
❆♥❛❧②s✐s ❛♥❞ ❉❡s✐❣♥ ♦❢

❲✐❞❡❜❛♥❞ ❱♦❧t❛❣❡ ❈♦♥tr♦❧❧❡❞ ❖s❝✐❧❧❛t♦rs

✉s✐♥❣ ❙❡❧❢✲❖s❝✐❧❧❛t✐♥❣ ❆❝t✐✈❡ ■♥❞✉❝t♦rs

❜②

●r③❡❣♦r③ ❙③❝③❡♣❦♦✇s❦✐✱ ❇✳ ❊✳ ❊♥❣✳

❆ t❤❡s✐s s✉❜♠✐tt❡❞ ✐♥ ❢✉❧✜❧❧♠❡♥t

♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❞❡❣r❡❡ ♦❢

❉♦❝t♦r ♦❢ P❤✐❧♦s♦♣❤②

✐♥

❉❡♣❛rt♠❡♥t ♦❢ ❊❧❡❝tr♦♥✐❝ ❊♥❣✐♥❡❡r✐♥❣

◆❛t✐♦♥❛❧ ❯♥✐✈❡rs✐t② ♦❢ ■r❡❧❛♥❞✱ ▼❛②♥♦♦t❤

❈♦✳ ❑✐❧❞❛r❡

■r❡❧❛♥❞

✷✾t❤ ❖❝t♦❜❡r✱ ✷✵✶✵

❙✉♣❡r✈✐s♦r✿ ❉r✳ ❘♦♥❛♥ ❋❛rr❡❧❧

❍❡❛❞ ♦❢ ❉❡♣❛rt♠❡♥t✿ ❉r✳ ❙❡á♥ ▼❝❧♦♦♥❡



❚♦ ♠② ✇✐❢❡ ❊❧❛ ❢♦r s❛✈✐♥❣ ♠② ❧✐❢❡ ❡✈❡r② s✐♥❣❧❡ ❞❛② ✇❡ ❛r❡ t♦❣❡t❤❡r✳

❚♦ ♠② s✐st❡r ❏✉st②♥❛ ❢♦r ❜❡✐♥❣ t❤❡ ❣r❡❛t❡st s✐st❡r ♦♥❡ ❝❛♥ ❤❛✈❡✳

❚♦ ♠② ▼✉♠ ❉❛♥✉t❛ ❛♥❞ ♠② ❉❛❞ ❏ó③❡❢ ❢♦r ❛❧✇❛②s ❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡✳



P❛❞❛➣ ✐ ✇st❛✇❛➣✱

♣❛❞❛➣ ✐ ✇st❛✇❛➣✱

♣❛❞❛➣ ✐ ✇st❛✇❛➣✱

♣❛❞❛➣ ✐ ✇st❛✇❛➣ ✕ ✐ ✇st❛➣✦

✏Pr③②♣♦✇✐❡➧➣ ♦ ➧❧❡♣❝❛❝❤✑

❏❛❝❡❦ ❑❛❝③♠❛rs❦✐

❚♦ ❜❡ ❢❛❧❧✐♥❣ ❛♥❞ r✐s✐♥❣✱

❢❛❧❧✐♥❣ ❛♥❞ r✐s✐♥❣✱

❢❛❧❧✐♥❣ ❛♥❞ r✐s✐♥❣✱

❢❛❧❧✐♥❣ ❛♥❞ r✐s✐♥❣ ✕ ❛♥❞ r✐s❡✦∗

✏❚❤❡ P❛r❛❜❧❡ ♦❢ t❤❡ ❇❧✐♥❞✑

❏❛❝❡❦ ❑❛❝③♠❛rs❦✐

∗ ❚r❛♥s❧❛t✐♦♥✱ ❝♦✉rt❡s② ♦❢ ❉r✳ ❊✇❛ ❘❛❥❡✇s❦❛✱

❆❞❛♠ ▼✐❝❦✐❡✇✐❝③ ❯♥✐✈❡rs✐t②✱ P♦③♥❛➠✱ P♦❧❛♥❞✳



❆❜str❛❝t

❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs ✭❱❈❖s✮ ❛r❡ ❡ss❡♥t✐❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ ❘❋ ❝✐r❝✉✐ts ✉s❡❞ ✐♥

tr❛♥s♠✐tt❡rs ❛♥❞ r❡❝❡✐✈❡rs ❛s s♦✉r❝❡s ♦❢ ❝❛rr✐❡r ✇❛✈❡s ✇✐t❤ ✈❛r✐❛❜❧❡ ❢r❡q✉❡♥❝✐❡s✳ ❚❤✐s✱ t♦✲

❣❡t❤❡r ✇✐t❤ ❛ r❛♣✐❞ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ♠✐❝r♦❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts✱ ❧❡❞ t♦ ❛♥ ❡①t❡♥s✐✈❡ r❡s❡❛r❝❤

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

t♦ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥ ❡♠♣❧♦②s r❡s♦♥❛t♦rs ✇✐t❤ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✕ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts s✐♠✲

✉❧❛t✐♥❣ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ✉s✐♥❣ ♦♥❧② tr❛♥s✐st♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs✳ ❙✉❝❤

r❡s♦♥❛t♦rs ♦❝❝✉♣② ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ t❤❡ s✐❧✐❝♦♥ ❛r❡❛ ♥❡❝❡ss❛r② ❢♦r ❛ ♣❛ss✐✈❡ ✐♥❞✉❝t♦r✱

❛♥❞ t❤✉s ❛❧❧♦✇ t♦ ✉s❡ ❝❤✐♣ ❛r❡❛ ♠♦r❡ ❡✛❡❝t✐✈❡❧②✳ ❚❤❡ ❞♦✇♥s✐❞❡s ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❛♣♣r♦❛❝❤ ✐♥❝❧✉❞❡✿ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ♥♦✐s❡ ✐♥tr♦❞✉❝❡❞ ❜② tr❛♥s✐st♦rs✳

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ ♥❡✇ ❛♣♣r♦❛❝❤ t♦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥ ✉s✐♥❣ s❡❧❢✲

♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✳ ❚❤❡ ✐♥st❛❜✐❧✐t② ♥❡❝❡ss❛r② t♦ st❛rt ♦s❝✐❧❧❛t✐♦♥s ✐s

♣r♦✈✐❞❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❛ ♣❛ss✐✈❡ ❘❈ ♥❡t✇♦r❦ r❛t❤❡r t❤❛♥ ❛ ♣♦✇❡r ❝♦♥s✉♠✐♥❣ ❡①t❡r♥❛❧

❝✐r❝✉✐t ❡♠♣❧♦②❡❞ ✐♥ t❤❡ st❛♥❞❛r❞ ♦s❝✐❧❧❛t♦r ❛♣♣r♦❛❝❤✳ ❆s ❛ r❡s✉❧t✱ t♦t❛❧ ♣♦✇❡r ❝♦♥✲

s✉♠♣t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ✐♠♣r♦✈❡❞✳ ❆❧t❤♦✉❣❤✱ s♦♠❡ ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✇✐t❤

❘❈ ❝✐r❝✉✐ts ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ t❤❡r❡ ❤❛s ❜❡❡♥ ♥♦ ❛tt❡♠♣t t♦ ✉t✐❧✐s❡

t❤✐s t❡❝❤♥✐q✉❡ ✐♥ ✇✐❞❡❜❛♥❞ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡

❞✐ss❡rt❛t✐♦♥ ♣r❡s❡♥ts ❛ t❤♦r♦✉❣❤ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✱

♣r♦✈✐❞✐♥❣ ❛ ♥❡✇ s❡t ♦❢ ❞❡s✐❣♥ r✉❧❡s ❛♥❞ r❡❧❛t❡❞ tr❛❞❡✲♦✛s✳ ❚❤✐s ✐♥❝❧✉❞❡s✿ ❛ ❝♦♠♣❧❡t❡

s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✱ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✱ ❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r✲

❝✉✐t ❛♥❞ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧✳ ❚❤❡ ♣r❡s❡♥t❡❞ t❤❡♦r② ✐s ❝♦♥✜r♠❡❞ ❜② ❡①t❡♥s✐✈❡ s✐♠✉❧❛t✐♦♥s

