞♦ s✐❞♦ ♣♦r ✐ss♦ ❞❡s❝❛rt❛❞❛✳ ❊♥tr❡ ❛s t♦♣♦❧♦❣✐❛s ❛ três

❛♠♣❧✐✜❝❛❞♦r❡s ❡ à r❡❛❧✐♠❡♥t❛çã♦ r❡s✐st✐✈❛ ✭❞♦✐s ❛♠♣❧✐✜❝❛❞♦r❡s✮✱ ❛ ú❧t✐♠❛ ♦♣çã♦ é ❛ ♠❛✐s

❡✜❝✐❡♥t❡ ❡♠ t❡r♠♦s ❞❡ ❝♦♥s✉♠♦✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❡ss❛ t♦♣♦❧♦❣✐❛ ❛♣r❡s❡♥t❛ ✉♠❛ ❜❛✐①❛

r❡❥❡✐çã♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠ ✭❈▼❘❘✮ ❡ r✉í❞♦ ♠✉✐t♦ ❡❧❡✈❛❞♦ ♣❛r❛ ❛❧t♦s ❣❛♥❤♦s✱ ♦ q✉❡ ❛ t♦r♥❛

❞✐✜❝✐❧♠❡♥t❡ ❡♠♣r❡❣á✈❡❧ ♣❛r❛ ❣❛♥❤♦s ❛❝✐♠❛ ❞❡ ✻✵ ❞❇✳ ❉❡ss❛ ❢♦r♠❛✱ ❛ t♦♣♦❧♦❣✐❛ ❝❧áss✐❝❛

❛ três ❛♠♣❧✐✜❝❛❞♦r❡s s❡ ♠♦str❛ ❛ ♠❛✐s ❛❞❡q✉❛❞❛ ♣❛r❛ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛✳ ❖ ❞✐❛❣r❛♠❛

❡sq✉❡♠át✐❝♦ ❞❛ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❝❧áss✐❝❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✸✳

❆❧❣✉♠❛s ✈❛r✐❛çõ❡s ❞❛ t♦♣♦❧♦❣✐❛ ❛ três ❛♠♣❧✐✜❝❛❞♦r❡s ❢♦r❛♠ ❡st✉❞❛❞❛s ♥❛ t❡♥t❛t✐✈❛

❞❡ ✐♠♣❧❡♠❡♥t❛r ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❝♦♠ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❛❞❡q✉❛❞❛s✱ ✐st♦

é✱ ✐♠♣❡❞â♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ❡❧❡✈❛❞❛✱ ❣❛♥❤♦ ❞❛ ♦r❞❡♠ ❞❡ ✶✵✼ ❞❇✱ ❜❛✐①íss✐♠♦ ❝♦♥s✉♠♦

✭♠❡♥♦r q✉❡ 10 µW ✮✱ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥ã♦ s✐♠étr✐❝❛ ❡ ♥ã♦ s✉♣❡r✐♦r ❛ ✶✱✷ ❱✳ P♦r

tr❛t❛r✲s❡ ❞❡ ✉♠ ♣r♦❥❡t♦ q✉❡ t❡♠ ❛ ❧✐♠✐t❛çã♦ ❞❡ ❝♦♥s✉♠♦ ❝♦♠♦ s✉❛ ♣r✐♥❝✐♣❛❧ ❞✐r❡tr✐③✱ ❛



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✷

❋✐❣✉r❛ ✻✳✸ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ t♦♣♦❧♦❣✐❛s ❛ três ❛♠♣❧✐✜❝❛❞♦r❡s ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡
✐♥str✉♠❡♥t❛çã♦ ❝❧áss✐❝♦✳

✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ✉t✐❧✐③❛♥❞♦ tr❛♥s✐st♦r❡s ♦♣❡r❛♥❞♦ ♥❛ r❡❣✐ã♦ s✉❜✲❧✐♠✐❛r é

✉♠❛ ❡s❝♦❧❤❛ ❜❛st❛♥t❡ ♥❛t✉r❛❧✳ ❈♦♥t✉❞♦✱ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡ ❣❛♥❤♦ ♠✉✐t♦ ❡❧❡✈❛❞♦

♦♣❡r❛♥❞♦ ♥❛ r❡❣✐ã♦ s✉❜✲❧✐♠✐❛r ❝♦st✉♠❛♠ r❡q✉❡r❡r tr❛♥s✐st♦r❡s ❝♦♠ ❛ ❧❛r❣✉r❛ ❞♦ ❝❛♥❛❧

❜❛st❛♥t❡ ❡❧❡✈❛❞❛ ♦✉ ♠❡s♠♦ W ❡ L s✐♠✉❧t❛♥❡❛♠❡♥t❡ ❡❧❡✈❛❞♦s✳ ❚❛✐s ❝❛r❛❝t❡ríst✐❝❛s sã♦

✐♥❝♦♥✈❡♥✐❡♥t❡s ♣❛r❛ ♦ ❧❡✐❛✉t❡ ❡ ♣♦❞❡♠ ❞❛r ♦r✐❣❡♠ ❛♦ ❞❡s❝❛s❛♠❡♥t♦ ♥ã♦ ❞❡s♣r❡③í✈❡❧ ❞♦

♣❛r ❞✐❢❡r❡♥❝✐❛❧✳ P♦r ❡ss❛ r❛③ã♦✱ ❞❡❝✐❞✐✉✲s❡ t❡st❛r ❛s ❞✉❛s ❛❧t❡r♥❛t✐✈❛s ✭✐♠♣❧❡♠❡♥t❛çã♦ ❡♠

✐♥✈❡rsã♦ ❢♦rt❡ ❡ ❡♠ s✉❜✲❧✐♠✐❛r✮ ❛ ✜♠ ❞❡ ❡st❛❜❡❧❡❝❡r ❞❡ ❢♦r♠❛ ♠❛✐s s❡❣✉r❛ ✉♠❛ ❜♦❛

s♦❧✉çã♦✳

P❛rt✐♥❞♦ ♣r✐♠❡✐r❛♠❡♥t❡ ❞❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❡♠ ✐♥✈❡rsã♦ ❢♦rt❡✱ t❡♥t♦✉✲s❡ ❛ s♦❧✉çã♦

❜❛s❡❛❞❛ ❡♠ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡ ✉♠ ❡stá❣✐♦ ♥❛ ❡♥tr❛❞❛ ❡ t✐♣♦ ▼✐❧❧❡r ♥❛ s❛í❞❛✱ ♠❛s ❡❧❛

♥ã♦ s❡ ♠♦str♦✉ ❝❛♣❛③ ❞❡ ❝✉♠♣r✐r ♦s r❡q✉✐s✐t♦s ❞❡ ❣❛♥❤♦ ❡ ❝♦♥s✉♠♦✳ ❆ s♦❧✉çã♦ ❜❛s❡❛❞❛

❡♠ três ❛♠♣❧✐✜❝❛❞♦r❡s ❞♦ t✐♣♦ ▼✐❧❧❡r ♦♣❡r❛♥❞♦ ❡♠ ✐♥✈❡rsã♦ ❢♦rt❡ ❛t❡♥❞❡✉ ❛♦s r❡q✉✐s✐t♦s

❞❡ ❣❛♥❤♦ ❡ ✐♠♣❡❞â♥❝✐❛ ❞❡ ❡♥tr❛❞❛ ♠❛s ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦♥s✉♠♦ ♠✉✐t♦ ♠❛✐s ❡❧❡✈❛❞♦ ❞♦

q✉❡ ❛ ❡s♣❡❝✐✜❝❛çã♦✳ ❆❧é♠ ❞✐ss♦✱ ❛♠❜❛s ❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ♥❡❝❡ss✐t❛♠ r❡s✐st♦r❡s ❞❡ ✈❛❧♦r

❡❧❡✈❛❞♦ ♣❛r❛ ❛t❡♥❞❡r ❛♦ ❣❛♥❤♦ ❡s♣❡❝✐✜❝❛❞♦ s❡♠ ❡❧❡✈❛r ❞❡♠❛s✐❛❞❛♠❡♥t❡ ♦ ❝♦♥s✉♠♦✳ ❊st❛

❛✜r♠❛çã♦ ♣♦❞❡ s❡r ♠❡❧❤♦r ❝♦♠♣r❡❡♥❞✐❞❛ ❛♥❛❧✐s❛♥❞♦✲s❡ ♦ ❣❛♥❤♦ ❞❡st❡ ❛♠♣❧✐✜❝❛❞♦r ❝✉❥❛

❡q✉❛çã♦ é ❡①♣r❡ss❛ ♣♦r ✭❇❆▲❇■◆❖❚❀ ❇❘❯❙❆▼❆❘❊▲▲❖✱ ✷✵✶✵✮✿

V out = ∆V in

(

1 +
2R56

Rg

)

R24

R13

✭✻✳✸✮

s❡♥❞♦ R56 = R5 = R6✱ R13 = R1 = R3 ❡ R24 = R2 = R4✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✻✳✸✳

❉❡ss❛ ❢♦r♠❛✱ ✉♠ ❣❛♥❤♦ ♠✉✐t♦ ❡❧❡✈❛❞♦ r❡q✉❡r ♦ ❛✉♠❡♥t♦ ❞❛s r❡❧❛çõ❡s R56/Rg ❡ R24/R13✱

♦ q✉❡ ♥ã♦ ♣♦❞❡ s❡r ❢❡✐t♦ r❡❞✉③✐♥❞♦✲s❡ ♠✉✐t♦ R13 s♦❜ ♣❡♥❛ ❞❡ s♦❜r❡❝❛rr❡❣❛r ♦s ❡stá❣✐♦s ❞❡



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✸

s❛í❞❛ ❞♦s ❛♠♣❧✐✜❝❛❞♦r❡s ❆✶ ❡ ❆✷ ❝♦♠ ❝❛r❣❛s ❞❡ ✐♠♣❡❞â♥❝✐❛ ♠✉✐t♦ ❜❛✐①❛s ♥❡♠ r❡❞✉③✐♥❞♦✲

s❡ ♠✉✐t♦ Rg ❛ ♣♦♥t♦ ❞❡ t♦r♥❛✲❧♦ ♣ró①✐♠♦ ❛ r❡s✐stê♥❝✐❛ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ♣ró♣r✐❛ ♣♦rt❛

❞❡ tr❛♥s♠✐ssã♦ ❈▼❖❙ q✉❡ ♣r❡❝✐s❛rá ❝❤❛✈❡á✲❧♦ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ♦✉tr❛s r❡s✐stê♥❝✐❛s ♣❛r❛

❝♦♥tr♦❧❛r ♦ ❣❛♥❤♦✳ ❆ ❝♦♥s❡q✉ê♥❝✐❛ ♥❛t✉r❛❧ é ♦ ❛✉♠❡♥t♦ ❞❛s r❡s✐stê♥❝✐❛s ❞❡ R24 ❡ R56✳

◗✉❛♥❞♦ ❛ss✉♠❡♠ ✈❛❧♦r❡s ♠✉✐t♦ ❛❧t♦s✱ t❛✐s r❡s✐st♦r❡s r❡q✉❡r❡♠ ✉♠❛ ❣r❛♥❞❡ ár❡❛ ❞❡ s✐❧í❝✐♦

♣❛r❛ s❡r❡♠ ✐♠♣❧❡♠❡♥t❛❞♦s✱ ♦ q✉❡ s❡ s♦♠❛ ❛✐♥❞❛ ❛ ár❡❛ ❞♦s ❝❛♣❛❝✐t♦r❡s ❞❡ ❝♦♠♣❡♥s❛çã♦ ❞♦s

três ❛♠♣❧✐✜❝❛❞♦r❡s✱ r❡s✉❧t❛♥❞♦ ♥✉♠❛ ❣r❛♥❞❡ ár❡❛ t♦t❛❧ ♦❝✉♣❛❞❛ s♦♠❡♥t❡ ♣❡❧♦ ❛♠♣❧✐✜❝❛❞♦r

❞❡ ✐♥str✉♠❡♥t❛çã♦✳

◆❛t✉r❛❧♠❡♥t❡✱ r❡❢❛③❡r ❛s s♦❧✉çõ❡s ❛♥t❡r✐♦r❡s ✉t✐❧✐③❛♥❞♦ ❛♠♣❧✐✜❝❛❞♦r❡s ❝♦♠ tr❛♥s✐st♦r❡s

♦♣❡r❛♥❞♦ ♥❛ r❡❣✐ã♦ s✉❜✲❧✐♠✐❛r s❡r✐❛ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✈á❧✐❞❛✱ ♠❛s ♥ã♦ ❧✐✈r❛r✐❛ ♦ ♣r♦❜❧❡♠❛

❞❛ ár❡❛ ♦❝✉♣❛❞❛ ♣❡❧♦s r❡s✐st♦r❡s✳ ❇✉s❝♦✉✲s❡ ❡♥tã♦ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ q✉❡ ♣❡r♠✐t✐ss❡ r❡❞✉③✐r

♦ ♥ú♠❡r♦ ❞❡ r❡s✐st♦r❡s ❡ ❛✐♥❞❛ ❢♦ss❡ ❝❛♣❛③ ❞❡ ❛t❡♥❞❡r ❛♦s r❡q✉✐s✐t♦s✳ ❆ ✐♠♣❧❡♠❡♥t❛çã♦

❜❛s❡❛❞❛ ♥♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✱ ♣r♦♣♦st♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♣♦r ❙❛❝❦✐♥❣❡r

❡ ●✉❣❣❡♥❜✉❤❧ ✭❙❆❈❑■◆●❊❘❀ ●❯●●❊◆❇❯❍▲✱ ✶✾✽✼✮ ♠♦str♦✉✲s❡ ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ❛tr❛t✐✈❛✳

❙❡✉ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✹✳

❋✐❣✉r❛ ✻✳✹ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦✳

❉❡ ♠❛♥❡✐r❛ ❛❜str❛t❛✱ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ✭❆❉❉✮ ♣♦❞❡ s❡r

❡♥t❡♥❞✐❞♦ ❝♦♠♦ ✉♠❛ ✈❛r✐❛♥t❡ ❞❛ t♦♣♦❧♦❣✐❛ ❛ três ❛♠♣❧✐✜❝❛❞♦r❡s ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✸✳

◆❡st❡ ❝❛s♦✱ ♦s ❞♦✐s ❛♠♣❧✐✜❝❛❞♦r❡s q✉❡ ❝♦♠♣õ❡♠ ♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦ ✭❆✶ ❡ ❆✷✮ sã♦

✐♠♣❧❡♠❡♥t❛❞♦s ♣❡❧♦ ♣❛r ❞❡ ❛♠♣❧✐✜❝❛❞♦r❡s ❞✐❢❡r❡♥❝✐❛✐s ❢♦r♠❛❞♦s ♣❡❧♦s tr❛♥s✐st♦r❡s M1a,b✱

M2a,b✱ M3✱ M4 ❡ M5a,b✳ ❆♦ ♠❡s♠♦ t❡♠♣♦✱ ♦ ❡s♣❡❧❤♦ ❞❡ ❝♦rr❡♥t❡ ❢♦r♠❛❞♦ ♣❡❧♦s

tr❛♥s✐st♦r❡s M3 ❡ M4 ✈✐♥❝✉❧❛ ♦s ❞♦✐s ♣❛r❡s ❞✐❢❡r❡♥❝✐❛✐s ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦✱ ❢♦rç❛♥❞♦ ✉♠❛

s❛í❞❛ ú♥✐❝❛✱ t❛❧ ❝♦♠♦ ❢❛r✐❛ ♦ ❡stá❣✐♦ ❞❡ ❡♥tr❛❞❛ ❞✐❢❡r❡♥❝✐❛❧ ❞♦ t❡r❝❡✐r♦ ❛♠♣❧✐✜❝❛❞♦r ✭❆✸✮



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✹

♥❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❝❧áss✐❝❛✳ P♦r ✜♠✱ ♦s tr❛♥s✐st♦r❡s M6 ❡ M7 ❢♦r♠❛♠ ♦ ❡stá❣✐♦ ❞❡ s❛í❞❛

t❛❧ ❝♦♠♦ t❛♠❜é♠ ♦ ❢❛r✐❛ ♦ ❡stá❣✐♦ ❞❡ s❛í❞❛ ❞♦ t❡r❝❡✐r♦ ❛♠♣❧✐✜❝❛❞♦r ♥❛ ✐♠♣❧❡♠❡♥t❛çã♦

❝❧áss✐❝❛✳ ❈♦♠♦ ♦s r❡s✐st♦r❡s ❞❡ r❡❛❧✐♠❡♥t❛çã♦ ✐♥t❡r♥❛ ❡①✐st❡♥t❡s ♥❛ ✐♠♣❧❡♠❡♥t❛çã♦

❝❧áss✐❝❛ ♥ã♦ ♣♦ss✉❡♠ ❡q✉✐✈❛❧❡♥t❡s ❞✐r❡t♦s ♥♦ ❆❉❉✱ ♦ ❝♦♥tr♦❧❡ ❞♦ ❣❛♥❤♦ ♣♦❞❡ s❡r

✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ✉♠❛ r❡❛❧✐♠❡♥t❛çã♦ ❡①t❡r♥❛✱ t❛❧ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✺✳

❋✐❣✉r❛ ✻✳✺ ✕ ■♠♣❧❡♠❡♥t❛çã♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❛ ♣❛rt✐r ❞♦ ❛♠♣❧✐✜❝❛❞♦r
❞✐❢❡r❡♥❝✐❛❧ ❞❡ ❞✐❢❡r❡♥ç❛s✳

◆❡ss❛ s✐t✉❛çã♦✱ ♦ ❣❛♥❤♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ s❡rá ❞❛❞♦ ♣♦r✿

Av =

(

1 +
R1

R2

)

✭✻✳✹✮

◆❛t✉r❛❧♠❡♥t❡ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠♦ ❜✉✛❡r ♥ã♦ ✐♥✈❡rs♦r✱ út✐❧ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦

s❧❡✇ r❛t❡✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ Av = 1✱ ✐♠♣❧✐❝❛ ❡♠ R1 = 0 ♥❛ ❊q✉❛çã♦ ✻✳✹✱

✐♥❞❡♣❡♥❞❡♥t❡♠❡♥t❡ ❞♦ ✈❛❧♦r ❞❡ R2✱ ♦✉ s❡❥❛✱ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❝♦♥❡❝t❛♥❞♦✲s❡ ❞✐r❡t❛♠❡♥t❡ ❛

s❛í❞❛ ✭Vout✮ à ❡♥tr❛❞❛ Vin− ❡ ❡❧✐♠✐♥❛♥❞♦✲s❡ R2✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛ ❝♦♠♦ s❡ ❢❛r✐❛ ❡♠ ✉♠

❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ❝♦♠✉♠✳

❈♦♥tr❛r✐❛♠❡♥t❡ à ✐♠♣❧❡♠❡♥t❛çã♦ ❝❧áss✐❝❛ ♥❛ q✉❛❧ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡ ❞♦✐s ❡stá❣✐♦s sã♦

❧✐❣❛❞♦s ❡♠ ❝❛s❝❛t❛ ♠✉❧t✐♣❧✐❝❛♥❞♦✲s❡ ♦s ❣❛♥❤♦s✱ ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦

✐♠♣❧❡♠❡♥t❛❞♦ ❛ ♣❛rt✐r ❞♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ♣♦ss✉✐ ❛♣❡♥❛s ❞♦✐s

❡stá❣✐♦s ❡♥tr❡ ❛s ❡♥tr❛❞❛s ❡ ❛ s❛í❞❛✳ ❆ r❡❛❧✐③❛çã♦ ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ❣❛♥❤♦ ❡❧❡✈❛❞♦

♥❡ss❛s ❝♦♥❞✐çõ❡s r❡q✉❡r q✉❡ ♦s ♣ró♣r✐♦s tr❛♥s✐st♦r❡s ❞❡ ❛♠♣❧✐✜❝❛çã♦ t❡♥❤❛♠ ♦ ❣❛♥❤♦

❡❧❡✈❛❞♦✳ ❊ss❛ ❝♦♥❞✐çã♦ ♣♦❞❡ s❡r s❛t✐s❢❡✐t❛ s❡♠ q✉❡ ✉♠ ❝♦♥s✉♠♦ ❞❡ ❝♦rr❡♥t❡ ❡❧❡✈❛❞♦ s❡❥❛

♥❡❝❡ssár✐♦✱ ♣r♦❥❡t❛♥❞♦ ♦ ❛♠♣❧✐✜❝❛❞♦r ♣❛r❛ ♦♣❡r❛r ❝♦♠ ♦s tr❛♥s✐st♦r❡s ♥❛ r❡❣✐ã♦

s✉❜✲❧✐♠✐❛r✳

❆❞♠✐t✐♥❞♦✲s❡ q✉❡ ♦s ♣❛r❡s ❞✐❢❡r❡♥❝✐❛✐s ❞♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s sã♦

♣❡r❢❡✐t❛♠❡♥t❡ ❝❛s❛❞♦s✱ ✐st♦ é✱ M1a = M1b = M2a = M2b ❡ q✉❡ ❛♠❜♦s sã♦ ♣♦❧❛r✐③❛❞♦s



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✺

♣❡❧♦ ♠❡s♠♦ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡✱ ♦✉ s❡❥❛✱ M5a = M5b ❝♦♠ ✉♠ ❡s♣❡❧❤♦ ❞❡ r❡❧❛çã♦ ✉♥✐tár✐❛

✭M3 = M4✮✱ ♣♦❞❡✲s❡ ❝♦♥❝❧✉✐r ❞❛ ❛♥á❧✐s❡ ❞❡ ♣❡q✉❡♥♦s s✐♥❛✐s q✉❡ s❡✉ ❣❛♥❤♦ t♦t❛❧ é ❞❛❞♦

♣♦r✿

AvDC = gm1gm6

(

1

gds1 + gds3

)(

1

gds6 + gds7

)

✭✻✳✺✮

P❛r❛ tr❛♥s✐st♦r❡s ▼❖❙ ♦♣❡r❛♥❞♦ ❡♠ r❡❣✐♠❡ s✉❜✲❧✐♠✐❛r ♥❛ r❡❣✐ã♦ ❞❡ s❛t✉r❛çã♦✱ ❛

tr❛♥s❝♦♥❞✉tâ♥❝✐❛ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r✿

gm =
ID
mVT

✭✻✳✻✮

s❡♥❞♦ m ♦ ♣❛râ♠❡tr♦ ❞❡ ✐♥❝❧✐♥❛çã♦ s✉❜✲❧✐♠✐❛r ❡ VT ❛ t❡♥sã♦ t❡r♠♦❞✐♥â♠✐❝❛✳ ❉❛ ♠❡s♠❛

❢♦r♠❛✱ ❛ r❡s✐stê♥❝✐❛ ❞❡ ❞r❡♥♦✲❢♦♥t❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❝♦♠♦✿

rds =
λDID
mVT

✭✻✳✼✮

♣❛r❛ ❛ q✉❛❧ λD é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛❜❛✐①❛♠❡♥t♦ ❞❡ ❜❛rr❡✐r❛ ✐♥❞✉③✐❞♦ ♣❡❧♦ ❞r❡♥♦ ✭❉■❇▲✮✳

❆♣❧✐❝❛♥❞♦ ❛s ❊q✉❛çõ❡s ✻✳✻ ❡ ✻✳✼ ♥❛ ❊q✉❛çã♦ ✻✳✺✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ♣❛râ♠❡tr♦ m ❡♥tr❡

tr❛♥s✐st♦r❡s ❞♦ ♠❡s♠♦ t✐♣♦ é ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✐❣✉❛❧✱ ♣♦❞❡✲s❡ ❛♣r♦①✐♠❛r ♦ ❣❛♥❤♦ t♦t❛❧

❞♦ ❛♠♣❧✐✜❝❛❞♦r ♣♦r✿

AvDC ≈ 1

(λD1 + 2λD3)(λD6 + λD7)
✭✻✳✽✮

❈♦♠♦ ♦ ❡❢❡✐t♦ ❞❡ ❛❜❛✐①❛♠❡♥t♦ ❞❡ ❜❛rr❡✐r❛ ✐♥❞✉③✐❞♦ ♣❡❧♦ ❞r❡♥♦ ❡stá ❢♦rt❡♠❡♥t❡

r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦s t❡r♠✐♥❛✐s ❞❡ ❞r❡♥♦ ❡ ❢♦♥t❡ ❞♦ tr❛♥s✐st♦r✱ ♦

❝♦❡✜❝✐❡♥t❡ λD✱ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ♦ ❣❛♥❤♦ AvDC ♣♦❞❡ s❡r ❞✐♠❡♥s✐♦♥❛❞♦ ❛❥✉st❛♥❞♦✲s❡ ♦

✈❛❧♦r ❞❡ L✳ ❉❡ ♠❛♥❡✐r❛ ♠❛✐s ❡s♣❡❝í✜❝❛✱ ♦ ❝♦❡✜❝✐❡♥t❡ λD é ✐♥✈❡rs❛♠❡♥t❡ ♣r♦♣♦r❝✐♦♥❛❧ ❛ L

❡ ❛ t❡♥sã♦ ❡♥tr❡ ❞r❡♥♦ ❡ ❢♦♥t❡✱ VDS✳

❚❡♥❞♦ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛s ♠❡❞✐❞❛s L ❞♦s tr❛♥s✐st♦r❡s ❡♠ ❢✉♥çã♦ ❞♦ ❣❛♥❤♦

❛❧♠❡❥❛❞♦ ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛✱ ❞✐✈❡rs❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❢♦r❛♠ t❡♥t❛❞❛s ♣❛r❛

❞✐❢❡r❡♥t❡s ❝♦♠❜✐♥❛çõ❡s ❞❡ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✭VDD✮✱ t❡♥sã♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠ ✭VCM✮

❡ ❝♦rr❡♥t❡s I5 ❡ I6✳ ❆ ♠❡❧❤♦r ❝♦♠❜✐♥❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ♥ã♦ é ❡✈✐❞❡♥t❡ ♥✉♠ ♣r✐♠❡✐r♦

♠♦♠❡♥t♦ ❞❡✈✐❞♦ às ✐♠♣❧✐❝❛çõ❡s q✉❡ ❛ ♠❡❧❤♦r❛ ❞❡ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ tr❛③ s♦❜r❡ ❛s

❞❡♠❛✐s✳ ❆♦ ✜♥❛❧✱ ❞✉❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❛❧❝❛♥ç❛r❛♠ ❜♦♥s r❡s✉❧t❛❞♦s s❡♥❞♦ r❡♣♦rt❛❞❛s ❛

s❡❣✉✐r✳



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✻

❖s ♣❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ♣r✐♠❡✐r❛ ✐♠♣❧❡♠❡♥t❛çã♦

s❛t✐s❢❛tór✐❛ ❞♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ✭❙♦❧✉çã♦ ❆✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛

❚❛❜❡❧❛ ✻✳✶✳

❚❛❜❡❧❛ ✻✳✶ ✕ P❛râ♠❡tr♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦
❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳

VDD

✭♠❱✮

VCM

✭♠❱✮

I6/I5
✭♥❆✴♥❆✮

M1,2 M3,4 M5 M6 M7 M8
CC

✭♣❋✮

AvDC

✭t❡ór✐❝♦✮

✾✷✺ ✹✷✺ ✶✽✵✵✴✶✵✵ ✶✵✽✴✷✷ ✷✸✹✴✹✵ ✶✶✴✷ ✶✽✻✴✶✱✺ ✸✷✹✴✹✱✺ ✻✵✴✷✷ ✵✱✽ ✶✵✹ ❞❇

❖s ❞❛❞♦s ❞❡ t❡♥sã♦ ♥♦♠✐♥❛❧ ❡ ❝♦rr❡♥t❡s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡✜♥❡♠ ♦ ❝♦♥s✉♠♦ ❞❡st❛

s♦❧✉çã♦ ❡♠ ✶✱✽✺ µ❲✱ ❝❤❡❣❛♥❞♦ ❛ ✷✱✵ µ❲ s❡ ❢♦r ❛❧✐♠❡♥t❛❞♦ ❝♦♠ VDD ❂ ✶ ❱✳ ❖ s❧❡✇ r❛t❡

❢♦✐ ❝❛❧❝✉❧❛❞♦ ❛❞❛♣t❛♥❞♦✲s❡ ♣❛r❛ ♦ ❝❛s♦ ❞♦ ❆❉❉ ♦ ❝❛s♦ ❣❡r❛❧ ♣❛r❛ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡ ❞♦✐s

❡stá❣✐♦s ❞❡s❝r✐t♦ ♣♦r P❛❧♠✐s❛♥♦ ❡t ❛❧✳ ✭P❆▲▼■❙❆◆❖ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ◆❡st❡ ❝❛s♦✱

❝♦♥s✐❞❡r❛♥❞♦✲s❡ ♦ ❛rr❛♥❥♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✻✭❛✮ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❝❛♣❛❝✐t✐✈❛ CL

❝♦♥❡❝t❛❞❛ ♥❛ s❛í❞❛✱ ♦ s❧❡✇ r❛t❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ❝♦♠♦✿

SR = minimo

(

I5
CC

,
I6

CL + CC

)

✭✻✳✾✮

❉❡ ♦✉tr❛ ❢♦r♠❛✱ s❡ ♦ ❛♠♣❧✐✜❝❛❞♦r ❢♦r ❝♦♥❡❝t❛❞♦ ❝♦♥❢♦r♠❡ ♦ ❛rr❛♥❥♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛

✻✳✻✭❜✮ ✭❡q✉✐✈❛❧❡♥t❡ ❛♦ ❛rr❛♥❥♦ ❞❛ ❋✐❣✉r❛ ✻✳✻✭❛✮ ❝♦♠ ❱❝♠ ❂ ✵ ❱✮✱ ❤❛✈❡rá ✉♠❛ ❝♦rr❡♥t❡

❞❡ ♣♦❧❛r✐③❛çã♦ ♠é❞✐❛ ✐❣✉❛❧ ❛ I5/2 ✢✉✐♥❞♦ ❛tr❛✈és ❞♦s ❞♦✐s tr❛♥s✐st♦r❡s ❞♦ ♣❛r ❞✐❢❡r❡♥❝✐❛❧

❧✐❣❛❞♦s ❛ t❡♥sã♦ ❞❡ ♠♦❞♦ ❝♦♠✉♠✱ ♣♦r ❝♦♥s❡q✉ê♥❝✐❛✱ ❛♣❡♥❛s ❛ ♦✉tr❛ ♠❡t❛❞❡ ❞❡ I5 ❡st❛rá

❞✐s♣♦♥í✈❡❧ ♣❛r❛ ❛ ❝❛r❣❛ ❡ ❞❡s❝❛r❣❛ ❞♦ ❝❛♣❛❝✐t♦r ❞❡ ❝♦♠♣❡♥s❛çã♦CC ✳ ◆❡st❡ ❝❛s♦✱ ❛ ❊q✉❛çã♦

✻✳✾ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ❝♦♠♦✿

SR = minimo

(

I5
2CC

,
I6

CL + CC

)

✭✻✳✶✵✮

✭❛✮ ❇✉✛❡r ❝♦♥✈❡♥❝✐♦♥❛❧✳ ✭❜✮ ❇✉✛❡r ❝♦♠ ♣♦❧❛r✐③❛çã♦ ❱❝♠✳

❋✐❣✉r❛ ✻✳✻ ✕ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ❡♠ ❛rr❛♥❥♦ t✐♣♦ ❜✉✛❡r✳

❊st❡ s❡❣✉♥❞♦ ❛rr❛♥❥♦ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛q✉❡❧❡ ❞❡s❝r✐t♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✱ r❛③ã♦ ♣❡❧❛ q✉❛❧

❛ ❊q✉❛çã♦ ✻✳✶✵ ❢♦✐ ✉t✐❧✐③❛❞❛ ♥♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r✳ P❛r❛ ♦s ♣❛râ♠❡tr♦s



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✼

❞❛❞♦s ♥❛ ❚❛❜❡❧❛ ✻✳✶✱ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ❞✉❛s ❝❛♣❛❝✐tâ♥❝✐❛s ❞❡ ❝❛r❣❛ ♣♦ssí✈❡✐s ♥♦ ♣r♦❥❡t♦✱

✐st♦ é✱ ✹ ♣❋ ❡ ✼✱✺ ♣❋ ✭r❡❧❛t✐✈❛s ❛♦s ❝♦♥✈❡rs♦r❡s ❆✴❉ ❞❡ ✽ ❡ ✶✵ ❜✐ts✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✮✱ ♦

s❧❡✇ r❛t❡ ❝❛❧❝✉❧❛❞♦ ❢♦✐ ✻✷✱✺ ♠❱✴µs ♣❛r❛ ❛♠❜♦s ♦s ❝❛s♦s ✭♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❊q✳ ✻✳✶✵ ❢♦✐

❞♦♠✐♥❛♥t❡ ♥❛s ❞✉❛s s✐t✉❛çõ❡s✮✳

❖ ❣❛♥❤♦ t❡ór✐❝♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r✱ ✉t✐❧✐③❛❞♦ ❝♦♠♦ ♣♦♥t♦ ❞❡ ♣❛rt✐❞❛ ❞♦ ♣r♦❥❡t♦✱ ❢♦✐

❝❛❧❝✉❧❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✻✳✽ ❝♦♠♦ s❡♥❞♦ ✶✵✸✱✻ ❞❇✳ ❊♠❜♦r❛ ❡ss❡ ✈❛❧♦r ❡st❡❥❛ ❛❜❛✐①♦ ❞❛

❡s♣❡❝✐✜❝❛çã♦ ❡st❛❜❡❧❡❝✐❞❛ ✭✶✵✼ ❞❇✮✱ ❡❧❡ ❛♣❡♥❛s r❡✢❡t❡ ❛ r❡❧❛①❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦s

tr❛♥s✐st♦r❡s r❡❛❧✐③❛❞❛ ❛♣ós ❛s s✐♠✉❧❛çõ❡s q✉❡ ✐♥❞✐❝❛r❛♠ ♦ ❣❛♥❤♦ ❛❞❡q✉❛❞♦✱ ❝♦♥❢♦r♠❡

❡①♣♦st♦ ♥❛ ❙❡çã♦ ✻✳✹✳

P❛r❛ ✉♠ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ❞♦✐s ❡stá❣✐♦s t✐♣♦ ▼✐❧❧❡r✱ ❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ❝♦♠♣❡♥s❛çã♦ Cc

♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r✿

CC ≈ gm1

2π ·GBW
✭✻✳✶✶✮

♣❛r❛ ❛ q✉❛❧ gm1 é ❛ tr❛♥s❝♦♥❞✉tâ♥❝✐❛ ❞♦ tr❛♥s✐st♦r ❞❡ ❡♥tr❛❞❛ M1 ❡ GBW é ♦ ♣r♦❞✉t♦

❣❛♥❤♦✲❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ❞❡s❡❥❛❞♦✳ ◆♦ ❝❛s♦ ❞♦ ❆❉❉✱ ♦ tr❛♥s✐st♦r ❞❡ ❡♥tr❛❞❛ M1a só