♦❢ ✇✐❞❡❜❛♥❞ ❈▼❖❙ ❱❈❖ ❝✐r❝✉✐t ❢♦r ✈❛r✐♦✉s t❡♠♣❡r❛t✉r❡s ❛♥❞ ♣r♦❝❡ss ✈❛r✐❛t✐♦♥s✳ ❚❤❡

✐



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

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

❛❝t✐✈❡ ✐♥❞✉❝t♦r ❤❛s ❜❡❡♥ ❡♠♣❧♦②❡❞ t♦ s✐♠♣❧❡ ❛♥❞ ❢❛st ❖❖❑ ✭❖♥✲❖✛ ❑❡②✐♥❣✮ tr❛♥s♠✐tt❡r

s❤♦✇✐♥❣ ❡♥❡r❣② ❡✣❝✐❡♥❝② ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ✐♠♣❧❡♠❡♥t❛t✐♦♥s r❡♣♦rt❡❞

✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳

✐✐



❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❆❧t❤♦✉❣❤ t❤✐s ❞✐ss❡rt❛t✐♦♥ ✐s ♠② ♦✇♥ ✇♦r❦ ✐t ✇♦✉❧❞ ♥♦t ❜❡ ♣♦ss✐❜❧❡ t♦ ❝♦♠♣❧❡t❡ ✐t

✇✐t❤♦✉t t❤❡ ❤❡❧♣ ♦❢ ♦t❤❡r ♣❡♦♣❧❡✳ ▲❡t t❤✐s ♣❛r❛❣r❛♣❤ ❜❡ ♠② ♦✇♥ ✇❛② t♦ t❤❛♥❦ t❤♦s❡

✇❤♦ ❝♦♥tr✐❜✉t❡❞ ♦r s✉♣♣♦rt❡❞ ♠❡ ❛❧♦♥❣ t❤❡ ✇❛②✳ ❙♦ t❤❡r❡ ✐t ✐s✳

❆❧❧ ②♦✉ ❝❛♥ s❡❡ ❤❡r❡ ✇♦✉❧❞ ♥♦t ❜❡ ♣♦ss✐❜❧❡ ✇✐t❤♦✉t ❉r✳ ❘♦♥❛♥ ❋❛rr❡❧❧✱ t❤❡ ♣r♦❥❡❝t

s✉♣❡r✈✐s♦r✳ ❍❡ ❣❛✈❡ ♠❡ ❛ ❝❤❛♥❝❡ t♦ ✇♦r❦ ❛t ◆❯■ ▼❛②♥♦♦t❤ ❛♥❞ ✇❛s ❜♦t❤ s✉♣♣♦rt✐✈❡

❛♥❞ ♠♦t✐✈❛t✐♥❣✳ ■ ❞♦ ♥♦t r❡❝❛❧❧ ❡①❛❝t❧② ❤♦✇ ♠❛♥② t✐♠❡s ❤❡ ❝♦♥✈✐♥❝❡❞ ♠❡ t♦ ❝♦♥t✐♥✉❡✱

❛♥❞ ❤❡ ✇❛s r✐❣❤t ✲ ✐t ✇❛s ❛❧❧ ✇♦rt❤ ✐t✳ ◆✉♠❡r♦✉s t✐♠❡s ❤❡ ♣r♦✈✐❞❡❞ ♠❡ ✇✐t❤ ❝♦♥str✉❝t✐✈❡

❝r✐t✐❝✐s♠ ❛♥❞ ❛❝t❡❞ ❛s t❤❡ ♠❛✐♥ ❡❞✐t♦r ♦❢ t❤✐s ❞✐ss❡rt❛t✐♦♥✳ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❤✐♠

❢♦r ♠❛❦✐♥❣ t❤✐s ♣r♦❥❡❝t ❤❛♣♣❡♥✳

◆❡①t ♣❡rs♦♥ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ✐s ❉r✳ ▼❛tt❤✐❡✉ ❋✐❧❧❛✉❞✳ ❋❡✇ ②❡❛rs ❛❣♦ ❤❡ ❝♦♥✲

✈✐♥❝❡❞ ♠❡ t♦ ✉s❡ ▲❆❚❊❳ ❛♥❞ ❊♠❛❝s t♦ ♣r♦❞✉❝❡ ❤✐❣❤ q✉❛❧✐t② ♣✉❜❧✐❝❛t✐♦♥s ✭✐❢ ❛♥②❜♦❞② ❤❛s

❡✈❡r ❞♦♥❡ ✐t t❤❡r❡ ✐s r❡❛❧❧② ♥♦ ✇❛② ❜❛❝❦ t♦ ❛♥② ❲❨❙■❲❨● t②♣❡ ♦❢ t❡①t ❡❞✐t♦r✮✳ ❚❤❛♥❦s

t♦ ❤✐♠ ■ st❛rt❡❞ t♦ ✉s❡ ▼✹ ❈✐r❝✉✐t ▼❛❝r♦s t♦ ♣r♦❞✉❝❡ ❝✐r❝✉✐t s❝❤❡♠❛t✐❝s ♣r❡s❡♥t❡❞ ✐♥

t❤✐s ✇♦r❦✳ ❍❡ s❤♦✇❡❞ ♠❡ t♦♥s ♦❢ ✈❛r✐♦✉s t✐♣s ❛♥❞ tr✐❝❦s ✐♥ ▲✐♥✉①✳ ❲❡ ❤❛❞ ❧♦ts ♦❢ ❝r✉❝✐❛❧

❞✐s❝✉ss✐♦♥s ♦♥ ❈▼❖❙ ❞❡s✐❣♥ ❛♥❞ ❧❛②♦✉t✱ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ❛♥❞ ❱❈❖s✱ ❛s ▼❛tt❤✐❡✉ ❤❛s

❛❧s♦ ♠❛st❡r❡❞ t❤❡s❡ ❛r❡❛s✳ ▼❛tt❤✐❡✉✱ ■ ✇❛♥t t♦ t❤❛♥❦ ②♦✉ ❢♦r ❡✈❡r②t❤✐♥❣ ②♦✉ ❞✐❞ t♦ ❤❡❧♣

♠❡ ✇✐t❤ t❤❡ ♣r♦❥❡❝t✳

❙♣❡❝✐❛❧ t❤❛♥❦s t♦ ▼✐❝❤❛❡❧ ❙♦✉❞❛♥✱ ✏❩❡❡ ●❡r♠❛♥✑ ✇❤♦ ✇❛s ♠②▼❛t❧❛❜ ❣✉r✉✱ ❤❡❧♣❡❞

♠❡ ♦♥ ❝♦✉♥t❧❡ss ♦❝❝❛s✐♦♥s ✇✐t❤ ❝❛❧❝✉❧❛t✐♦♥ ♣r♦❜❧❡♠s ✭❛❧t❤♦✉❣❤ ❦♥♦✇✐♥❣ ▼✐❝❤❛❡❧✱ ❛s

♠♦❞❡st ♣❡rs♦♥ ❛s ❤❡ ✐s✱ ❤❡ ♣r♦❜❛❜❧② ✇✐❧❧ ❞❡♥② ♠♦st ♦❢ ❤✐s ❝♦♥tr✐❜✉t✐♦♥✮✳ ❇❡✐♥❣ ♠②

✏❜r♦t❤❡r ✐♥ ❛r♠s✑ ♦♥ t❤❡ ♣♦st❣r❛❞✉❛t❡ ❢r♦♥t✱ ❤❡ ❤❡❧♣❡❞ ♠❡ ❛ ❧♦t t♦ ❝♦♣❡ ✇✐t❤ t❤❡ str❡ss

✐✐✐



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

♠❡✳ ▼✐❝❤❛❡❧✱ ■ ✇❛♥t t♦ t❤❛♥❦ ②♦✉ ❢♦r ②♦✉r ✉♥❝♦♥❞✐t✐♦♥❛❧ s✉♣♣♦rt ♦✈❡r t❤❡s❡ ❢❡✇ ②❡❛rs

✇❡ ✇♦r❦❡❞ t♦❣❡t❤❡r✳

❲✐t❤♦✉t ▼❛tt❤✐❡✉ ❛♥❞ ▼✐❝❤❛❡❧ ❝♦✛❡❡ ❛♥❞ ❧✉♥❝❤ ❜r❡❛❦s ❛r❡ ♥♦t t❤❡ s❛♠❡✳

❚❤✐s ✇♦r❦ ✇♦✉❧❞ ♥♦t ❜❡ ♣♦ss✐❜❧❡ ✇✐t❤♦✉t ♠② t✇♦ ❤✐❣❤ s❝❤♦♦❧ t❡❛❝❤❡rs ✇❤♦ ■ ♠❡t ②❡❛rs

❛❣♦✳ ▼r✳ ❉❛r✐✉s③ ❈❤❛r③②➠s❦✐ ✇❤♦ t❛✉❣❤t ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts ✭②❡s✱ ■ ❣r❛❞✉❛t❡❞ t❡❝❤♥✐❝❛❧

s❡❝♦♥❞❛r② s❝❤♦♦❧✮✱ ❞✐❞ ✐t s♦ ✇❡❧❧✱ t❤❛t ❞✉r✐♥❣ ♠② st✉❞✐❡s ❛t ✉♥✐✈❡rs✐t② ✐♥ P♦❧❛♥❞ ■ ❝♦✉❧❞

❡❛s✐❧② s♦❧✈❡ ♠❛♥② ♦❢ t❤❡ ❡①❛♠ ♣r♦❜❧❡♠s✳ ❚❤❛♥❦ ②♦✉ ✈❡r② ♠✉❝❤ ❢♦r t❤❛t✳ ❚❤❡ s❡❝♦♥❞

♣❡rs♦♥ ✐s t❤❡ ❧❛t❡ ▼r ❲✐❡s➟❛✇ ❉♦❜♦s③ ✇❤♦ ✇❛s ♠② ♠❛t❤❡♠❛t✐❝s t❡❛❝❤❡r✳ ❍❡ ✇❛s t❤❡

✜rst t❡❛❝❤❡r t♦ ♣r♦✈❡ t♦ ♠❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❤♦♠❡✇♦r❦ ❛♥❞ s❡❧❢ st✉❞②✳ ❚❤✐s✱ ■ ❜❡❧✐❡✈❡✱

❤❡❧♣❡❞ ♠❡ t♦ ❜❡❝♦♠❡ ♦♥❡ ♦❢ t❤❡ ❜❡st st✉❞❡♥ts ✐♥ ♠② ❝❧❛ss ❛♥❞ s✉❜s❡q✉❡♥t❧② ❧❡❞ ♠❡ t♦

t❤❡ ❞♦❝t♦r❛❧ ❞❡❣r❡❡✳ ❚❤❛♥❦ ②♦✉ ✈❡r② ♠✉❝❤ ❢♦r ❛❧❧ ②♦✉ ❞✐❞ ❜❛❝❦ t❤❡♥✳

❋♦r ❛❧❧ t❤❡s❡ ②❡❛rs✱ ❛❧❧ ♦❢ ♠② ❢r✐❡♥❞s s✉♣♣♦rt❡❞ ♠❡ ❛❧♦♥❣ t❤❡ ✇❛②✳ ■ ✇♦✉❧❞ ❧✐❦❡ t♦

t❤❛♥❦ ❆❣♥✐❡s③❦❛ ❑❛s♣r③②❦ ❢♦r ❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡ ✐♥ ✶✾✾✾ ✇❤❡♥ ■ r❡❛❧❧② ♥❡❡❞❡❞ ✐t✳ ■ ✇✐❧❧

♥❡✈❡r ❢♦r❣❡t t❤❛t✳ ■ ❦♥♦✇ s✐♥❝❡ s❤❡ ♠♦✈❡❞ t♦ ❊♥❣❧❛♥❞ ❛♥❞ ❜❡❝❛♠❡ ❛ ♠✉♠ ✇❡ ❞♦ ♥♦t

❤❛✈❡ ♠❛♥② ♦❝❝❛s✐♦♥s t♦ ♠❡❡t ❛♥❞ t❛❧❦ ✐♥ ♣❡rs♦♥✳ ❇✉t ✇❤❛t❡✈❡r ❤❛♣♣❡♥s ■ ❦♥♦✇ t❤❡r❡

✐s ❛t ❧❡❛st ♦♥❡ ♣❡rs♦♥ ✇✐❧❧✐♥❣ t♦ t❛❧❦ t♦ ♠❡ ✲ ❛♥❞ t❤✐s ✐s ❆❣♥✐❡s③❦❛✳ ❚❤❛♥❦ ②♦✉ ❢♦r t❤❛t✳

❑❛♠✐❧ ❈③❛❥❦❛✱ ✇❤♦ ❜❡❝♦♠❡ ❛ ♣❤✐❧♦s♦♣❤❡r ❛♥❞ ♠❛t❤❡♠❛t✐❝✐❛♥ ❧♦♥❣ ❜❡❢♦r❡ ❤❡ ❛❝t✉❛❧❧②

❣r❛❞✉❛t❡❞ ❜♦t❤ ✭s✐❝✦✮✱ ✇❛s ❛❧✇❛②s r❡❛❞② t♦ ❧✐st❡♥ ✇❤❡♥ ■ ♥❡❡❞❡❞ t♦ t❛❧❦✳ ❆❧t❤♦✉❣❤ ■ ❤❛✈❡

❦♥♦✇♥ ❑❛♠✐❧ ❢♦r ②❡❛rs✱ ❤❡ ❤❛s ♥♦t ❝❤❛♥❣❡❞ ❛ ❜✐t✱ ❛❧✇❛②s ❜❡✐♥❣ ❤♦♥❡st ❛♥❞ s✉♣♣♦rt✐✈❡✳

❚❤❛♥❦ ②♦✉ ❢♦r ❡✈❡r②t❤✐♥❣✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ♣❡♦♣❧❡ t❤❛t ❤❡❧♣❡❞ ♠② ✐♥ ✈❛r✐♦✉s ✇❛②s✳ ■♥ ♠② ✜rst ❞❛②s

✐♥ ▼❛②♥♦♦t❤✱ ❇❛r❜❛r❛ ❲❛❧s❤ ❛♥❞ ▲✐✈✐❛ ❘✉✐③ ❤❡❧♣❡❞ ♠❡ ❛❞❛♣t✐♥❣ t♦ ❛ ♥❡✇ ❡♥✈✐r♦♥✲

♠❡♥t✳ ❇❡❢♦r❡ ■ ❝♦✉❧❞ ❜✉② ❛ ❝❛r✱ ❢♦r ❛❧♠♦st ✻ ♠♦♥t❤s ■ ✇❛s ❝❛r♣♦♦❧✐♥❣ ❡✈❡r② ❞❛② ✇✐t❤

▼❛❣❞❛ ❙❛♥❝❤❡③ ❢♦r ❢r❡❡✳ ●❡r ❇❛❧❞✇✐♥ ❝♦♥✈✐♥❝❡❞ ♠❡ t♦ ✇r✐t❡ ♠② ✜rst ♣❛♣❡r✳ ❉r✳ ▲✉✲

❞♦✈✐❝ ❇❛rr❛♥❞♦♥✱ ❉r✳ ❆✐❞❛♥ ❑❡❛❞② ✭✇❤♦ ❛❧s♦ ❛♥s✇❡r❡❞ t♦♥s ♦❢ ❈▼❖❙ r❡❧❛t❡❞ q✉❡s✲

t✐♦♥s✮✱ ❉✐❛r♠✉✐❞ ❈♦❧❧✐♥s✱ Pr❛❦❛s❤ ❙r✐♥✐✈❛s❛♥✱ ❛♥❞ ❏♦❛♥♥❛ ❖✬●r❛❞② ✭✇❤♦ ❤❡❧♣❡❞ ♠❡ ❛

❧♦t ✇✐t❤ r❡❣✐str❛t✐♦♥ ♣r♦❝❡ss ❡✈❡r② ②❡❛r✮✳ ❆❧❧ ♦❢ ②♦✉ ❛♥❞ t❤❡ ♦t❤❡rs ❢r♦♠ t❤❡ ❈❛❧❧❛♥