❝♦♥tr✐❜✉✐ ❝♦♠ ♠❡t❛❞❡ ❞♦ s✐♥❛❧ ❞❡ s❛í❞❛ ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦ ❡♠ r❡❧❛çã♦ ❛♦ ❡q✉✐✈❛❧❡♥t❡

▼✐❧❧❡r✱ ♣♦r ❡ss❛ r❛③ã♦ ❛ ❊q✉❛çã♦ ✻✳✶✶ ♣♦❞❡ s❡r r❡❡s❝r✐t❛ ♣❛r❛ ♦ ❆❉❉ ❝♦♠♦✿

CC ≈ gm1

4π ·GBW
✭✻✳✶✷✮

❉❡ss❛ ❢♦r♠❛✱ ♣❛r❛ GBW ❂ ✶✵✵ ❦❍③ ❡ gm1 ❂ ✶ µ❆✴❱ ✭♦❜t✐❞♦ ♣♦r s✐♠✉❧❛çã♦✮✱ ♦

❝❛♣❛❝✐t♦r ❞❡ ❝♦♠♣❡♥s❛çã♦ ❝❛❧❝✉❧❛❞♦ ❢♦✐ CC ≈ ✼✾✻ ❢❋✳ ❆❞♦t♦✉✲s❡ CC ❂ ✽✵✵ ❢❋✳ ❆❧é♠

❞✐ss♦✱ ♦ ❛♠♣❧✐✜❝❛❞♦r ❢♦✐ ♣r♦❥❡t❛❞♦ ♣❛r❛ ✉♠ ♦✛s❡t ❞❡ s❛í❞❛ ✐❣✉❛❧ ❛ ✹✵✵ ♠❱ q✉❡ é ♦ ✈❛❧♦r

♠❡❞✐❛♥♦ ❞❛ ❢❛✐①❛ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ❡♠ ♦♣❡r❛çã♦ ♥♦♠✐♥❛❧ ✭Vref− ❂ ✶✺✵ ♠❱ ❡

Vref+ ❂ ✻✺✵ ♠❱✮✳

❋✐♥❛❧♠❡♥t❡✱ ♦ tr❛♥s✐st♦r M9 ❢♦✐ ❞✐♠❡♥s✐♦♥❛❞♦ ❞❡ ❢♦r♠❛ ❛ ❛t✉❛r ❝♦♠♦ ♣s❡✉❞♦✲r❡s✐st♦r

q✉❛♥❞♦ Cen ❂ ✶ ❱✱ ❛❣✐♥❞♦ ❥✉♥t❛♠❡♥t❡ ♦ ❝❛♣❛❝✐t♦r CC ♥❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❞♦

❛♠♣❧✐✜❝❛❞♦r✳ ❙❡✉ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❢♦✐ ❢❡✐t♦ ❝♦♠ ❜❛s❡ ♥❛s s✐♠✉❧❛çõ❡s ❞❡ r❡s♣♦st❛

❢r❡q✉❡♥❝✐❛❧✳ ❖ ✈❛❧♦r ❡❧❡✈❛❞♦ ❞❡ ❞❛ ❧❛r❣✉r❛ ❞♦ s❡✉ ❝❛♥❛❧ ❞❡❝♦rr❡ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡

♠❛♥t❡r ♦ ✈❛❧♦r ❞❛ r❡s✐stê♥❝✐❛ ❞❡ ❝❛♥❛❧ s✉✜❝✐❡♥t❡♠❡♥t❡ ❛❧t❛ ♠❡s♠♦ ♣❛r❛ ✉♠ ✈❛❧♦r ❡❧❡✈❛❞♦

❞❡ t❡♥sã♦ ♣♦rt❛✲❢♦♥t❡✳ ❆♦ ♠❡s♠♦ t❡♠♣♦✱ ♦ ❝♦♥tr♦❧❡ ❞❡ss❡ tr❛♥s✐st♦r ✭✈✐❛ ❡♥tr❛❞❛ Cen✮✱

♣❡r♠✐t❡ ❞❡s❧✐❣❛r ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❝❛s♦ ♦ ❛♠♣❧✐✜❝❛❞♦r ♣❛ss❡ ❛ ♦♣❡r❛r ❡♠ ♠❛❧❤❛

❛❜❡rt❛✱ t♦r♥❛♥❞♦ s✉❛ r❡s♣♦st❛ ♠❛✐s rá♣✐❞❛ ♥❡ss❛ s✐t✉❛çã♦✳



✻✳✷ ❛♠♣❧✐❢✐❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s ✾✽

❖s ♣❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ s❡❣✉♥❞❛ ✐♠♣❧❡♠❡♥t❛çã♦

s❛t✐s❢❛tór✐❛ ❞♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ✭❙♦❧✉çã♦ ❇✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛

❚❛❜❡❧❛ ✻✳✷✳

❚❛❜❡❧❛ ✻✳✷ ✕ P❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r
❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳

VDD

✭♠❱✮

VCM

✭♠❱✮

I6/I5
✭♥❆✴♥❆✮

M1,2 M3,4 M5 M6 M7 M8
CC

✭♣❋✮

AvDC

✭t❡ór✐❝♦✮

✾✺✵ ✹✺✵ ✻✵✵✴✹✵✵ ✸✺✴✷ ✸✵✴✷ ✹✺✴✷ ✷✹✴✶ ✺✷✴✶ ✷✴✷✹ ✶✱✷ ✽✸✱✼ ❞❇

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❡st❛ ú❧t✐♠❛ ✐♠♣❧❡♠❡♥t❛çã♦ ♣♦ss✉✐ ❣r❛♥❞❡s ❞✐❢❡r❡♥ç❛s ❡♠

r❡❧❛çã♦ ❛ ❙♦❧✉çã♦ ❆✳ Pr✐♠❡✐r❛♠❡♥t❡✱ ♦ r❡q✉✐s✐t♦ ❞❡ ❣❛♥❤♦ ❢♦✐ r❡❧❛①❛❞♦ ♥♦ ♣r♦❥❡t♦ ❞❡ ✶✵✼

❞❇ ♣❛r❛ ✽✵ ❞❇✳ ❊ss❡ ❣❛♥❤♦ ♥ã♦ ❛t❡♥❞❡ ♦ ❝❛s♦ ♠❛✐s ❡①✐❣❡♥t❡ ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ✭✈❛r✐❛çã♦

❞❛ ❡♥tr❛❞❛ ❞❡ ✵✱✵✵✶✪✱ t✐♣✐❝❛♠❡♥t❡ ♦❜t✐❞❛ ♥♦ s❡♥s♦r✐❛♠❡♥t♦ ❞♦ ◆✐tr♦❣ê♥✐♦✮ ♠❛s ❛t❡♥❞❡

❛♦ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ♠❛✐s r❡❛❣❡♥t❡s ❛♦ s❡♥s♦r ❝✉❥❛ r❡s♣♦st❛ r❡q✉❡r ❣❛♥❤♦s ❜❡♠ ♠❛✐s

♠♦❞❡st♦s ✭❞❛ ♦r❞❡♠ ❞❡ ✹✵ ❛ ✻✵ ❞❇✮✳

❆ r❡❞✉çã♦ ❞♦ r❡q✉✐s✐t♦ ❞❡ ❣❛♥❤♦ t❡✈❡ ✐♠♣❛❝t♦ ♥♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❡ t♦❞♦s ♦s

❝♦♠♣♦♥❡♥t❡s ❞♦ ❛♠♣❧✐✜❝❛❞♦r✳ ❖ ♣r✐♠❡✐r♦ ❜❡♥❡❢í❝✐♦ ❞✐r❡t♦ ❢♦✐ ❛ r❡❞✉çã♦ ❞rást✐❝❛ ❞❛s

❞✐♠❡♥sõ❡s ❞♦s tr❛♥s✐st♦r❡s✳ ❊♥q✉❛♥t♦ ♥❛ ❙♦❧✉çã♦ ❆ ❛ ♣♦rt❛ ❞♦s ♠❛✐♦r❡s tr❛♥s✐st♦r❡s

✭M3,4✮ ♦❝✉♣❛ ✉♠❛ ár❡❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✸✻✵ µ♠2 ✭✷✸✹ × ✹✵ µ♠✮✱ ♥❛ ❙♦❧✉çã♦ ❇

❡ss❛ ár❡❛ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✵ µ♠ ✭tr❛♥s✐st♦r❡s M5a,b✱ ✹✺ × ✷ µ♠✮✳ ❖ s❡❣✉♥❞♦

✐♠♣❛❝t♦ ♥♦tá✈❡❧ ❢♦✐ ♦ ❛✉♠❡♥t♦ ❞❛ ❝♦rr❡♥t❡ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦ q✉❡ s❛❧t♦✉

❞❡ ✶✵✵ ♥❆ ♥❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ✹✵✵ ♥❆ ♥❛ ❙♦❧✉çã♦ ❇✳

❖ ❛✉♠❡♥t♦ ❞❡ I5 ❢♦✐ ❢❡✐t♦ ♣❛r❛ ♠❡❧❤♦r❛r ♦ s❧❡✇ r❛t❡ q✉❡ ♥❛ ❙♦❧✉çã♦ ❆ ❡r❛ ❧✐♠✐t❛❞♦ ♣❡❧♦

♣r✐♠❡✐r♦ ❡stá❣✐♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r✳ ◆❛ ❙♦❧✉çã♦ ❆ ❡ss❛ ♠❡❧❤♦r❛ é ✈✐rt✉❛❧♠❡♥t❡ ✐♥✈✐á✈❡❧ ♣♦✐s

t♦❞♦ tr❛♥s✐st♦r❡s ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦✱ q✉❡ ❥á sã♦ ❜❛st❛♥t❡ ❣r❛♥❞❡s✱ t❡r✐❛♠ q✉❡ t❡r s❡✉s

❝♦♠♣r✐♠❡♥t♦s ❛✉♠❡♥t❛❞♦s ❛✐♥❞❛ ♠❛✐s✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛ ❛♦ ❛✉♠❡♥t♦ ❞❡ I5✱ ❛ ❝♦rr❡♥t❡

♥♦ s❡❣✉♥❞♦ ❡stá❣✐♦ ❢♦✐ r❡❞✉③✐❞❛ ❡♠ ✉♠ t❡rç♦✱ ♣❛ss❛♥❞♦ ❛ s❡r ❞❡ ✻✵✵ ♥❆✳ ❊♠❜♦r❛ ❡ss❛

r❡❞✉çã♦ t❡♥❞❛ ❛ ❧✐♠✐t❛r ♦ s❧❡✇ r❛t❡ ❡❧❛ ♣❡r♠✐t❡ r❡❞✉③✐r ♦ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦ ❛♠♣❧✐✜❝❛❞♦r✱

❜❡♠ ❝♦♠♦ ❛s ❞✐♠❡♥sõ❡s ❞♦s tr❛♥s✐st♦r❡s ❞♦ s❡❣✉♥❞♦ ❡stá❣✐♦✳ ❈♦♠ ❛ r❡❞✉çã♦ ❞❛ ❝♦rr❡♥t❡

t♦t❛❧ ❞❡ ♣♦❧❛r✐③❛çã♦✱ ❝♦♥s✉♠♦ t♦t❛❧ ❞❛ ❙♦❧✉çã♦ ❇ é ❞❡ ❛♣❡♥❛s ✶✱✸✸ µ❲ ❡♠ t❡♥sã♦ ♥♦♠✐♥❛❧

✭✾✺✵ ♠❱✮✱ ♦✉✱ ✶✱✹ µ❲ s❡ ❛❧✐♠❡♥t❛❞❛ ❝♦♠ ✶ ❱✳

❆❞♦t♦✉✲s❡ ♣❛r❛ ❡ss❛ ✐♠♣❧❡♠❡♥t❛çã♦ ✉♠ ♣r♦❞✉t♦ ❣❛♥❤♦✲❧❛r❣✉r❛ ❞❡ ❜❛♥❞❛ ♠❛✐s ❡❧❡✈❛❞♦✱

GBW ❂ ✺✵✵ ❦❍③✳ ❆ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ❝♦♠♣❡♥s❛çã♦ ❝❛❧❝✉❧❛❞❛ ❢♦✐ CC ❂ ✶✱✷ ♣❋✳ ❖ s❧❡✇

r❛t❡ t❡ór✐❝♦ ♣❛r❛ ❡ss❛ ✐♠♣❧❡♠❡♥t❛çã♦✱ ❝♦♥s✐❞❡r❛♥❞♦ CL ❂ ✹ ♣❋ ❡ CL ❂ ✼✱✺ ♣❋ ❢♦✐ ✶✶✺



✻✳✸ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✾✾

♠❱✴µs ❡ ✻✾ ♠❱✴µs✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❉❡st❛ ✈❡③✱ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❊q✉❛çã♦ ✻✳✶✵ ❢♦✐

♣r❡❞♦♠✐♥❛♥t❡ ♥♦s ❞♦✐s ❝❛s♦s✳

✻✳✸ ❈♦♥✈❡rs♦r ❉✐❣✐t❛❧✴❆♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts

▼❛✐s ✉♠❛ ✈❡③✱ ❜✉s❝❛♥❞♦✲s❡ ♠✐♥✐♠✐③❛r ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✱ ❛❞♦t♦✉✲s❡ ✉♠ ❝♦♥✈❡rs♦r

❉✴❆ ❛ ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s ✭t❛♠❜é♠ ❝❤❛♠❛❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡

❝❛r❣❛✮✱ ❝✉❥♦ ❞✐❛❣r❛♠❛ ❣❡r❛❧ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✼✳

❋✐❣✉r❛ ✻✳✼ ✕ ❉✐❛❣r❛♠❛ ❞♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❛❥✉st❡ ❞❡ ♦✛s❡t ♥♦
❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❡ss❡ ❝♦♥✈❡rs♦r é ❝♦♠♣♦st♦ ♣♦r ❞♦✐s ❝♦♠♣♦♥❡♥t❡s ♣r✐♥❝✐♣❛✐s✱

❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛✱ r❡s♣♦♥sá✈❡❧ ♣❡❧❛ ❝♦♥✈❡rsã♦ ❞♦ ✈❛❧♦r ❞✐❣✐t❛❧ ❛♣❧✐❝❛❞♦ ♥❛s ❡♥tr❛❞❛s b0

❛ b7 ✭❝♦♥❡❝t❛❞❛s à ♣♦rt❛ ZeroAdj✮ ♥❛ t❡♥sã♦ ❛♥❛❧ó❣✐❝❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ✭dacOut✮✱ ❡ ✉♠

❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ❝♦♥❡❝t❛❞♦ ❝♦♠♦ ❜✉✛❡r✱ r❡s♣♦♥sá✈❡❧ ♣♦r ✐s♦❧❛r ❛ ♠❛tr✐③

❝❛♣❛❝✐t✐✈❛ ❞❛ ❝❛r❣❛ ❝♦♥❡❝t❛❞❛ ♥❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ✭V out✮✱ ❡✈✐t❛♥❞♦ q✉❡ ❡st❛

❞❡s❝❛rr❡❣✉❡ ♦✉ ❞✐st♦rç❛ ❛ t❡♥sã♦ ❛❧✐ ♣r❡s❡♥t❡✳ ❆s s✉❜s❡çõ❡s s❡❣✉✐♥t❡s tr❛t❛rã♦ ♠❛✐s

❞❡t❛❧❤❛❞❛♠❡♥t❡ ❞♦ ♣r♦❥❡t♦ ❞❡ ❝❛❞❛ ✉♠ ❞❡ss❡s ❝♦♠♣♦♥❡♥t❡s✳

✻✳✸✳✶ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛

❆ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ q✉❡ ❝♦♠♣õ❡ ♦ ♥ú❝❧❡♦ ❞♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ♣r♦❥❡t❛❞♦ ❡

s❡❣✉❡ ❜❛s✐❝❛♠❡♥t❡ ♦ ♠❡s♠♦ ❛rr❛♥❥♦ ❞❛q✉❡❧❡ ❡♠♣r❡❣❛❞♦ ♥♦ ♣r♦❥❡t♦ ❞♦ ♣r✐♠❡✐r♦ ❝♦♥✈❡rs♦r

❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ ❢❛❜r✐❝❛❞♦✳ ❙❡✉ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✻✳✽✳

❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ♥❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✱ ✉♠ ❝♦♥❥✉♥t♦ ❞❡

❝❛♣❛❝✐tâ♥❝✐❛s ❞❡ ♣❡s♦ ❜✐♥ár✐♦ é ❝❤❛✈❡❛❞❛ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❝❤❛✈❡s ❝♦♠❛♥❞❛❞❛s ♣♦r



✻✳✸ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✶✵✵

❋✐❣✉r❛ ✻✳✽ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❡♠♣r❡❣❛❞♦ ♥♦ ❝✐r❝✉✐t♦ ❞❡
❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞♦ s✐♥❛❧ ❞♦s s❡♥s♦r❡s✳

✉♠❛ ♣❛❧❛✈r❛ ❜✐♥ár✐❛✳ ❆ ❞✐✈✐sã♦ ❞❛ ♠❛tr✐③ ❞❡ ✽ ❜✐ts ❡♠ ❞✉❛s ♣❛rt❡s ❞❡ ✹ ❜✐ts ❝❛❞❛✱

❝♦♥❡❝t❛❞❛s ❡♠ ❝❛s❝❛t❛ ♣♦r ✉♠ ❝❛♣❛❝✐t♦r ❞❡ ❡s❝❛❧♦♥❛♠❡♥t♦ CS ♣❛r❛ ❡✈✐t❛r ♦ ✉s♦ ❞❡

❝❛♣❛❝✐t♦r❡s ❞❡♠❛s✐❛❞❛♠❡♥t❡ ❣r❛♥❞❡s ♥♦s ❜✐ts ♠❛✐s ❡❧❡✈❛❞♦s t❛♠❜é♠ é ✈á❧✐❞❛ ❡ ❛♣❧✐❝á✈❡❧

♥❡st❡ ❝❛s♦✱ t❛❧ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✽✱ s❡♥❞♦ s❡✉ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ♣♦r✿

CS = C
24

24 − 1
=

16C

15
✭✻✳✶✸✮

❙❡✉ ♣r✐♥❝í♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ é ❜❛st❛♥t❡ s✐♠♣❧❡s✱ ❝♦♥s✐st✐♥❞♦ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ✉♠

❞✐✈✐s♦r ❞❡ t❡♥sã♦ ❝❛♣❛❝✐t✐✈♦ ❡♥tr❡ ❛ t❡♥sã♦ ❞❡ r❡❢❡r❡♥❝✐❛ s✉♣❡r✐♦r✱ Vref+✱ ❡ ✐♥❢❡r✐♦r✱ Vref−✳

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✱ ♥❡st❡ ❝❛s♦ ♥ã♦ é ♥❡❝❡ssár✐❛ ✉♠❛ s❡q✉ê♥❝✐❛ ❡s♣❡❝í✜❝❛

❞❡ ❝❤❛✈❡❛♠❡♥t♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ♣❛r❛ ♦ ❝♦rr❡t♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❝♦♥✈❡rs♦r✱ s❛❧✈♦ ♣❡❧♦

❝♦♠❛♥❞♦ ❞❛s ❝❤❛✈❡s ❞❡ ❞❡s❝❛r❣❛ ❞❛ ♠❛tr✐③✱ S1a ❡ S1b q✉❡ ❞❡✈❡♠ s❡r ❢❡❝❤❛❞❛s ❛♥t❡s ❞❛

❝❛r❣❛ ❞❡ ✉♠❛ ♥♦✈❛ ♣❛❧❛✈r❛ ❞✐❣✐t❛❧ ♥❛ ❡♥tr❛❞❛✳ ❆♦ ♠✉❞❛r ❛ ♣❛❧❛✈r❛ ❞✐❣✐t❛❧ ♥❛ ❡♥tr❛❞❛ ❞♦

❝♦♥✈❡rs♦r✱ ❛s ❝❤❛✈❡s ✐rã♦ ♣♦s✐❝✐♦♥❛r ❛s ♣❧❛❝❛s ✐♥❢❡r✐♦r❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ❡♠ ✉♠ ❞♦s tr✐❧❤♦s

❞❡ r❡❢❡rê♥❝✐❛ ✭Vref+ ♦✉ Vref−✮✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦s ❝❛♣❛❝✐t♦r❡s s❡ ❝❛rr❡❣✉❡♠ ❞❡ ❛❝♦r❞♦

❝♦♠ s❡✉ ♣❡s♦ ❡ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧✳ ❈♦♠♦ ♦s ♥ós V x ❡ dacOut sã♦ ❥✉st❛♠❡♥t❡ ♦s ♥ós

❝❡♥tr❛✐s ❞♦ ❞✐✈✐s♦r ❝❛♣❛❝✐t✐✈♦✱ s✉❛ t❡♥sã♦ s❡rá ❛ t❡♥sã♦ ❞♦ ♣ró♣r✐♦ ❞✐✈✐s♦r✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛

t❡♥sã♦ ❞❡ s❛í❞❛ dacOut ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❞✐r❡t❛♠❡♥t❡ ♣❡❧❛ ❡q✉❛çã♦ ✭▼❆▲❖❇❊❘❚■✱ ✷✵✵✼✮✿

dacOut = Vref− +

(

b7
20

+
b6
21

+
b5
22

+
b4
23

+
b3
24

+
b2
25

+
b1
26

+
b0
27

)

(Vref+ − Vref−) ✭✻✳✶✹✮

❖ ♣r♦❥❡t♦ s❡❣✉✐✉ ❛s ♠❡s♠❛s ❞✐r❡tr✐③❡s ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❡♠♣r❡❣❛❞♦ ♥♦ ❝♦♥✈❡rs♦r

❛♥❛❧ó❣✐❝♦✴❞✐❣✐t❛❧ ❞❡ ✽ ❜✐ts ✈❛❧✐❞❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ♣♦ré♠ ❝♦♠ ❛❧❣✉♠❛s ❛❧t❡r❛çõ❡s✳

❖ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✐♠♣❧❡♠❡♥t❛❞❛ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✾✳



✻✳✸ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✶✵✶

❋✐❣✉r❛ ✻✳✾ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ✐♠♣❧❡♠❡♥t❛❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❉✴❆
❞❡ ✽ ❜✐ts✳



✻✳✸ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✶✵✷

Pr✐♠❡✐r❛♠❡♥t❡ ❢♦r❛♠ ❡❧✐♠✐♥❛❞♦s ♦s ✐♥✈❡rs♦r❡s ❞❡ t❡♥sã♦ r❡s♣♦♥sá✈❡✐s ♣❡❧♦ ❝♦♠❛♥❞♦ ❞❛s

❝❤❛✈❡s ❞❡ r❡s❡t ❞❛ ♠❛tr✐③ ✭I1 ❡ I2✮✱ ♥ã♦ ♠❛✐s ♥❡❝❡ssár✐♦s ✉♠❛ ✈❡③ q✉❡ t❛♥t♦ V x q✉❛♥t♦

dacOut só ❛ss✉♠❡♠ ✈❛❧♦r❡s ♣♦s✐t✐✈♦s ❞❡ t❡♥sã♦✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❢♦r❛♠ ❡❧✐♠✐♥❛❞❛s

t❛♠❜é♠ ❛s ❝❤❛✈❡s ❞❡ ❛♠♦str❛❣❡♠ ❛ss♦❝✐❛❞❛s à Vin ❡ ❛ ❝❤❛✈❡ ❛ss♦❝✐❛❞❛ à Vref−✳

❆❧❣✉♥s ♠❡❧❤♦r❛♠❡♥t♦s ❛♣❧✐❝❛❞♦s ❛♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts t❛♠❜é♠ ❢♦r❛♠ ❛❞♦t❛❞♦s

♥❡ss❡ ♣r♦❥❡t♦✳ ❆ ❝❛♣❛❝✐tâ♥❝✐❛ ✉♥✐tár✐❛ ❛❞♦t❛❞❛ ❢♦✐ ❞❡ ✶✷✵ ♣❋✱ ❛♦ ✐♥✈és ❞❡ ✾✽ ♣❋✱ ❝♦♠♦

♥♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞♦ ❆✴❉ ❞❡ ✽ ❜✐ts✳ ❚❛♠❜é♠ s❡ ❛❞♦t♦✉ ♦ ♠❡s♠♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛s

❝❤❛✈❡s ❞❡ ❝♦♠❛♥❞♦ ❞♦s ❝❛♣❛❝✐t♦r❡s ✉t✐❧✐③❛❞♦ ♥♦ ❆✴❉ ❞❡ ✶✵ ❜✐ts ❛ ✜♠ ❞❡ r❡❞✉③✐r ❛ ✐♥❥❡çã♦

❞❡ ❝❛r❣❛ ♣❡❧❛s ❝❤❛✈❡s✳

✻✳✸✳✷ ❆♠♣❧✐✜❝❛❞♦r ❖♣❡r❛❝✐♦♥❛❧ ❞❡ ❯❧tr❛✲❇❛✐①♦ ❈♦♥s✉♠♦

❈♦♥❢♦r♠❡ ❡①♣♦st♦ ♥❛ ❙❡çã♦ ✻✳✸✱ ❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ♥ã♦ é ❝❛♣❛③

❞❡ ❝♦♠❛♥❞❛r ❝❛r❣❛s ❝♦♥❡❝t❛❞❛s à s✉❛ s❛í❞❛✱ s❡♥ã♦ ❝❛♣❛❝✐t✐✈❛s ❞❡ ✈❛❧♦r ♠✉✐t♦ ♠❡♥♦r ❞♦

q✉❡ ❛ ❞❛ s✉❛ ♣ró♣r✐❛ r❡❞❡✳ P♦r ❡ss❛ r❛③ã♦✱ ✉♠ ❜✉✛❡r ❞❡ s❛í❞❛ é ♥❡❝❡ssár✐♦ ❛♦ ❝♦♥✈❡rs♦r

❉✴❆✳ ❊ss❡ ❜✉✛❡r ❞❡ s❛í❞❛ é ❣❡r❛❧♠❡♥t❡ ✐♠♣❧❡♠❡♥t❛❞♦ ♣♦r ✉♠ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧✱

❛♦ ✐♥✈és ❞❡ ✉♠ s✐♠♣❧❡s ❡stá❣✐♦ ❞❡ ❣❛♥❤♦✱ ❛ ✜♠ ❞❡ ♠✐♥✐♠✐③❛r ❛s ❞✐st♦rçõ❡s ♥♦ s✐♥❛❧ ❞❡

t❡♥sã♦ ✐♥tr♦❞✉③✐❞❛s ♣❡❧♦ ❜✉✛❡r✳

P❛r❛ ❛t❡♥❞❡r às ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ❝❛r❣❛ ❛ q✉❛❧ ♦ ❝♦♥✈❡rs♦r s❡rá ❝♦♥❡❝t❛❞♦✱ ✐st♦ é✱ ♦

❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❡ ❝✐r❝✉✐t♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞♦ ❣❛♥❤♦✱ ❢♦✐ ♣r♦❥❡t❛❞♦ ✉♠

❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ❞❡ ✉❧tr❛✲❜❛✐①♦ ❝♦♥s✉♠♦✱ ✉t✐❧✐③❛♥❞♦ tr❛♥s✐st♦r❡s ♣♦❧❛r✐③❛❞♦s ♥❛

r❡❣✐ã♦ s✉❜✲❧✐♠✐❛r✱ ❞❛ ♠❡s♠❛ ❢♦r♠❛ ❝♦♠♦ ❞❡s❝r✐t♦ ♥❛ ❙❡çã♦ ✻✳✷✳ ❆❞✐❝✐♦♥❛❧♠❡♥t❡✱ ♣❛r❛

❛ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❛s ❢♦♥t❡s ❞❡ ❝♦rr❡♥t❡✱ Vbias✱ ❛❞♦t♦✉✲s❡ ♦ ♠❡s♠♦ ✈❛❧♦r q✉❡ ❢♦✐

❡♠♣r❡❣❛❞♦ ♥❛s ❞✉❛s ✈❡rsõ❡s ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ✭✷✺✵ ♠❱✮✱ ❞❡ ❢♦r♠❛ ❛

s✐♠♣❧✐✜❝❛r ♦ ❝✐r❝✉✐t♦ r❡❢❡r❡♥❝✐❛❧ ❞❡ t❡♥sã♦ ❡ ♣♦✉♣❛r ❡♥❡r❣✐❛✳ ❖ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦

❛♠♣❧✐✜❝❛❞♦r ♣r♦❥❡t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✶✵

❖s ♣❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧

♣r♦❥❡t❛❞♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✻✳✸✳

❚❛❜❡❧❛ ✻✳✸ ✕ P❛râ♠❡tr♦s ❛♣r♦①✐♠❛❞♦s ❞❡ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧
♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❉✴❆✳

VDD

✭♠❱✮

VCM

✭♠❱✮

I6/I5
✭♥❆✴♥❆✮

M1,2 M3,4 M5 M6 M7
RC

✭▼Ω✮

CC

✭❢❋✮

AvDC

✭t❡ór✐❝♦✮

✾✷✺ ✹✵✵ ✹✵✴✽✻✵ ✶✵✴✺ ✺✱✻✴✷ ✻✱✹✴✹ ✶✶✼✴✶ ✶✶✽✴✸ ✶✱✽ ✶✾✵ ✾✹ ❞❇



✻✳✸ ❝♦♥✈❡rs♦r ❞✐❣✐t❛❧✴❛♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts ✶✵✸

❋✐❣✉r❛ ✻✳✶✵ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ♦ ❣❛♥❤♦ ♣r❡✈✐st♦ ❡♠ t❡♦r✐❛ ♣❛r❛ ❡st❡ ❛♠♣❧✐✜❝❛❞♦r é ❜❛st❛♥t❡

❡❧❡✈❛❞♦✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✹ ❞❇✳ ❊♠❜♦r❛ ❡ss❡ ♥ã♦ t❡♥❤❛ s✐❞♦ ✉♠ r❡q✉✐s✐t♦ ❞✐r❡t♦r ❞♦

♣r♦❥❡t♦✱ ♦ ❣❛♥❤♦ ❡❧❡✈❛❞♦ ♠✐♥✐♠✐③❛ ❛ ❞✐st♦rçã♦ ❞❡ t❡♥sã♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦

❜✉✛❡r s❡♥❞♦✱ ♣♦rt❛♥t♦✱ ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡s❡❥á✈❡❧✳ ❆♦ ♠❡s♠♦ t❡♠♣♦✱ ❡ss❡ ❣❛♥❤♦ ❢♦✐

❛❧❝❛♥ç❛❞♦ s❡♠ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞♦ ❡♠♣r❡❣♦ ❞❡ tr❛♥s✐st♦r❡s ❞❡ ❞✐♠❡♥sõ❡s ❡❧❡✈❛❞❛s ♦ q✉❡

s❡ ❞❡✈❡ ❜❛s✐❝❛♠❡♥t❡ à ❜❛✐①❛ ❝♦rr❡♥t❡ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦ ✭✹✵ ♥❆✮✳ ■st♦

❢♦✐ ♣♦ssí✈❡❧ ❣r❛ç❛s ❛ ❜❛✐①❛ ❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ❝❛r❣❛ ❡s♣❡❝✐✜❝❛❞❛✱ CL ❂ ✷ ♣❋✱ ❡ ❛ ❜❛✐①❛

❝❛♣❛❝✐tâ♥❝✐❛ ❞❡ ❝♦♠♣❡♥s❛çã♦✱ CC ❂ ✶✾✵ ❢❋✳

❖s tr❛♥s✐st♦r❡s ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❡❧❡✈❛❞♦ ♥♦ s❡❣✉♥❞♦ ❡stá❣✐♦✱ ❜❡♠ ❝♦♠♦ ❛ ❝♦rr❡♥t❡ ❞❡

♣♦❧❛r✐③❛çã♦✱ ♠❛✐s ❞❡ ✈✐♥t❡ ✈❡③❡s ♠❛✐s ❡❧❡✈❛❞❛ ❞♦ q✉❡ ❛ ❞♦ ♣r✐♠❡✐r♦ ❡stá❣✐♦✱ ❢♦r❛♠

♥❡❝❡ssár✐♦s ♣❛r❛ ❞❛r ❛♦ ❛♠♣❧✐✜❝❛❞♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝♦♠❛♥❞❛r ❛s ❝❛r❣❛s r❡s✐st✐✈❛s q✉❡

❝♦♠♣õ❡♠ ♦ ❝✐r❝✉✐t♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞❡ ❣❛♥❤♦ ❛ss♦❝✐❛❞♦ ❛♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡

✐♥str✉♠❡♥t❛çã♦✳

❖ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦ ❛♠♣❧✐✜❝❛❞♦r é ❞❡ ❛♣❡♥❛s ✽✸✷ ♥❲ ❡♠ t❡♥sã♦ ♥♦♠✐♥❛❧ ✭✾✷✺ ♠❱✮✱ ♦✉✱

✾✵✵ ♥❲ s❡ ❛❧✐♠❡♥t❛❞♦ ❝♦♠ ✶ ❱✳ ❆❞♦t♦✉✲s❡ ♣❛r❛ ❡ss❡ ♣r♦❥❡t♦ ✉♠ ♣r♦❞✉t♦ ❣❛♥❤♦✲❧❛r❣✉r❛

❞❡ ❜❛♥❞❛ ✐❣✉❛❧ ✺✵✵ ❦❍③✳ ❖ s❧❡✇ r❛t❡ t❡ór✐❝♦ é ❞❡ ✸✾✸ ♠❱✴µs✱ s❡♥❞♦ ❧✐♠✐t❛❞♦ ♣❡❧♦ s❡❣✉♥❞♦

t❡r♠♦ ❞❛ ❊q✉❛çã♦ ✻✳✶✵✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✹

✻✳✹ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s

❖s r❡s✉❧t❛❞♦s r❡❧❛t❛❞♦s ♥❡st❛ s❡çã♦ r❡❢❡r❡♠✲s❡ àq✉❡❧❡s ♦❜t✐❞♦s ❡♠ s✐♠✉❧❛çã♦✱ ✉♠❛

✈❡③ q✉❡ ♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s s❡♥s♦r❡s ♥ã♦ ❝❤❡❣♦✉ ❛ s❡r ❡♥✈✐❛❞♦

♣❛r❛ ❢❛❜r✐❝❛çã♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ t❡st❡s ❡①♣❡r✐♠❡♥t❛✐s✳ ❊♠ ✈✐st❛ ❞❛ ✈❛r✐❡❞❛❞❡ ❞♦s

❝♦♠♣♦♥❡♥t❡s ❝✉❥♦ ♣r♦❥❡t♦ é r❡❧❛t❛❞♦ ♥❡st❡ ❝❛♣ít✉❧♦✱ ❛ ❡①♣♦s✐çã♦ ❞♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s