■♥st✐t✉t❡ ✲ ✐t ✇❛s ❛ tr✉❡ ❤♦♥♦✉r t♦ ✇♦r❦ ✇✐t❤ ②♦✉ ❛❧❧✳

✐✈



❙♣❡❝✐❛❧ t❤❛♥❦s t♦ Pr♦❢✳ ❊❞✇❛r❞ ❇❛❧❝❡r③❛♥ ❛♥❞ ❉r✳ ❊✇❛ ❘❛❥❡✇s❦❛ ❢r♦♠ ❆❞❛♠ ▼✐❝❦✲

✐❡✇✐❝③ ❯♥✐✈❡rs✐t② ♦❢ P♦③♥❛➠ ❢♦r ❊♥❣❧✐s❤ tr❛♥s❧❛t✐♦♥ ♦❢ t❤❡ ❡♣✐❣r❛♣❤ ♣r❡s❡♥t❡❞ ❛t t❤❡

❜❡❣✐♥♥✐♥❣ ♦❢ t❤✐s t❤❡s✐s✳ ❆s ❏❛❝❡❦ ❑❛❝③♠❛rs❦✐ ✇❛s✱ ✐♥ ♠② ♦♣✐♥✐♦♥✱ ❛ ❣❡♥✐✉s ♣♦❡t ❛♥❞

s✐♥❣❡r✱ ■ ❛♠ ♠♦r❡ t❤❛♥ ❤❛♣♣② t♦ s❤❛r❡ ❤✐s t❤♦✉❣❤ts ✇✐t❤ t❤❡ ❊♥❣❧✐s❤ s♣❡❛❦✐♥❣ ✇♦r❧❞✳

❚❤❛♥❦ ②♦✉ ✈❡r② ♠✉❝❤ ❢♦r ②♦✉r ❤❡❧♣✳

❋✐♥❛❧❧②✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss t❤❛♥❦s t♦ ♠② ❋❛♠✐❧②✳ ❲✐t❤♦✉t t❤❡✐r s✉♣♣♦rt ❛❧❧ ♦❢

t❤✐s ❝♦✉❧❞ ♥♦t ❜❡ ❡✈❡♥ st❛rt❡❞✳ ▼② ♣❛r❡♥ts ❉❛♥✉t❛ ❛♥❞ ❏ó③❡❢ ✇♦r❦❡❞ ❤❛r❞ t♦ ♣r♦✈✐❞❡

❢♦r ♠❡ ❛♥❞ ♠② s✐st❡r✳ ❚❤❛♥❦s t♦ t❤❡♠ ■ ✇❛s ❛❧✇❛②s ❛❜❧❡ t♦ ❢♦❝✉s ♦♥ ♠② ❡❞✉❝❛t✐♦♥✱

♥❡✈❡r ✇♦rr②✐♥❣ ❛❜♦✉t t❤❡ ✜♥❛♥❝✐❛❧ s✐❞❡ ♦❢ ✐t✳ ❚❤❡② ❛❧✇❛②s s✉♣♣♦rt❡❞ ♠❡✱ ♣r❛②❡❞ ❢♦r

♠❡✱ ❤❡❧♣❡❞ ♠❡ t♦ ❝♦♣❡ ✇✐t❤ ❜❡✐♥❣ ❛❜r♦❛❞ ❛♥❞ ❝r❡❛t❡❞ ❛ ❤♦♠❡ t❤❛t✱ ✇❤❛t❡✈❡r ❤❛♣♣❡♥s✱

■ ❝❛♥ ❛❧✇❛②s ❣♦ ❜❛❝❦ t♦ ✭❛❧t❤♦✉❣❤ t❤❡✐r ❜❧❛❝❦ ❝❛t ■✇♦ t♦♦❦ ♦✈❡r ♠② r♦♦♠ ❢♦r ♥♦✇✮✳ ▼②

s✐st❡r ❏✉st②♥❛ ✇❛s ❛❧✇❛②s r❡❛❞② t♦ ❝❤❡❡r ♠❡ ✉♣ ❛♥❞ ✈✐s✐t❡❞ ♠❡ ❡✈❡r② s✐♥❣❧❡ ②❡❛r t♦ ♠❛❦❡
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▲✐st ♦❢ ❋✐❣✉r❡s

✺✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ ❛♥ ♦✉t♣✉t ❝✉rr❡♥t ✐♥ ❛ ♥♦♥✲❧✐♥❡❛r ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r ✇✐t❤

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

✺✳✷ ❆♣♣r♦①✐♠❛t✐♦♥s ♦❢ ❛ s❤♦rt✲❝❤❛♥♥❡❧ ◆▼❖❙ tr❛♥s❢❡r ❝✉r✈❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✺✳✸ ❋❛✐❧❡❞ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ s❛t✉r❛t❡❞ ❢✉♥❝t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✺✳✹ ◆♦♥✲❧✐♥❡❛r s②st❡♠ r❡♣r❡s❡♥t❛t✐♦♥ ✉s✐♥❣ ♥✲t❤ ♦r❞❡r ❱♦❧t❡rr❛ ❢✉♥❝t✐♦♥❛❧ s❡r✐❡s✱

❦♥♦✇♥ ❛s ❱♦❧t❡rr❛✲❲✐❡♥❡r ♠♦❞❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✺✳✺ ❙✐♠♣❧✐✜❡❞ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶

✺✳✻ ▲✐♥❡❛r✐s❡❞ ✭✶st✲♦r❞❡r✮ ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✺✳✼ ✷♥❞✲♦r❞❡r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✺✳✽ ✸r❞✲♦r❞❡r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✾ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵

✺✳✶✵ ▲❛r❣❡ s✐❣♥❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

✺✳✶✶ ◆♦r♠❛❧✐s❡❞ I − V ❛♥❞ gm ❝✉r✈❡s ♦❢ ❛♥ ✐❞❡❛❧✱ s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r

✇✐t❤ ❛❝t✐✈❡ ❧♦❛❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✺✳✶✷ ❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♣r♦❞✉❝ts ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✳ ✳ ✳ ✶✹✸

✻✳✶ ▲❡❡s♦♥✬s ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✵

✻✳✷ P❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❢♦r ❧♦✇ Q0 ♦r ❧♦✇ fm ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸

✻✳✸ P❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❢♦r ❤✐❣❤ Q0 ♦r ❤✐❣❤ fm ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸

✻✳✹ ❘❡s♣♦♥s❡ ♦❢ ♦s❝✐❧❧❛t✐♥❣ r❡s♦♥❛t♦r t♦ ✐♥❥❡❝t❡❞ ❝✉rr❡♥t ❞✐st✉r❜❛♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✻

✻✳✺ ❋✉❧❧② ❝♦♠♣❡♥s❛t❡❞ ♥♦✐s② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛♥t t❛♥❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

✻✳✻ ●r❛♣❤✐❝❛❧ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s s✐♠✉❧❛t❡❞ ✐♥ ❊❧❞♦ ❛♥❞ ❝❛❧❝✉❧❛t❡❞

✉s✐♥❣ ▲❚■ ♠♦❞❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷

✼✳✶ P♦ss✐❜❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t✇♦ tr❛♥s✐st♦r ❈▼❖❙ ❣②r❛t♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✷

✼✳✷ ❇✐❛s s❝❤❡♠❡ ♦❢ ❈❙✲❈❉ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

✼✳✸ ●②r❛t♦r ❝✐r❝✉✐t ❝♦♥✜❣✉r❡❞ t♦ ❉❈ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

✼✳✹ ❉❈ t❡st ❜❡♥❝❤ ❝✐r❝✉✐t ✉s✐♥❣ ✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

✼✳✺ ❈♦♠♣❧❡t❡ ❣②r❛t♦r ❝✐r❝✉✐t ❝♦♥✜❣✉r❡❞ ❢♦r ❉❈ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✵

✼✳✻ ❚r❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❣②r❛t♦r ❛♠♣❧✐✜❡rs ❛s ❢✉♥❝t✐♦♥s ♦❢ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t IB✳ ✶✾✶
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▲✐st ♦❢ ❋✐❣✉r❡s

✼✳✼ ●②r❛t♦r ❝✐r❝✉✐t ❢♦r ❆❈ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

✼✳✽ ❚❡st ❜❡♥❝❤ ❝✐r❝✉✐t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸

✼✳✾ ❙✐♠✉❧❛t❡❞ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤♦✉t ❘❈ ♣❤❛s❡ s❤✐❢t❡r✳ ✳ ✳ ✶✾✹

✼✳✶✵ ❚♦t❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝② ❛♥❞ Rout ❢♦r t❤r❡❡ ❞✐❢✲

❢❡r❡♥t ❜✐❛s ❝✉rr❡♥ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✻

✼✳✶✶ ❚♦t❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ Cout✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✼

✼✳✶✷ ■♥♣✉t s✉s❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❝✐r❝✉✐t ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t ❜✐❛s ❝✉rr❡♥ts ❛♥❞ Rout

✈❛❧✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✾

✼✳✶✸ ■♥♣✉t s✉s❝❡♣t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ Cout✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✵

✼✳✶✹ ❙✐♠✉❧❛t❡❞ ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

✼✳✶✺ ❋✐♥❞✐♥❣ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✉s✐♥❣ ❣r❛♣❤✐❝❛❧ ♠❡t❤♦❞✳ ✳ ✷✵✸

✼✳✶✻ ❚❡st ❜❡♥❝❤ ❝✐r❝✉✐t ❢♦r ❙❙❚ ❛♥❞ t✐♠❡ ❞♦♠❛✐♥ s✐♠✉❧❛t✐♦♥s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✻

✼✳✶✼ ▲❛r❣❡ s✐❣♥❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✳ ✳ ✷✵✼

✼✳✶✽ ▲❛r❣❡ s✐❣♥❛❧ ✐♥❞✉❝t❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✼

✼✳✶✾ ❚✉♥✐♥❣ ❝✉r✈❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✾

✼✳✷✵ ●❡♥❡r❛t❡❞ ✹✸✹ ▼❍③ s✐❣♥❛❧ ❛t gyr❴in ♥♦❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✷

✼✳✷✶ ●❡♥❡r❛t❡❞ ✹✸✹ ▼❍③ s✐❣♥❛❧ ❛t gyr❴out ♥♦❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✸

✼✳✷✷ ❙✐♠✉❧❛t❡❞ s✐♥❣❧❡ s✐❞❡❜❛♥❞ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ IB✳ ✳ ✳ ✳ ✳ ✷✶✺

✼✳✷✸ ❚✉♥❡❞ ❜✉✛❡r ❛♠♣❧✐✜❡r ❝✐r❝✉✐t ✇✐t❤ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶✽
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✼✳✶✶ ❇❡♥❝❤♠❛r❦ ♦❢ ❈▼❖❙ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸✶

✼✳✶✷ ❇❡♥❝❤♠❛r❦ ♦❢ ❈▼❖❙ ❖❖❑ tr❛♥s♠✐tt❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸✽

①①✐



▲✐st ♦❢ ❙②♠❜♦❧s

βhalf ❤❛❧❢ ❜❛♥❞✇✐❞t❤ ♦❢ ▲❈ r❡s♦♥❛t♦r

γ ❈▼❖❙ ♣r♦❝❡ss ❞❡♣❡♥❞❡♥t ♥♦✐s❡ ♣❛r❛♠❡t❡r

ℑ{·} r❡❛❧✲✈❛❧✉❡❞ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ ❝♦♠♣❧❡① ❢✉♥❝t✐♦♥

L(ωm) ♥♦r♠❛❧✐s❡❞ t❤❡♦r❡t✐❝❛❧ ♦♥❡✲s✐❞❡❞ s♣❡❝tr✉♠ ♦❢ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧

ω0 r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❝❛rr✐❡r ❢r❡q✉❡♥❝②

ωm ♦✛s❡t ❢r❡q✉❡♥❝②

ω0ai r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ✐❞❡❛❧ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

ω0dg r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

ω0ndg r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

ωRC ❝✉t✲♦✛ ❢r❡q✉❡♥❝② ♦❢ ❘❈ ♣❤❛s❡ s❤✐❢t❡r

φ ♣❤❛s❡ s❤✐❢t

φn(t) ③❡r♦✲♠❡❛♥ ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ♥♦✐s❡ ✈♦❧t❛❣❡

φRC ♣❤❛s❡ s❤✐❢t ♦❢ ❘❈ ♥❡t✇♦r❦

ℜ{·} r❡❛❧✲✈❛❧✉❡❞ r❡❛❧ ♣❛rt ♦❢ ❝♦♠♣❧❡① ❢✉♥❝t✐♦♥

ADC ❉❈ ❣❛✐♥ ♦❢ ❈▼❖❙ tr❛♥s✐st♦r

An...(jω), Zn...(jω) ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s
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C ❣❡♥❡r✐❝ ❝❛♣❛❝✐t❛♥❝❡

Cg ❣②r❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡

Ci ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

CM ▼✐❧❧❡r ❝❛♣❛❝✐t❛♥❝❡

Co ♦✉t♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Cp ♣❛r❛❧❧❡❧ ❝❛♣❛❝✐t❛♥❝❡

Cs s❡r✐❡s ❝❛♣❛❝✐t❛♥❝❡

CT t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ✐♥❝❧✉❞✐♥❣ ♣❛r❛s✐t✐❝s

Ct t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

Cex1, Cex2 ❝❛♣❛❝✐t❛♥❝❡s ❝♦♥♥❡❝t❡❞ t♦ s✐♥❣❧❡ ▼❖❙ ♥❡❣❛t✐✈❡ r❡s✐st♦r

Cgd ❣❛t❡ t♦ ❞r❛✐♥ ❝❛♣❛❝✐t❛♥❝❡

Cgs ❣❛t❡ t♦ s♦✉r❝❡ ❝❛♣❛❝✐t❛♥❝❡

Cmax ♠❛①✐♠✉♠ ✈❛r❛❝t♦r ❝❛♣❛❝✐t❛♥❝❡

Cmin ♠✐♥✐♠✉♠ ✈❛r❛❝t♦r ❝❛♣❛❝✐t❛♥❝❡

Co1, Co2 t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ ❣②r❛t♦r ♣♦rts

Cox ♦①✐❞❡ ❝❛♣❛❝✐t❛♥❝❡

Csim s✐♠✉❧❛t❡❞ ❝❛♣❛❝✐t❛♥❝❡

Drate ❞❛t❛ r❛t❡

EC ❝r✐t✐❝❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝❛✉s✐♥❣ ❡❧❡❝tr♦♥ ❞r✐❢t ✈❡❧♦❝✐t② s❛t✉r❛t✐♦♥ ✐♥

▼❖❙ ❞❡✈✐❝❡

ft ❢r❡q✉❡♥❝② ♦❢ ❈▼❖❙ ✉♥✐t ❝✉rr❡♥t ❣❛✐♥
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FBW ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤

FOMOOK ❖❖❑ ✜❣✉r❡ ♦❢ ♠❡r✐t

FOMT ❱❈❖ ✜❣✉r❡ ♦❢ ♠❡r✐t ✐♥❝❧✉❞✐♥❣ t✉♥✐♥❣ r❛♥❣❡

FOMTP ❱❈❖ ✜❣✉r❡ ♦❢ ♠❡r✐t ✐♥❝❧✉❞✐♥❣ t✉♥✐♥❣ r❛♥❣❡ ❛♥❞ ❘❋ ♣♦✇❡r

g1, g2 ❣②r❛t✐♦♥ ❝♦♥❞✉❝t❛♥❝❡s

Gi ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Go ♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

gds ❞r❛✐♥ t♦ s♦✉r❝❡ ❝♦♥❞✉❝t❛♥❝❡

Go1, Go2 t♦t❛❧ ❝♦♥❞✉❝t❛♥❝❡s ♦❢ ❣②r❛t♦r ♣♦rts

Gpdg ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Gm ❧❛r❣❡ s✐❣♥❛❧ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