❡stá ❞✐✈✐❞❛ ❡♠ s✉❜s❡çõ❡s✱ ✉♠❛ ♣❛r❛ ❝❛❞❛ ❝♦♠♣♦♥❡♥t❡✳

✻✳✹✳✶ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ■♥str✉♠❡♥t❛çã♦

❆ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r

❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s ✉t✐❧✐③❛❞♦ ♣❛r❛ ✐♠♣❧❡♠❡♥t❛r ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦

❢♦✐ s✐♠✉❧❛❞❛ ♣❛r❛ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♥♦♠✐♥❛✐s ♣r♦❥❡t❛❞❛s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❝❛r❣❛✳ ❖

r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✶✶✳

❋✐❣✉r❛ ✻✳✶✶ ✕ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r
❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❛ r❡s♣♦st❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r s❡ ♠♦str❛ ❜❛st❛♥t❡ ❧✐♥❡❛r ♥♦

✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✺✵ ♠❱ ❡ ✼✽✵ ♠❱✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ VSS ✰ ✶✺✵ ♠❱ ❡ VDD ✲ ✶✹✺ ♠❱✱



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✺

❝♦❜r✐♥❞♦ ❝♦♠ ❜♦❛ ♠❛r❣❡♠ ❞❡ s❡❣✉r❛♥ç❛ ❛ ❢❛✐①❛ ❞❡ ❡♥tr❛❞❛ ♣r♦❥❡t❛❞❛ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r

❆✴❉ ✭✶✺✵ ♠❱ ❛ ✻✺✵ ♠❱✮✳ ❆s t❡♥sõ❡s ❞❡ s❛t✉r❛çã♦ ✐♥❢❡r✐♦r ❡ s✉♣❡r✐♦r s✐t✉❛♠✲s❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♠ ✵ ❱ ❡ VDD✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ ♦ ♦✛s❡t ✐♥❞✐❝❛❞♦ ♥❛

❝✉r✈❛ é Vout ❂ ✹✵✵✱✺✹ ♠❱✱ ♣r❛t✐❝❛♠❡♥t❡ ♦ ✈❛❧♦r ❡①❛t♦ ♣r♦❥❡t❛❞♦ ✭✹✵✵ ♠❱✮✳

❆ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞❡ ✶✼✺ ♠❱ ❛ ✻✼✺ ♠❱ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

✻✳✶✷✳

❋✐❣✉r❛ ✻✳✶✷ ✕ ❈✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s✳

❆ ♣✐♦r r❡s♣♦st❛ tr❛♥s✐tór✐❛ ♦❝♦rr❡ ♥♦ ✜♥❛❧ ❞❛ tr❛♥s✐çã♦ ♥❡❣❛t✐✈❛✱ ❡♥tr❡ ✹✱✾ ❡ ✺✱✸ ♠s✳ ❖

❞❡t❛❧❤❡ ❞❡ss❡ ✐♥t❡r✈❛❧♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✶✸✳ ❆♣❡s❛r ❞♦ s♦❜r❡ss❛❧t♦ ❧❡✈❛r ❛ s❛í❞❛

❞♦ ❛♠♣❧✐✜❝❛❞♦r ❛ s❛t✉r❛çã♦ ♥❡❣❛t✐✈❛ ❛ ❞✉r❛çã♦ ❞❡ss❡ ❡✈❡♥t♦ é ✐♥❢❡r✐♦r ❛ ✶✵✵ µs✱ s❡♥❞♦

❞❡s♣r❡③í✈❡❧ ❡♠ r❡❧❛çã♦ ❛♦ t❡♠♣♦ ❧✐♠✐t❡ ❞❡ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ✭♠❛✐♦r q✉❡ ✷✵✵ ♠s✮✳ ❆

♠❡s♠❛ ✜❣✉r❛ t❛♠❜é♠ ♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ♦ s❧❡✇ r❛t❡ ♥♦ ♣✐♦r ❝❛s♦✳ ❖❜s❡r✈❛✲s❡ ✉♠❛ ✈❛r✐❛çã♦

❞❡ ✻✼✺ ♠❱ ♣❛r❛ ✷✵✵ ♠❱ ♥✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ✶✵ µs✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ s❧❡✇ r❛t❡ ❞❡ ✹✼✱✺

♠❱✴µs✳ ❖ ✈❛❧♦r s✐♠✉❧❛❞♦ é r❛③♦❛✈❡❧♠❡♥t❡ ✐♥❢❡r✐♦r ❛♦ ✈❛❧♦r t❡ór✐❝♦ ✭✻✷✱✺ ♠❱✴µs✮✱ ✉♠❛

❞✐❢❡r❡♥ç❛ ❞❡ ✷✹✪✳ ❖ ❝♦♥s✉♠♦ ♠❡❞✐❞♦ ❢♦✐ ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧ ❛♦ ♣r♦❥❡t❛❞♦✱ ✶✱✽✼ µ❲ ♣❛r❛

VDD ❂ ✾✷✺ ♠❱✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✻

❋✐❣✉r❛ ✻✳✶✸ ✕ ❉❡t❛❧❤❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♥♦
✐♥t❡r✈❛❧♦ ❡♥tr❡ ✹✱✾✺ ♠s ❡ ✺✱✸✺ ♠s ♠❡❞✐❛♥t❡ ❛ tr❛♥s✐çã♦ ♥❡❣❛t✐✈❛ ❞♦ s✐♥❛❧ ❞❡
❡♥tr❛❞❛✳

❆ r❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❢♦✐ ❝❛r❛❝t❡r✐③❛❞❛ ♣❛r❛ ❞✉❛s ❝♦♥❞✐çõ❡s

❞✐st✐♥t❛s✿ s❡♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡✱ q✉❛♥❞♦ ❛ ❡♥tr❛❞❛ Cen ❂ ✵ ❱✱ ❡ ❝♦♠ ❝♦♠♣❡♥s❛çã♦

❞❡ ❢❛s❡✱ q✉❛♥❞♦ ❛ ❡♥tr❛❞❛ Cen ❂ ✶ ❱✳ P❛r❛ ❛♠❜♦s ❛ ♠❛✐♦r ❝❛r❣❛ ✭✼✱✺ ♣❋✮ ❢♦✐ ✉t✐❧✐③❛❞❛✳

❆ r❡s♣♦st❛ ♣❛r❛ ♦s ❞♦✐s ❝❛s♦s é ❛♣r❡s❡♥t❛❞❛ ♥❛s ❋✐❣✉r❛s ✻✳✶✹ ❡ ✻✳✶✺✳

❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✻✳✶✹ ❡ ✻✳✶✺ ✐♥❞✐❝❛♠ q✉❡ ♦ ❣❛♥❤♦ ❡s♣❡❝✐✜❝❛❞♦

✭✶✵✼ ❞❜✮ ❢♦✐ ❛t✐♥❣✐❞♦ ❝♦♠ ✉♠❛ ♣❡q✉❡♥❛ ♠❛r❣❡♠ ❞❡ s♦❜r❛✱ ✶✵✼✱✺✶ ❞❇✳ ❆ ♠❛r❣❡♠ ❞♦

❛♠♣❧✐✜❝❛❞♦r s❡♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✲✸✱✹ ❣r❛✉s✱ s❡♥❞♦ ❛ ❢❛s❡

❞❡ ✹✺ ❣r❛✉s ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❝❡r❝❛ ❞❡ ✹✵ ❦❍③✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ♣❛r❛ Cen ❂ ✵ ❱✱

♦ ❛♠♣❧✐✜❝❛❞♦r ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ♥ã♦ ❞❡✈❡ ♦♣❡r❛r ❝♦♠ s✐♥❛✐s ❞❡ ❡♥tr❛❞❛ ❛❝✐♠❛ ❞❡ ✹✵

❦❍③✳ ❊♠❜♦r❛ ❡ss❡ ❛♠♣❧✐✜❝❛❞♦r ♥ã♦ s❡ ❞❡st✐♥❡ ❛ ❛♠♣❧✐✜❝❛çã♦ ❞❡ s✐♥❛✐s ❞❡ss❡ t✐♣♦✱ ❡ss❛

❝❛r❛❝t❡r✐③❛çã♦ é ✐♠♣♦rt❛♥t❡ ♣❛r❛ ♣r❡✈❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♠♣♦♥❡♥t❡ ♠❡❞✐❛♥t❡ ❛

♣r❡s❡♥ç❛ ❞❡ r✉í❞♦✳ ❆ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❣❛♥❤♦ ♠á①✐♠♦ r❡❞✉③✐❞♦ ❞❡ ✸

❞❇ é t❛♠❜é♠ ✐♥❞✐❝❛❞❛ ♥❛ ✜❣✉r❛✱ ♥❡st❡ ❝❛s♦✱ ✶✵✱✽✽ ❍③✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✼

❋✐❣✉r❛ ✻✳✶✹ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❞❡s❛t✐✈❛❞❛ ✭Cen ❂ ✵ ❱✮✳

❋✐❣✉r❛ ✻✳✶✺ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❆ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❛t✐✈❛❞❛ ✭Cen ❂ ✶ ❱✮✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✽

❈♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❧✐❣❛❞❛✱ ❛ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❣❛♥❤♦

♠á①✐♠♦ r❡❞✉③✐❞♦ ❞❡ ✸ ❞❇ ❝❛✐ q✉❛s❡ ❞❡③ ✈❡③❡s✱ ✜❝❛♥❞♦ ✐❣✉❛❧ ❛ ✶✱✶✶ ❍③✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱

♦ ♣r♦❞✉t♦ ❣❛♥❤♦ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❝❛✐ ❞❡ ❝❡r❝❛ ❞❡ ✸✷✻ ❦❍③ ♣❛r❛ ♣♦✉❝♦ ♠❛✐s ❞❡ ✶✵✹ ❦❍③

❝♦♠ ✉♠❛ ♠❛r❣❡♠ ❞❡ ❢❛s❡ ❞❡ ✹✻✱✹✻ ❣r❛✉s✳ ❆✐♥❞❛ ❛ss✐♠✱ ♦ GBW ♦❜t✐❞♦ é ✉♠ ♣♦✉❝♦ ♠❛✐♦r

❞♦ q✉❡ ♦ ❞❡✜♥✐❞♦ ❡♠ ♣r♦❥❡t♦ ✭✶✵✵ ❦❍③✮✳

❖s ♠❡s♠♦s t❡st❡s r❡❛❧✐③❛❞♦s ❡♠ s✐♠✉❧❛çã♦ ♣❛r❛ ♦ ❛♠♣❧✐✜❝❛❞♦r ❞❛ ❙♦❧✉çã♦ ❆ ❢♦r❛♠

r❡♣❡t✐❞♦s ♣❛r❛ ❛ ❙♦❧✉çã♦ ❇✳ ❆ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❢♦✐ s✐♠✉❧❛❞❛ ♣❛r❛

❛s ❝❛r❛❝t❡ríst✐❝❛s ♥♦♠✐♥❛✐s ♣r♦❥❡t❛❞❛s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❝❛r❣❛ ❞❛ ❙♦❧✉çã♦ ❇✳ ❖ r❡s✉❧t❛❞♦

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✶✻✳

❋✐❣✉r❛ ✻✳✶✻ ✕ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r
❉✐❢❡r❡♥❝✐❛❧ ❞❡ ❉✐❢❡r❡♥ç❛s✳

❆ r❡s♣♦st❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r s❡ ♠♦str❛ ❜❛st❛♥t❡ ❧✐♥❡❛r ♥♦ ✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✺✵ ♠❱ ❡ ✽✵✵

♠❱✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ VSS ✰ ✶✺✵ ♠❱ ❡ VDD ✲ ✶✹✵ ♠❱✱ ❛t❡♥❞❡♥❞♦ ❛❞❡q✉❛❞❛♠❡♥t❡ ❛

❢❛✐①❛ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ❆s t❡♥sõ❡s ❞❡ s❛t✉r❛çã♦ ✐♥❢❡r✐♦r ❡ s✉♣❡r✐♦r s✐t✉❛♠✲s❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❡♠ ✵ ❱ ❡ VDD✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ♦✛s❡t ✐♥❞✐❝❛❞♦ ♥❛ ❝✉r✈❛ é Vout ❂

✸✾✾✱✽✼ ♠❱✱ ❛♣❡♥❛s ✶✸✵ µ❱ ❛❜❛✐①♦ ❞♦ ♣r♦❥❡t❛❞♦ ✭✹✵✵ ♠❱✮✳

❖ t❡st❡ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞❡ ✷✺✵ ♠❱ ❛ ✻✺✵ ♠❱ ❡ CL ❂ ✹ ♣❋ é

❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✻✳✶✼✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✵✾

❋✐❣✉r❛ ✻✳✶✼ ✕ ❈✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s✳

❋✐❣✉r❛ ✻✳✶✽ ✕ ❉❡t❛❧❤❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♥♦
✐♥t❡r✈❛❧♦ ❡♥tr❡ ✷✱✹✾ ♠s ❡ ✷✱✺✶ ♠s ♠❡❞✐❛♥t❡ ❛ tr❛♥s✐çã♦ ♥❡❣❛t✐✈❛ ❞♦ s✐♥❛❧ ❞❡
❡♥tr❛❞❛✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✵

❆ss✐♠ ❝♦♠♦ ♥❛ ❙♦❧✉çã♦ ❆✱ ❛ ♣✐♦r r❡s♣♦st❛ tr❛♥s✐tór✐❛ ♦❝♦rr❡ ♥♦ ✜♥❛❧ ❞❛ tr❛♥s✐çã♦

♥❡❣❛t✐✈❛✱ ♥❡st❡ ❝❛s♦ ❡♠ t♦r♥♦ ❞❡ ✷✱✺ ♠s✳ ❖ ❞❡t❛❧❤❡ ❞❡ss❡ ✐♥t❡r✈❛❧♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛

❋✐❣✉r❛ ✻✳✶✽✳ ❖❜s❡r✈❛✲s❡ ✉♠❛ ✈❛r✐❛çã♦ ❞❡ ✻✺✵ ♠❱ ♣❛r❛ ✹✻✵ ♠❱ ♥✉♠ ✐♥t❡r✈❛❧♦ ❞❡ ✶✱✺ µs✱ ♦

q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ s❧❡✇ r❛t❡ ❞❡ ✶✷✻✱✼ ♠❱✴µs✳ ❖ ✈❛❧♦r s✐♠✉❧❛❞♦ ❡stá ✉♠ ♣♦✉❝♦ ❛❝✐♠❛

❞♦ ✈❛❧♦r t❡ór✐❝♦ ♣❛r❛ ✉♠❛ ❝❛r❣❛ ❞❡ ✹ ♣❋ ✭✶✶✺ ♠❱✴µs✮✳ ❆ss✐♠ ❝♦♠♦ ♥♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ♦

❝♦♥s✉♠♦ ♠❡❞✐❞♦ ❢♦✐ ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧ ❛♦ ♣r♦❥❡t❛❞♦✱ ✶✱✸✹ µ❲ ♣❛r❛ VDD ❂ ✾✺✵ ♠❱✳

❚❛❧ ❝♦♠♦ r❡❛❧✐③❛❞♦ ♣❛r❛ ❛ ❙♦❧✉çã♦ ❆✱ ❝❛r❛❝t❡r✐③♦✉✲s❡ ❛ r❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦

❛♠♣❧✐✜❝❛❞♦r ♣❛r❛ ❞✉❛s ❝♦♥❞✐çõ❡s ❞✐st✐♥t❛s✿ s❡♠ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❡ ❝♦♠ ❝♦♠♣❡♥s❛çã♦

❞❡ ❢❛s❡✳ ❆ ❝❛r❣❛ ❞❡ ✼✱✺ ♣❋ ❢♦✐ ✉t✐❧✐③❛❞❛ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✳ ❆ r❡s♣♦st❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛s

❋✐❣✉r❛s ✻✳✶✾ ❡ ✻✳✷✵✳

❆s s✐♠✉❧❛çõ❡s ✐♥❞✐❝❛♠ ✉♠ ❣❛♥❤♦ ❡♠ ❝♦rr❡♥t❡ ❝♦♥t✐♥✉❛ ✐❣✉❛❧ ❛ ✽✵✱✾✸ ❞❇✱ q✉❛s❡ ✶ ❞❇

❛❝✐♠❛ ❞♦ ❣❛♥❤♦ ❡s♣❡❝✐✜❝❛❞♦ ✭✽✵ ❞❜✮✳ ❆ ♠❛r❣❡♠ ❞❡ ❢❛s❡ ❞♦ ❛♠♣❧✐✜❝❛❞♦r s❡♠ ❛

❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✲✻✱✾ ❣r❛✉s✱ s❡♥❞♦ ❛ ❢❛s❡ ❞❡ ✹✺ ❣r❛✉s

❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❝❡r❝❛ ❞❡ ✺✵ ❦❍③✳ ❆ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❣❛♥❤♦

♠á①✐♠♦ r❡❞✉③✐❞♦ ❞❡ ✸ ❞❇ ❢♦✐ ✷✱✵✼ ❦❍③✱ ❜❡♠ ❛❝✐♠❛ ❞♦ r❡s✉❧t❛❞♦ ♦❜t✐❞♦ ♣❡❧❛ ❙♦❧✉çã♦ ❆✳

❋✐❣✉r❛ ✻✳✶✾ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❞❡s❛t✐✈❛❞❛ ✭Cen ❂ ✵ ❱✮✳

❈♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❧✐❣❛❞❛✱ ❛ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ❣❛♥❤♦



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✶

♠á①✐♠♦ r❡❞✉③✐❞♦ ❞❡ ✸ ❞❇ ❝❛✐ ♣❛r❛ ✻✸✱✵✺ ❍③✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♦ ♣r♦❞✉t♦ ❣❛♥❤♦ ❢❛✐①❛ ❞❡

♣❛ss❛❣❡♠ ❝❛✐ ❞❡ ✶✱✶✼ ▼❍③ ♣❛r❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✽✵ ❦❍③ ❝♦♠ ✉♠❛ ♠❛r❣❡♠ ❞❡ ❢❛s❡ ❞❡

✺✸✱✼✼ ❣r❛✉s✳ ❖ GBW ♦❜t✐❞♦ é ✉♠ ♣♦✉❝♦ ♠❡♥♦r ❞♦ q✉❡ ♦ ❞❡✜♥✐❞♦ ❡♠ ♣r♦❥❡t♦ ✭✺✵✵ ❦❍③✮✳

❋✐❣✉r❛ ✻✳✷✵ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞❛ ❙♦❧✉çã♦ ❇ ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❉✐❢❡r❡♥❝✐❛❧ ❞❡
❉✐❢❡r❡♥ç❛s ❝♦♠ ❛ ❝♦♠♣❡♥s❛çã♦ ❞❡ ❢❛s❡ ❛t✐✈❛❞❛ ✭Cen ❂ ✶ ❱✮✳

✻✳✹✳✷ ❈♦♥✈❡rs♦r ❉✐❣✐t❛❧✴❆♥❛❧ó❣✐❝♦ ❞❡ ✽ ❜✐ts

✻✳✹✳✷✳✶ ▼❛tr✐③ ❈❛♣❛❝✐t✐✈❛

❆ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❢♦✐ s✐♠✉❧❛❞❛ ♣❛r❛ ♦s ✷✺✻ ✈❛❧♦r❡s ♣♦ssí✈❡✐s ❞❡ ❡♥tr❛❞❛ ✭❞❡✈❡✲s❡

♥♦t❛r q✉❡ s❡✉s ❜✐ts ❞❡ ❡♥tr❛❞❛ sã♦ ✐♥✈❡rt✐❞♦s✮✱ ❝♦♠ VDD ❂ ✶ ❱✱ Vref+ ❂ ✻✵✵ ♠❱ ❡ Vref−

❂ ✶✵✵ ♠❱✳ ❖ ❝♦♥s✉♠♦ ♠é❞✐♦ s✐♠✉❧❛❞♦ ❢♦✐ ✽✹✸ ♥❲✳

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ◆ã♦ ▲✐♥❡❛r✐❞❛❞❡ ❉✐❢❡r❡♥❝✐❛❧ ✭❉◆▲✮ ❡ ◆ã♦

▲✐♥❡❛r✐❞❛❞❡ ■♥t❡❣r❛❧ ✭■◆▲✮ ❞♦ ♥♦✈♦ ❆✴❉ ❢♦✐ ❢❡✐t❛ ♣♦r s✐♠✉❧❛çõ❡s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❡stát✐❝♦ ❞♦ ❝♦♥✈❡rs♦r✳ P❛r❛ ✐ss♦ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s r❡s♣♦st❛s ❞❡ t❡♥sã♦ ❞♦ ❝♦♥✈❡rs♦r

♣❛r❛ ♦s ✷✺✻ ♣♦ssí✈❡✐s ❝ó❞✐❣♦s ❞❡ ❡♥tr❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ❞♦✐s ♣❛r❡s ❞❡ t❡♥sõ❡s r❡❢❡r❡♥❝✐❛✐s

❞✐st✐♥t♦s✳ ❖ ♣r✐♠❡✐r♦ ♣❛r ❢♦✐ ❛❥✉st❛❞♦ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r ✉♠❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❡♥tr❡ ✶✵✵

♠❱ ❡ ✻✵✵ ♠❱✱ q✉❡ é ❛ ♠❛✐s ❛♠♣❧❛ ❢❛✐①❛ ❞❡ ❡♥tr❛❞❛ ♣❛r❛ ♦ s✐st❡♠❛ ♣r♦❥❡t❛❞♦✱ ✐❞ê♥t✐❝❛ ❛



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✷

❞♦ ❝♦♥✈❡rs♦r ❆✴❉✳ ❖ s❡❣✉♥❞♦ ♣❛r ❝♦♥s✐❞❡r❛❞♦ ❢♦✐ ❛❥✉st❛❞♦ ❞❡ ♠♦❞♦ ❛ ♦❜t❡r ✉♠❛ t❡♥sã♦

❞❡ s❛í❞❛ ❡♥tr❡ ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱✱ ♦ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✺✵ ♠❱ ❛❝✐♠❛ ❡ ❛❜❛✐①♦ ❞❛ t❡♥sã♦

❞❡ ♠♦❞♦ ❝♦♠✉♠ ❞❡ tr❛❜❛❧❤♦ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦✳

❆s ❝❛r❛❝t❡ríst✐❝❛s ❉◆▲ ❡ ■◆▲ ♣❛r❛ ♦ ♣❛r ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛

❋✐❣✉r❛ ✻✳✷✶✳ ❖s ♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠ ✰✵✱✹✶✼ ▲❙❇ ❡ ✲✵✱✵✸✵✷ ▲❙❇✳ ❖s ✈❛❧♦r❡s

♠á①✐♠♦s ❞❡ ■◆▲ ❢♦r❛♠ ✰✵✱✶✼✾ ▲❙❇ ❡ ✲✵✱✺✵✸ ▲❙❇✳

❋✐❣✉r❛ ✻✳✷✶ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞❡ ✽
❜✐ts ♣❛r❛ t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱✳

❋✐❣✉r❛ ✻✳✷✷ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞❡ ✽
❜✐ts ♣❛r❛ t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✸

❆s ❝❛r❛❝t❡ríst✐❝❛s ❉◆▲ ❡ ■◆▲ ♣❛r❛ ♦ ♣❛r ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛

❋✐❣✉r❛ ✻✳✷✷✳ ❖s ♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠ ✰✵✱✹✶✼ ▲❙❇ ❡ ✲✵✱✵✷✽✸ ▲❙❇✳ ❖s ✈❛❧♦r❡s

♠á①✐♠♦s ❞❡ ■◆▲ ❢♦r❛♠ ✰✵✱✷ ▲❙❇ ❡ ✲✵✱✹✵✻ ▲❙❇✳ ❊♥q✉❛♥t♦ ♥❛ ❢❛✐①❛ ♠❛✐s ❛♠♣❧❛ ♦ ♠❛✐♦r

❧✐♠✐t❛♥t❡ é ♦ ❜❛✐①♦ ✈❛❧♦r ❞❛ t❡♥sã♦ ♠í♥✐♠❛✱ ♣ró①✐♠❛ ❛ t❡♥sã♦ ❞❡ t❡rr❛✱ ♥❛ ❢❛✐①❛ ♠❛✐s

❡str❡✐t❛ ♦ ♠❛✐♦r ❧✐♠✐t❛♥t❡ à ♣r❡❝✐sã♦ ❡s♣❡r❛❞♦ s❡r✐❛♠ ❛s ❝❛r❣❛s ♣❛r❛s✐t❛s ✐♥❥❡t❛❞❛s ♣❡❧♦

❝❤❛✈❡❛♠❡♥t♦✳ ❆✐♥❞❛ ❛ss✐♠✱ ❛s ❧✐♥❡❛r✐❞❛❞❡s ❞♦ ❝♦♥✈❡rs♦r ♣❡r♠❛♥❡❝❡♠ ♣r❛t✐❝❛♠❡♥t❡ ❛s

♠❡s♠❛s ♥❛s ❞✉❛s ❢❛✐①❛s ❞❡ t❡♥sã♦✳

✻✳✹✳✷✳✷ ❆♠♣❧✐✜❝❛❞♦r ❖♣❡r❛❝✐♦♥❛❧

❆ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦ ❢♦✐

s✐♠✉❧❛❞❛ ♣❛r❛ ❛s ❝❛r❛❝t❡ríst✐❝❛s ♥♦♠✐♥❛✐s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❝❛r❣❛✳ ❖ r❡s✉❧t❛❞♦ é

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✸✳

❋✐❣✉r❛ ✻✳✷✸ ✕ ❈✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦
♣❛r❛ ♦ ❝♦♥✈❡rs♦r ❉✴❆✳

❖ t❡st❡ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♣❛r❛ ✉♠❛ ❡♥tr❛❞❛ ❞❡ ✶✺✵ ♠❱ ❛ ✻✺✵ ♠❱ ❡ CL ❂ ✹ ♣❋ é

❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✻✳✷✹✳

❆ ♣✐♦r r❡s♣♦st❛ tr❛♥s✐tór✐❛ ♦❝♦rr❡ ♥♦ ✜♥❛❧ ❞❛ tr❛♥s✐çã♦ ♣♦s✐t✐✈❛✱ ❡♠ t♦r♥♦ ❞❡ ✷ ♠s✳ ❖

❞❡t❛❧❤❡ ❞❡ss❡ ✐♥t❡r✈❛❧♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✺✳ ❆ ♠❡s♠❛ ✜❣✉r❛ t❛♠❜é♠ ♣❡r♠✐t✐✉

❝❛❧❝✉❧❛r ♦ s❧❡✇ r❛t❡ ❝♦♠♦ s❡♥❞♦ ✶✽✺ ♠❱✴µs✳ ❖ ❝♦♥s✉♠♦ ♠❡❞✐❞♦ ❢♦✐ ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧

❛♦ ♣r♦❥❡t❛❞♦✱ ✶✱✽✼ µ❲ ♣❛r❛ VDD ❂ ✾✷✺ ♠❱✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✹

❋✐❣✉r❛ ✻✳✷✹ ✕ ❈✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦
❝♦♥✈❡rs♦r ❉✴❆✳

❋✐❣✉r❛ ✻✳✷✺ ✕ ❉❡t❛❧❤❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ tr❛♥s✐tór✐♦ ❞❛ ❝✉r✈❛ ❞❡ r❡s♣♦st❛ ❛♦ ❞❡❣r❛✉ ♥♦
✐♥t❡r✈❛❧♦ ❡♥tr❡ ✶✱✾✾ ♠s ❡ ✷✱✵✸ ♠s ♠❡❞✐❛♥t❡ ❛ tr❛♥s✐çã♦ ♣♦s✐t✐✈❛ ❞♦ s✐♥❛❧ ❞❡
❡♥tr❛❞❛✳

❆ r❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ♣❛r❛ ✉♠❛ ❝❛r❣❛

❞❡ CL ❂ ✷♣❋ ❡ ❝♦♥❞✐çõ❡s ♥♦♠✐♥❛✐s ❞❡ ♦♣❡r❛çã♦ ✭VDD ❂ ✾✷✺ ♠❱✱ VCM ❂ ✹✵✵ ♠❱✮✳ ❖

r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✻✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r ❡♠ ❝♦rr❡♥t❡ ❝♦♥tí♥✉❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣r❛❝✐♦♥❛❧ é



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✺

❋✐❣✉r❛ ✻✳✷✻ ✕ ❘❡s♣♦st❛ ❡♠ ❢r❡q✉ê♥❝✐❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦ ♣❛r❛ ♦ ❝♦♥✈❡rs♦r
❉✴❆✳

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✼ ❞❇✱ ❝❛✐♥❞♦ ✸ ❞❇ ❞❡ss❡ ✈❛❧♦r ❡♠ ✺✱✸✵ ❍③✳ ❖ ♣r♦❞✉t♦ ❣❛♥❤♦ ❢❛✐①❛ ❞❡

♣❛ss❛❣❡♠ ♦❜t✐❞♦ ❢♦✐ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✾✹ ❦❍③✱ ♦ q✉❡ é ♣r❛t✐❝❛♠❡♥t❡ ✐❣✉❛❧ ❛♦ ✈❛❧♦r

❡s♣❡❝✐✜❝❛❞♦ ♥♦ ♣r♦❥❡t♦ ✭✺✵✵ ❦❍③✮✳ P♦r ✜♠✱ ❛ ♠❛r❣❡♠ ❞❡ ❢❛s❡ ❛♣r❡s❡♥t❛❞❛ ❢♦✐ ✻✸✱✸✹

❣r❛✉s✱ ♦ q✉❡ ❞❡✐①❛ ✉♠❛ ❜♦❛ ♠❛r❣❡♠ ❞❡ ❝♦♥❢♦rt♦ ♣❛r❛ ♦♣❡r❛r ❝♦♠ s♦❜r❡ss❛❧t♦s ❡

tr❛♥s✐tór✐♦s ♠í♥✐♠♦s ❛ ❝❛❞❛ ♠✉❞❛♥ç❛ ❞❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆✳

✻✳✹✳✷✳✸ ❈♦♥✈❡rs♦r ❉✴❆ ❈♦♠♣❧❡t♦

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ◆ã♦ ▲✐♥❡❛r✐❞❛❞❡ ❉✐❢❡r❡♥❝✐❛❧ ✭❉◆▲✮ ❡ ◆ã♦

▲✐♥❡❛r✐❞❛❞❡ ■♥t❡❣r❛❧ ✭■◆▲✮ ❞♦ ♥♦✈♦ ❆✴❉ ❢♦✐ ❢❡✐t❛ ♣♦r s✐♠✉❧❛çõ❡s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦

❡stát✐❝♦ ❞♦ ❝♦♥✈❡rs♦r✳ P❛r❛ ✐ss♦ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛s r❡s♣♦st❛s ❞❡ t❡♥sã♦ ❞♦ ❝♦♥✈❡rs♦r

♣❛r❛ ♦s ✷✺✻ ♣♦ssí✈❡✐s ❝ó❞✐❣♦s ❞❡ ❡♥tr❛❞❛ ❝♦♥s✐❞❡r❛♥❞♦ ✐♥✐❝✐❛❧♠❡♥t❡ ♦s ♠❡s♠♦s ♣❛r❡s ❞❡

t❡♥sõ❡s r❡❢❡r❡♥❝✐❛✐s ❡♠♣r❡❣❛❞♦s ♥❛ s✐♠✉❧❛çã♦ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛✱ ✐st♦ é✱ ❛q✉❡❧❡

❝♦rr❡s♣♦♥❞❡♥t❡ às t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱ ❡ ❛q✉❡❧❡ ❝♦rr❡s♣♦♥❞❡♥t❡ às

t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✻

❆s ❝❛r❛❝t❡ríst✐❝❛s ❉◆▲ ❡ ■◆▲ ♣❛r❛ ♦ ♣❛r ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛

❋✐❣✉r❛ ✻✳✷✼✳ ❖s ♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠ ✰✵✱✹✷✽ ▲❙❇ ❡ ✲✵✱✶✷ ▲❙❇✳ ❖s ✈❛❧♦r❡s

♠á①✐♠♦s ❞❡ ■◆▲ ❢♦r❛♠ ✰✵✱✶✺✶ ▲❙❇ ❡ ✲✵✱✾✹✼ ▲❙❇✳

❋✐❣✉r❛ ✻✳✷✼ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞❡ ✽ ❜✐ts ❝♦♠♣❧❡t♦ ♣❛r❛
t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✵✵ ♠❱ ❡ ✻✵✵ ♠❱✳

◆♦t❛✲s❡ ❝❧❛r❛♠❡♥t❡ ✉♠❛ ❡❧❡✈❛❞❛ ❞❡❣r❛❞❛çã♦ ❞❛ ❧✐♥❡❛r✐❞❛❞❡ ❞✐❢❡r❡♥❝✐❛❧ ❡ ✐♥t❡❣r❛❧ ♣❛r❛

❝ó❞✐❣♦s ✐♥❢❡r✐♦r❡s ❛ ✷✹ ✭❝❡r❝❛ ❞❡ ✶✹✼ ♠❱✮✳ ❊ss❛ ❞❡❣r❛❞❛çã♦ é ♣r♦✈❡♥✐❡♥t❡ ❞♦ ❛♠♣❧✐✜❝❛❞♦r

♦♣❡r❛❝✐♦♥❛❧ ♥❛ ❡t❛♣❛ ❞❡ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r✱ ♣♦✐s ❝♦♠♦ s❡ ♣♦❞❡ ♥♦t❛r ♥❛ ❋✐❣✉r❛ ✻✳✷✶✱ ❡❧❛

♥ã♦ é ♦❜s❡r✈❛❞❛ ♥❛ s❛í❞❛ ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛✳ ❉❡ ❢❛t♦✱ ❛ ❛♥á❧✐s❡ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡

❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ✭❋✐❣✉r❛ ✻✳✷✸✮ r❡✈❡❧❛ q✉❡ ❛ r❡❣✐ã♦ ❞❡ ♠❛✐♦r

❧✐♥❡❛r✐❞❛❞❡ ❡stá ❧✐♠✐t❛❞❛ ❛ t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✸✺ ♠❱ ❡ ✼✽✵ ♠❱✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✳

P♦r ❡ss❛ r❛③ã♦✱ ✉♠❛ ♥♦✈❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❢♦✐ r❡❛❧✐③❛❞❛ ♣❛r❛ t❡♥sõ❡s

r❡❢❡r❡♥❝✐❛✐s ❛❥✉st❛❞❛s ❞❡ ♠♦❞♦ ❛ ♦❜t❡r t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✺✵ ♠❱ ❡ ✻✺✵ ♠❱✳ ❖

r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✽✳ ❉❡ss❛ ✈❡③✱ ♦s ♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠

✰✵✱✹✷✷ ▲❙❇ ❡ ✲✵✱✵✸✼ ▲❙❇ ❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❞❡ ■◆▲ ❢♦r❛♠ ✰✵✱✶✹ ▲❙❇ ❡ ✲✵✱✹✸✶ ▲❙❇✳

❈♦♥❢♦r♠❡ ❡s♣❡r❛❞♦✱ ❛s ❞✐st♦rçõ❡s ♦❜s❡r✈❛❞❛s ♥❛ ❋✐❣✉r❛ ✻✳✷✼ ❞❡s❛♣❛r❡❝❡r❛♠✳

❆s ❝❛r❛❝t❡ríst✐❝❛s ❉◆▲ ❡ ■◆▲ ♣❛r❛ ♦ ♣❛r ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♥❛

❋✐❣✉r❛ ✻✳✷✾✳ ❖s ♠á①✐♠♦s ✈❛❧♦r❡s ❞❡ ❉◆▲ ❢♦r❛♠ ✰✵✱✹✷✹ ▲❙❇ ❡ ✲✵✱✵✺✵✷ ▲❙❇✳ ❖s ✈❛❧♦r❡s

♠á①✐♠♦s ❞❡ ■◆▲ ❢♦r❛♠ ✰✵✱✷✵✶ ▲❙❇ ❡ ✲✵✱✸✾✽ ▲❙❇✳ ❆s ❞✉❛s ❝❛r❛❝t❡ríst✐❝❛s ❛♣r❡s❡♥t❛♠

r❡s✉❧t❛❞♦s ♠✉✐t♦ s❡♠❡❧❤❛♥t❡s ❛♦s ❞❛ ♠❛tr✐③ ❝❛♣❛❝✐t✐✈❛✱ ♦ q✉❡ r❡✈❡❧❛ ❛ ❜♦❛ ❛❞❡q✉❛çã♦ ❞♦



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✼

❋✐❣✉r❛ ✻✳✷✽ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞❡ ✽ ❜✐ts ❝♦♠♣❧❡t♦ ♣❛r❛
t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✶✺✵ ♠❱ ❡ ✻✺✵ ♠❱✳

❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧ ♣r♦❥❡t❛❞♦✳

❋✐❣✉r❛ ✻✳✷✾ ✕ ❉◆▲ ❡ ■◆▲ s✐♠✉❧❛❞♦s ♣❛r❛ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆ ❞❡ ✽ ❜✐ts ❝♦♠♣❧❡t♦ ♣❛r❛
t❡♥sõ❡s ❞❡ s❛í❞❛ ❡♥tr❡ ✸✺✵ ♠❱ ❡ ✹✺✵ ♠❱✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✽

✻✳✹✳✸ ❈✐r❝✉✐t♦ ❈♦♥❞✐❝✐♦♥❛❞♦r ❈♦♠♣❧❡t♦

❖ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ❝♦♠♣❧❡t♦✱ t❛❧ ❝♦♠♦ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✷✱ ❢♦✐

t❡st❛❞♦ ♣❛r❛ ✈ár✐❛s ❝♦♠❜✐♥❛çõ❡s ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t✳ ❊♠ t♦❞♦s ♦s t❡st❡s ❢♦r❛♠ ❛♣❧✐❝❛❞♦s

♥❛ ❡♥tr❛❞❛ s✐♥❛✐s ❞♦ t✐♣♦ ❞❡❣r❛✉ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦ ❣❛♥❤♦✱ ❛ ✜♠ ❞❡ ❛✈❛❧✐❛r ❛ r❡s♣♦st❛

❞♦ ❝✐r❝✉✐t♦ ♥❛ s✐t✉❛çã♦ ♠❛✐s ❡①✐❣❡♥t❡✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♣❛r❛ ●❛♥❤♦ ❂ ✶①✱

✶✵①✱ ✶✵✵①✱ ✶✳✵✵✵①✱ ✶✵✳✵✵✵① ❡ ✷✷✹✳✵✵✵① ✭✶✵✼ ❞❇✮ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✻✳✸✵ ❛ ✻✳✸✺✳

❖ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦ ❝✐r❝✉✐t♦ ♣❛r❛ ●❛♥❤♦ ❂ ✶① ❡ ✶✵✼ ❞❇✱ ❢♦✐ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✱✽✷

µ❲✳ P❛r❛ ♦s ❞❡♠❛✐s ❝❛s♦s✱ ♦ ❝♦♥s✉♠♦ ♠❡❞✐❞♦ ❢♦✐ ✷✱✽✾ µ❲✳ ❆ ❞✐❢❡r❡♥ç❛ ♦❜s❡r✈❛❞❛ s❡ ❞❡✈❡

❛ ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♥❛ ♠❛❧❤❛ ❞❡ r❡❛❧✐♠❡♥t❛çã♦ q✉❡ t❛♥t♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❣❛♥❤♦

✉♥✐tár✐♦ q✉❛♥t♦ ♥❛ ❝♦♥✜❣✉r❛çã♦ ❞❡ ✶✵✼ ❞❇ ✭q✉❡ ♦♣❡r❛ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛✮✱ ♥ã♦ ❡♥✈♦❧✈❡

♥❡♥❤✉♠ r❡s✐st♦r✳

❋✐❣✉r❛ ✻✳✸✵ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✺✵ ♠❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶① ✭Gain ❂ ✶✵✵✵2✱ ZeroAdj ❂ ✶✷✽✮✳✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ♦ ❛tr❛s♦ ♥❛ ❡st❛❜✐❧✐③❛çã♦ ❞❛ r❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦

❝♦♥❞✐❝✐♦♥❛❞♦r é t❛♥t♦ ♠❛✐♦r q✉❛♥t♦ ♠❛✐s ❡❧❡✈❛❞♦ ❢♦r ♦ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦✳ ❊ss❡

❝♦♠♣♦rt❛♠❡♥t♦ s❡ ❞❡✈❡ ❛ ❝❛r❛❝t❡ríst✐❝❛ ❞❡ ♣r♦❞✉t♦ ❣❛♥❤♦ ❢❛✐①❛ ❞❡ ♣❛ss❛❣❡♠ ❞♦

❛♠♣❧✐✜❝❛❞♦r ♦♣❡r❛❝✐♦♥❛❧✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✶✾

❋✐❣✉r❛ ✻✳✸✶ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✺ ♠❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶✵① ✭Gain ❂ ✵✵✵✶2✱ ZeroAdj ❂ ✶✷✽✮✳✳

❋✐❣✉r❛ ✻✳✸✷ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✱✺ ♠❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶✵✵① ✭Gain ❂ ✵✵✶✵2✱ ZeroAdj ❂ ✶✷✽✮✳✳



✻✳✹ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✷✵

❋✐❣✉r❛ ✻✳✸✸ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✺✵ µ❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶✳✵✵✵① ✭Gain ❂ ✵✶✵✵2✱ ZeroAdj ❂ ✶✷✽✱
Re ❂ ✸✶✱✺ ▼Ω✮✳ ✳

❋✐❣✉r❛ ✻✳✸✹ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✺ µ❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶✵✳✵✵✵① ✭Gain ❂ ✵✶✵✵2✱ ZeroAdj ❂ ✶✻✱
Re ❂ ✸✵✺ ▼Ω✮✳ ✳



✻✳✺ ❝♦♥❝❧✉sã♦ ✶✷✶

❋✐❣✉r❛ ✻✳✸✺ ✕ ❘❡s♣♦st❛ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛❧ ♣❛r❛ ✉♠ ❞❡❣r❛✉ ❞❡ ±✷✱✺ µ❱ ❛♣❧✐❝❛❞♦
♥❛ ❡♥tr❛❞❛ ❝♦♠ ❣❛♥❤♦ ♣r♦❣r❛♠❛❞♦ ❞❡ ✶✵✼ ❞❇ ✭Gain ❂ ✵✵✵✵2✱ ZeroAdj ❂ ✶✷✽✮✳✳

✻✳✺ ❈♦♥❝❧✉sã♦

❖ ♣r♦❥❡t♦ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛✐s ♣❛r❛ ❡t✐q✉❡t❛s ❘❋■❉ s❡♥s♦r❛s ❡♥✈♦❧✈❡✉

❡①t❡♥s❛ ♣❡sq✉✐s❛ ❡ s❡ ♠♦str♦✉✱ s♦❜ ❛❧❣✉♥s ❛s♣❡❝t♦s✱ ♠❛✐s ❞❡s❛✜❛❞♦r ❞♦ q✉❡ ❛ ❞♦ ♣ró♣r✐♦

❝♦♥✈❡rs♦r ❆✴❉✳ ❊♠❜♦r❛ ❛❧❣✉♠❛s ✐♠♣❧❡♠❡♥t❛çõ❡s ❞❡ s❡♥s♦r❡s s❡♠ ✜♦ ❡♥❝♦♥tr❛❞❛s ♥❛

♣❡sq✉✐s❛ ❜✐❜❧✐♦❣rá✜❝❛ t❡♥❤❛♠ s✐❞♦ r❡❛❧✐③❛❞❛s ✉t✐❧✐③❛♥❞♦ ❆♠♣❧✐✜❝❛❞♦r❡s ❞❡ ■♥str✉♠❡♥t❛çã♦

❡♠ t♦♣♦❧♦❣✐❛ ❝❤♦♣♣❡r✱ ❛ ❛❧t❡r♥❛t✐✈❛ ❛q✉✐ ♣r♦♣♦st❛✱ s❡ ♠♦str♦✉ ❜❛st❛♥t❡ ♣r♦♠✐ss♦r❛✳ ❆s

❞✉❛s s♦❧✉çõ❡s ♣r♦♣♦st❛s ♣❛r❛ ♦ ❆♠♣❧✐✜❝❛❞♦r ❞❡ ■♥str✉♠❡♥t❛çã♦ ❢♦r❛♠ ❝❛♣❛③❡s ❞❡ ❛t❡♥❞❡r

❛♦ r❡q✉✐s✐t♦ ❞❡ ❣❛♥❤♦ ♠❡s♠♦ ❝♦♠ ✉♠ ❝♦♥s✉♠♦ ❡①tr❡♠❛♠❡♥t❡ ❜❛✐①♦✱ ❝♦♠♣❛rá✈❡❧✱ ❡♠ ♣é

✐❣✉❛❧❞❛❞❡ àq✉❡❧❡s ❛♣r❡s❡♥t❛❞♦s ♣♦r ❛♠♣❧✐✜❝❛❞♦r❡s ❝❤♦♣♣❡r ♥♦ ❡st❛❞♦✲❞❛✲❛rt❡ ✭❉❊◆■❙❖◆ ❡t

❛❧✳✱ ✷✵✵✼✮✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❝♦♥s✉♠♦ ❞❡ t♦❞♦ ♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛✐s ✜❝♦✉ ✐♥❢❡r✐♦r

❛ ✸ µ❲✱ ✉♠❛ ♠❛r❝❛ ♥♦tá✈❡❧ s❡ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ❛❧é♠ ❞❛ ♦r❞❡♠ ❞❡ ❣❛♥❤♦s ❡♥✈♦❧✈✐❞♦s✱ ♦

❝✐r❝✉✐t♦ ❛✐♥❞❛ ❛♣r❡s❡♥t❛ r❡❝✉rs♦s ❞❡ ❣❛♥❤♦ ❡ ♦✛s❡t ♣r♦❣r❛♠á✈❡✐s✳ P♦r ✜♠✱ ❞❡✈❡✲s❡ ♥♦t❛r

q✉❡ ❡♠❜♦r❛ ♦ ❝♦♥s✉♠♦ ❞❡st❛ ✉♥✐❞❛❞❡ s❡❥❛ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛♣❧✐❝❛çõ❡s ❘❋■❉ ❍❋ ❡ ❯❍❋✱ ♦s

t❡♠♣♦s ❞❡ r❡s♣♦st❛ ♦❜s❡r✈❛❞♦s ❧✐♠✐t❛♠ ♦ s❡✉ ✉s♦ ♣❧❡♥♦ ❛♦ ❘❋■❉ ❞♦ t✐♣♦ ◆❋❈✳ ❊♥tr❡t❛♥t♦✱

❛♣❧✐❝❛çõ❡s ❘❋■❉ ❍❋ ♥♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✺✻✾✸ ❡ ❯❍❋ ❈❧❛ss✶ ●❡♥✷ t❛♠❜é♠ ♣♦❞❡♠ s❡r
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❛t❡♥❞✐❞❛s s♦❜ ❛ ❝♦♥❞✐çã♦ ❞❡ ♠❛♥✉t❡♥çã♦ ❞♦ ❝❛♠♣♦ ❧❡✐t♦r ♣♦r t❡♠♣♦ s✉♣❡r✐♦r ❛♦ ❞❡ ❧❡✐t✉r❛

❞❛ ❡t✐q✉❡t❛✱ r❡❝✉rs♦ ❡ss❡ ❞✐s♣♦♥í✈❡❧ ❡♠ ✈ár✐♦s ❧❡✐t♦r❡s ❝♦♠❡r❝✐❛✐s✳



❈❛♣ít✉❧♦ ✼

◆❛♥♦ss❡♥s♦r ❞❡ ●ás ❛ ◆❛♥♦t✉❜♦s ❞❡
❈❛r❜♦♥♦

✼✳✶ ■♥tr♦❞✉çã♦

❖s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ✭❈◆❚✮ ❛♣r❡s❡♥t❛♠ ✉♠❛ ❡❧❡✈❛❞❛ r❡❧❛çã♦ ❞❡

s✉♣❡r❢í❝✐❡✴✈♦❧✉♠❡✱ ♦ q✉❡ ♦s t♦r♥❛ ♠✉✐t♦ ❛❞❡q✉❛❞♦s ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡ ❞❡t❡❝çã♦ ❞❡ ❣ás

✭▼❊❨❨❆PP❆◆✱ ✷✵✵✹✮✳ ❙✉❛ ♣r✐♥❝✐♣❛❧ ✈❛♥t❛❣❡♠ s♦❜r❡ ♦s s❡♥s♦r❡s ❞❡ ❣ás ❝♦♥✈❡♥❝✐♦♥❛✐s✱ à

❜❛s❡ ❞❡ ó①✐❞♦ ♠❡tá❧✐❝♦ ✭▼❖❳✮✱ é s❡✉ ❜❛✐①♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳ ❆❧é♠ ❞✐ss♦✱ ♦s s❡♥s♦r❡s

❞❡ ❣❛s❡s ❜❛s❡❛❞♦s ❡♠ ❈◆❚ ❛♣r❡s❡♥t❛♠ ❜♦♠ ❞❡s❡♠♣❡♥❤♦ q✉❛♥❞♦ ❞❡❝♦r❛❞♦s ♣♦r

♥❛♥♦♣❛rtí❝✉❧❛s s❡♥sí✈❡✐s ❛♦s ❣❛s❡s ❞❡ ✐♥t❡r❡ss❡✳

❊①✐st❡♠ ❜❛s✐❝❛♠❡♥t❡ ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞✐st✐♥t❛s ♣❛r❛ s❡♥s♦r❡s ❞❡ ♥❛♥♦t✉❜♦s ❞❡

❝❛r❜♦♥♦✿ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♠♦ tr❛♥s✐st♦r ❞❡ ❡❢❡✐t♦ ❞❡ ❝❛♠♣♦ ❡ ❛ ❝♦♥✜❣✉r❛çã♦

q✉í♠✐❝♦✲r❡s✐st✐✈❛✳ ❚r❛♥s✐st♦r❡s ❞❡ ❡❢❡✐t♦ ❞❡ ❝❛♠♣♦ ❜❛s❡❛❞♦s ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦

❞❡ ♣❛r❡❞❡ s✐♠♣❧❡s ✭❙❲✲❈◆❚ ❋❊❚s✮❛♣r❡s❡♥t❛♠ ❡❧❡✈❛❞❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ♠❛s r❡q✉❡r❡♠ ✉♠

♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❜❛st❛♥t❡ ❝♦♠♣❧❡①♦ ✭❑❯P❘■❨❆◆❖❱✱ ✶✾✾✻✮✳ ❙❡♥s♦r❡s ❈◆❚ ❞♦ t✐♣♦

q✉í♠✐❝♦✲r❡s✐st✐✈♦ ♥ã♦ r❡q✉❡r❡♠ ✉♠ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ tã♦ ❝♦♠♣❧❡①♦ ❝♦♠♦ ♦s ❈◆❚

❋❊❚s ❡ ♣♦❞❡♠ s❡r ❢❛❜r✐❝❛❞♦s ❞❡ ❞✉❛s ♠❛♥❡✐r❛s ❞✐❢❡r❡♥t❡s ✭●❊▲❆▼❖ ❡t ❛❧✳✱ ✷✵✵✾✮✿

❼ ❋✐❧♠❡s ✜♥♦s ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ♠❡tá❧✐❝♦s ❡ s❡♠✐❝♦♥❞✉t♦r❡s ♠✐st✉r❛❞♦s ❡

❞❡♣♦s✐t❛❞♦s ❡♥tr❡ ❞♦✐s ❡❧❡tr♦❞♦s❀

❼ ◆❛♥♦✲s❡♥s♦r❡s ❢♦r♠❛❞♦s ♣♦r ✉♠❛ ♣❡q✉❡♥❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ q✉❡

❝♦♥❡❝t❛♠ ❞♦✐s ♠✐❝r♦❡❧❡tr♦❞♦s s❡♣❛r❛❞♦s ♣♦r ♣♦✉❝♦s ♠✐❝r♦♠❡tr♦s ❞❡ ❞✐stâ♥❝✐❛✳

❙❡♥s♦r❡s ❞❡ ✜❧♠❡ ✜♥♦ sã♦ ❣❡r❛❧♠❡♥t❡ ♦s ♠❛✐s s✐♠♣❧❡s ❞❡ ❝♦♥str✉✐r✳ ▼ét♦❞♦s ❝♦♠✉♥s

❞❡ ❢❛❜r✐❝❛çã♦ sã♦ ♣♦r ❞❡♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ♣♦r ✐♠♣r❡ssã♦ ❛ ❥❛t♦ ❞❡ t✐♥t❛ ✭❚❍❆■ ❡t ❛❧✳✱

✶✷✸
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✷✵✶✶❀ ❘■❉❆ ▲■ ❨❆◆●✱ ✷✵✶✵✮✳ ❆♣❡s❛r ❞❡ s✉❛ s✐♠♣❧✐❝✐❞❛❞❡✱ s❡♥s♦r❡s ❈◆❚ ❞❡ ✜❧♠❡ ✜♥♦

♣♦❞❡♠ s❡r ❢❛❝✐❧♠❡♥t❡ ❝♦♥t❛♠✐♥❛❞♦s ♣♦r ❣❛s❡s ♦✉ ♦✉tr❛s s✉❜stâ♥❝✐❛s✳ ❙✉❛ r❡s♣♦st❛

❝♦st✉♠❛ s♦❢r❡r ❛❧t❡r❛çõ❡s ❛♣ós ❛ ♣r✐♠❡✐r❛ ❡①♣♦s✐çã♦ ❛♦ ❣ás ❛❧✈♦✳ ❖ s❡♥s♦r ❝♦♥t✐♥✉❛

❛♣r❡s❡♥t❛♥❞♦ r❡s♣♦st❛s ❞✐st✐♥t❛s ♥❛ ♣r❡s❡♥ç❛ ❡ ♥❛ ❛✉sê♥❝✐❛ ❞♦ ❣ás✱ ♣♦ré♠✱ ❝♦♠ ♠❡♥♦r

✈❛r✐❛çã♦ ❡♥tr❡ ❡❧❛s ✭❖❈❈❍■❯❩❩■ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ■ss♦ s❡ ❞❡✈❡ à ❛❞❡sã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞♦ ❣ás

às ♣❛r❡❞❡s ❞♦s ♥❛♥♦t✉❜♦s ❡✱ ♥♦ ❝❛s♦ ❞♦s s❡♥s♦r❡s ♣♦❧✐♠ér✐❝♦s✱ à ♣ró♣r✐❛ ❡str✉t✉r❛ ❞♦

♣♦❧í♠❡r♦✳ ❆❧❣✉♥s ♣r♦❝❡❞✐♠❡♥t♦s ♣❡r♠✐t❡♠ ♦ r❡st❛❜❡❧❡❝✐♠❡♥t♦ t♦t❛❧ ♦✉ ♣❛r❝✐❛❧ ❞❛

r❡s♣♦st❛ ♦r✐❣✐♥❛❧✱ t❛❧ ❝♦♠♦ ❛ ❧✐♠♣❡③❛ ♣♦r ♥✐tr♦❣ê♥✐♦ ♦✉ ♦ ❛q✉❡❝✐♠❡♥t♦ ❞♦ s❡♥s♦r✳ ◆♦

❡♥t❛♥t♦✱ t❛✐s ♣r♦❝❡❞✐♠❡♥t♦s ♣♦❞❡♠ s❡r✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s✱ ♠❛✐s ✐♥❝♦♥✈❡♥✐❡♥t❡s ❞♦ q✉❡

s❡r✐❛ ❛ ♣ró♣r✐❛ tr♦❝❛ ❞❡ ❜❛t❡r✐❛s ❡♠ ❡t✐q✉❡t❛s ❛t✐✈❛s✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ♦s ♥❛♥♦✲s❡♥s♦r❡s ❈◆❚ sã♦ ❢❛❜r✐❝❛❞♦s ♣♦r té❝♥✐❝❛s ❞❡

♠✐❝r♦❢❛❜r✐❝❛çã♦✱ ❝❧❛r❛♠❡♥t❡ ♠❛✐s ❝♦♠♣❧❡①❛s ❞♦ q✉❡ ❛ ❞❡♣♦s✐çã♦ q✉í♠✐❝❛ ♦✉ ✐♠♣r❡ssã♦

♣♦r ❥❛t♦ ❞❡ t✐♥t❛✳ ❊♥tr❡t❛♥t♦✱ ❡ss❡s s❡♥s♦r❡s sã♦ ♠❡♥♦s s✉s❝❡♣tí✈❡✐s à ❝♦♥t❛♠✐♥❛çã♦✱

❞❛❞♦ q✉❡ ♦s ❝♦♥t❛♠✐♥❛♥t❡s ♣♦❞❡♠ s❡r ❡✈❛♣♦r❛❞♦s ❞❛ s✉♣❡r❢í❝✐❡ ❞♦s ♥❛♥♦t✉❜♦s ❞❡

❝❛r❜♦♥♦ ♣♦r ✉♠ ♣✉❧s♦ ❞❡ ❝♦rr❡♥t❡✳ ❆❧é♠ ❞✐ss♦✱ ♦ t❛♠❛♥❤♦ r❡❞✉③✐❞♦ ❞❡st❡s

♥❛♥♦✲s❡♥s♦r❡s✱ ❛❧✐❛❞♦ ❛ s✉❛ ❛❧t❛ s❡♥s✐❜✐❧✐❞❛❞❡✱ ❞❡✈✐❞♦ ❛♦ ❢♦rt❡ ❛✉t♦✲❛q✉❡❝✐♠❡♥t♦ ♣♦r

❡❢❡✐t♦ ❞❡ ❏♦✉❧❡ ✭●❊▲❆▼❖ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ♦s t♦r♥❛ ♠✉✐t♦ ❛tr❛❡♥t❡s ♣❛r❛ s❡r❡♠ ✉t✐❧✐③❛❞♦s ❡♠

♠✐❝r♦r❡❛t♦r❡s✳

➱✱ ♣♦rt❛♥t♦✱ ♥♦ ✐♥t✉✐t♦ ❞❡ s❡ s♦❧✉❝✐♦♥❛r ♦ ♣r♦❜❧❡♠❛ ❣❡r❛❞♦ ♣❡❧♦ ✉s♦ ❞❡ s❡♥s♦r❡s ❞❡

✜❧♠❡ ✜♥♦ ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ q✉❡ s❡ ♣r♦♣õ❡ ♦ ✉s♦ ❞❡ ♥❛♥♦✲s❡♥s♦r❡s ❈◆❚✳ ❆

❢❛❜r✐❝❛çã♦ ❞❡ss❡s s❡♥s♦r❡s r❡q✉❡r r❡❝✉rs♦s ❧❛❜♦r❛t♦r✐❛✐s ❡ ❡①♣❡rt✐s❡ ❡s♣❡❝í✜❝♦s à

♥❛♥♦t❡❝♥♦❧♦❣✐❛ q✉❡ ❡stã♦ ❛❧é♠ ❞❛s ❝♦♠♣❡tê♥❝✐❛s ❞♦ ❧❛❜♦r❛tór✐♦ ✈✐♥❝✉❧❛❞♦ ❛ ❡st❡ ♣r♦❥❡t♦✳

P♦r ❡ss❛ r❛③ã♦✱ ❛ ❢❛❜r✐❝❛çã♦ ❞♦s s❡♥s♦r❡s ❢♦✐ r❡❛❧✐③❛❞❛ ♣❡❧♦ ❈❡♥tr♦ ❞❡ ❈♦♠♣♦♥❡♥t❡s

❙❡♠✐❝♦♥❞✉t♦r❡s ❡ ◆❛♥♦t❡❝♥♦❧♦❣✐❛s ✭❈❈❙◆❛♥♦✮ ❞❛ ❯♥✐❝❛♠♣✱ q✉❡ ❝♦♥t❛ ❝♦♠ ♣❡ss♦❛❧ ❞❡

♣❡sq✉✐s❛ ❡ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❡①♣❡r✐❡♥t❡ ♥❛ ❢❛❜r✐❝❛çã♦ ❞❡ ♥❛♥♦✲s❡♥s♦r❡s✳ ❖ tr❛❜❛❧❤♦ ❛❧✐

r❡❛❧✐③❛❞♦ s❡rá ❞❡t❛❧❤❛❞♦ ♥❛ s❡çã♦ s❡❣✉✐♥t❡✳

✼✳✷ ❋❛❜r✐❝❛çã♦

❖ ❞❡s❡♥❤♦ ❡sq✉❡♠át✐❝♦ s✐♠♣❧✐✜❝❛❞♦ ❞♦ ♥❛♥♦✲s❡♥s♦r ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦

❢❛❜r✐❝❛❞♦ é ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✶✳ ❊♠❜♦r❛ ♦s ❡❧❡tr♦❞♦s ♠♦str❛❞♦s ♥❛ ✐❧✉str❛çã♦ s❡❥❛♠

r❡❝♦❜❡rt♦s ❞❡ ♦✉r♦✱ ❢♦✐ t❛♠❜é♠ ❡♠♣r❡❣❛❞♦ ❡♠ ❛❧❣✉♥s s❡♥s♦r❡s ❡❧❡tr♦❞♦s ❞❡ ❛❧✉♠í♥✐♦✱ ❜❡♠



✼✳✷ ❢❛❜r✐❝❛çã♦ ✶✷✺

❝♦♠♦ ❛ ✜❛çã♦ ❞❡ ❝♦♥❡①ã♦✳

❋✐❣✉r❛ ✼✳✶ ✕ ❘❡♣r❡s❡♥t❛çã♦ ❞♦ ♥❛♥♦✲s❡♥s♦r ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✳ ✭✶✮ s✉❜str❛t♦ ❞❡
s✐❧í❝✐♦ ♦①✐❞❛❞♦✱ ✭✷✮ ❡❧❡tr♦❞♦s ❡♠ ♦✉r♦✱ ✭✸✮ ✜❛çã♦ ❞❡ ❝♦♥❡①ã♦✱ ✭✹✮ ♥❛♥♦t✉❜♦s ❞❡
❝❛r❜♦♥♦ ❞❡♣♦s✐t❛❞♦s ♣♦r ❞✐❡❧❡tr♦❢♦r❡s❡✳ ❯♠❛ ✈✐st❛ ❡♠ ❞❡t❛❧❤❡ ❞♦s ♥❛♥♦t✉❜♦s ❞❡
❝❛r❜♦♥♦ ❞❡♣♦s✐t❛❞♦s ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s é ♠♦str❛❞❛ ♥❛ ✐♠❛❣❡♠ ❡♠ r❡❝♦rt❡ ✭❙❆❱❯
❡t ❛❧✳✱ ✷✵✶✺✮✳

❉♦✐s t✐♣♦s ❞❡ ♥❛♥♦✲s❡♥s♦r❡s ❢♦r❛♠ ❢❛❜r✐❝❛❞♦s ❛ ♣❛rt✐r ❞❛s ♣❛st✐❧❤❛s ❝♦♠

♠✐❝r♦❡❧❡tr♦❞♦s ❛♣r❡s❡♥t❛❞❛s✳ ❯♠ ❜❛s❡❛❞♦ ❡♠ ▼❲❈◆❚s ❞❡❝♦r❛❞♦s ❝♦♠ ♥❛♥♦♣❛rtí❝✉❧❛s

❞❡ ❝♦❜r❡✱ ❡ ♦✉tr♦ ❜❛s❡❛❞♦ ❡♠ ▼❲❈◆❚s ❞❡❝♦r❛❞♦s ❝♦♠ ♥❛♥♦♣❛rtí❝✉❧❛s ❞❡ t✐tâ♥✐♦✳ ❊♠

❝❛❞❛ ♣❛st✐❧❤❛ ❞❡ s✐❧í❝✐♦ ❢♦r❛♠ ❢❛❜r✐❝❛❞♦s q✉❛tr♦ ♥❛♥♦s❡♥s♦r❡s✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛

❋✐❣✉r❛ ✼✳✷✳ ◆❛ ♠✐❝r♦❣r❛✜❛ é ♣♦ssí✈❡❧ ✐❞❡♥t✐✜❝❛r ❝❛❞❛ s❡♥s♦r ♣♦r ✉♠❛ ❧❡tr❛ ❡s♣❡❝í✜❝❛ ✭❆✱

❇✱ ❈ ❡ ❉✮✱ ♣♦s✐❝✐♦♥❛❞❛ ❛❝✐♠❛ ❞❛ ❢❡♥❞❛ ♦♥❞❡ ♦s ♥❛♥♦t✉❜♦s ❡stã♦ ❞❡♣♦s✐t❛❞♦s✳ ❆

❧♦❝❛❧✐③❛çã♦ ❞❛ ❢❡♥❞❛ é ✐♥❞✐❝❛❞❛ ♣♦r ✉♠❛ ♣❡q✉❡♥❛ ♠❛r❝❛çã♦ ❛❜❛✐①♦ ❞❡ ❝❛❞❛ ♣❛r ❞❡

❡❧❡tr♦❞♦s✳ ❖ ♥ú♠❡r♦ ♥♦ ❝❡♥tr♦ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❞á ✐❞❡♥t✐✜❝❛çã♦ ú♥✐❝❛ ❛ ❝❛❞❛ ♣❛st✐❧❤❛

❞❡ s❡♥s♦r❡s✳

❖s ❞♦✐s ❡❧❡tr♦❞♦s ❞❡ ❝❛❞❛ ♥❛♥♦✲s❡♥s♦r ♥❛ ♣❛st✐❧❤❛ sã♦ ✐♥✐❝✐❛❧♠❡♥t❡ ❝♦♥❡❝t❛❞♦s ❡♥tr❡

s✐✳ ❉❡♣♦✐s ❞❡ ✜♥❛❧✐③❛❞❛ s✉❛ ❢❛❜r✐❝❛çã♦✱ ❛ s❡♣❛r❛çã♦ ❞♦s ❡❧❡tr♦❞♦s ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ ❢❡♥❞❛

é r❡❛❧✐③❛❞❛ ♣♦r ❋■❇ ✭❢❡✐①❡ ❞❡ í♦♥s ❢♦❝❛❧✐③❛❞♦✮✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✸✳ ❊st❡

♣r♦❝❡❞✐♠❡♥t♦ ♣❡r♠✐t✐✉ ❛ ❝r✐❛çã♦ ❞❡ ♠✐❝r♦s❡♥s♦r❡s ❛ ▼❲❈◆❚ ❜❛s❡❛❞♦s ❡♠ ♥❛♥♦❡str✉t✉r❛s

s✉s♣❡♥s❛s✱ ❜❡♠ ♠❛✐s s❡♥sí✈❡✐s à ♣r❡s❡♥ç❛ ❞❡ ❣❛s❡s ❞♦ q✉❡ ❛ ❝♦♥✜❣✉r❛çã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ♥❛

q✉❛❧ ♦s ♥❛♥♦t✉❜♦s ✜❝❛♠ ❡♠ ❝♦♥t❛t♦ tér♠✐❝♦ ❞✐r❡t♦ ❝♦♠ ♦ ó①✐❞♦ ❞❡ s✐❧í❝✐♦ ❞♦ s✉❜str❛t♦

✭●❊▲❆▼❖ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❖ ❞❡t❛❧❤❡ ❧❛t❡r❛❧ ❡♠ ❝♦rt❡ ❞❛ ❢❡♥❞❛ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✹✳ ◆❛ ✜❣✉r❛ é ♣♦ssí✈❡❧



✼✳✷ ❢❛❜r✐❝❛çã♦ ✶✷✻

❋✐❣✉r❛ ✼✳✷ ✕ P❛st✐❧❤❛ ❞❡ s✐❧í❝✐♦ ❝♦♠ ❡❧❡tr♦❞♦s ♣❛r❛ q✉❛tr♦ ♥❛♥♦✲s❡♥s♦r❡s✳ ✭❙❆❱❯ ❡t ❛❧✳✱ ✷✵✶✷✮✳

❋✐❣✉r❛ ✼✳✸ ✕ ❋❡♥❞❛ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❝r✐❛❞❛ ♣♦r ❋■❇✳

✈✐s✉❛❧✐③❛r ❛ ❡s♣❡ss✉r❛ ❞♦ ❡❧❡tr♦❞♦ ✭✻✹✺✱✶ ♥♠✮ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❛♠❛❞❛ ❞❡

t✐tâ♥✐♦✲t✉♥❣stê♥✐♦ ✭✻✵✱✽ ♥♠✮ ❞❡♣♦s✐t❛❞❛ ♣❛r❛ ❛ ❛❞❡rê♥❝✐❛ ❞♦s ♥❛♥♦t✉❜♦s✳

❋✐❣✉r❛ ✼✳✹ ✕ ▼✐❝r♦❣r❛✜❛ ❧❛t❡r❛❧ ❞❛ ❢❡♥❞❛ ❡①✐❜✐♥❞♦ ♦ ❝♦rt❡ ❞❡ ✉♠ ❞♦s ❡❧❡tr♦❞♦s✳



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✷✼

◆❛ ❋✐❣✉r❛ ✼✳✺ sã♦ ♠♦str❛❞❛s ❛s ✐♠❛❣❡♥s ♦❜t✐❞❛s ♣♦r ♠✐❝r♦s❝♦♣✐❛ ❡❧❡trô♥✐❝❛ ❞❡

✈❛rr❡❞✉r❛ ❝♦♠ ❢♦♥t❡ ❞❡ ❡♠✐ssã♦ ❞❡ ❝❛♠♣♦ ✭❋❊✲❙❊▼✮ ❞❡ ✉♠ ♥❛♥♦s❡♥s♦r ❢❛❜r✐❝❛❞♦ ❝♦♠

♥❛♥♦t✉❜♦s ♠✉❧t✐✲✇❛❧❧❡❞ ❞❡❝♦r❛❞♦s ❝♦♠ ❝♦❜r❡✳

✭❛✮ ◆❛♥♦s❡♥s♦r ❞❡ ♥❛♥♦t✉❜♦s ❞❡❝♦r❛❞♦s ❝♦♠
❝♦❜r❡✳

✭❜✮ ◆❛♥♦s❡♥s♦r ❞❡ ♥❛♥♦t✉❜♦s ❞❡❝♦r❛❞♦s ❝♦♠
❝♦❜r❡ ✭❞❡t❛❧❤❡✮✳

❋✐❣✉r❛ ✼✳✺ ✕ ▼✐❝r♦❣r❛✜❛ ♦❜t✐❞❛ ♣♦r ❋❊✲❙❊▼ ❞❡ ✉♠ ♥❛♥♦ss❡♥s♦r ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦
❞❡❝♦r❛❞♦s ❢❛❜r✐❝❛❞♦ ♥♦ ❈❈❙◆❛♥♦ ✭❯♥✐❝❛♠♣✮ ✳