gm tr❛♥s❝♦♥❞✉❝t❛♥❝❡

gm1, gm2 ❣②r❛t♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡s

h(τ) ✐♠♣✉❧s❡ r❡s♣♦♥s❡

Hn{x(t)} ♥t❤✲♦r❞❡r ❱♦❧t❡rr❛ ♦♣❡r❛t♦r

HD2, HD3 s❡❝♦♥❞ ❛♥❞ t❤✐r❞ ♦r❞❡r ❞✐st♦rt✐♦♥

IB ❜✐❛s ❝✉rr❡♥t

ID ❉❈ ❞r❛✐♥ ❝✉rr❡♥t

iD t♦t❛❧ ❞r❛✐♥ ❝✉rr❡♥t ❝♦♥s✐st✐♥❣ ♦♥ ❉❈ ❛♥❞ ❆❈ ❝♦♠♣♦♥❡♥ts

id ❆❈ ❞r❛✐♥ ❝✉rr❡♥t

il(t) ✐♥st❛♥t❛♥❡♦✉s ✐♥❞✉❝t♦r ❝✉rr❡♥t
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iin ❆❈ ✐♥♣✉t ❝✉rr❡♥t

iNL... ♥♦♥✲❧✐♥❡❛r ♣r♦❜✐♥❣ ❝✉rr❡♥t s♦✉r❝❡s

ISF,Γ(x) ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥

k ❇♦❧t③♠❛♥♥✬s ❝♦♥st❛♥t

Kn (ω1, . . . , ωn) ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ♥t❤✲♦r❞❡r ❱♦❧t❡rr❛ ❦❡r♥❡❧

kn (τ1, τ2, . . . , τn) ♥t❤✲♦r❞❡r ❱♦❧t❡rr❛ ❦❡r♥❡❧

KV CO ♦s❝✐❧❧❛t♦r ❣❛✐♥✱ t✉♥✐♥❣ ❝♦♥st❛♥t

L ❣❡♥❡r✐❝ ✐♥❞✉❝t❛♥❝❡

Lp ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡

Ls s❡r✐❡s ✐♥❞✉❝t❛♥❝❡

Lnpdg ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Lnsdg s❡r✐❡s s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Lpai ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ✐♥❞✉❝t❛♥❝❡ ♦❢ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

Lpdg ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Lsim s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ♦❢ ❣②r❛t♦r

PmWcore ♠❛①✐♠✉♠ ❉❈ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❱❈❖ ❝♦r❡

PRF ❘❋ ♣♦✇❡r

PN ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧

Q q✉❛❧✐t② ❢❛❝t♦r

q(t) ✐♥st❛♥t❛♥❡♦✉s ❝❤❛r❣❡

Q0 ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r
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▲✐st ♦❢ ❙②♠❜♦❧s

Qc q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❝❛♣❛❝✐t♦r

QL ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r

Ql q✉❛❧✐t② ❢❛❝t♦r ♦❢ ♣❛ss✐✈❡ ✐♥❞✉❝t♦r

Q0tot t♦t❛❧ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ ♥♦♥✲✐❞❡❛❧ r❡s♦♥❛t♦r

qmax ♠❛①✐♠✉♠ ❝❤❛r❣❡ st♦r❡❞ ✐♥ ❛ t❛♥❦ ❝❛♣❛❝✐t♦r

Qnsdg q✉❛❧✐t② ❢❛❝t♦r ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Qsdg q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

R ❣❡♥❡r✐❝ r❡s✐st❛♥❝❡

rg ❣❛t❡ r❡s✐st❛♥❝❡

Rp ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡

Rs s❡r✐❡s r❡s✐st❛♥❝❡

RT t♦t❛❧ r❡s✐st❛♥❝❡ ♦❢ ❧♦❛❞❡❞ t❛♥❦

Ract ❛❝t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞ ❜② ♥❡❣❛t✐✈❡ ✐♠♣❡❞❛♥❝❡ ❝♦♥✈❡rt❡r

rcp ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t r❡s✐st❛♥❝❡ ♦❢ ❝❛♣❛❝✐t♦r

rcs s❡r✐❡s r❡s✐st❛♥❝❡ ♦❢ ❝❛♣❛❝✐t♦r

rds ❞r❛✐♥ t♦ s♦✉r❝❡ r❡s✐st❛♥❝❡

Reff ❡✛❡❝t✐✈❡ r❡s♦♥❛t♦r r❡s✐st❛♥❝❡

Rin, Cin r❡s✐st❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ✐♥♣✉t ♣❤❛s❡ s❤✐❢t❡r

Rload ❧♦❛❞ r❡s✐st❛♥❝❡

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

rls s❡r✐❡s r❡s✐st❛♥❝❡ ♦❢ ♣❛ss✐✈❡ ✐♥❞✉❝t♦r
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Rnpdg ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Rns−loss s❡r✐❡s r❡s✐st❛♥❝❡ r❡♣r❡s❡♥t✐♥❣ ❧♦ss❡s ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Rnsneg s❡r✐❡s ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Rout, Cout r❡s✐st❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ♦✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r

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

Rpdg ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Sy
x ❝❧❛ss✐❝❛❧ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥

Sφn
(ω) ♣♦✇❡r s♣❡❝tr✉♠ ♦❢ ♣❤❛s❡ ♠♦❞✉❧❛t✐♥❣ ♥♦✐s❡

T t❡♠♣❡r❛t✉r❡

THD t♦t❛❧ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

V0 ✈♦❧t❛❣❡ ❛♠♣❧✐t✉❞❡

vc(t) ✐♥st❛♥t❛♥❡♦✉s ❝❛♣❛❝✐t♦r ✈♦❧t❛❣❡

vn(t) ③❡r♦✲♠❡❛♥ ❛♠♣❧✐t✉❞❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ♥♦✐s❡ ✈♦❧t❛❣❡

vr(t) ✐♥st❛♥t❛♥❡♦✉s r❡s✐st♦r ✈♦❧t❛❣❡

VDS ❞r❛✐♥ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡

vgs ❆❈ ❣❛t❡ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡

vinMAX , voutMAX ♠❛①✐♠✉♠ ✈♦❧t❛❣❡ s✇✐♥❣ ♦♥ ❣②r❛t♦r ♣♦rts

vin ❆❈ ✐♥♣✉t ✈♦❧t❛❣❡

vout(t) ♦✉t♣✉t ✈♦❧t❛❣❡

VOV ♦✈❡r❞r✐✈❡ ✈♦❧t❛❣❡

Vth t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡

①①✈✐✐



▲✐st ♦❢ ❙②♠❜♦❧s

Vtune ♦s❝✐❧❧❛t♦r t✉♥✐♥❣ ✈♦❧t❛❣❡

V DD ♣♦s✐t✐✈❡ s✉♣♣❧② ✈♦❧t❛❣❡ ♦❢ ❈▼❖❙ ❝✐r❝✉✐t

W, L ▼❖❙ ❞r❛✇♥ ✇✐❞t❤ ❛♥❞ ❧❡♥❣t❤

Y (jω) s♠❛❧❧ s✐❣♥❛❧ ❝♦♥❞✉❝t❛♥❝❡

yxy s♠❛❧❧ s✐❣♥❛❧ ❛❞♠✐tt❛♥❝❡ ♠❛tr✐① ❡❧❡♠❡♥t

Z(jω) s♠❛❧❧ s✐❣♥❛❧ ✐♠♣❡❞❛♥❝❡

i2/∆f ♥♦✐s❡ ❝✉rr❡♥t ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t②

v2/∆f ♥♦✐s❡ ✈♦❧t❛❣❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t②

①①✈✐✐✐



❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

✶✳✶ ▼♦t✐✈❛t✐♦♥

❈♦♠♠✉♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ♣❡♦♣❧❡ ✐s ♦♥❡ ♦❢ t❤❡ ❢♦✉♥❞❛t✐♦♥s ♦❢ ❝✐✈✐❧✐s❛t✐♦♥✳ ❚❤❡ ♠♦❞❡r♥

s♦❝✐❡t② ✇❡ ❧✐✈❡ ✐♥ ♥♦✇❛❞❛②s ✐s ❝♦♠♠✉♥✐❝❛t✐♦♥s ❤✉♥❣r②✱ ❞❡♠❛♥❞✐♥❣ ❢❛st❡r ❛♥❞ ♠♦r❡

r❡❧✐❛❜❧❡ ✇❛②s t♦ ♣r♦✈✐❞❡ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ✢♦✇✳ ▼♦st ♦❢ t❤❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ t♦❞❛② ✐s