✼✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s

✼✳✸✳✶ ❊♥s❛✐♦s ❞❡ ❚r❛t❛♠❡♥t♦ ❞♦s ❈♦♥t❛t♦s

❆ ❝✉r✈❛ ❝❛r❛❝t❡ríst✐❝❛ ❱✲■ ❞❡ ✉♠ ❞♦s ♥❛♥♦✲s❡♥s♦r❡s ❢❛❜r✐❝❛❞♦s ✭▼❲❈◆❚s ❞❡❝♦r❛❞♦s

❝♦♠ ❈♦❜r❡✮ ♣❛r❛ ✉♠❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❞❡ ✲✶ ❱ ❛ ✶ ❱ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✼✳✻✳

❆ r❡s♣♦st❛ ♥ã♦ ❧✐♥❡❛r s❡ ❞❡✈❡ ❛♦ ♣r❡❝ár✐♦ ❝♦♥t❛t♦ ❡❧étr✐❝♦ ❡♥tr❡ ♦s ❡❧❡tr♦❞♦s ❞♦ s❡♥s♦r

❡ ♦s ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ q✉❡ ❛♣ós ❛ ❞❡♣♦s✐çã♦ ❛✐♥❞❛ s❡ ❞á ❞❡ ❢♦r♠❛ ♠✉✐t♦ s✉♣❡r✜❝✐❛❧✳

❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❛ r❡s✐stê♥❝✐❛ ❞♦ s❡♥s♦r ♣❛r❛ ❝♦rr❡♥t❡s ❞❡ ❛té ✶ µ❆ é

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✸✸ ❦Ω✳ ❏á ♣❛r❛ ❝♦rr❡♥t❡s ♠❛✐♦r❡s q✉❡ ✻ µ❆✱ ❛ r❡s✐stê♥❝✐❛ ❝❛✐ ♣❛r❛

❝❡r❝❛ ❞❡ ✹✸✱✺ ❦Ω✳ P♦r ❝♦♥s❡q✉ê♥❝✐❛ ❞❡ss❡ ❝♦♥t❛t♦ ♣r❡❝ár✐♦✱ ♦ ❞✐s♣♦s✐t✐✈♦ ❛♣r❡s❡♥t❛ ♣♦✉❝❛

♦✉ ♥❡♥❤✉♠❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❛♦ ❣ás ❞❡ ❞❡st✐♥♦✳

❯♠❛ ❞❛s ❢♦r♠❛s ❞❡ s❡ s♦❧✉❝✐♦♥❛r ♦ ♣r♦❜❧❡♠❛ ❞♦ ❝♦♥t❛t♦ ♣r❡❝ár✐♦ ❡♥tr❡ ❡❧❡tr♦❞♦s ❡

♥❛♥♦t✉❜♦s é ♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞❡ ❞❡❣r❛✉s ♣r♦❣r❡ss✐✈♦s ❞❡ ♣♦t❡♥❝✐❛❧ ♥♦ s❡♥s♦r✱ ♠❡❞✐❛♥t❡ ❛

❡①♣♦s✐çã♦ ❝♦♥tr♦❧❛❞❛ ❞♦ ❣ás ❞❡ ❞❡st✐♥♦✱ ❛té q✉❡ s❡ ♦❜s❡r✈❡ ❛ ✉♠❛ ❛❧t❡r❛çã♦ ♥♦tá✈❡❧ ❞❛

s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r✳ ❆ ❛♣❧✐❝❛çã♦ ❞❡ ♣♦t❡♥❝✐❛✐s ♣r♦❣r❡ss✐✈♦s ♥♦ s❡♥s♦r ✐rá ❛q✉❡❝❡r ♦s

♥❛♥♦t✉❜♦s ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ♠❡s♠♦ ❵s❡ s♦❧❞❡✬ ❛♦ ♠❡t❛❧ ❞❡ r❡✈❡st✐♠❡♥t♦ ❞♦s ❡❧❡tr♦❞♦s✱
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❋✐❣✉r❛ ✼✳✻ ✕ ❈❛r❛❝t❡ríst✐❝❛ ■✲❱ ♣❛r❛ ✉♠ s❡♥s♦r ❞❡ ▼❲❈◆❚s ❞❡❝♦r❛❞♦s ❝♦♠ ❝♦❜r❡✳

♠❡❧❤♦r❛♥❞♦ ❡ ❡st❛❜✐❧✐③❛♥❞♦ ♦ ❝♦♥t❛t♦ ❡❧étr✐❝♦ ❡♥tr❡ ❡❧❡s✳ P❛r❛ ♦ s❡♥s♦r ❡♠ q✉❡stã♦✱ q✉❛tr♦

❞❡❣r❛✉s ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ❝♦♠ ❞✐❢❡r❡♥t❡s ❞✉r❛çõ❡s✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✼✳✼✳

❖ ♣r✐♠❡✐r♦ ❞❡❣r❛✉✱ ❞❡ ✷✵✵ ♠❱✱ ❢♦✐ ❛♣❧✐❝❛❞♦ ♣♦r ✺✵ s❡❣✉♥❞♦s✳ ❖ r❡s✉❧t❛❞♦✱ ♠♦str❛❞♦ ♥❛

❋✐❣✉r❛ ✼✳✼✭❛✮✱ ♥ã♦ ❛♣r❡s❡♥t❛ ❛❧t❡r❛çã♦ ❞❛ r❡s✐stê♥❝✐❛ ♠é❞✐❛ ❞♦ s❡♥s♦r✱ ♣❡r♠❛♥❡❝❡♥❞♦ s❡✉

✈❛❧♦r ❡♠ t♦r♥♦ ❞❡ ✻✱✷ ▼Ω✳ ❖ s❡❣✉♥❞♦ ❞❡❣r❛✉ ❛♣❧✐❝❛❞♦ t❡✈❡ ♦ ✈❛❧♦r ❛❥✉st❛❞♦ ♣❛r❛ ✶✱✵ ❱✱

s❡♥❞♦ ♠❛♥t✐❞♦ ♣♦r ✷✵✵ s❡❣✉♥❞♦s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❋✐❣✉r❛ ✼✳✼✭❜✮✳ ❆♦ ❝♦♥trár✐♦ ❞♦ ♣r✐♠❡✐r♦

❡♥s❛✐♦✱ ✉♠❛ ❛❧t❡r❛çã♦ ♥❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❝♦♠❡ç♦✉ ❛ s❡r ♥♦t❛❞❛✳ P❛r❛ ❡ss❡ t❡st❡✱ ❛

r❡s✐stê♥❝✐❛ ✐♥✐❝✐❛❧ ❞♦ s❡♥s♦r ❢♦✐ ✶✶✹ ❦Ω✱ s❡♥❞♦ ❛❧t❡r❛❞❛ ♣❛r❛ ✶✵✹ ❦Ω ❛♦ ✜♥❛❧ ❞♦ ❡♥s❛✐♦✳

P❛r❛ ♦ t❡r❝❡✐r♦ ❞❡❣r❛✉ ❢♦✐ ✉t✐❧✐③❛❞❛ ✉♠❛ ❛♠♣❧✐t✉❞❡ ❞❡ ✷✱✵ ❱✱ ♣♦ré♠✱ ❛♣ós ✺✵ s❡❣✉♥❞♦s ❞❡

❡①♣♦s✐çã♦ ♥ã♦ ❢♦✐ ♦❜s❡r✈❛❞❛ ♥❡♥❤✉♠❛ ❛❧t❡r❛çã♦ s✐❣♥✐✜❝❛t✐✈❛✳ ❖ q✉❛rt♦ ❞❡❣r❛✉ ❛♣❧✐❝❛❞♦

t❡✈❡ s✉❛ ❛♠♣❧✐t✉❞❡ ✜①❛❞❛ ❡♠ ✸✱✺ ❱✱ s❡♥❞♦ ❝❛♣❛③ ❞❡ ♣r♦✈♦❝❛r ✉♠❛ ♠✉❞❛♥ç❛ s✐❣♥✐✜❝❛t✐✈❛

♥❛ r❡s✐stê♥❝✐❛ ❞♦ s❡♥s♦r✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✼✭❞✮✳ P♦r ✜♠✱ ❢♦r❛♠ ❛♣❧✐❝❛❞♦s

♠❛✐s ❞♦✐s ❞❡❣r❛✉s ❞❡ t❡♥sã♦✱ ✉♠ ❞❡ ✹✱✵ ❱ ❡ ♦✉tr♦ ❞❡ ✺✱✵ ❱✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛s ❋✐❣✉r❛s

✼✳✽✭❛✮ ❡ ✼✳✽✭❜✮✳

❖ ❞❡❣r❛✉ ❞❡ ✹✱✵ ❱ ♥ã♦ ♣r♦✈♦❝♦✉ ♠✉❞❛♥ç❛s s✐❣♥✐✜❝❛t✐✈❛s ♥❛ r❡s✐stê♥❝✐❛ ♠é❞✐❛ ❞♦ s❡♥s♦r✱

❛♦ ♣❛ss♦ q✉❡ ♥❛ ❛♣❧✐❝❛çã♦ ❞♦ ❞❡❣r❛✉ ❞❡ ✺✱✵ ❱ ✉♠❛ r❡❞✉çã♦ ♣❡r❝❡♥t✉❛❧ ❞❡ ❝❡r❝❛ ❞❡ ✶✵✪ ❢♦✐

♦❜s❡r✈❛❞❛✳ ❖s r❡s✉❧t❛❞♦s ✐♥❞✐❝❛♠ q✉❡ tr❛t❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦ ♠❛❥♦r✐t❛r✐❛♠❡♥t❡ ♦❝♦rr✐❞♦

♣❛r❛ ♦ ❞❡❣r❛✉ ❞❡ ✸✱✺ ❱ ❢♦✐ ❝♦♥s♦❧✐❞❛❞♦✱ ❡st❛♥❞♦ ♦ s❡♥s♦r ♣r♦♥t♦ ♣❛r❛ ♦♣❡r❛r✳ ❆ ❝✉r✈❛

❝❛r❛❝t❡ríst✐❝❛ ❱✲■ ❞❡ ❞♦ ♥❛♥♦✲s❡♥s♦r❡s ♣❛r❛ ✉♠❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ❞❡ ✲✶ ❱ ❛ ✶ ❱ ❛♣ós ♦



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✷✾

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✷✵✵ ♠❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✶ ❱✳

✭❝✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✷ ❱✳ ✭❞✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✸✱✺ ❱✳

❋✐❣✉r❛ ✼✳✼ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ q✉❛tr♦ ❞✐❢❡r❡♥t❡s ❞❡❣r❛✉s ❞❡ t❡♥sã♦✳

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✹ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✉♠ ❞❡❣r❛✉ ❞❡ ✺ ❱✳

❋✐❣✉r❛ ✼✳✽ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ❞❡❣r❛✉s ❞❡ t❡♥sã♦ ❞❡ ✹ ❡ ✺ ❱♦❧ts✳



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✸✵

tr❛t❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✼✳✾✳ ❚❛❧ ❝♦♠♦ s❡ ♣♦❞❡ ♥♦t❛r✱ ❛ ♥♦✈❛ ❝✉r✈❛

❝❛r❛❝t❡ríst✐❝❛ é ♣❡r❢❡✐t❛♠❡♥t❡ ❧✐♥❡❛r✳ ❆❧é♠ ❞✐ss♦✱ ❛ r❡s✐stê♥❝✐❛ ❞♦ s❡♥s♦r ❢♦✐ r❡❞✉③✐❞❛ ♣❛r❛

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶ ❦Ω✳

❋✐❣✉r❛ ✼✳✾ ✕ ❈❛r❛❝t❡ríst✐❝❛ ■✲❱ ♣❛r❛ ✉♠ s❡♥s♦r ❞❡ ▼❲❈◆❚s ❞❡❝♦r❛❞♦s ❝♦♠ ❝♦❜r❡ ❛♣ós ♦
tr❛t❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦✳

❆ ❡✈♦❧✉çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❞♦ s❡♥s♦r ❛♦ ❧♦♥❣♦ ❞♦ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s é ✐❧✉str❛❞❛

♥❛ ❋✐❣✉r❛ ✼✳✶✵✳ ❖s ♣♦♥t♦s ❢♦r❛♠ ❝❛❧❝✉❧❛❞♦s ♣❡❧♦ ❛❥✉st❡ ❧✐♥❡❛r ❞❛s ❝✉r✈❛s ■✲❱ ❧❡✈❛♥t❛❞❛s

❞✉r❛♥t❡ ♦ tr❛t❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦✳ ❊♠ t♦❞❛s ❛s ❝✉r✈❛s ❛ t❡♥sã♦ ❝♦♥s✐❞❡r❛❞❛ ♥♦ ❝á❧❝✉❧♦ ❢♦✐

✈❛r✐❛❞❛ ❞❡ ✲✶✱✵ ❱ ❛ ✶✱✵ ❱✳

❋✐❣✉r❛ ✼✳✶✵ ✕ ❊✈♦❧✉çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❞♦ s❡♥s♦r ❛♦ ❧♦♥❣♦ ❞♦ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s✳



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✸✶

✼✳✸✳✷ ❊♥s❛✐♦s ❞❡ ❙❡♥s♦r✐❛♠❡♥t♦ ❞❡ ●ás

❖s ❡♥s❛✐♦s ❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣ás ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♠ ❞♦✐s ♠♦♠❡♥t♦s ❞✐st✐♥t♦s✱ ❛♥t❡s

❡ ❛♣ós ♦ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s✳ ◆♦s ♣r✐♠❡✐r♦s t❡st❡s✱ ❢❡✐t♦s ❛♥t❡s ❞♦ tr❛t❛♠❡♥t♦ ❞♦

❝♦♥t❛t♦✱ ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ♣✉❧s♦s ❞❡ ❖2 ❞❡ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s ❡ t❡♠♣♦s ❞❡ ❞✉r❛çã♦✳ ❊♠

t♦❞❛s ❛s ♠❡❞✐❞❛s ❛ ♣r❡ssã♦ ❞❡ ✈á❝✉♦ é ❞❡ ✶✱✵ · ✶✵−2 ♠❇❛r✳ ❖s r❡s✉❧t❛❞♦s ♣❛r❛ ♦ s❡♥s♦r

♣♦❧❛r✐③❛❞♦ ❝♦♠ t❡♥sõ❡s ❞❡ ✶✱✵ ❛ ✷✱✵ ❱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✼✳✶✶✳ ◆♦s q✉❛tr♦

❡♥s❛✐♦s ♥ã♦ é ♣❡r❝❡♣tí✈❡❧ ♥❡♥❤✉♠❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ❛♦ ❣ás✱ s❛❧✈♦ ♣❡❧❛ s✉t✐❧ r❡❞✉çã♦ ❞❡

r❡s✐stê♥❝✐❛ ♠é❞✐❛ ♦❜s❡r✈❛❞❛ ♥❛ ❋✐❣✉r❛ ✼✳✶✶✭❜✮ ♠❡❞✐❛♥t❡ ❡❧❡✈❛❞❛ ♣r❡ssã♦ ✭✶✷✵ ♠❇❛r✮✳

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✱✷ ♠❇❛r ❞❡ ❖2✱ ✶ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✷✵ ♠❇❛r ❞❡ ❖2✱ ✶ ❱✳

✭❝✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✱✷ ♠❇❛r ❞❡ ❖2✱ ✶✱✺ ❱✳ ✭❞✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✱✷ ♠❇❛r ❞❡ ❖2✱ ✷ ❱✳

❋✐❣✉r❛ ✼✳✶✶ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ♣✉❧s♦s ❞❡ ❖2 ❝♦♠ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s ❡ t❡♥sõ❡s ❞❡
♣♦❧❛r✐③❛çã♦ ❞❡ ✶✱✵ ❛ ✷✱✵ ❱♦❧ts✳

❖s t❡st❡s ❢♦r❛♠ r❡♣❡t✐❞♦s ♣❛r❛ ♣♦❧❛r✐③❛çõ❡s ❞❡ ✷✱✺ ❡ ✸✱✵ ❱♦❧ts✱ ♦s r❡s✉❧t❛❞♦s sã♦

r❡♣♦rt❛❞♦s ♥❛ ❋✐❣✉r❛ ✼✳✶✷✳ ◆♦t❛✲s❡ q✉❡ ❛ ♣❛rt✐r ❞❡ ✷✱✺ ❱ ♦ s✐st❡♠❛ ❝♦♠❡ç❛ ❛ ❛♣r❡s❡♥t❛r

s❡♥s✐❜✐❧✐❞❛❞❡ ❛♦ ❖2✳ ◆♦ ❡♥t❛♥t♦✱ ❛♣ós ❛ r❡t✐r❛❞❛ ♦ ❣ás✱ ♥ã♦ s❡ ♦❜s❡r✈❛ ❛ r❡❝✉♣❡r❛çã♦ ❞❛

r❡s♣♦st❛✱ ♠❡s♠♦ ❛♣ós ❧♦♥❣♦s ✐♥t❡r✈❛❧♦s ❞❡ t❡♠♣♦✳ ❖ ❛✉♠❡♥t♦ ❞❛ ♣♦tê♥❝✐❛ ❛♣❧✐❝❛❞❛ ♥♦



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✸✷

s❡♥s♦r ♣r♦✈♦❝❛ ♦ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦s ♥❛♥♦t✉❜♦s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ sít✐♦s ❡♠ s✉❛

❡str✉t✉r❛ ❝♦♠❡❝❡♠ ❛ ✜❝❛r ❛t✐✈♦s ♣❛r❛ ❛ ❛❞s♦rçã♦ ❞❡ ♠♦❧é❝✉❧❛s ❞❡ ❖2✳ ◆♦ ❡♥t❛♥t♦✱ ❛

s❛í❞❛ ❞♦ ❣ás ♥ã♦ ♣r♦✈♦❝❛ ❛ ❞❡ss♦rçã♦ ❞❡st❛s ♠♦❧é❝✉❧❛s ❛❞s♦r✈✐❞❛s✱ ♣❡r♠❛♥❡❝❡♥❞♦ ❛

r❡s♣♦st❛ ❛❧t❡r❛❞❛✳

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✻✱✵ ♠❇❛r ❞❡ ❖2✱ ✷✱✺ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✱✵ ♠❇❛r ❞❡ ❖2✱ ✸ ❱✳

❋✐❣✉r❛ ✼✳✶✷ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ♣✉❧s♦s ❞❡ ❖2 ❝♦♠ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s ❡ t❡♥sõ❡s ❞❡
♣♦❧❛r✐③❛çã♦ ❞❡ ✷✱✺ ❡ ✸✱✵ ❱♦❧ts✳

❆s ♠❡❞✐❞❛s ❢❡✐t❛s ❛♣ós ♦ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s ❛♣r❡s❡♥t❛r❛♠ ♥♦tá✈❡❧ ♠❡❧❤♦r❛ ♥❛

s❡♥s✐❜✐❧✐❞❛❞❡✱ ❛❧é♠ ❞❡ ❛❣r❡❣❛r ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡❝✉♣❡r❛çã♦ ❞❛ r❡s♣♦st❛ ❞♦ s❡♥s♦r ❛♣ós ❛

r❡t✐r❛❞❛ ❞♦ ❣ás✱ ❡♠❜♦r❛ ❡ss❛ r❡❝✉♣❡r❛çã♦ ❛✐♥❞❛ s❡❥❛ ♣❛r❝✐❛❧ ❡ ❧❡♥t❛✳ ❖s ❡♥s❛✐♦s r❡❛❧✐③❛❞♦s

♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ❞❡ ✸✱✺ ❱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✼✳✶✸ ❡ ✼✳✶✹✳

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✱✵ ♠❇❛r ❞❡ ❖2✱ ✸✱✺ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✺✱✵ ♠❇❛r ❞❡ ❖2✱ ✸✱✺ ❱✳

❋✐❣✉r❛ ✼✳✶✸ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ♣✉❧s♦s ❞❡ ❖2 ❡ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ ✸✱✺ ❱♦❧ts✳

❈♦♠♦ ♦s ❡♥s❛✐♦s r❡❛❧✐③❛❞♦s ♣❛r❛ ❛ ♣♦❧❛r✐③❛çã♦ ❞❡ ✸✱✺ ❱ ❢♦r❛♠ ❢❡✐t♦s ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦

❞❡ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s✱ ❛ r❡❝✉♣❡r❛çã♦ ♦❜s❡r✈❛❞❛ ♣♦❞❡ s❡r ❛♣❡♥❛s ❡❢❡✐t♦ ❞❛ ♠❡❧❤♦r❛

❞♦s ❝♦♥t❛t♦s ❡❧étr✐❝♦s✱ ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ✉♠❛ r❡❝✉♣❡r❛çã♦ r❡❛❧ ❞❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛✳



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✸✸

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✺✵ ♠❇❛r ❞❡ ❖2✱ ✸✱✺ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✵✵ ♠❇❛r ❞❡ ❖2✱ ✸✱✺ ❱✳

❋✐❣✉r❛ ✼✳✶✹ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ♣✉❧s♦s ❞❡ ❖2 ❝♦♠ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s ❡ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦
❞❡ ✸✱✺ ❱♦❧ts ❛♣ós ♦ tr❛t❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦✳

P♦r ❡ss❛ r❛③ã♦✱ ♥♦✈♦s ❡♥s❛✐♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ ✉♠❛ ♣♦❧❛r✐③❛çã♦ ❞❡ ✹✱✵ ❱♦❧ts✳ ❖

r❡s✉❧t❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✶✺✳

✭❛✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✶✵✱✵ ♠❇❛r ❞❡ ❖2✱ ✹ ❱✳ ✭❜✮ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ✺✵ ♠❇❛r ❞❡ ❖2✱ ✹ ❱✳

❋✐❣✉r❛ ✼✳✶✺ ✕ ❘❡s♣♦st❛ ❞♦ s❡♥s♦r ❛ ♣✉❧s♦s ❞❡ ❖2 ❝♦♠ ❞✐❢❡r❡♥t❡s ♣r❡ssõ❡s ❡ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦
❞❡ ✹ ❱♦❧ts✳

❆ ❛♥á❧✐s❡ ❞♦s ❡♥s❛✐♦s r❡❛❧✐③❛❞♦s ❝♦♠ ❛ ♣♦❧❛r✐③❛çã♦ ❞❡ ✹✱✵ ❱♦❧ts ❞❡♠♦♥str❛✱ ♠❛✐s ✉♠❛

✈❡③✱ ✉♠❛ ❧❡♥t❛ r❡❝✉♣❡r❛çã♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ❛♣ós ❛ ❡①♣♦s✐çã♦ ❛♦ ❖2✱ ✐♥❞✐❝❛♥❞♦ q✉❡

❣r❛♥❞❡ ♣❛rt❡ ❞♦s sít✐♦s ❞♦s ♥❛♥♦s❡♥s♦r❡s q✉❡ ❛❞s♦r✈❡r❛♠ ♠♦❧é❝✉❧❛s ❞♦ ❣ás ❛s ♠❛♥t✐✈❡r❛♠

❛❞s♦r✈✐❞❛s ❛♣ós ❛ r❡t✐r❛❞❛ ❞♦ ❖2✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ♣rát✐❝♦✱ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❢♦✐

❢♦rt❡♠❡♥t❡ r❡❞✉③✐❞❛ ❛♣ós ❛ ❡①♣♦s✐çã♦ ❛♦ ❣ás✳



✼✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✸✹

✼✳✸✳✸ ❊♥s❛✐♦s ❞❡ ▲✐♠♣❡③❛ ❞♦ ❙❡♥s♦r

❆ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r ❞❡ ❣ás ❝♦♥s✐st❡ ❡♠ s✉❜♠❡tê✲❧♦ ❛ ✉♠ tr❛t❛♠❡♥t♦ ❝❛♣❛③ ❞❡ ❢♦rç❛r

❛ ❞❡ss♦rçã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞♦ ❣ás ❛❞s♦r✈✐❞♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ s❡♥s♦r✐❛♠❡♥t♦✳ ❖

tr❛t❛♠❡♥t♦ ✉t✐❧✐③❛❞♦ ♥❡ss❡ ❝❛s♦ ✉t✐❧✐③❛ ♣✉❧s♦s ❞❡ t❡♥sã♦ ❞❡ ❛♠♣❧✐t✉❞❡ s✉♣❡r✐♦r àq✉❡❧❛

✉t✐❧✐③❛❞❛ ♥♦ s❡♥s♦r✐❛♠❡♥t♦✳ ❚❡st♦✉✲s❡ ✐♥✐❝✐❛❧♠❡♥t❡ ❛ ❞❡ss♦rçã♦ ♣♦r ✉♠ ú♥✐❝♦ ♣✉❧s♦ ❞❡

t❡♥sã♦✱ s❡♥❞♦ ❡st❡ ✶ ❱♦❧t s✉♣❡r✐♦r ❛ t❡♥sã♦ ❞❡ ♠❡❞✐çã♦ ✭✹ ❱✮✱ ♥❡st❡ ❝❛s♦✱ ✉♠ ♣✉❧s♦ ❞❡ ✺

❱✳ ❖ r❡s✉❧t❛❞♦ ❞♦ ❡♥s❛✐♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✶✻✳

❋✐❣✉r❛ ✼✳✶✻ ✕ ❊♥s❛✐♦ ❞❡ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r ♣❛r❛ ✉♠ ú♥✐❝♦ ♣✉❧s♦ ❞❡ t❡♥sã♦ ❞❡ ✺ ❱✳ ❆ ♣♦❧❛r✐③❛çã♦
✉t✐❧✐③❛❞❛ ♥❛ ♠❡❞✐çã♦ ❢♦✐ ❞❡ ✹ ❱✳

▼❡s♠♦ ❝♦♠ ✉♠ ♣✉❧s♦ ❛♣❡♥❛s ✶✱✵ ❱ s✉♣❡r✐♦r ❛♦ ❞❛ t❡♥sã♦ ❞❡ ♣♦❧❛r✐③❛çã♦ ❛♣❧✐❝❛❞❛

♥♦ s❡♥s♦r✐❛♠❡♥t♦✱ ❡ ❞❛ ❞✉r❛çã♦ ❞♦ ♣✉❧s♦ ❛♣❧✐❝❛❞♦ t❡r s✐❞♦ ❞❡ ❛♣❡♥❛s ✶ s✱ ♦❜s❡r✈♦✉✲s❡

✉♠ ❣❛♥❤♦ s✐❣♥✐✜❝❛t✐✈♦ ♥❛ ❝♦rr❡♥t❡✱ ✐♥❞✐❝❛♥❞♦ q✉❡ ❤♦✉✈❡ ❞❡ss♦rçã♦ ❞❛s ♠♦❧é❝✉❧❛s ❞❡ ❖2

❛❞s♦r✈✐❞❛s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦s ♥❛♥♦t✉❜♦s✱ ❞✉r❛♥t❡ ❛ ✐♥❥❡çã♦ ❞♦ ❣ás✳ ❊♥tr❡t❛♥t♦✱ ❛s ♠❡❞✐❞❛s

❞❡ s❡♥s♦r✐❛♠❡♥t♦ ❢❡✐t❛s ❛♣❧✐❝❛♥❞♦ ❛ ❞❡ss♦rçã♦ ♣♦r ♣✉❧s♦ ❞❡ ♣♦t❡♥❝✐❛❧ ❛♣ós ❛ ❡✈❛❝✉❛çã♦ ❞❛

❝â♠❛r❛ ❞❡ t❡st❡ ❞❡♠♦♥str❛r❛♠ q✉❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ú♥✐❝♦ ♣✉❧s♦ ❝✉rt♦ ❞❡ t❡♥sã♦ ♥ã♦ é

s✉✜❝✐❡♥t❡ ♣❛r❛ ❛ r❡❝✉♣❡r❛çã♦ t♦t❛❧ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r✱ ❝♦♥❢♦r♠❡ ♣♦❞❡ s❡r ✈✐st♦ ♥❛

❋✐❣✉r❛ ✼✳✶✼✳

❆♣ós ❛ r❡❛❧✐③❛çã♦ ❞❡ ♥♦✈♦s ❡♥s❛✐♦s ❝♦♠ ♣✉❧s♦s r❡♣❡t✐t✐✈♦s ❞❡ ✶ ❱ ❡ ✷ ❱ ❞❡ s♦❜r❡t❡♥sã♦✱

❡st❛❜❡❧❡❝❡✉✲s❡ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ✹ ♣✉❧s♦s ❝♦♠ ✷ ❱ ❞❡ s♦❜r❡t❡♥sã♦✱ ♦✉ s❡❥❛✱ ✷ ❱ ❛❝✐♠❛ ❞♦

♣♦t❡♥❝✐❛❧ ❡♠♣r❡❣❛❞♦ ♥❛ ♣♦❧❛r✐③❛çã♦ ❞♦ s❡♥s♦r ❞✉r❛♥t❡ ❛s ♠❡❞✐çõ❡s✱ ❝♦♠♦ s❡♥❞♦ s✉✜❝✐❡♥t❡s

♣❛r❛ ♦ ❝♦♠♣❧❡t♦ r❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦s ♥❛♥♦✲s❡♥s♦r❡s✳ ❆ ❛♣❧✐❝❛çã♦ ❞❛



✼✳✹ ❝♦♥❝❧✉sã♦ ✶✸✺

❋✐❣✉r❛ ✼✳✶✼ ✕ ❘❡❝✉♣❡r❛çã♦ ♣❛r❝✐❛❧ ❞❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ❛♣ós ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ú♥✐❝♦ ♣✉❧s♦
❞❡ t❡♥sã♦✳

♠❡t♦❞♦❧♦❣✐❛ ❞❡s❝r✐t❛ ❜❡♠ ❝♦♠♦ ♦ t♦t❛❧ r❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ♣♦❞❡

s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✳✶✽✱ ♦❜t✐❞❛ ❡♠ ✉♠ ❡♥s❛✐♦ r❡❛❧✐③❛❞♦ ❝♦♠ ✶ ♠❇❛r ❞❡ ❖①✐❣ê♥✐♦✱ ♦

s❡♥s♦r ♣♦❧❛r✐③❛❞♦ ❝♦♠ ✸ ❱♦❧ts ♣❛r❛ ❧❡✐t✉r❛ ❡ ❧✐♠♣♦ ❝♦♠ ✹ ♣✉❧s♦s ✺ ❱ ❝♦♠ ✶ s❡❣✉♥❞♦ ❞❡

❞✉r❛çã♦ ❝❛❞❛✳

❋✐❣✉r❛ ✼✳✶✽ ✕ ❘❡❝✉♣❡r❛çã♦ ❝♦♠♣❧❡t❛ ❞❛ ❝❛♣❛❝✐❞❛❞❡ s❡♥s♦r❛ ❛♣ós ❛ ❛♣❧✐❝❛çã♦ ❞❡ ✹ ♣✉❧s♦s ❞❡ ✷
❱ ❞❡ s♦❜r❡t❡♥sã♦✳

✼✳✹ ❈♦♥❝❧✉sã♦

❯♠❛ ♣r✐♠❡✐r❛ ✈❡rsã♦ ❞♦ s❡♥s♦r ♣r♦♣♦st♦ ♣❛r❛ s❡r ❛♣❧✐❝❛❞♦ ❛♦ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s

❝♦♠ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s ❢♦✐ ❢❛❜r✐❝❛❞❛ ❡ t❡st❛❞❛ ❝♦♠ s✉❝❡ss♦✳ ❆♣❡s❛r ❞♦s s❡♥s♦r❡s

t❡r❡♠ s✐❞♦ ❢❛❜r✐❝❛❞♦s ❡ t❡st❛❞♦s ♣❛r❛ ❛ ❞❡t❡❝çã♦ ❞♦ ❖①✐❣ê♥✐♦✱ r❡s✉❧t❛❞♦s s❡♠❡❧❤❛♥t❡s



✼✳✹ ❝♦♥❝❧✉sã♦ ✶✸✻

♣♦❞❡♠ s❡r ♦❜t✐❞♦s ♣❛r❛ ♦ ❣ás ❞❡ ❆♠ô♥✐❛ ✭◆❍3✮✱ q✉❡ t❛♠❜é♠ s❡ ❛♣r❡s❡♥t❛ ♠✉✐t♦ r❡❛t✐✈♦✳

❊♠❜♦r❛ ♥♦s ❡♥s❛✐♦s r❡❛❧✐③❛❞♦s ❛ ♣♦tê♥❝✐❛ ❡♥✈♦❧✈✐❞❛ ♥♦ s❡♥s♦r✐❛♠❡♥t♦ ❞♦ ❖2 t❡♥❤❛

s✐❞♦ r❡❧❛t✐✈❛♠❡♥t❡ ❛❧t❛ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❝♦♠ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✱ ❝❡r❝❛ ❞❡ ✽✺✵ µ❲ ♥♦

ú❧t✐♠♦ ❡♥s❛✐♦✱ ❞❡✈❡✲s❡ ♥♦t❛r q✉❡ ❡❧❛s r❡❢❡r❡♠✲s❡ ❛ ✉♠ s❡♥s♦r ❝✉❥❛ r❡s✐stê♥❝✐❛ é ❞❡ ❛♣❡♥❛s

✶✶ ❦Ω✳ ❊ss❛ r❡s✐stê♥❝✐❛ ♣♦❞❡ s❡r ❛✉♠❡♥t❛❞❛ ♠❡❞✐❛♥t❡ ❛ ❧✐❣❛çã♦ ❡♠ sér✐❡ ❞❡ ✈ár✐♦s ♥❛♥♦✲

s❡♥s♦r❡s ❞❡ r❡s✐st✐✈✐❞❛❞❡ s❡♠❡❧❤❛♥t❡ ❛♦ t❡st❛❞♦✱ ♦✉ ♣❡❧❛ ❞❡♣♦s✐çã♦ r❡❞✉③✐❞❛ ❞❡ ♥❛♥♦t✉❜♦s✳

❆ ú❧t✐♠❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❡❝❡ ♠❛✐s ♣r♦♠✐ss♦r❛✱ ❡♠❜♦r❛ ❞❡✈❛ ✐♠♣❛❝t❛r ♥❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦

s❡♥s♦r✱ ✉♠❛ ✈❡③ q✉❡ ❡①✐st✐rã♦ ♠❡♥♦s ❡❧❡♠❡♥t♦s s❡♥s♦r❡s ♥♦ ❞✐s♣♦s✐t✐✈♦✳ ❊st✐♠❛✲s❡ q✉❡

♣❛r❛ ✉♠ s❡♥s♦r ❢❛❜r✐❝❛❞♦ ❝♦♠ ❛ r❡s✐stê♥❝✐❛ ✜♥❛❧ ✭❛♣ós ♦ tr❛t❛♠❡♥t♦ ❞♦s ❝♦♥t❛t♦s✮✱ ✐❣✉❛❧ ❛

✶✺✵ ❦Ω✱ ❛ ♣♦tê♥❝✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ♦ s❡♥s♦r✐❛♠❡♥t♦ ❝❛✐❛ ♣❛r❛ ✻✵ µ❲✱ ❛♣r♦①✐♠❛❞❛♠❡♥t❡✳

➱ ♣♦ssí✈❡❧ ❛✐♥❞❛ r❡❞✉③✐r ❞r❛st✐❝❛♠❡♥t❡ ❛ ♣♦tê♥❝✐❛ ❝♦♥s✉♠✐❞❛ ♥♦ s❡♥s♦r ❡♠♣r❡❣❛♥❞♦✲s❡

s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❞♦ t✐♣♦ ❋❊❚✳ ❊♥tr❡t❛♥t♦✱ ❡st❛ s♦❧✉çã♦ ♥ã♦ ❢♦✐

❡①♣❧♦r❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ❞❡✈✐❞♦ ❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ ♣r♦❞✉çã♦ r❡❣✉❧❛r ❞❡ss❛s ❡str✉t✉r❛s ❝✉❥❛

s♦❧✉çã♦ r❡q✉❡r ♦ ❛♣❡r❢❡✐ç♦❛♠❡♥t♦ ❞❛s ❛t✉❛✐s té❝♥✐❝❛s ❞❡ ♥❛♥♦❢❛❜r✐❝❛çã♦✳

❈♦♥❢♦r♠❡ ♣r❡✈✐st♦ ✐♥✐❝✐❛❧♠❡♥t❡✱ ♦s ❡♥s❛✐♦s ❞❡ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r ❛❞♦t❛❞♦ ♠♦str❛r❛♠

❡①❝❡❧❡♥t❡s r❡s✉❧t❛❞♦s✱ ♣r♦✈❛♥❞♦ q✉❡✱ ❛♦ ❝♦♥trár✐♦ ❞♦s s❡♥s♦r❡s ❞❡ ✜❧♠❡ ✜♥♦✱ é ♣♦ssí✈❡❧

❧✐♠♣❛r ❝♦♠♣❧❡t❛♠❡♥t❡ ♦s ♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❢♦r♠❛ t♦t❛❧♠❡♥t❡ ❡❧❡trô♥✐❝❛✱ s❡♠ ❛

♥❡❝❡ss✐❞❛❞❡ ❞❡ ✐♥t❡r✈❡♥çã♦ ❤✉♠❛♥❛✳ ❊♠❜♦r❛ ♦s ♣✉❧s♦s ❞❡ ❧✐♠♣❡③❛ ✉t✐❧✐③❛❞♦s t❡♥❤❛♠

❞✉r❛çã♦ ❞❡ ✶ s❡❣✉♥❞♦✱ ❡ss❛ t❛r❡❢❛ q✉❛♥❞♦ ✐♠♣❧❡♠❡♥t❛❞❛ ♥✉♠❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ ♥ã♦

♣r❡❝✐s❛ r❡t♦r♥❛r ♥❡♥❤✉♠❛ r❡s♣♦st❛ ✐♠❡❞✐❛t❛ ❛♦ ❧❡✐t♦r✱ ♣♦❞❡♥❞♦ ✉t✐❧✐③❛r t♦❞♦ ♦ t❡♠♣♦

❞✐s♣♦♥í✈❡❧ ❞♦ ♣r♦t♦❝♦❧♦ ❞❡ ✐♥t❡rr♦❣❛çã♦ ♣❛r❛ ❛r♠❛③❡♥❛r ❡♥❡r❣✐❛ ❡ r❡❛❧✐③❛r ❛ t❛r❡❢❛✳ P♦r

✜♠✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♠❡s♠♦ ❝♦♠ ❛ ♦r❞❡♠ ❞❡ ❣r❛♥❞❡③❛ ❞❛ ♣♦tê♥❝✐❛ ❝♦♥s✉♠✐❞❛ ❡ ♦s

t❡♠♣♦s ❞❡ ❧✐♠♣❡③❛ ❡♥✈♦❧✈✐❞♦s ♥♦s ❡♥s❛✐♦s r❡❛❧✐③❛❞♦s ❝♦♠ ♦ ♥❛♥♦✲s❡♥s♦r ❢❛❜r✐❝❛❞♦✱ ♦s

r❡s✉❧t❛❞♦s ♦❜t✐❞♦s sã♦ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ❛ ❛♣❧✐❝❛çã♦ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ ❞♦ t✐♣♦ ◆❋❈

✭■❙❖✴■❊❈ ✶✹✹✹✸✮✳



❈❛♣ít✉❧♦ ✽

▼✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ ❙❡♥s♦r❡s

✽✳✶ ■♥tr♦❞✉çã♦

❖ ❜❧♦❝♦ ♠✉❧t✐♣❧❡①❛❞♦r t❡♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ♣❡r♠✐t✐r q✉❡ ♠ú❧t✐♣❧♦s s❡♥s♦r❡s ♣♦ss❛♠

❝♦♠♣❛rt✐❧❤❛r ❞♦ ♠❡s♠♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❡ ❝♦♥✈❡rs♦r ❆✴❉✳ ❈♦♥❢♦r♠❛

❡s❜♦ç❛❞♦ ♥❛ ❋✐❣✉r❛ ✽✳✶✱ tr❛t❛✲s❡ ❞❡ ✉♠ ❜❧♦❝♦ ❜❛st❛♥t❡ s✐♠♣❧❡s✱ ❝♦♠♣♦st♦ ❜❛s✐❝❛♠❡♥t❡ ♣♦r

✉♠ ♠✉❧t✐♣❧❡①❛❞♦r ❞✐❣✐t❛❧ ❞❡ ✽ ❝❛♥❛✐s ✭▼❯❳ ✸✿✽✮✱ q✉❛tr♦ ♣♦rt❛s ❞❡ tr❛♥s♠✐ssã♦ ❈▼❖❙

✭❙❲✵ ❛ ❙❲✸ ✮ ❡ s❡✐s tr❛♥s✐st♦r❡s ▼❖❙ ♦♣❡r❛♥❞♦ ❝♦♠♦ ❝❤❛✈❡s✳ ❆ ♠❛❧❤❛ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞♦s

s❡♥s♦r❡s✱ ❢♦r♠❛❞❛ ♣❡❧♦s r❡s✐st♦r❡s Rr0 ❛ Rr3 ❡ Rc0 ❛ Rc3 é ❡①t❡r♥❛ ❛♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦✱

❞❡ ❢♦r♠❛ ❛ ♣❡r♠✐t✐r ❛ ❛❞♦çã♦ ❞❡ ✈❛❧♦r❡s ❛❞❡q✉❛❞♦s à r❡s✐stê♥❝✐❛ ❞❡ ❝❛❞❛ ♥❛♥♦✲s❡♥s♦r✳ ❆

❡♥tr❛❞❛ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♥ã♦ é ❡①♣❧✐❝✐t❛❞❛ ♥❡ss❡ ❞✐❛❣r❛♠❛✳

❉✉❛s ❢♦r♠❛s ❞❡ ♣♦❧❛r✐③❛çã♦ ❢♦r❛♠ ♣r❡✈✐st❛s✳ ❆ ♣r✐♠❡✐r❛ ❞❡st✐♥❛✲s❡ à ❧❡✐t✉r❛ ❞♦s

s❡♥s♦r❡s ❡ é ❢❡✐t❛ ♣❡❧♦s r❡s✐st♦r❡s ❘r✵ ❛ ❘r✸ ❧✐❣❛❞♦s à ❧✐♥❤❛ ✈❴r❡❛❞✱ ❝♦♥❡❝t❛❞❛ ❛ V Sens

❛tr❛✈és ❞♦ ❝❤❛✈❡ P▼❖❙ M4✱ ❝♦♠❛♥❞❛❞❛ ♣❡❧♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ r❡❛❞❴s❡♥s✳ ❈♦♠♦ ❡ss❛

❢♦r♠❛ ❞❡ ♣♦❧❛r✐③❛çã♦ é ✈♦❧t❛❞❛ ♣❛r❛ ❛ ❧❡✐t✉r❛ ❞♦s s❡♥s♦r❡s✱ ♦s r❡s✐st♦r❡s ❘r✵ ❛ ❘r✸

❞❡✈❡♠ s❡r ❛r❜✐tr❛❞♦s ❞❡ ❢♦r♠❛ ❛ ♠✐♥✐♠✐③❛r t❛♥t♦ q✉❛♥t♦ ♣♦ssí✈❡❧ ♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ❞❡

♣♦❧❛r✐③❛çã♦✱ ❞❡ ♠❛♥❡✐r❛ ❛ r❡❞✉③✐r ♦ ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❞❛ ❡t✐q✉❡t❛ ❞✉r❛♥t❡ ❛s

♦♣❡r❛çõ❡s ❞❡ ❧❡✐t✉r❛ ❞♦s s❡♥s♦r❡s✳

❆ s❡❣✉♥❞❛ ❢♦r♠❛ ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡st✐♥❛✲s❡ à ❧✐♠♣❡③❛ ❞♦s s❡♥s♦r❡s ❡ é ❢❡✐t❛ ♣❡❧♦s

r❡s✐st♦r❡s ❘❝✵ ❛ ❘❝✸ ❧✐❣❛❞♦s à ❧✐♥❤❛ ✈❴❝❧❡❛r✱ ❝♦♥❡❝t❛❞❛ à V Sens ❛tr❛✈és ❞❛ ❝❤❛✈❡ P▼❖❙

M5✱ ❝♦♠❛♥❞❛❞❛ ♣❡❧♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ❝❧❡❛r❴s❡♥s✳ ❈♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✼✱ ❛

❧✐♠♣❡③❛ ❞❡ ✉♠ ♥❛♥♦✲s❡♥s♦r ❈◆❚ ♣♦❞❡ s❡r ❢❡✐t❛ ♣❡❧❛ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ♣✉❧s♦ ❞❡ ❝♦rr❡♥t❡

♠❛✐s ❡❧❡✈❛❞❛ ❞♦ q✉❡ ❛ ❝♦rr❡♥t❡ ❞❡ ♣♦❧❛r✐③❛çã♦ ♣❛r❛ s❡♥s♦r✐❛♠❡♥t♦✳ ❆ ❡s❝♦❧❤❛ ❞♦s ✈❛❧♦r❡s

❞♦s r❡s✐st♦r❡s ❘❝✵ ❛ ❘❝✶ ❞❡✈❡ s❡r ❢❡✐t❛ ❞❡ ♠❛♥❡✐r❛ ❛ s❛t✐s❢❛③❡r ❡ss❡ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡✳

❈♦♠♦ ♥ã♦ ❤á ✉♠ ❝♦♥tr♦❧❡ ♣r❡❝✐s♦ ❞♦ ❞✐â♠❡tr♦ ♥❡♠ ❞♦ ♥ú♠❡r♦ ❞❡ ♥❛♥♦t✉❜♦s ❡♠ ❝❛❞❛

✶✸✼



✽✳✷ ♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ✶✸✽

❋✐❣✉r❛ ✽✳✶ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❝♦♥t❡♥❞♦ t♦❞♦ ♦ ❝✐r❝✉✐t♦ q✉❡ ♣r❡❝❡❞❡ ❛ ❡♥tr❛❞❛ ❞♦ ❝✐r❝✉✐t♦
❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✿ ♦s s❡♥s♦r❡s✱ s✉❛ ♠❛❧❤❛ ❞❡ ♣♦❧❛r✐③❛çã♦ ❡ ♦ ❜❧♦❝♦
♠✉❧t✐♣❧❡①❛❞♦r ❞❡ ❡♥tr❛❞❛✳

♥❛♥♦s❡♥s♦r✱ ❛ r❡s✐stê♥❝✐❛s ❞♦s s❡♥s♦r❡s ♣♦❞❡♠ ❞✐❢❡r✐r✳ P♦r ❡ss❛ r❛③ã♦✱ é ❝♦♥✈❡♥✐❡♥t❡ q✉❡

❛s r❡s✐stê♥❝✐❛s ❞❡ ♣♦❧❛r✐③❛çã♦ ❘r ❡ ❘❝ s❡❥❛♠ ❡①t❡r♥❛s ❛ ❡t✐q✉❡t❛✱ ❞❡ ♠❛♥❡✐r❛ ❛ ♣♦❞❡r❡♠

s❡r ❛❞❡q✉❛❞❛♠❡♥t❡ ❡s❝♦❧❤✐❞❛s ♣❛r❛ ❝❛❞❛ ❝❛s♦✳

❆ ✐♠♣❧❡♠❡♥t❛çã♦ ❡♠ ♥í✈❡❧ ❞❡ tr❛♥s✐st♦r❡s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s s❡rá

❞✐s❝✉t✐❞❛ ❡♠ ♠❛✐s ❞❡t❛❧❤❡s ♥❛ s❡çã♦ s❡❣✉✐♥t❡✳

✽✳✷ ❖ ❈✐r❝✉✐t♦ ▼✉❧t✐♣❧❡①❛❞♦r

❖ ❝✐r❝✉✐t♦ ❝♦♠♣❧❡t♦ ❞♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✽✳✷✳

❆♣❡s❛r ❞❡ ❛♣❡♥❛s q✉❛tr♦ s❡♥s♦r❡s ❡①t❡r♥♦s t❡r❡♠ s✐❞♦ ♣r❡✈✐st♦s ♥❡st❛ ✐♠♣❧❡♠❡♥t❛çã♦✱

♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣♦❞❡ s❡r ❢❛❝✐❧♠❡♥t❡ ❡①♣❛♥❞✐❞♦ ♣❛r❛ ❝♦♠♣♦rt❛r s❡t❡ s❡♥s♦r❡s

❡①t❡r♥♦s✱ s❡♥❞♦ ❛ ♦✐t❛✈❛ ❧✐♥❤❛ r❡s❡r✈❛❞❛ ❛♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✐♥t❡r♥♦✳ ❆ ✜♠ ❞❡

s✐♠♣❧✐✜❝❛r ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ r❡❞✉③✐r ❛ ár❡❛ ❞❡ s✐❧í❝✐♦ ♦❝✉♣❛❞❛ ♥❛ ✈❡rsã♦ ✐♠♣❧❡♠❡♥t❛❞❛✱

♦ ▼❯❳ ❞✐❣✐t❛❧ ❢♦✐ ♦t✐♠✐③❛❞♦ ❡❧✐♠✐♥❛♥❞♦ ♦s ❝♦♠♣♦♥❡♥t❡s r❡s♣♦♥sá✈❡✐s ♣❡❧❛s s❛í❞❛s ♥ã♦

✉t✐❧✐③❛❞❛s✳

❚❛♥t♦ ❛s ♦♣❡r❛çõ❡s ❞❡ ❧❡✐t✉r❛ q✉❛♥t♦ ❞❡ ❧✐♠♣❡③❛ ❛❣❡♠ s♦❜r❡ ❛♣❡♥❛s ✉♠ ❞♦s q✉❛tr♦

s❡♥s♦r❡s ❞❡ ❝❛❞❛ ✈❡③✳ ❆ s❡❧❡çã♦ ❞❡ q✉❛❧ ❞♦s q✉❛tr♦ s❡♥s♦r❡s ❡①t❡r♥♦s s♦❢r❡rá ❛ ❛çã♦



✽✳✷ ♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ✶✸✾

❋✐❣✉r❛ ✽✳✷ ✕ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❝♦♠♣❧❡t♦ ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s✳

❞❡ ❧❡✐t✉r❛ ♦✉ ❧✐♠♣❡③❛ é ❢❡✐t❛ ♣❡❧❛ s❡❧❡çã♦ ❞❡ ✉♠ ❞♦s q✉❛tr♦ ♣r✐♠❡✐r♦s ❡♥❞❡r❡ç♦s ❞♦ ▼❯❳

❛tr❛✈és ❞❛ ❡♥tr❛❞❛ s❡❧❁✷✿✵❃ ✭✸ ❜✐ts✱ s❡❧✵ ❛ s❡❧✷ ✮✳ ❊ss❛ s❡❧❡çã♦ ❛t✐✈❛ ✉♠❛ ❞❛s ❧✐♥❤❛s s❴✵ ❛

s❴✸ ❡ ♣r♦✈♦❝❛ ♦ ❢❡❝❤❛♠❡♥t♦ ❞❡ ✉♠❛ ❞❛s ❝❤❛✈❡s ◆▼❖❙ ✭M0 ❛ M3✮✱ ❝♦♥❡❝t❛♥❞♦ ♦ t❡r♠✐♥❛❧

❡sq✉❡r❞♦ ❞♦ s❡♥s♦r ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ t❡rr❛✳ ❙✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❛ ♣♦rt❛ ❞❡ tr❛♥s♠✐ssã♦

❈▼❖❙ ❛t✐✈❛❞❛ ♣❡❧❛ ♠❡s♠❛ ❧✐♥❤❛ ❞♦ ▼❯❳ ❝♦♥❡❝t❛ ♦ t❡r♠✐♥❛❧ ❞✐r❡✐t♦ ❞♦ s❡♥s♦r à s❛í❞❛

❱♦✉t ❞❡st✐♥❛❞❛ à ❡♥tr❛❞❛ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧✳ ❈❛s♦ s❡❥❛ s❡❧❡❝✐♦♥❛❞❛

❧✐♥❤❛ s❴✹✱ ❛ ❡♥tr❛❞❛ ♣r♦✈❡♥✐❡♥t❡ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✭❚❙❡♥s■♥✮ é ❝♦♥❡❝t❛❞❛ à s❛í❞❛

❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❛tr❛✈és ❞❛ ❝❤❛✈❡ SW4✳

❖s tr❛♥s✐st♦r❡s M0 ❛ M3 ❢♦r❛♠ ❞✐♠❡♥s✐♦♥❛❞♦s ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✵✴✵✱✸✹ µ♠✳ ❖



✽✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✹✵

❡❧❡✈❛❞♦ ✈❛❧♦r ❞❡ W ❢♦✐ ✉t✐❧✐③❛❞♦ ❛ ✜♠ ❞❡ r❡❞✉③✐r ❛ r❡s✐stê♥❝✐❛ ❞❡ ❝♦♥❞✉çã♦ ❞❛ ❝❤❛✈❡✱

❡st✐♠❛❞❛ ♣♦r s✐♠✉❧❛çã♦ ❡♠ ❝❡r❝❛ ❞❡ ✺✺ Ω✳ ❊✈✐t♦✉✲s❡ t❛♠❜é♠ ❛ ❛❞♦çã♦ ❞♦ ✈❛❧♦r ♠í♥✐♠♦

♣❛r❛ ❛ ❧❛r❣✉r❛ ❞♦ ❝❛♥❛❧ ✭✶✽✵ ♥♠✮ ❛ ✜♠ ❞❡ ❛✉♠❡♥t❛r ❛ r♦❜✉st❡③ ❞♦ tr❛♥s✐st♦r à ❞❡s❝❛r❣❛s

❡❧❡tr♦stát✐❝❛s✱ ✈✐st♦ q✉❡ t❡rã♦ ♦ ❞r❡♥♦ ❝♦♥❡❝t❛❞♦ ❛♦ t❡r♠✐♥❛❧ ❡①t❡r♥♦ ❞♦ ❝✐r❝✉✐t♦

✐♥t❡❣r❛❞♦✳ P❡❧❛s ♠❡s♠❛s r❛③õ❡s✱ ❛s ❝❤❛✈❡s M4 ❡ M5 ❢♦r❛♠ ❞✐♠❡♥s✐♦♥❛❞❛s ❡♠ ✷✶✵✴✵✱✸✹

µ♠✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ r❡s✐stê♥❝✐❛ ❞❡ ❝♦♥❞✉çã♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✺ Ω✳ ❉❡ss❛ ❢♦r♠❛✱

❛ r❡s✐stê♥❝✐❛ t♦t❛❧ ❞❛s ❝❤❛✈❡s q✉❡ ♣♦❧❛r✐③❛♠ ♦s ♥❛♥♦✲s❡♥s♦r❡s é ❞❡ ❝❡r❝❛ ❞❡ ✶✵✵ Ω✱ ♦✉

s❡❥❛✱ ❝❡r❝❛ ✐♥❢❡r✐♦r ❛ ✵✱✵✵✸✪ ❞❛ r❡s✐stê♥❝✐❛ s♦♠❛❞❛ ❞♦ s❡♥s♦r ❝♦♠ r❡s✐st♦r ❞❡ ♣♦❧❛r✐③❛çã♦

❞❡ ❧❡✐t✉r❛ ❥✉♥t♦✳ ■st♦ ❛ss❡❣✉r❛ ✉♠❛ ❜❛✐①❛ ❞✐st♦rçã♦ ♥♦ s✐♥❛❧ ❞♦ s❡♥s♦r ✐♥tr♦❞✉③✐❞❛ ♣❡❧♦

❝✐r❝✉✐t♦ ❞❡ ♠✉❧t✐♣❧❡①❛çã♦ ❝♦♠♦ t❛♠❜é♠ r❡❞✉③ ❛s ♣❡r❞❛s ♥❛ ♣♦❧❛r✐③❛çã♦✳ P♦r ✜♠✱ ♦s

tr❛♥s✐st♦r❡s ◆▼❖❙ ❡ P▼❖❙ q✉❡ ❝♦♠♣õ❡♠ ❛s ♣♦rt❛s ❞❡ tr❛♥s♠✐ssã♦ SW0 ❛ SW4 ❢♦r❛♠

❞✐♠❡♥s✐♦♥❛❞♦s ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✸✵✴✵✱✸✹ µ♠ ❡ ✻✵✴✵✱✸✹ µ♠✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❉❡✈❡✲s❡ ♥♦t❛r q✉❡ ❛ t❡♥sã♦ V Sens ✉t✐❧✐③❛❞❛ ♥❛ ♣♦❧❛r✐③❛çã♦ ❞❡ ❧❡✐t✉r❛ ❡ ❧✐♠♣❡③❛ ❞♦s

s❡♥s♦r❡s é ♣r♦✈❡♥✐❡♥t❡ ❞❡ ✉♠ t❡r♠✐♥❛❧ ❡①t❡r♥♦ ❛♦ ❝✐r❝✉✐t♦✱ ♣♦❞❡♥❞♦ ❡①❝❡❞❡r ❛ t❡♥sã♦ ❞❡

tr❛❜❛❧❤♦ ❞♦ r❡st❛♥t❡ ❞♦ s✐st❡♠❛✳

✽✳✸ ❘❡s✉❧t❛❞♦s ❖❜t✐❞♦s

❖ ❝✐r❝✉✐t♦ ❝♦♥❝❡❜✐❞♦ ❢♦✐ s✐♠✉❧❛❞♦ ❡♠ q✉❛tr♦ s✐t✉❛çõ❡s ❞✐st✐♥t❛s✿ ♥❡♥❤✉♠ s❡♥s♦r

s❡❧❡❝✐♦♥❛❞♦ ✭s❡❧❁✷✿✵❃ ❂ 1112✱ ❝❧r❴s❡♥s ❂ 1 ❡ r❡❛❞❴s❡♥s ❂ 1✮✱ ♥❛♥♦✲s❡♥s♦r❡s ❈◆❚ ✶ ❛ ✹

s❡❧❡❝✐♦♥❛❞♦s ♣❛r❛ ❧❡✐t✉r❛ ✭s❡❧❁✷✿✵❃ ❂ 0002 ❛ 0112✱ ❝❧r❴s❡♥s ❂ 1 ❡ r❡❛❞❴s❡♥s ❂ 0✮✱

♥❛♥♦✲s❡♥s♦r❡s ❈◆❚ ✶ ❛ ✹ s❡❧❡❝✐♦♥❛❞♦s ♣❛r❛ ❧✐♠♣❡③❛ ✭s❡❧❁✷✿✵❃ ❂ 0002 ❛ 0112✱ ❝❧r❴s❡♥s

❂ 0 ❡ r❡❛❞❴s❡♥s ❂ 1✮ ❡ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ s❡❧❡❝✐♦♥❛❞♦ ✭s❡❧❁✷✿✵❃ ❂ 1002✱ ❝❧r❴s❡♥s

❂ 1 ❡ r❡❛❞❴s❡♥s ❂ 1✮✳ ❘❡s✐st♦r❡s ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ s✐♠✉❧❛r ♦s ♥❛♥♦✲s❡♥s♦r❡s✱ t❡♥❞♦

s✐❞♦ t❡st❛❞♦s ✈❛❧♦r❡s ❞❡ ✶✵✵ ❦Ω ❛ ✷✺✵ ❦Ω✳ ❖s r❡s✐st♦r❡s ❞❡ ♣♦❧❛r✐③❛çã♦ ❞❡ ❧❡✐t✉r❛ ❢♦r❛♠

❛❥✉st❛❞♦s ❞❡ ♠♦❞♦ ♦❜t❡r ❝♦rr❡♥t❡s ♥❛ ♠❛❧❤❛ ❡♥tr❡ ✹ µ❆ ❡ ✻ µ❆✳ ❆s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s

♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s ♣❛r❛ ♦ ♥❛♥♦✲s❡♥s♦r ✶

s❡❧❡❝✐♦♥❛❞♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✽✳✸✳ P❛r❛ ❛ s✐♠✉❧❛çã♦ ❡♠ q✉❡stã♦ ❛ r❡s✐stê♥❝✐❛

❛❞♦t❛❞❛ ♣❛r❛ ♦ ♥❛♥♦✲s❡♥s♦r ❢♦✐ ✶✵✵ ❦Ω ❡ ♣❛r❛ ♦ r❡s✐st♦r ❞❡ ♣♦❧❛r✐③❛çã♦✱ ✷✵✵ ❦Ω✳

❆❞♠✐t✐✉✲s❡ ❛✐♥❞❛ q✉❡ ❛ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦ é ✐♥✐❝✐❛❧♠❡♥t❡ ♥✉❧❛ ❡ ❛t✐♥❣❡

s❡✉ ✈❛❧♦r ❞❡ r❡❣✐♠❡ ❛♣ós ✶✵ ♥s✱ ♦✉ s❡❥❛✱ ✉♠❛ tr❛♥s✐çã♦ ❜❡♠ ♠❛✐s ❛❜r✉♣t❛ ❞♦ q✉❡ ❛

❡s♣❡r❛❞❛ ❡♠ ✉♠ ❝❛s♦ r❡❛❧✱ ♣❛r❛ ♦ q✉❛❧ ❛ t❡♥sã♦ ❞❡ r❡❣✐♠❡ ❞✐✜❝✐❧♠❡♥t❡ é ❛t✐♥❣✐❞❛ ❛♥t❡s



✽✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✹✶

❞❡ ✉♠ ♠✐❝r♦ss❡❣✉♥❞♦✳

❋✐❣✉r❛ ✽✳✸ ✕ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s
❝♦♠ ♦ ♥❛♥♦✲s❡♥s♦r ✶ s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧❡✐t✉r❛ ✭s❡❧❁✷✿✵❃ ❂ 0002✱ r❡❛❞❴s❡♥s ❂
0✱ ❝❧❡❛r❴s❡♥s ❂ 1✮✳

❆s ❢♦r♠❛s ❞❡ ♦♥❞❛ r❡❧❛t✐✈❛s ❛♦ ♠♦❞♦ ❞❡ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r sã♦ ❡①✐❜✐❞❛s ♥❛ ❋✐❣✉r❛

✽✳✹✳ ◆♦ ❣rá✜❝♦ é ♣♦ssí✈❡❧ ❞✐st✐♥❣✉✐r ❞♦✐s ♠♦♠❡♥t♦s ❞✐st✐♥t♦s✳ ❆té ✶ µs ♥❡♥❤✉♠ s❡♥s♦r

❡stá s❡❧❡❝✐♦♥❛❞♦ ✭s❡❧❁✷✿✵❃ ❂ 0002✮✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ♦s

t❡r♠✐♥❛✐s ❞♦ s❡♥s♦r ✭❝♥t■✵ ❡ ❝♥t❖✵ ✮ ✈✐rt✉❛❧♠❡♥t❡ ♥✉❧❛✳ ❊♠ ✶ µs ♦ s❡♥s♦r ✶ s❡❧❡❝✐♦♥❛❞♦

✭s❡❧❁✷✿✵❃ ❂ 1002✮ ❡ ❛ ❧✐♥❤❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❤❛❜✐❧✐t❛❞❛ ✭❝❧❡❛r❴s❡♥s ❂ 0✮✳ ❈♦♠♦ r❡s✉❧t❛❞♦

❛ ❝♦rr❡♥t❡ ♥♦ s❡♥s♦r s❛❧t❛ ❞❡ ✶✶✾ ♥❆ ♣❛r❛ ✼✱✶✾ µ❆✱ ♦ q✉❡ ♣r♦✈♦❝❛r✐❛ ❛ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r

❡♠ ✉♠ ❝❛s♦ r❡❛❧✳

P♦r ✜♠✱ ❛s ❢♦r♠❛s ❞❡ ♦♥❞❛ ❞❛ s✐♠✉❧❛çã♦ ❞❡ ❧❡✐t✉r❛ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ sã♦

❡①✐❜✐❞❛s ♥❛ ❋✐❣✉r❛ ✽✳✺✳ ❈♦♥❢♦r♠❡ s❡ ♣♦❞❡ ♥♦t❛r✱ ❛té ✽ µs ♥❡♥❤✉♠ s❡♥s♦r ❢♦✐ s❡❧❡❝✐♦♥❛❞♦✱

❞❛♥❞♦ t❡♠♣♦ ❞❡ ❡st❛❜✐❧✐③❛çã♦ ♣❛r❛ ❛ s❛í❞❛ ❞♦ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛✳ ❊♠ ✽ µs ♦ s❡♥s♦r ❞❡

t❡♠♣❡r❛t✉r❛ é s❡❧❡❝✐♦♥❛❞♦ ❡ s✉❛ t❡♥sã♦ ❞❡ s❛í❞❛ é r❡♣❛ss❛❞❛ ♣❛r❛ ❛ s❛í❞❛ ❞♦ ♠✉❧t✐♣❧❡①❛❞♦r

❝♦♠ ✉♠❛ q✉❡❞❛ ❞❡ ❛♣❡♥❛s ✷ ♠❱✳



✽✳✸ r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ✶✹✷

❋✐❣✉r❛ ✽✳✹ ✕ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❝♦♠ ♦ ♥❛♥♦✲s❡♥s♦r
✶ s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧✐♠♣❡③❛ ✭s❡❧❁✷✿✵❃ ❂ 0002✱ r❡❛❞❴s❡♥s ❂ 1✱ ❝❧❡❛r❴s❡♥s ❂ 0✮✳

❋✐❣✉r❛ ✽✳✺ ✕ ❋♦r♠❛s ❞❡ ♦♥❞❛ ❞♦s ♣r✐♥❝✐♣❛✐s s✐♥❛✐s ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ❝♦♠ ♦ s❡♥s♦r ❞❡
t❡♠♣❡r❛t✉r❛ s❡❧❡❝✐♦♥❛❞♦ ✭s❡❧❁✷✿✵❃ ❂ 1002✱ r❡❛❞❴s❡♥s ❂ 1✱ ❝❧❡❛r❴s❡♥s ❂ 1✮✳



✽✳✹ ❝♦♥❝❧✉sã♦ ✶✹✸

✽✳✹ ❈♦♥❝❧✉sã♦

❖ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ s❡♥s♦r❡s ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ❡ s✐♠✉❧❛❞♦ ❡♠ ♥í✈❡❧ ❞❡

tr❛♥s✐st♦r❡s✱ ❛♣r❡s❡♥t❛♥❞♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡s♣❡r❛❞♦✱ ✐st♦ é✱ ✐♥tr♦❞✉③✐♥❞♦ ♦ ♠í♥✐♠♦ ❞❡

❛❧t❡r❛çã♦ ♥♦s s✐♥❛✐s ♠❡❞✐❞♦s ❡ ❝♦♠ ❝♦♥s✉♠♦ ♠í♥✐♠♦✳ ❋♦r❛♠ t❡st❛❞❛s ❡♠ s✐♠✉❧❛çã♦ ❛s

q✉❛tr♦ s✐t✉❛çõ❡s ♣r❡✈✐st❛s✱ ✐st♦ é✱ ♥❡♥❤✉♠ s❡♥s♦r s❡❧❡❝✐♦♥❛❞♦✱ ✉♠ ♥❛♥♦✲s❡♥s♦r

s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧❡✐t✉r❛✱ ✉♠ ♥❛♥♦✲s❡♥s♦r s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧✐♠♣❡③❛ ❡ ♦ s❡♥s♦r ❞❡

t❡♠♣❡r❛t✉r❛ s❡❧❡❝✐♦♥❛❞♦ ♣❛r❛ ❧❡✐t✉r❛✳ ❊♠ t♦❞♦s ♦s ❝❛s♦s s✐♠✉❧❛❞♦s ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦

♠✉❧t✐♣❧❡①❛❞♦r ♠♦str♦✉✲s❡ ❛❞❡q✉❛❞♦✳



❈❛♣ít✉❧♦ ✾

❈♦♥❝❧✉sõ❡s ●❡r❛✐s ❡ ❙✉❣❡stõ❡s ♣❛r❛
❚r❛❜❛❧❤♦s ❋✉t✉r♦s

✾✳✶ ❈♦♥❝❧✉sõ❡s ●❡r❛✐s

◆❡st❡ tr❛❜❛❧❤♦ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ ♦ ❡st❛❞♦✲❞❛✲❛rt❡ ❞❛s s♦❧✉çõ❡s ❡①✐st❡♥t❡s ♣❛r❛ ♦

s❡♥s♦r✐❛♠❡♥t♦ ✉t✐❧✐③❛♥❞♦ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✱ ❝♦♠ ❢♦❝♦ ❡s♣❡❝✐❛❧ ♥♦ s❡♥s♦r✐❛♠❡♥t♦