♠♦❜✐❧❡ ✲ ②♦✉ ❝❛♥ ♠❛❦❡ ❛ ❝❛❧❧ ❢r♦♠ ❛♥② ❣✐✈❡♥ ♣❧❛❝❡ ♦♥ t❤❡ ❣❧♦❜❡ ✭♣r♦✈✐❞✐♥❣ ②♦✉ ❝❛♥

❛✛♦r❞ ❛ s❛t❡❧❧✐t❡ ♣❤♦♥❡ ❝❛❧❧ ❢r♦♠ ❙♦✉t❤ P♦❧❡ ❢♦r ❡①❛♠♣❧❡✮✳ ❲❡ ✇❛♥t t♦ ❞♦✇♥❧♦❛❞ ♠✉s✐❝✱

✈✐❞❡♦s✱ ♠❛❦❡ ❛ ❝❛❧❧ ♦♥ t❤❡ ♠♦✈❡✱ ✐♥ ❛ ❝❛r✱ tr❛✐♥ ♦r ❛♥ ❛❡r♦♣❧❛♥❡✳ ❚♦ ❜❡ ♣♦rt❛❜❧❡✱ t❤❡s❡

♠♦❜✐❧❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ s②st❡♠s ❤❛✈❡ t♦ ❜❡ r❡❧❛t✐✈❡❧② s♠❛❧❧✱ ❧✐❣❤t ❛♥❞ ♣♦✇❡r ❡✣❝✐❡♥t✳

❖✈❡r t❤❡ ❧❛st ❝❡♥t✉r②✱ ❛ ❤✉❣❡ ❡✛♦rt ❤❛s ❜❡❡♥ ♠❛❞❡ t♦ ✉t✐❧✐s❡ r❛❞✐♦ ✇❛✈❡s t♦ tr❛♥s✲

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

s✐❣♥❛❧ ✭❛ s♦✉♥❞ ♦r ❞✐❣✐t❛❧ ❜✐t str❡❛♠✱ ❛❧s♦ ❦♥♦✇♥ ❛s ❜❛s❡❜❛♥❞ s✐❣♥❛❧✮ ❤❛s t♦ ❜❡ ✉♣✲

❝♦♥✈❡rt❡❞ ✐♥ ❢r❡q✉❡♥❝②✳ ❚❤✐s ♣r♦❝❡ss ✐s ❦♥♦✇♥ ❛s ❢r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥ ♦r ♠♦❞✉❧❛t✐♦♥✳

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

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

♦❢ ❢r❡q✉❡♥❝✐❡s ❛r♦✉♥❞ t❤❡ ❝❛rr✐❡r t❤❛t✱ ❛❢t❡r s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ❝♦♥❞✐t✐♦♥✐♥❣✱ ✐s r❡❛❞② ❢♦r

r❛❞✐♦ tr❛♥s♠✐ss✐♦♥✳ ❖♥ t❤❡ r❡❝❡✐✈✐♥❣ ❡♥❞✱ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ♦♥❧② ✐❢ t❤❡

s❛♠❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ✐s ❛✈❛✐❧❛❜❧❡✳ ■♥ ♠♦st ❘❋ s②st❡♠s t❤✐s ✐s ❛ s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧ ❛♥❞

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

✶



✶✳✶ ▼♦t✐✈❛t✐♦♥

❱❈❖
Vtune

ω0 (Vtune)

ωsig ωconv

❘❋ ♠✐①❡r

✭❛✮

P▲▲
b(0 : n)

ω0 (Vtune)

ωsig ωconv

❘❋ ♠✐①❡r

✭❜✮

❋✐❣✉r❡ ✶✳✶✿ ❋r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥ ✉s✐♥❣ ❱❈❖✿ ✭❛✮ ❞✐r❡❝t❧② ✭Vtune ✐s ❛ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧✐♥❣
♦s❝✐❧❧❛t♦r✮✱ ✭❜✮ ✉s✐♥❣ P▲▲ ✭b(0 : n) ✐s ❛ ❜✐♥❛r② s✐❣♥❛❧ ❝♦♥tr♦❧❧✐♥❣ P▲▲✮✳

❛s ♣♦ss✐❜❧❡✳ ❯♥❧✐❦❡ ❉❈ ❝✉rr❡♥ts ❛♥❞ ✈♦❧t❛❣❡s✱ ❤✐❣❤ ❢r❡q✉❡♥❝② s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧s ❛r❡ ♥♦t

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

♦s❝✐❧❧❛t♦rs✳

❋✐❣✉r❡ ✶✳✶ s❤♦✇s t✇♦ ♠❡t❤♦❞s ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥✳ ■♥ t❤❡ ✜rst ❝❛s❡✱ t❤❡

♦s❝✐❧❧❛t♦r ✭❱❈❖✮ ✐s ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② t♦ ❛♥ ❘❋ ♠✐①❡r t❤❛t ♠✉❧t✐♣❧✐❡s t❤❡ ❣❡♥❡r❛t❡❞

❝❛rr✐❡r ❢r❡q✉❡♥❝②✱ ω0(Vtune) ✇✐t❤ t❤❡ ✐♥❝♦♠✐♥❣ s✐❣♥❛❧ ωsig✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s

❞✐r❡❝t ❛♣♣r♦❛❝❤ ✐s s✐♠♣❧✐❝✐t② ♦❢ t❤❡ ❝♦♥✈❡rs✐♦♥ ❝✐r❝✉✐t✳ ❚❤❡ ♠❛✐♥ ❞✐s❛❞✈❛♥t❛❣❡ ❤♦✇❡✈❡r

✐s ❛♥ ✉♥✇❛♥t❡❞ ❢r❡q✉❡♥❝② ❞r✐❢t ❞✉❡ t♦ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝❛✉s❡❞ ❜②

♥♦✐s❡ ♦r t❡♠♣❡r❛t✉r❡✳ ■♥ t❤❡ s❡❝♦♥❞ ❝❛s❡✱ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ❛ ♣❛rt ♦❢ ❛ ❝♦♥tr♦❧ s②st❡♠

❦♥♦✇♥ ❛s ❛ ♣❤❛s❡ ❧♦❝❦ ❧♦♦♣ ✭P▲▲✮ t❤❛t ❝❛♥✱ t♦ ❛ ❝❡rt❛✐♥ ❡①t❡♥t✱ tr❛❝❦ ❛♥❞ ❝♦♠♣❡♥s❛t❡

❢r❡q✉❡♥❝② ❞r✐❢ts✳

❋✐❣✉r❡ ✶✳✷ ♣r❡s❡♥ts ❛ st❛♥❞❛r❞ ❝♦♥❝❡♣t ♦❢ ❛ P▲▲✳ ❚❤❡ r❡❢❡r❡♥❝❡ ♦s❝✐❧❧❛t♦r ✐s t②♣✐❝❛❧❧②

❛ ❧♦✇ ❢r❡q✉❡♥❝②✱ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ♦s❝✐❧❧❛t♦r ✭❡✳❣✳ ❝r②st❛❧✮ ✇❤♦s❡ ❢r❡q✉❡♥❝② ✐s ❝♦♠♣❛r❡❞

✇✐t❤ t❤❡ ❞✐✈✐❞❡❞ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❘❋ ♦s❝✐❧❧❛t♦r ♦♥ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❧♦♦♣✳ ■❢ ❜♦t❤ s✐❣♥❛❧s

❞✐✛❡r ✐♥ ♣❤❛s❡ ♦r ❢r❡q✉❡♥❝②✱ t❤❡ ❞✐❣✐t❛❧ ♣❤❛s❡ ❛♥❞ ❢r❡q✉❡♥❝② ❞❡t❡❝t♦r ✭P❋❉✮ ❣❡♥❡r❛t❡s

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

❧♦♦♣ ✜❧t❡r ♣r♦❞✉❝❡ ❛ ✈♦❧t❛❣❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞✐r❡❝t✐♦♥ ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ r❡q✉✐r❡❞