❞❡ ❣❛s❡s✳ ❖ ❡st✉❞♦ s♦❜r❡ ♦ ❡st❛❞♦✲❞❛✲❛rt❡ ❞❡ ❝♦♥✈❡rs♦r❡s ❆✴❉ ♣❛r❛ ❛♣❧✐❝❛çõ❡s ❞❡

✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦ t❛♠❜é♠ ❢♦✐ r❡❛❧✐③❛❞♦✳ ❖ ❡st✉❞♦ ❡♥✈♦❧✈❡✉ r❡❧❛tór✐♦ ❞❡ ♠❛✐s ❞❡ ✹✵✵

❝♦♥✈❡rs♦r❡s ♣✉❜❧✐❝❛❞♦s ♥♦s ú❧t✐♠♦s ❛♥♦s ❡ ♣❡r♠✐t✐✉ ✉♠❛ ❝❧❛r❛ ✐❞❡♥t✐✜❝❛çã♦ ❞❛ s♦❧✉çã♦

♠❛✐s ❛❞❡q✉❛❞❛ ❛♦ s❡♥s♦r✐❛♠❡♥t♦ ♣♦r ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✳ ❚❛♠❜é♠ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠

❡st✉❞♦ ❞❛s s♦❧✉çõ❡s ❡①✐st❡♥t❡s ♣❛r❛ ♦ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s✳ ❊ss❡ ❡st✉❞♦ ❝♦♥❞✉③✐✉ à

❛❞♦çã♦ ❞❡ ♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦ ❝♦♠♦ ❛ s♦❧✉çã♦ ♠❛✐s ❛♣r♦♣r✐❛❞❛

♣❛r❛ ♦ s✐st❡♠❛ ♣r♦♣♦st♦✳

❆ ❞❡t❡❝çã♦ ❡ ♠❡❞✐çã♦ ❞❡ ❣❛s❡s ❞❡♠❛♥❞❛✱ t✐♣✐❝❛♠❡♥t❡✱ ♠✉✐t♦ ♠❛✐s ❡♥❡r❣✐❛ ❞♦ q✉❡ ❛

❞✐s♣♦♥í✈❡❧ ❡♠ ❡t✐q✉❡t❛s ❘❋■❉ ❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦s ♣r♦t♦❝♦❧♦s ❡ r❡❣✉❧❛♠❡♥t❛çõ❡s ✈✐❣❡♥t❡s

❡♠ ♠✉✐t♦s ♣❛ís❡s✳ P♦r ❡ss❛ r❛③ã♦✱ ❛ ✐♥t❡❣r❛çã♦ ❞❡ s❡♥s♦r❡s ❞❡ ❣ás ❛ ❡t✐q✉❡t❛s ❘❋■❉

♣❛ss✐✈❛s ✐♠♣õ❡ ❞❡s❛✜♦s q✉❡ ❢♦r❛♠ ♠✉✐t♦ ♣♦✉❝♦ ❡①♣❧♦r❛❞♦s ❛té ♦ ♠♦♠❡♥t♦✳ ❆s ♣♦✉❝❛s

s♦❧✉çõ❡s ♣r♦♣♦st❛s ❛té ❡♥tã♦ ❛♣❡♥❛s r❡s♦❧✈❡♠ ♦ ❞❡s❛✜♦ ❞❡ ❢♦r♠❛ ♣❛r❝✐❛❧ ❡ ❛♣r❡s❡♥t❛♠

✐♥❝♦♥✈❡♥✐❡♥t❡s q✉❡ ❛s t♦r♥❛♠ ❞✐✜❝✐❧♠❡♥t❡ ❛♣❧✐❝á✈❡✐s ❢♦r❛ ❞♦ ❛♠❜✐❡♥t❡ ❧❛❜♦r❛t♦r✐❛❧✳

P❛r❛ s♦❧✉❝✐♦♥❛r ♦ ♣r♦❜❧❡♠❛✱ ✉♠ s✐st❡♠❛ ❝♦♠♣❧❡t♦ ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❡♠❜❛r❝❛❞❛ ❞❡

✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦ ❢♦✐ ♣r♦♣♦st♦✳ ❖ s✐st❡♠❛ ✐♥t❡❣r❛ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡ ✶✵ ❜✐ts ❝♦♠

r❡s♦❧✉çã♦ ✈❛r✐á✈❡❧✱ ✉♠ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ♣❛r❛ ♦s s❡♥s♦r❡s ❞❡ ❣ás✱

❞✐❣✐t❛❧♠❡♥t❡ ❛❥✉stá✈❡❧✱ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦ ❡

♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❣ás ❡♠ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✳ ❖ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦ s✐st❡♠❛ ❢♦✐

✶✹✹



✾✳✶ ❝♦♥❝❧✉sõ❡s ❣❡r❛✐s ✶✹✺

❡st✐♠❛❞♦ ❡♠ ✶✵✱✹ µ❲ ❝♦♠ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❡♠ r❡s♦❧✉çã♦ ♠á①✐♠❛ ❡ ♦ ❝✐r❝✉✐t♦

❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛✐s ❝♦♥✜❣✉r❛❞♦ ♣❛r❛ ✉♠ ❣❛♥❤♦ ❞❡ ✶✵ ♠✐❧ ✈❡③❡s✳ ❖ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦

s✐st❡♠❛ ✐♥❝❧✉✐♥❞♦ ♦s ♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❣ás é ❡st✐♠❛❞♦ ❡♠ ❝❡r❝❛ ❞❡ ✼✵ µ❲ ✉t✐❧✐③❛♥❞♦

♥❛♥♦✲s❡♥s♦r❡s ❝♦♠ r❡s✐stê♥❝✐❛ ❞❡ ✶✺✵ ❦Ω✳ ▼❡s♠♦ s❡ ❡ ❢♦r❡♠ ✉t✐❧✐③❛❞♦s ♥❛♥♦✲s❡♥s♦r❡s

s❡♠❡❧❤❛♥t❡s ❛♦s ❢❛❜r✐❝❛❞♦s ❡♠ ❧❛❜♦r❛tór✐♦✱ ❝♦♠ r❡s✐stê♥❝✐❛ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✶ ❦Ω✱

♦ ❝♦♥s✉♠♦ t♦t❛❧ ❞♦ s✐st❡♠❛ é ✐♥❢❡r✐♦r ❛ ✶ ♠❲ ✭≈✽✻✵ µ❲✮✳ ❆♠❜♦s ♦s ✈❛❧♦r❡s sã♦

❝♦♠♣❛tí✈❡✐s ❝♦♠ ♦s ❧✐♠✐t❡s ✐♠♣♦st♦s ♣❡❧♦ ♣❛❞rã♦ ■❙❖✴■❊❈ ✶✹✹✹✸ ❡ r❡❣✉❧❛♠❡♥t❛çõ❡s

✈✐❣❡♥t❡s✳ ❊♠ ♦✉tr❛s ♣❛❧❛✈r❛s✱ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❡♠ ✉♠❛ ❡t✐q✉❡t❛

❘❋■❉ ❝♦♠❡r❝✐❛❧ ❡ ♣❡r❢❡✐t❛♠❡♥t❡ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ ♣❛❞rã♦ ◆❋❈✱ ♥ã♦ r❡q✉❡r❡♥❞♦ ❧❡✐t♦r❡s

❞❡❞✐❝❛❞♦s ♣❛r❛ ♣♦❞❡r ❢✉♥❝✐♦♥❛r✳

❖ ❛♠♣❧✐✜❝❛❞♦r ❞❡ ✐♥str✉♠❡♥t❛çã♦ ❞♦ ❝✐r❝✉✐t♦ ❞❡ ❝♦♥❞✐❝✐♦♥❛♠❡♥t♦ ❞❡ s✐♥❛❧ ❞♦s

s❡♥s♦r❡s ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ❛ ♣❛rt✐r ❞❡ ✉♠ ❛♠♣❧✐✜❝❛❞♦r ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ❞✐❢❡r❡♥ç❛s

♣r♦❥❡t❛❞♦ ❝♦♠ tr❛♥s✐st♦r❡s ♦♣❡r❛♥❞♦ ♥❛ r❡❣✐ã♦ s✉❜✲❧✐♠✐❛r✳ ❊st❛ s♦❧✉çã♦ ❛♣r❡s❡♥t♦✉

r❡s✉❧t❛❞♦s ❡♠ s✐♠✉❧❛çã♦ ❝♦♠♣❛rá✈❡✐s ❛♦s ❞♦ ❡st❛❞♦✲❞❛✲❛rt❡ ❞❡ ❛♠♣❧✐✜❝❛❞♦r❡s ❞❡

✐♥str✉♠❡♥t❛çã♦ ❞❡ ✉❧tr❛ ❜❛✐①♦❝♦♥s✉♠♦✳

❉♦✐s ❝✐r❝✉✐t♦s ✐♥t❡❣r❛❞♦s ❢♦r❛♠ ♣r♦❥❡t❛❞♦s ❡ ❢❛❜r✐❝❛❞♦s ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ✶✽✵ ♥♠

❝♦♥t❡♥❞♦ ♦ ♠❛✐s ❝♦♠♣❧❡①♦ ❝♦♠♣♦♥❡♥t❡ ❞❡ t♦❞♦ ♦ s✐st❡♠❛ ♣r♦♣♦st♦✱ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ❞❡

✉❧tr❛❜❛✐①♦ ❝♦♥s✉♠♦ à ❝❛♣❛❝✐t♦r❡s ❝❤❛✈❡❛❞♦s✱ ❛❧é♠ ❞❡ ✉♠ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛

t❛♠❜é♠ ❞❡ ✉❧tr❛ ❜❛✐①♦ ❝♦♥s✉♠♦✳ ❖ ♣r✐♠❡✐r♦ ❝✐r❝✉✐t♦ ✐♥t❡❣r❛❞♦ ❢♦✐ ✈❛❧✐❞❛❞♦

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡♥q✉❛♥t♦ ♦ s❡❣✉♥❞♦✱ ❝♦♥t❡♥❞♦ ♦ ❝♦♥✈❡rs♦r ❆✴❉ ♠❡❧❤♦r❛❞♦ ❞❡✈❡rá

s❡r t❡st❛❞♦ ❡♠ ❜r❡✈❡✳ ❖ s❡♥s♦r ❞❡ t❡♠♣❡r❛t✉r❛ ✐♠♣❧❡♠❡♥t❛❞♦ ❡♠ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙ ❢♦✐

✈❛❧✐❞❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❡ ❛♣r❡s❡♥t♦✉ ✉♠❛ r❡s♣♦st❛ ❞❡ ❧✐♥❡❛r✐❞❛❞❡ ❛❝✐♠❛ ❞❛q✉❡❧❛

♣r❡✈✐st❛ ❡♠ t❡♦r✐❛✱ ❝♦♥✜r♠❛♥❞♦ s✉❛ ❛❞❡q✉❛çã♦ ♣❛r❛ ♦ ♣r♦❥❡t♦ ♣r♦♣♦st♦✳

❖ ♥❛♥♦s❡♥s♦r ❞❡ ❣ás ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✱ ❝✉❥❛ ❛❞♦çã♦ é s✉❣❡r✐❞❛ ❝♦♠♦ ♣❛rt❡ ❞❛

s♦❧✉çã♦ ♣r♦♣♦st❛✱ ❢♦✐ ❢❛❜r✐❝❛❞♦ ❝♦♠ s✉❝❡ss♦ ❡ ❛♣r❡s❡♥t♦✉ ❜♦❛ s❡♥s✐❜✐❧✐❞❛❞❡ ♣❛r❛ ❛ ♠❡❞✐çã♦

❞❡ ❖2✳ ❖s ❡♥s❛✐♦s ❞❡ ❧✐♠♣❡③❛ ❞♦ s❡♥s♦r t❛♠❜é♠ ♠♦str❛r❛♠ ❡①❝❡❧❡♥t❡s r❡s✉❧t❛❞♦s✱ t❡♥❞♦

s✐❞♦ ❝❛♣❛③❡s ❞❡ r❡st❛✉r❛r ✐♥t❡❣r❛❧♠❡♥t❡ ❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦ s❡♥s♦r ❛♣ós ❛ ❛❞s♦rçã♦ ❞♦ ❣ás

♠❡❞✐❞♦✳

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❛ s♦❧✉çã♦ ♣r♦♣♦st❛ ♠❛♥té♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ s❡r ✐♥t❡✐r❛♠❡♥t❡

✐♥t❡❣r❛❞❛ ♥✉♠ ú♥✐❝♦ ❝❤✐♣ ❞❡ t❡❝♥♦❧♦❣✐❛ ❤í❜r✐❞❛ ✭❈▼❖❙ ❡ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✮✱ t❛❧

❝♦♠♦ ❢♦✐ ♣r♦♣♦st♦ ♥♦ ✐♥í❝✐♦ ❞❡ss❡ ♣r♦❥❡t♦✳ ◆❡ss❛ s♦❧✉çã♦✱ ♦ ❝✐r❝✉✐t♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦s

❜❧♦❝♦s ❞❛ ❡t✐q✉❡t❛ ❘❋■❉ ❡ ♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣♦❞❡♠ s❡r ❢❛❜r✐❝❛❞♦s ❡♠ ♣r♦❝❡ss♦ ❈▼❖❙



✾✳✷ ♣r♦❞✉çã♦ ❛❝❛❞ê♠✐❝❛ ✶✹✻

s❡❣✉✐♥❞♦ ♦ ✢✉①♦ ❞❡ ♣r♦❥❡t♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡ ♦s ♥❛♥♦✲s❡♥s♦r❡s ❞❡ ❈◆❚ ❢❛❜r✐❝❛❞♦s ♥❛

s✉♣❡r❢í❝✐❡ ❞❛ ♣❛st✐❧❤❛✱ ❛♣ós ❛ ❝❛♠❛❞❛ ❞❡ ♣❛ss✐✈❛çã♦✳ ❖✉tr❛ ❛❧t❡r♥❛t✐✈❛ é ✐♥t❡❣r❛r ❛

♣❛st✐❧❤❛ ❞❛ ❡t✐q✉❡t❛ s❡♥s♦r❛ à ♣❛st✐❧❤❛ ❝♦♠ ♦s ♥❛♥♦✲s❡♥s♦r❡s ❝♦♥❡❝t❛♥❞♦✲♦s ❧❛❞♦ ❛ ❧❛❞♦

♥✉♠ ♠❡s♠♦ ❡♥❝❛♣s✉❧❛♠❡♥t♦✳ ◆♦s ❞♦✐s ❝❛s♦s✱ ❛s ❞✐♠❡♥sõ❡s ❞❛ s♦❧✉çã♦ ✜♥❛❧ s❡r✐❛♠

❧✐♠✐t❛❞❛s ✉♥✐❝❛♠❡♥t❡ ♣❡❧❛ ❛♥t❡♥❛ ❞❡ ❝♦♠✉♥✐❝❛çã♦✳

❋✐♥❛❧♠❡♥t❡✱ ❝♦♥❝❧✉✐✲s❡ q✉❡ ♦ s✐st❡♠❛ ❛q✉✐ ♣r♦♣♦st♦ ❛♣r❡s❡♥t❛ ✉♠❛ s♦❧✉çã♦ ✈✐á✈❡❧ ♣❛r❛

♦ s❡♥s♦r✐❛♠❡♥t♦ ❞❡ ❣❛s❡s ✉t✐❧✐③❛♥❞♦ ❡t✐q✉❡t❛s ❘❋■❉ ♣❛ss✐✈❛s✱ s✉♣❡r❛♥❞♦ ♦s ♣r♦❜❧❡♠❛s ❡

❧✐♠✐t❛çõ❡s ❡♥❝♦♥tr❛❞♦s ♥❛s s♦❧✉çõ❡s ❛té ❡♥tã♦ ❡①✐st❡♥t❡s✳

✾✳✷ Pr♦❞✉çã♦ ❆❝❛❞ê♠✐❝❛

❉✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ ♣✉❜❧✐❝❛❞♦s ✹ ❛rt✐❣♦s ❡♠ ❡✈❡♥t♦s✱

s❡♥❞♦ ✶ ❡♠ ❝♦♥❢❡rê♥❝✐❛ ✐♥t❡r♥❛❝✐♦♥❛❧ ❡ ✸ ❡♠ ♥❛❝✐♦♥❛✐s✳ ❆❧é♠ ❞✐ss♦✱ ✉♠ ❛rt✐❣♦ ❢♦✐ ♣✉❜❧✐❝❛❞♦

♥❛ r❡✈✐st❛ ✐♥t❡r♥❛❝✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❙❡♥s♦rs✱ ♥❛ é♣♦❝❛ ❝♦♠ ❋❛t♦r ❞❡ ■♠♣❛❝t♦ ✶✱✶✶✽✳ ❊st❛s

♣✉❜❧✐❝❛çõ❡s ❡stã♦ ❧✐st❛❞❛s ❛ s❡❣✉✐r✿

✶✳ ✭❩❯❘■❚❆ ❡t ❛❧✳✱ ✷✵✶✻✮ ✲ ❩❯❘■❚❆✱ ▼✳❀ ❋❘❊■❘❊✱ ❘✳❈✳❙✳❀ ❚❊❉❏■◆■✱ ❙✳❀ ▼❖❙❍❑❆▲❊❱✱

❙✳❆✳❆ ❘❡✈✐❡✇ ♦❢ ■♠♣❧❡♠❡♥t✐♥❣ ❆❉❈ ✐♥ ❘❋■❉ ❙❡♥s♦r✳ ❏♦✉r♥❛❧ ♦❢ ❙❡♥s♦rs✱

✈✳ ✷✵✶✻✱ ❆rt✐❝❧❡ ■❉ ✽✾✺✷✾✹✼✱ ✶✹ ♣❛❣❡s✱ ✷✵✶✻✳

✷✳ ✭❚❊❉❏■◆■ ❡t ❛❧✳✱ ✷✵✶✻✮ ✲ ❚❊❉❏■◆■✱ ❙✳❀ ❆◆❉■❆✲❱❊❘❆✱ ●✳❀ ❩❯❘■❚❆✱ ▼✳❀ ❋❘❊■❘❊✱

❘✳❈✳❙✳❀ ❉❯❘❖❈✱ ❨✳ ❆✉❣♠❡♥t❡❞ ❘❋■❉ ❚❛❣s✳ ■♥✿ ✷✵✶✻ ■❊❊❊ ❚♦♣✐❝❛❧

❈♦♥❢❡r❡♥❝❡ ♦♥ ❲✐r❡❧❡ss ❙❡♥s♦rs ❛♥❞ ❙❡♥s♦r ◆❡t✇♦r❦s ✭❲✐❙◆❡t✮✱ ♣♣✳

✻✼✲✼✵✱ ✷✵✶✻✱ ❆✉st✐♥✱ ❚❳✱ ❊❯❆✱ ✷✵✶✻✳

✸✳ ✭❖▲■❱❊■❘❆❀ ❩❯❘■❚❆✱ ✷✵✶✺❜✮ ✲ ❖▲■❱❊■❘❆✱ ▼✳ ❍✳ ●✳ ❀ ❩❯❘■❚❆✱ ▼✳ ❊✳ P✳ ❱✳

❯t✐❧✐③❛çã♦ ❞❛ ▲✐♥❣✉❛❣❡♠ ❱❍❉▲✲❆▼❙ ♥♦ ❊st✉❞♦ ❞❡ ❙✐st❡♠❛s ❉✐❣✐t❛✐s ❆♥❛❧ó❣✐❝♦s ❡

▼✐st♦s✳ ■♥✿ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡ ❊❞✉❝❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛✱ ✷✵✶✺✱ ❙ã♦

❇❡r♥❛r❞♦ ❞♦ ❈❛♠♣♦ ✴ ❙P✳ ❆♥❛✐s ❞♦s ❳▲■■■ ❈♦♥❣r❡ss♦ ❇r❛s✐❧❡✐r♦ ❞❡ ❊❞✉❝❛çã♦ ❡♠

❊♥❣❡♥❤❛r✐❛✱ ✷✵✶✺✳

✹✳ ✭❖▲■❱❊■❘❆❀ ❩❯❘■❚❆✱ ✷✵✶✺❛✮ ✲ ❖▲■❱❊■❘❆✱ ▼✳ ❍✳ ●✳ ❀ ❩❯❘■❚❆✱ ▼✳ ❊✳ P✳ ❱✳ ✳

▼♦❞❡❧❛❣❡♠ ❡ ❙✐♠✉❧❛çã♦ ❞❡ ❈✐r❝✉✐t♦s ❆♥❛❧ó❣✐❝♦s ❡ ▼✐st♦s ❯t✐❧✐③❛♥❞♦ ❛ ▲✐♥❣✉❛❣❡♠

❱❍❉▲✲❆▼❙✳ ■♥✿ ❊♥❝♦♥tr♦ ◆❛❝✐♦♥❛❧ ❞❡ ❊st✉❞❛♥t❡s ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛



✾✳✸ s✉❣❡stõ❡s ♣❛r❛ tr❛❜❛❧❤♦s ❢✉t✉r♦s ✶✹✼

✭❊◆❊❊▲✮✱ ✷✵✶✺✱ P❛✉❧♦ ❆❢♦♥s♦✳ ❆♥❛✐s ❞♦ ❳ ❊♥❝♦♥tr♦ ◆❛❝✐♦♥❛❧ ❞❡ ❊st✉❞❛♥t❡s ❞❡

❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✱ ✷✵✶✺✳

✺✳ ✭▼❊◆❊❩❊❙ ❡t ❛❧✳✱ ✷✵✶✻✮ ✲ ▼❊◆❊❩❊❙✱ ❆✳❈✳❆✳❀ ✶✱ ❘❖❉❘■●❯❊❙✱ ❘✳❆✳❆✳❀ ●❯❘❏➹❖✱

❊✳❈✳❀ ❩❯❘■❚❆✱ ▼✳❊✳P✳❱✳ ❈r❛❝❦ ❙❡♥s♦r✐♥❣ ❉❡✈✐❝❡s ❈♦♥str✉❝t✐♦♥ ❜② ▼❡❛♥s ♦❢

▼✐❝r♦✇❛✈❡ ❘❡s♦♥❛♥t ❈✐r❝✉✐t ❉❡s✐❣♥✳ ■♥✿ ▼❖▼❆● ✷✵✶✻✱ P♦rt♦ ❆❧❡❣r❡✱ ❇r❛s✐❧✱

✷✵✶✻✳

✾✳✸ ❙✉❣❡stõ❡s ♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

❈♦♠♦ ❢♦r♠❛ ❞❡ s❡ ❞❛r ❝♦♥t✐♥✉✐❞❛❞❡ ❛ ❡st❡ tr❛❜❛❧❤♦✱ ❛❧❣✉♠❛s s✉❣❡stõ❡s sã♦

❛♣r❡s❡♥t❛❞❛s✿

❼ ■♠♣❧❡♠❡♥t❛çã♦ ❞❡ ✉♠❛ ❡t✐q✉❡t❛ ❘❋■❉ ❝♦♠♣❧❡t❛ ❝♦♥❢♦r♠❡ ❛s ❡s♣❡❝✐✜❝❛çõ❡s

♣r♦♣♦st❛s ♥❡st❡ tr❛❜❛❧❤♦❀

❼ ❋❛❜r✐❝❛çã♦ ❡ ✈❛❧✐❞❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦ ❝✐r❝✉✐t♦ ❝♦♥❞✐❝✐♦♥❛❞♦r ❞❡ s✐♥❛✐s ❡♠ ♣r♦❝❡ss♦

❈▼❖❙❀

❼ ❋❛❜r✐❝❛çã♦ ❡ ✈❛❧✐❞❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ❞♦ ❝✐r❝✉✐t♦ ♠✉❧t✐♣❧❡①❛❞♦r ♣❛r❛ ♥❛♥♦✲s❡♥s♦r❡s

❞❡ ❣ás ❡♠ ♣r♦❝❡ss♦ ❈▼❖❙❀

❼ ❆♣r✐♠♦r❛♠❡♥t♦ ❞♦s ♥❛♥♦✲s❡♥s♦r❡s ♣❛r❛ ♦❜t❡♥çã♦ ❞❡ ✉♠ ♥❛♥♦s❡♥s♦r ❞❡ ✐♠♣❡❞â♥❝✐❛

❡❧❡✈❛❞❛❀

❼ ❊st✉❞♦ ❞❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❡ ❛♣❡r❢❡✐ç♦❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ♣r♦♣♦st♦ ♣❡❧❛ ❛❞♦çã♦ ❞❡

s❡♥s♦r❡s ❞♦ t✐♣♦ ❝❤❡♠✲❋❊❚ ❛ ♥❛♥♦t✉❜♦s ❞❡ ❝❛r❜♦♥♦✳



❆♣ê♥❞✐❝❡ ❆

❈♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❆♣r♦①✐♠❛çõ❡s
❙✉❝❡ss✐✈❛s

❆✳✶ ❈♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s

❈♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ❝♦♥st✐t✉❡♠ ✉♠❛ ❞❛s ♠❛✐s ♣♦♣✉❧❛r❡s

❛❜♦r❞❛❣❡♥s ♣❛r❛ ✐♠♣❧❡♠❡♥t❛r ❝♦♥✈❡rs♦r❡s ❆✴❉ ❞❡✈✐❞♦ ❛ s✉❛ r❛③♦á✈❡❧ r❛♣✐❞❡③ ❞❡ ❝♦♥✈❡rsã♦

❡ ♠♦❞❡r❛❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❡ ❝✐r❝✉✐t♦✳

❖s ❝♦♥✈❡rs♦r❡s ❆✴❉ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ❡♠♣r❡❣❛♠ ✉♠ ❛❧❣♦rít✐♠♦ ❝♦♥❤❡❝✐❞♦

❝♦♠♦ ✏❜✉s❝❛ ❜✐♥ár✐❛✑ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣❛❧❛✈r❛ ❞✐❣✐t❛❧ q✉❡ ♠❡❧❤♦r r❡♣r❡s❡♥t❛ ♦ ✈❛❧♦r

❛♥❛❧ó❣✐❝♦ ♥❛ s✉❛ ❡♥tr❛❞❛✳ ❈♦♥❤❡❝❡♥❞♦✲s❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦ ❡ ♠í♥✐♠♦ q✉❡ ❛ ❡♥tr❛❞❛

♣♦❞❡ ❛ss✉♠✐r✱ ♦ ❛❧❣♦rít✐♠♦ ✐♥✐❝✐❛ ❛ ❜✉s❝❛ ❝♦♠♣❛r❛♥❞♦ ❛ ❡♥tr❛❞❛ ❝♦♠ ✉♠ ✈❛❧♦r ❛r❜✐trár✐♦

❡♥tr❡ ❡ss❡s ✈❛❧♦r❡s ✭❣❡r❛❧♠❡♥t❡ ♣❛rt❡✲s❡ ❞♦ ✈❛❧♦r ♠é❞✐♦✮✳ ❙❡ ♦ ✈❛❧♦r ❞❡ ❡♥tr❛❞❛ ❢♦r ♠❛✐♦r ❞♦

q✉❡ ♦ ✈❛❧♦r ❝♦♠♣❛r❛❞♦ ❛ ❜✉s❝❛ ❝♦♥t✐♥✉❛ s♦♠❛♥❞♦✲s❡ ✉♠ ❞❡❣r❛✉ ❛♦ ✈❛❧♦r ❞❡ ❝♦♠♣❛r❛çã♦✳

❙❡ ♦ ✈❛❧♦r ❞❛ ❡♥tr❛❞❛ ❢♦r ♠❡♥♦r q✉❡ ♦ ✈❛❧♦r ❝♦♠♣❛r❛❞♦✱ ❛ ❜✉s❝❛ ❝♦♥t✐♥✉❛rá s✉❜tr❛✐♥❞♦✲s❡

♦ ❞❡❣r❛✉ ❞♦ ✈❛❧♦r ❞❡ ❝♦♠♣❛r❛çã♦✳ ❊ss❡ ❞❡❣r❛✉ t✐♣✐❝❛♠❡♥t❡ ✈❛❧❡ 1
4
❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ♥♦

✐♥í❝✐♦ ❞❛ ❜✉s❝❛ ✭(Vmax−Vmin)/4✮✱ s❡♥❞♦ r❡❞✉③✐❞♦ ♣❡❧❛ ♠❡t❛❞❡ ❛ ❝❛❞❛ ♥♦✈♦ ❝✐❝❧♦ ❞❡ ❜✉s❝❛✳

❆ ❜✉s❝❛ t❡r♠✐♥❛ q✉❛♥❞♦ ♦ ✈❛❧♦r ❞♦ ❞❡❣r❛✉ ❛t✐♥❣❡ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ❡s♣❡❝✐✜❝❛❞♦ ✭❏❖❍◆❙✱

✶✾✾✼✮✳

❈❛❞❛ ❝✐❝❧♦ ❞❛ ❜✉s❝❛ ❞❡✜♥❡ ♦ ✈❛❧♦r ❞❡ ✉♠ ❜✐t ❞♦ ✈❛❧♦r ❞✐❣✐t❛❧ ❝♦♥✈❡rt✐❞♦✱ ❞❡ ❛❝♦r❞♦ ❝♦♠

♦ r❡s✉❧t❛❞♦ ❞❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ✈❛❧♦r ❞❡ ❡♥tr❛❞❛ ❡ ♦ ✈❛❧♦r ❞❡ ❝♦♠♣❛r❛çã♦✳ ❙❡ ♦ ✈❛❧♦r ❞❛

❡♥tr❛❞❛ ❢♦r ♠❛✐♦r q✉❡ ♦ ❞❡ ❝♦♠♣❛r❛çã♦✱ ♦ ❜✐t ✈❛❧❡rá ✬✶✬✱ ❝❛s♦ ❝♦♥trár✐♦✱ ✬✵✬✳ ❖ ♣r✐♠❡✐r♦

❝✐❝❧♦ ❞❡✜♥❡ ♦ ❜✐t ❞❡ ♠❛✐♦r ♣❡s♦ ✭bN✮✱ ♥♦ s❡❣✉♥❞♦ ❝✐❝❧♦✱ ♦ ❜✐t ❞❡ ♣❡s♦ ✐♠❡❞✐❛t❛♠❡♥t❡ ✐♥❢❡r✐♦r

✭bN−1✮ ❡ ❛ss✐♠ s✉❝❡ss✐✈❛♠❡♥t❡✳ ❉❡st❛ ❢♦r♠❛✱ ✉♠❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❞❡ N ❜✐ts ✐rá r❡q✉❡r❡r

N ❝✐❝❧♦s ❞❡ r❡❧ó❣✐♦ ♣❛r❛ s❡r ❝♦♠♣❧❡t❛❞❛✳

✶✹✽



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✹✾

❖ ❛❧❣♦rít✐♠♦ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❞❡ ✉♠ s✐♥❛❧ s✐♥❛❧✐③❛❞♦ ❡♥tr❡ −VREF/2 ❡ +VREF/2

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✶✳

❋✐❣✉r❛ ❆✳✶ ✕ ❆❧❣♦rít✐♠♦ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❞❡ ✉♠ s✐♥❛❧ s✐♥❛❧✐③❛❞♦ ❡♥tr❡ −VREF /2 ❡
+VREF /2✳

❆✳✶✳✶ ❆♣r♦①✐♠❛çã♦ ❙✉❝❡ss✐✈❛ ❇❛s❡❛❞❛ ❡♠ ❈♦♥✈❡rsã♦ ❉✴❆

❖ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ❜❛s❡❛❞♦ ♥✉♠

❝♦♥✈❡rs♦r ❉✴❆ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✷✳

❆ ❡♥tr❛❞❛ ❛♥❛❧ó❣✐❝❛ ❛ s❡r ❞✐❣✐t❛❧✐③❛❞❛ é ♣r✐♠❡✐r❛♠❡♥t❡ ❛♠♦str❛❞❛ ❡ ❛r♠❛③❡♥❛❞❛ ♣❡❧♦

❜❧♦❝♦ ❞❡ ❆♠♦str❛ ❡ ❘❡t❡♥çã♦ ✭❆✴❘✮✳ ❊♠ s❡❣✉✐❞❛✱ ♦ ✈❛❧♦r ❛♠♦str❛❞♦ é ❝♦♠♣❛r❛❞♦ ❝♦♠



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✵

❋✐❣✉r❛ ❆✳✷ ✕ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ❜❛s❡❛❞♦
♥✉♠ ❝♦♥✈❡rs♦r ❉✴❆✳

❛q✉❡❧❡ ❣❡r❛❞♦ ♣❡❧♦ ❝♦♥✈❡rs♦r ❉✴❆ ❡ ♦ r❡s✉❧t❛❞♦ ✐♥❢♦r♠❛❞♦ ❛♦ ❘❡❣✐str❛❞♦r ❞❡

❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ✭❘❆❙✮✳ ❖ ❘❆❙ ❡ ❛ ▲ó❣✐❝❛ ❞❡ ❈♦♥tr♦❧❡ sã♦ ♣❛rt❡s ✐♥t❡✐r❛♠❡♥t❡

❞✐❣✐t❛✐s r❡s♣♦♥sá✈❡✐s ♣♦r r❡❛❧✐③❛r ❛ ❜✉s❝❛ ❜✐♥ár✐❛✳ ❆♦ ✜♥❛❧ ❞❛ ❝♦♥✈❡rsã♦✱ ♦ ✈❛❧♦r ❞✐❣✐t❛❧

♥❛ s❛í❞❛ ❞♦ ❘❆❙ ❝♦rr❡s♣♦♥❞❡rá ❛ t❡♥sã♦ VD/A q✉❡ ❞✐❢❡r✐rá ❞♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ♣♦r

±0.5LSBV ✳ ◆❡st❡ t✐♣♦ ❞❡ ❛rq✉✐t❡t✉r❛✱ ❛ ♣r❡❝✐sã♦ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❝♦♥✈❡rs♦r ❆✴❉ sã♦

t✐♣✐❝❛♠❡♥t❡ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧♦ ❝♦♥✈❡rs♦r ❉✴❆✳

❆✳✶✳✷ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❈❛r❣❛

❆ ❛❜♦r❞❛❣❡♠ ✐♥✐❝✐❛❧ ❞❡ ✉t✐❧✐③❛r ✉♠ ❝♦♥✈❡rs♦r ❉✴❆ s❡♣❛r❛❞♦ ❡ ❛❥✉st❛✲❧♦ ♣❛r❛ s❡

✐❣✉❛❧❛r à t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✭❝♦♠ ♣r❡❝✐sã♦ ❞❡ ▲❙❇ ❱♦❧ts✮ ♣♦❞❡ s❡r ♠♦❞✐✜❝❛❞❛ ❝♦♥❢♦r♠❡ ♦

✢✉①♦❣r❛♠❛ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✸✳ ◆❡❧❡✱ ♦ s✐♥❛❧ ❞❡ ❡rr♦ V é ✐❣✉❛❧ à ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦

s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ Vin ❡ ❛ s❛í❞❛ ❞♦ ❝♦♥✈❡rs♦r ❉✴❆✱ VD/A✳ ❈♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛✱ V é s❡♠♣r❡

❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ t❡rr❛ ✭❝♦♥❢♦r♠❡ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ♣❛rt❡ s✉♣❡r✐♦r ❞♦ ✢✉①♦❣r❛♠❛✮ ❡ ♦

♦❜❥❡t✐✈♦ ♣❛ss❛ t♦r♥❛r ❡ss❡ s✐♥❛❧ ❞❡ ❡rr♦ ♣ró①✐♠♦ ❛ ③❡r♦✱ ♣♦r ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ▲❙❇ ❱♦❧ts✳

❆ ♣r✐♠❡✐r❛ ♣✉❜❧✐❝❛çã♦ ❞❡ ✉♠ ❝♦♥✈❡rs♦r ❆✴❉ à ❝❛♣❛❝✐t♦r ❝❤❛✈❡❛❞♦ ✉t✐❧✐③❛♥❞♦ ❡ss❛

❛❜♦r❞❛❣❡♠ ❝♦✉❜❡ ❛ ▼❝❈r❡❛r② ❡♠ ✶✾✼✺ ✭▼❈❈❘❊❆❘❨❀ ●❘❆❨✱ ✶✾✼✺✮✳ ◆❡❧❛✱ ♦ ❝♦♥✈❡rs♦r

❉✴❆✱ ♦ ❝✐r❝✉✐t♦ ❞❡ ❆✴❘ ❡ ❛ ♣♦rçã♦ ❞❡ ❞✐❢❡r❡♥ç❛ ❞♦ ❝♦♠♣❛r❛❞♦r ❢♦r❛♠ t♦❞♦s ✐♥t❡❣r❛❞♦s

♥✉♠ ú♥✐❝♦ ❝✐r❝✉✐t♦✳ ❆ ✈❡rsã♦ ✉♥✐♣♦❧❛r ❞❡ss❡ ❝♦♥✈❡rs♦r é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ❆✳✹ ❡ s✉❛

♦♣❡r❛çã♦ ♣♦❞❡ s❡r r❡s✉♠✐❞❛ ❡♠ ✸ ♣❛ss♦s ✭❏❖❍◆❙✱ ✶✾✾✼✮✿

✶✳ ❆♠♦str❛❣❡♠✿ ◆❡st❡ ♣r✐♠❡✐r♦ ♣❛ss♦ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s sã♦ ❝❛rr❡❣❛❞♦s ❝♦♠ ❛

t❡♥sã♦ ❞♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ Vin✳ ❙✐♠✉❧t❛♥❡❛♠❡♥t❡ ♦ ❝♦♠♣❛r❛❞♦r é ✏r❡✐♥✐❝✐❛❧✐③❛❞♦✑✱

✐st♦ é✱ q✉❛❧q✉❡r ❝❛r❣❛ r❡s✐❞✉❛❧ ♣r❡s❡♥t❡ ♥❛ s✉❛ ❡♥tr❛❞❛ ♥ã♦ ✐♥✈❡rs♦r❛ é ❞❡s❝❛rr❡❣❛❞❛



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✶

❋✐❣✉r❛ ❆✳✸ ✕ ❆❧❣♦rít✐♠♦ ♣❛r❛ ❛ ❝♦♥✈❡rsã♦ ❆✴❉ ❜❛s❡❛❞♦ ❡♠ ✉♠ ❝♦♥✈❡rs♦r ❉✴❆✳



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✷

❛tr❛✈és ❞❛ ❝❤❛✈❡ S2✱ r❡st❛❜❡❧❡❝❡♥❞♦ s✉❛ t❡♥sã♦ ❞❡ ❧✐♠✐❛r ❞❡ ❝♦♠♣❛r❛çã♦✳

✷✳ ❘❡t❡♥çã♦✿ ❖ s✐♥❛❧ ❛♠♦str❛❞♦ ♥♦ ♣❛ss♦ ❛♥t❡r✐♦r é r❡t✐❞❛ ♥❡st❡ ♣❛ss♦✳ ❖

❝♦♠♣❛r❛❞♦r é r❡t✐r❛❞♦ ❞♦ ❡st❛❞♦ ❞❡ r❡✐♥✐❝✐❛❧✐③❛çã♦ ♣❡❧❛ ❛❜❡rt✉r❛ ❞❛ ❝❤❛✈❡ S2 ❡

t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s sã♦ ❝♦♠✉t❛❞♦s ♣❛r❛ ♦ t❡rr❛✳ ■st♦ ❢❛③ ❝♦♠ q✉❡ ❛ t❡♥sã♦ ♥❛s

♣❧❛❝❛s s✉♣❡r✐♦r❡s ✭Vx✮✱ q✉❡ ❡r❛ ✐♥✐❝✐❛❧♠❡♥t❡ ③❡r♦✱ ♣❛ss❡ ❛ ✈❛❧❡r −Vin✱ r❡t❡♥❞♦ ❛ss✐♠

♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ❱✐♥ ♥♦s ♣ró♣r✐♦s ❝❛♣❛❝✐t♦r❡s✳ P♦r ✜♠✱ ❛ ❝❤❛✈❡ S1 é ❝♦♠✉t❛❞❛

♣❛r❛ ❱r❡❢ ♣❛r❛ s❡r✈✐r ❛♦ ♣ró①✐♠♦ ♣❛ss♦✳

✸✳ ❘❡❞✐str✐❜✉✐çã♦✿ Pr✐♠❡✐r❛♠❡♥t❡ ♦ ♠❛✐♦r ❝❛♣❛❝✐t♦r ✭✶✻❈✮ é ❝♦♠✉t❛❞♦ ♣❛r❛ Vref ✱

❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❛ t❡♥sã♦ Vx t♦r♥❡✲s❡ −Vin + Vref/2✳ ❙❡ ❛ t❡♥sã♦ Vx ❢♦r ♥❡❣❛t✐✈❛✱

✐st♦ s✐❣♥✐✜❝❛rá q✉❡ Vin é ♠❛✐♦r q✉❡ Vref/2✱ ❞❡✈❡♥❞♦ ♦ ❜✐t b4 s❡r ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦

s❡♥❞♦ ✐❣✉❛❧ ❛ ✬✶✬ ❡ ❛ ❝❤❛✈❡ ❝♦rr❡s♣♦♥❞❡♥t❡ ♠❛♥t✐❞❛ ❡♠ Vref ✳ ❈❛s♦ ❝♦♥trár✐♦ ♦ ❜✐t b4

s❡rá ✬✵✬ ❡ ❛ ❝❤❛✈❡ ❝♦rr❡s♣♦♥❞❡♥t❡ ❝♦♠✉t❛❞❛ ❞❡ ✈♦❧t❛ ♣❛r❛ ♦ t❡rr❛✳ ❊st❡ ♣r♦❝❡ss♦ é

r❡♣❡t✐❞♦ ❛té q✉❡ ♦ ❜✐t ❞❡ ♠❡♥♦r ♣❡s♦ ✭b0✮ t❡♥❤❛ s✐❞♦ ❞❡✜♥✐❞♦✱ ✜♥❛❧✐③❛♥❞♦ ❛ ❝♦♥✈❡rsã♦✳

❉❡✈❡✲s❡ ♥♦t❛r ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ❝❛♣❛❝✐t♦r ✉♥✐tár✐♦ ✭❈✮ ❛❞✐❝✐♦♥❛❧ ♥♦ ❝✐r❝✉✐t♦✳ ❙❡✉

♣r♦♣ós✐t♦ é t♦r♥❛r ❛ ❝❛♣❛❝✐tâ♥❝✐❛ t♦t❛❧ ✉♠ ♥ú♠❡r♦ ❞❡ ❞✐✈✐sã♦ ❡①❛t❛ ♣♦r ❞♦✐s✱ ✐st♦ é✱ 2NC✱

❛♦ ✐♥✈és ❞❡ (2N − 1)C✳ P♦r ❡st❛ r❛③ã♦✱ ❡st❡ ❝❛♣❛❝✐t♦r s❡rá r❡❢❡r❡♥❝✐❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦

❝♦♠♦ ✧❝❛♣❛❝✐t♦r ❞❡ ♣♦♥❞❡r❛çã♦✧✳

❆✳✶✳✸ ❈♦♥✈❡rs♦r ❆✴❉ ❙✐♥❛❧✐③❛❞♦ ♣♦r ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❈❛r❣❛

❆ ❝♦♥✈❡rsã♦ ❆✴❉ s✐♥❛❧✐③❛❞❛ ♣♦❞❡ s❡r ❢❡✐t❛ ❛❞✐❝✐♦♥❛♥❞♦✲s❡ ✉♠❛ ❡♥tr❛❞❛ ❞❡ −Vref ❛♦

❝✐r❝✉✐t♦ ❞❛ ❋✐❣✉r❛ ❆✳✹✭❛✮✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ❆✳✺✳ ❙❡ Vx ❢♦r ♠❡♥♦r q✉❡ ③❡r♦ ♥♦ ♣r✐♠❡✐r♦

♣❛ss♦ ❞❛ r❡❞✐str✐❜✉✐çã♦✱ ❛ s❡q✉ê♥❝✐❛ ❝♦♥t✐♥✉❛rá ❝♦♠♦ ❛♥t❡r✐♦r♠❡♥t❡ ❞❡s❝r✐t❛✳ ❈❛s♦

❝♦♥trár✐♦✱ ♦s ❝❛♣❛❝✐t♦r❡s ❞❡✈❡rã♦ s❡r ❝♦♠✉t❛❞♦s ❡♥tr❡ −Vref ❡ ③❡r♦ ❡ ♠❛♥t✐❞♦s ❡♠ −Vref

❝❛❞❛ ✈❡③ q✉❡ Vx ❢♦r ♠❛✐♦r q✉❡ ③❡r♦✱ ❛tr✐❜✉✐♥❞♦✲s❡ ✬✶✬ ❛♦ ❜✐t ❝♦rr❡s♣♦♥❞❡♥t❡✳

❆ ♠❡s♠❛ ❡str✉t✉r❛ ❡♠♣r❡❣❛❞❛ ♥❛ ❝♦♥✈❡rsã♦ ❞❡ s✐♥❛✐s ♥ã♦ s✐♥❛❧✐③❛❞♦s✱ ❛♣ós ✉♠❛

♣❡q✉❡♥❛ ♠♦❞✐✜❝❛çã♦✱ ♣♦❞❡ t❛♠❜é♠ s❡r✈✐r à ❝♦♥✈❡rsã♦ ❞❡ s✐♥❛✐s s✐♥❛❧✐③❛❞♦s✱ ✉s❛♥❞♦

❛♣❡♥❛s ✉♠❛ t❡♥sã♦ ❞❡ r❡❢❡rê♥❝✐❛ ✭Vref ✮✱ ❝♦♥❢♦r♠❡ ❡s❜♦ç❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✻✳ ❆ss✉♠✐♥❞♦

q✉❡ ❛ t❡♥sã♦ ❞♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ ✈❛r✐❛ ❡♥tr❡ ±Vref/2✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡rsã♦ s❡ ❞á ❡♠ ✸

❡t❛♣❛s ✭❏❖❍◆❙✱ ✶✾✾✼✮✿

✶✳ ❆♠♦str❛❣❡♠✿ ◆❡st❡ ♣r✐♠❡✐r♦ ♣❛ss♦ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s sã♦ ❝❛rr❡❣❛❞♦s ❝♦♠ ❛



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✸

✭❛✮ ❆♠♦str❛❣❡♠✳

✭❜✮ ❘❡t❡♥çã♦✳

✭❝✮ ❘❡❞✐str✐❜✉✐çã♦✳

❋✐❣✉r❛ ❆✳✹ ✕ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✹

❋✐❣✉r❛ ❆✳✺ ✕ ❈♦♥✈❡rs♦r ❆✴❉ s✐♥❛❧✐③❛❞♦ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛✳

t❡♥sã♦ ❞♦ s✐♥❛❧ ❞❡ ❡♥tr❛❞❛ Vin✱ ❡①❝❡t♦ ♦ ❝❛♣❛❝✐t♦r ❞❡ ♠❛✐♦r ♣❡s♦ ✭✶✻❈✮✱ q✉❡ é

❝❛rr❡❣❛❞♦ ❝♦♠ Vref/2✳ ❙✐♠✉❧t❛♥❡❛♠❡♥t❡ ♦ ❝♦♠♣❛r❛❞♦r é ✏r❡✐♥✐❝✐❛❧✐③❛❞♦✑ ♣❡❧♦

❢❡❝❤❛♠❡♥t♦ ❞❛ ❝❤❛✈❡ S2✳

✷✳ ❘❡t❡♥çã♦✿ ❖ ❝♦♠♣❛r❛❞♦r é r❡t✐r❛❞♦ ❞♦ ❡st❛❞♦ ❞❡ r❡✐♥✐❝✐❛❧✐③❛çã♦ ♣❡❧❛ ❛❜❡rt✉r❛ ❞❛

❝❤❛✈❡ S2 ❡ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s✱ s❛❧✈♦ ♦ ❞❡ ♠❛✐♦r ♣❡s♦✱ sã♦ ❝♦♠✉t❛❞♦s ♣❛r❛ ♦ t❡rr❛✳

■st♦ ❢❛③ ❝♦♠ q✉❡ ❛ t❡♥sã♦ ♥❛s ♣❧❛❝❛s s✉♣❡r✐♦r❡s ✭Vx✮✱ q✉❡ ❡r❛ ✐♥✐❝✐❛❧♠❡♥t❡ ③❡r♦✱ ♣❛ss❡

❛ ✈❛❧❡r −Vin/2✳ ❆♦ ✜♥❛❧ ❞❡ss❛ ❡t❛♣❛ ♦ s✐♥❛❧ ❞❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛✱ Vin✱ é ❞❡t❡r♠✐♥❛❞♦

♣❡❧♦ s✐♥❛❧ ❞❛ t❡♥sã♦ ❞❡ s❛í❞❛ ❞♦ ❝♦♠♣❛r❛❞♦r✳

✸✳ ❘❡❞✐str✐❜✉✐çã♦✿ ❙❡ ♥❛ ❡t❛♣❛ ❛♥t❡r✐♦r ♦ ✈❛❧♦r ❞❡ Vx ❢♦✐ ♣♦s✐t✐✈♦ ✭s✐❣♥✐✜❝❛♥❞♦ q✉❡

Vin é ♥❡❣❛t✐✈♦✮✱ ♦ ♠❛✐♦r ❝❛♣❛❝✐t♦r ✭✶✻❈✱ ♥❡st❡ ❝❛s♦✮ é ❝♦♠✉t❛❞♦ ♣❛r❛ ♦ t❡rr❛ ❡

♦ ❜✐t b4 ✐❣✉❛❧❛❞♦ ❛ ✬✶✬✳ ❈❛s♦ ❝♦♥trár✐♦ ❞❡✈❡rá s❡r ♠❛♥t✐❞♦ ❡♠ Vref/2 ❡ ♦ ❜✐t b4

✐❣✉❛❧❛❞♦ ❛ ✵✳ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❛ t❡♥sã♦ Vx t♦r♥❡✲s❡ −Vin/2 − Vref/4✳ ❆ ♣❛rt✐r

❞❡ss❡ ♣♦♥t♦ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❞❡♠❛✐s ❜✐ts ♣r♦ss❡❣✉✐rá ❝♦♠♦ ♥♦ ❝❛s♦ ♥ã♦ s✐♥❛❧✐③❛❞♦✳

❆ s❛í❞❛ ❜✐♥ár✐❛ ❣❡r❛❞❛ ♣♦r ❡ss❡ ♠ét♦❞♦ é ③❡r♦ q✉❛♥❞♦ Vin = −Vref/2 ❡ ✸✶ ✭♣❛r❛

✉♠ ❝♦♥✈❡rs♦r ❞❡ ✺ ❜✐ts✮✱ q✉❛♥❞♦ Vin = Vref/2✳ ◆❛t✉r❛❧♠❡♥t❡✱ s❡ ❢♦r ❞❡s❡❥❛❞❛ ✉♠❛

s❛í❞❛ ❝♦❞✐✜❝❛❞❛ ❡♠ ❝♦♠♣❧❡♠❡♥t♦ ❞❡ ❞♦✐s✱ ♣♦r ❡①❡♠♣❧♦✱ ✉♠ ❝♦❞✐✜❝❛❞♦r ❞❡✈❡rá s❡r

❛❞✐❝✐♦♥❛❞♦ ❛♦ ❝✐r❝✉✐t♦✳



❛✳✶ ❝♦♥✈❡rs♦r❡s ❛✴❞ ♣♦r ❛♣r♦①✐♠❛çõ❡s s✉❝❡ss✐✈❛s ✶✺✺

✭❛✮ ❆♠♦str❛❣❡♠✳

✭❜✮ ❘❡t❡♥çã♦✳

✭❝✮ ❘❡❞✐str✐❜✉✐çã♦✳

❋✐❣✉r❛ ❆✳✻ ✕ ❈♦♥✈❡rs♦r ❆✴❉ ♣♦r r❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ s✐♥❛❧✐③❛❞♦✳



❛✳✷ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞♦ ❝♦♥✈❡rs♦r ✶✺✻

❆✳✷ ▼♦❞❡❧❛❣❡♠ ▼❛t❡♠át✐❝❛ ❞♦ ❈♦♥✈❡rs♦r

❆ ♠♦❞❡❧❛❣❡♠ ❛♣r❡s❡♥t❛❞❛ ♥❡st❛ s❡çã♦ r❡❢❡r❡✲s❡ ❛♣❡♥❛s ❛♦ ♥ú❝❧❡♦ ❛♥❛❧ó❣✐❝♦ ❞❡ ✉♠

❈♦♥✈❡rs♦r ❆♥❛❧ó❣✐❝♦✲❉✐❣✐t❛❧ ♣♦r ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ❞❡ ✺ ❜✐ts✱ ♥ã♦ t❡♥❞♦ s✐❞♦

✐♥❝❧✉í❞♦s ♥❡♠ ♦ ❘❡❣✐str❛❞♦r ❞❡ ❆♣r♦①✐♠❛çõ❡s ❙✉❝❡ss✐✈❛s ✭❘❆❙✮✱ ♥❡♠ ❛ ❯♥✐❞❛❞❡ ❞❡

❈♦♥tr♦❧❡✳

❆✳✷✳✶ ❆ ❘❡❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛

❆ss✉♠✐♥❞♦ q✉❡ ♥♦ ❝✐r❝✉✐t♦ ❞❛ ❋✐❣✉r❛ ✹✳✸ ❛ t❡♥sã♦ ❞❡ r❡❢❡r❡♥❝✐❛❧ ✐♥❢❡r✐♦r ✭VREF−✮ s❡❥❛

❛ss✉♠✐❞❛ ❝♦♠♦ ③❡r♦✱ ✐st♦ é✱ ❛❞♦t❛♥❞♦ ✵ à VREF+ ❝♦♠♦ ❋❛✐①❛ ❞❡ ❋✉♥❞♦ ❞❡ ❊s❝❛❧❛✱ ♦

❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ♥❛ ❡t❛♣❛ ❞❡ ❆♠♦str❛❣❡♠ ✭t = φ1✮ ♣♦❞❡ s❡r ❡s❜♦ç❛❞♦ ❝♦♠♦ ♥❛ ❋✐❣✉r❛

❆✳✼✳ ◆❡st❛ s✐t✉❛çã♦✱ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s ✜❝❛♠ ❝♦♥❡❝t❛❞♦s ❡♥tr❡ Vin ❡ ♦ Vx✱ ❝❛rr❡❣❛♥❞♦✲s❡

♣♦rt❛♥t♦ ❝♦♠ ❛ t❡♥sã♦ Vin − Vx ❛♣ós ❛❧❣✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦✳ ❉❡s❞❡ q✉❡ ❛ q✉❡❞❛ ❞❡

t❡♥sã♦ ♥❛s ❝❤❛✈❡s ♣♦ss❛ s❡r ❞❡s♣r❡③❛❞❛✱ ❛ t❡♥sã♦ Vx s❡rá ✐❣✉❛❧ ❛ ③❡r♦ ❡ ❛ t❡♥sã♦ ✜♥❛❧

♥♦s ❝❛♣❛❝✐t♦r❡s ✐❣✉❛❧ ❛ Vin✳ ❈♦♠♦ ♦s ❝❛♣❛❝✐t♦r❡s ❡stã♦ t♦❞♦s ❡♠ ♣❛r❛❧❡❧♦✱ ❛ ❝❛♣❛❝✐tâ♥❝✐❛

❡q✉✐✈❛❧❡♥t❡ s❡rá 2C ❡ ❛ ❝❛r❣❛ t♦t❛❧ ♥❛s ♣❧❛❝❛s s✉♣❡r✐♦r❡s ❞❛❞❛ ♣♦r✿

Qx(φ1) = −2CVin ✭❆✳✶✮

❋✐❣✉r❛ ❆✳✼ ✕ ❊t❛♣❛ ❞❡ ❆♠♦str❛❣❡♠ ✭t = φ1✮✳

◆❛ ❡t❛♣❛ ❞❡ r❡t❡♥çã♦ ✭t = φ2✮ ❛ ❝❤❛✈❡ S2 é ❛❜❡rt❛ ❡ ❛ ❝❤❛✈❡ S1 ❝♦♠✉t❛❞❛ ♣❛r❛ ♦ t❡rr❛✱

❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ❆✳✽✳ ❈♦♠♦ ❛ ❝❛r❣❛ ♥❛s ♣❧❛❝❛s s✉♣❡r✐♦r❡s é ❝♦♥s❡r✈❛❞❛✱ ❛ t❡♥sã♦ ❡♠ Vx

é ❛❧t❡r❛❞❛ ♣❛r❛ −Vin✳

❖ ♣r✐♠❡✐r♦ ❡stá❣✐♦ ❞❛ ❡t❛♣❛ ❞❡ ✧❘❡❞✐str✐❜✉✐çã♦✧s❡ ✐♥✐❝✐❛ ❝♦♠ t❡st❡ ❞♦ ❜✐t ♠❛✐s

s✐❣♥✐✜❝❛t✐✈♦ ✭▼❙❇✮✳ ❈♦♥❢♦r♠❡ ❡①♣❧✐❝❛❞♦ ♥❛ ❙❡çã♦ ❆✳✶✳✷✱ ❛ ❝❤❛✈❡ ❝♦♥❡❝t❛❞❛ ❛♦ ❝❛♣❛❝✐t♦r



❛✳✷ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞♦ ❝♦♥✈❡rs♦r ✶✺✼

❋✐❣✉r❛ ❆✳✽ ✕ ❊t❛♣❛ ❞❡ ❘❡t❡♥çã♦ ✭t = φ2✮✳

❞❡ ♠❛✐♦r ✈❛❧♦r✱ ✐st♦ é✱ b4✱ é ❝♦♠✉t❛❞❛ ♣❛r❛ VREF+✱ ❝♦♥❢♦r♠❡ ✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✾✳

❋✐❣✉r❛ ❆✳✾ ✕ ❊t❛♣❛ ❞❡ ❘❡❞✐str✐❜✉✐çã♦ ✭t = φ3.1✮✳

◆❡st❛ s✐t✉❛çã♦✱ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ❛rr❛♥❥♦ ❝❛♣❛❝✐t✐✈♦ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞♦

❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ❆✳✶✵✭❛✮✱ ♥❛ q✉❛❧ ♦ ❝❛♣❛❝✐t♦r s✉♣❡r✐♦r é ♦ ❝❛♣❛❝✐t♦r ❧✐❣❛❞♦ ❛ b4 ❡ ♦

✐♥❢❡r✐♦r✱ ♦ ❝❛♣❛❝✐t♦r ❡q✉✐✈❛❧❡♥t❡ ❞♦ ♣❛r❛❧❡❧♦ ❞♦s ❞❡♠❛✐s ❝❛♣❛❝✐t♦r❡s ❞♦ ❝✐r❝✉✐t♦✳ ❆s

❢♦♥t❡s V1 ❡ V2 ✐♥❞✐❝❛❞❛s r❡♣r❡s❡♥t❛♠ ❛s t❡♥sõ❡s ♥♦s r❡s♣❡❝t✐✈♦s ❝❛♣❛❝✐t♦r❡s ♥♦ ✐♥st❛♥t❡

✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡r✐♦r à ❝♦♠✉t❛çã♦ ❞❡ b4✳ ❈♦♠♦ ♥♦ ✐♥st❛♥t❡ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♥t❡r✐♦r à

❝♦♠✉t❛çã♦ ❞❡ b4 ❛ t❡♥sã♦ ❡♠ t♦❞♦s ♦s ❝❛♣❛❝✐t♦r❡s ❡r❛ −Vin✱ t❡♠♦s q✉❡ V1 = V2 = −Vin✳

❆ s♦❧✉çã♦ ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ r❡s✉❧t❛ ❡♠✿

Vx(φ3.1) = −Vin +
VREF

2
✭❆✳✷✮

❖✉ s❡❥❛✱ s❡ Vin > VREF/2✱ Vx s❡rá ♥❡❣❛t✐✈♦ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♠♣❛r❛❞♦r r❡s✉❧t❛rá ❡♠ ♥í✈❡❧

❧ó❣✐❝♦ ✬✶✬✳ ❈❛s♦ ❝♦♥trár✐♦✱ ✐st♦ é✱ s❡ Vin < VREF/2✱ Vx s❡rá ♣♦s✐t✐✈♦ ❡ ❛ s❛í❞❛ ❞♦ ❝♦♠♣❛r❛❞♦r

r❡s✉❧t❛rá ❡♠ ♥í✈❡❧ ❧ó❣✐❝♦ ✬✵✬✳ ❈♦♠♦ ❡ss❡ t❡st❡ r❡✈❡❧❛ s❡ ❛ t❡♥sã♦ ❞❡ ❡♥tr❛❞❛ ✭Vin✮ ❡stá ♥❛

♠❡t❛❞❡ ✐♥❢❡r✐♦r ♦✉ s✉♣❡r✐♦r ❞❛ ❋❛✐①❛ ❞❡ ❋✉♥❞♦ ❞❡ ❊s❝❛❧❛ ✭FSR = VREF ✮✱ ❛ r❡s♣♦st❛ ❞♦

❝♦♠♣❛r❛❞♦r ✐♥❞✐❝❛ ❞✐r❡t❛♠❡♥t❡ ♦ ♥í✈❡❧ ❧ó❣✐❝♦ ❞♦ ▼❙❇✱ ♥❡st❡ ❝❛s♦✱ b4✳ ❆♣ós ❛ ❞❡t❡r♠✐♥❛çã♦



❛✳✷ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞♦ ❝♦♥✈❡rs♦r ✶✺✽

❞♦ ▼❙❇✱ ❛ ❯♥✐❞❛❞❡ ❞❡ ❈♦♥tr♦❧❡ ❞♦ ❝♦♥✈❡rs♦r ❞❡✈❡rá ❝♦♠✉t❛r ❛ ❝❤❛✈❡ b4 ❞❡ ✈♦❧t❛ ♣❛r❛ ♦

t❡rr❛ ❝❛s♦ ♦ ❜✐t b4 t❡♥❤❛ s✐❞♦ ❝♦♥s✐❞❡r❛❞♦ ✐❣✉❛❧ ❛ ③❡r♦✳

✭❛✮ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡
♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ ▼❙❇✳

✭❜✮ ❈✐r❝✉✐t♦
❡q✉✐✈❛❧❡♥t❡ ♣❛r❛
▼❙❇❂✵✳

✭❝✮ ❈✐r❝✉✐t♦
❡q✉✐✈❛❧❡♥t❡ ♣❛r❛
▼❙❇❂✶✳

❋✐❣✉r❛ ❆✳✶✵ ✕ ❈✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ❛rr❛♥❥♦ ❝❛♣❛❝✐t✐✈♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ b4 ❡ b3✳

◆♦ s❡❣✉♥❞♦ ❡stá❣✐♦ ♦ ❝♦♥✈❡rs♦r ❞❡t❡r♠✐♥❛ ♦ ♥í✈❡❧ ❧ó❣✐❝♦ ❞♦ s❡❣✉♥❞♦ ❜✐t ♠❛✐s

s✐❣♥✐✜❝❛t✐✈♦ ✭b3✱ ♥❡st❡ ❝❛s♦✮✳ P❛r❛ ✐st♦ ❛ ❝❤❛✈❡ b3 é ❝♦♠✉t❛❞❛ ♣❛r❛ ♦ VREF+✱ ❝♦♥❢♦r♠❡

✐♥❞✐❝❛❞♦ ♥❛ ❋✐❣✉r❛ ❆✳✶✶✳ ❙❡ ❛ r❡s♣♦st❛ ❞♦ ❡stá❣✐♦ ❛♥t❡r✐♦r r❡s✉❧t♦✉ ❡♠ b4 = 0✱ ♦

❝❛♣❛❝✐t♦r ❞❡ ♠❛✐♦r ✈❛❧♦r ❢♦✐ ❝♦♥❡❝t❛❞♦ ❛♦ t❡rr❛ ❡ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❞♦ ❛rr❛♥❥♦

❝❛♣❛❝✐t✐✈♦ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞♦ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ❆✳✶✵✭❜✮✳ ❉♦ ❡stá❣✐♦ ❛♥t❡r✐♦r t❡♠♦s q✉❡

V1 = Vin + VREF/2 ❡ V2 = V3 = −Vin + VREF/2✳ ❆ s♦❧✉çã♦ ❞♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡✱ ♣❛r❛

❡ss❡s ✈❛❧♦r❡s r❡s✉❧t❛ ❡♠✿

Vx(φ3.2) = −Vin +
VREF

4
✭❆✳✸✮

❋✐❣✉r❛ ❆✳✶✶ ✕ ❊t❛♣❛ ❞❡ ✧❘❡❞✐str✐❜✉✐çã♦✧✭t = φ3.2✮✳

❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ♣❛r❛ ♦ ❝❛s♦ ❡♠ q✉❡ ❛ r❡s♣♦st❛ ❞♦ ❡stá❣✐♦ ❛♥t❡r✐♦r r❡s✉❧t♦✉ ❡♠ b4 = 1✱

♦ ❝❛♣❛❝✐t♦r ❞❡ ♠❛✐♦r ✈❛❧♦r ♣❡r♠❛♥❡❝❡✉ ❝♦♥❡❝t❛❞♦ ❛♦ VREF ❡ ♦ ❝✐r❝✉✐t♦ ❡q✉✐✈❛❧❡♥t❡ ❛rr❛♥❥♦



❛✳✷ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞♦ ❝♦♥✈❡rs♦r ✶✺✾

❝❛♣❛❝✐t✐✈♦ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞♦ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ❆✳✶✵✭❝✮✳ P❛r❛ ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❞❛s V1

à V3✱ ❝✐t❛❞♦s ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ s♦❧✉çã♦ ❞♦ ♠♦❞❡❧♦ r❡s✉❧t❛ ❡♠✿

Vx(φ3.2) = −Vin +
VREF

2
+

VREF

4
✭❆✳✹✮

▼❛✐s ✉♠❛ ✈❡③✱ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♥í✈❡❧ ❧ó❣✐❝♦ ❞♦ ❜✐t b3 s❡rá ❢❡✐t❛ ❞✐r❡t❛♠❡♥t❡ ♣❡❧♦ ♥í✈❡❧

❧ó❣✐❝♦ ❞❛ s❛í❞❛ ❞♦ ❝♦♠♣❛r❛❞♦r✱ ❞❡✈❡♥❞♦ ❛ ❝❤❛✈❡ b3 s❡r r❡❝♦♥❡❝t❛❞❛ ❛♦ t❡rr❛ ❝❛s♦ ♦

r❡s✉❧t❛❞♦ s❡❥❛ ✬✵✬✳

❖ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡rsã♦ ♣r♦❝❡❞❡ ❞❛ ♠❡s♠❛ ❢♦r♠❛ ♥♦s ❡stá❣✐♦s s❡❣✉✐♥t❡s✱ ❞❡ ♠❛♥❡✐r❛

q✉❡ ❛ t❡♥sã♦ Vx ♣❛r❛ ✉♠ ❝♦♥❥✉♥❥♦ q✉❛❧q✉❡r ❞❡ N ❜✐ts ♣♦❞❡ s❡r ❣❡♥❡r❛❧✐③❛❞❛ ❝♦♠♦✿

Vx = −Vin + VREF

N
∑

i=1

(

bN−i

2i

)

✭❆✳✺✮

➱ ✐♠♣♦rt❛♥t❡ ♥♦t❛r q✉❡ ❞✉r❛♥t❡ t♦❞❛ ❛ ❡t❛♣❛ ❞❡ ✧❘❡❞✐str✐❜✉✐çã♦✧✱ ❛ ❝❛r❣❛ t♦t❛❧ ♥❛s

♣❧❛❝❛s s✉♣❡r✐♦r❡s ❞♦s ❝❛♣❛❝✐t♦r❡s ✭♣❧❛❝❛s ❝♦♥❡❝t❛❞❛s ❛♦ ♥ó Vx✮ ♣❡r♠❛♥❡❝❡ ✐❣✉❛❧ ❛ −2CVin

✭▼❈❈❘❊❆❘❨❀ ●❘❆❨✱ ✶✾✼✺✮✳ ❆♦ ✜♥❛❧ ❞❛ ❝♦♥✈❡rsã♦ ❛ ❝❛r❣❛ t♦t❛❧ ❡st❛rá ❞✐str✐❜✉í❞❛ ❡♥tr❡

♦s ❝❛♣❛❝✐t♦r❡s ❝♦♥❡❝t❛❞♦s ❛♦ t❡rr❛ ❡ ♦s ❝♦♥❡❝t❛❞♦s à VREF ✳ ❙❛❜❡♥❞♦ q✉❡ ❛ ❝❛r❣❛ ❡♠ ✉♠

❝❛♣❛❝✐t♦r é ❞❛❞❛ ♣♦r Q = CV ❡ t♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ❛ ❊q✉❛çã♦ ❆✳✺✱ ♣♦❞❡✲s❡ ❞❡✜♥✐r ❛

❝❛r❣❛ ♥❛ ♣❧❛❝❛ s✉♣❡r✐♦r ❞♦s ❝❛♣❛❝✐t♦r❡s ❝♦♥❡❝t❛❞♦s ❛ VREF ❝♦♠♦✿

QH = C(VREF − Vx)
N
∑

i=1

(

bN−i

2i−1

)

✭❆✳✻✮

❉❡ ❢♦r♠❛ ❝♦♠♣❧❡♠❡♥t❛r✱ ❛ ❝❛r❣❛ ♥❛ ♣❧❛❝❛ s✉♣❡r✐♦r ❞♦s ❝❛♣❛❝✐t♦r❡s ❝♦♥❡❝t❛❞♦s ❛♦ t❡rr❛

♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ♣♦r✿

QL = CVx

[

N
∑

i=1

(

1− bN−i

2i−1

)

+
1

2n−1

]

✭❆✳✼✮
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