♣❤❛s❡ ♦r ❢r❡q✉❡♥❝② ❝❤❛♥❣❡✳ ❚❤❡ ❧❛st st❛❣❡ ✐s ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r ✭❱❈❖✮ ✇❤✐❝❤

❢r❡q✉❡♥❝② ❝❛♥ ❜❡ s❡t ♣r♦♣♦rt✐♦♥❛❧❧② t♦ t✉♥✐♥❣ ✈♦❧t❛❣❡ Vtune✳ ❇② ❝❤❛♥❣✐♥❣ t❤❡ ❞✐✈✐s✐♦♥

✷



✶✳✶ ▼♦t✐✈❛t✐♦♥

r❛t✐♦ ✭♥♦✇❛❞❛②s ❢r❛❝t✐♦♥❛❧ ❞✐✈✐s✐♦♥s ❛r❡ ♦❢t❡♥ ✉s❡❞✮✱ t❤❡ ❱❈❖ ❢r❡q✉❡♥❝② ❝❛♥ ❜❡ ❛❞❥✉st❡❞

t♦ t❤❡ r❡q✉✐r❡❞ ✈❛❧✉❡✳ ❚❤✉s✱ ❛ ❱❈❖ ✐s ❛ ❝r✐t✐❝❛❧ ❝♦♠♣♦♥❡♥t ♦❢ r❛❞✐♦✲❢r❡q✉❡♥❝② ❝✐r❝✉✐ts✳

❖✈❡r t❤❡ ♣❛st ❞❡❝❛❞❡✱ ✐♥t❡❣r❛t❡❞ ❈▼❖❙ ❝✐r❝✉✐ts ❤❛✈❡ ❜❡❝♦♠❡ t❤❡ t❡❝❤♥♦❧♦❣② ♦❢

❝❤♦✐❝❡ ❢♦r ❘❋ ❝✐r❝✉✐ts✳ ❱❡r② ❧❛r❣❡ s❝❛❧❡ ♦❢ ✐♥t❡❣r❛t✐♦♥ ❛❧❧♦✇s ♦♥❡ t♦ ❜✉✐❧❞ ❤✐❣❤ ❢r❡q✉❡♥❝②

❝✐r❝✉✐ts ✉s✐♥❣ ❧✉♠♣❡❞ ❝♦♠♣♦♥❡♥ts r❛t❤❡r t❤❛♥ ❞✐str✐❜✉t❡❞ str✉❝t✉r❡s✳ ❉✉❡ t♦ t❤❡ ♣♦♣✲

✉❧❛r✐t② ♦❢ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✱ t❤❡r❡ ✐s ❛ ❤✉❣❡ ❞❡♠❛♥❞ ♦♥ ♠✐♥✐❛t✉r✐s❛t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐ts

❢♦r ♦♥❡ s✐♠♣❧❡✱ ❜✉t ❢✉♥❞❛♠❡♥t❛❧ r❡❛s♦♥ ✲ ♣r♦❞✉❝t✐♦♥ ❝♦st✳ ❚❤❡ ❝♦st ♦❢ ✐♥t❡❣r❛t❡❞ s②st❡♠

❞❡❝r❡❛s❡s ✐❢ ♦♥ t❤❡ s❛♠❡ s✐❧✐❝♦♥ ❛r❡❛ ♠♦r❡ ❝✐r❝✉✐ts ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞✳ ▲❡❛✈✐♥❣ r❡❧✐❛❜✐❧✐t②

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

s❝❛❧❛❜✐❧✐t② ♦❢ ✈❛r✐♦✉s ❝♦♠♣♦♥❡♥ts ♦♥ t❤❡ s❛♠❡ ❝❤✐♣✳ ■♥ ❡①✐st✐♥❣ ♣r♦❝❡ss❡s✱ t❤❡ ♠✐♥✐✲

♠✉♠ s✐③❡ ♦❢ ❛♥❛❧♦❣ ❝✐r❝✉✐ts ✐s st✐❧❧ ❧❛r❣❡r t❤❛♥ t❤❛t ♦❢ ❞✐❣✐t❛❧ ❝✐r❝✉✐ts✳ ❈✉rr❡♥t❧②✱ t❤❡

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

❛ s✐♥✉s♦✐❞❛❧ ❱❈❖✱ t❤✐s ❝♦♠♣♦♥❡♥t ♠✉st ♥♦t ❜❡ ♦♠✐tt❡❞✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❛ ❤❛r♠♦♥✐❝

♦s❝✐❧❧❛t♦r ♦❝❝✉♣✐❡s s✐❣♥✐✜❝❛♥t ❝❤✐♣ ❛r❡❛✳

❚❤❡ ✐ss✉❡ ♦❢ s✐❧✐❝♦♥ ❛r❡❛ r❡q✉✐r❡❞ ❢♦r t❤❡ ▲❈ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ r❡s♦❧✈❡❞ ❜② t❤❡ ✉s❡

♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ❚❤❡s❡ ❝✐r❝✉✐ts s✐♠✉❧❛t❡ ✐♥❞✉❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ✉s✐♥❣ tr❛♥s✐st♦rs ❛♥❞

❝❛♣❛❝✐t♦rs✱ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝✐♥❣ t❤❡ ❝❤✐♣ ❛r❡❛✳ ❚❤✐s s♦❧✉t✐♦♥ ❤❛s ♣r♦❜❧❡♠s✿ tr❛♥s✐st♦rs

❣❡♥❡r❛t❡ ❤✐❣❤ ❧❡✈❡❧s ♦❢ ♥♦✐s❡✱ ❛r❡ ♥♦♥✲❧✐♥❡❛r✱ ❝♦♥s✉♠❡ ❉❈ ♣♦✇❡r ❛♥❞ ❛r❡ ♣♦t❡♥t✐❛❧❧②

✉♥st❛❜❧❡ ❞✉❡ t♦ ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡ ❧❛st ✐ss✉❡ r❛✐s❡s ❢♦❧❧♦✇✐♥❣ q✉❡st✐♦♥s✿

❘❡❢
❖s❝

P❤❛s❡
❢r❡q✉❡♥❝②
❞❡t❡❝t♦r

❈❤❛r❣❡
♣✉♠♣

▲♦♦♣
✜❧t❡r

❱❈❖

❉✐✈✐❞❡r

ωref

Up

Down

±iCP Vtune ω0(Vtune)

ωdiv

b(0 : n)

❋✐❣✉r❡ ✶✳✷✿ ❙t❛♥❞❛r❞ ♣❤❛s❡ ❧♦❝❦ ❧♦♦♣✳

✸



✶✳✷ ❙tr✉❝t✉r❡ ♦❢ t❤❡s✐s

❼ ❈❛♥ t❤✐s ✐♥❤❡r❡♥t ✐♥st❛❜✐❧✐t② ❜❡ ✉t✐❧✐s❡❞ t♦ ♦❜t❛✐♥ ❛ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦r❄

❼ ❈❛♥ t❤❡ ♦s❝✐❧❧❛t♦r ❛r❝❤✐t❡❝t✉r❡ ❜❡ s✐♠♣❧✐✜❡❞ ♦♥❧② t♦ ❛ ▲❈ t❛♥❦ ❛♥❞ s❛✈❡ ❉❈ ♣♦✇❡r❄

❼ ❈❛♥ s✉❝❤ ❛♥ ♦s❝✐❧❧❛t♦r ♦♣❡r❛t❡ ♦✈❡r ✇✐❞❡ ❜❛♥❞✇✐❞t❤ ❛♥❞ ✇❤❛t ✐s ✐ts ♣❡r❢♦r♠❛♥❝❡❄

❼ ❍♦✇ ✇♦✉❧❞ ♦♥❡ ❞❡s✐❣♥ s✉❝❤ ❛ ❱❈❖❄

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ t❤♦r♦✉❣❤ ❛♥❛❧②s✐s ❛♥❞ ❝♦♠♣❧❡t❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡ ♦❢ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣

❛❝t✐✈❡ r❡s♦♥❛t♦r ❛♥s✇❡r✐♥❣ t❤❡ ❛❜♦✈❡ q✉❡st✐♦♥s✳

✶✳✷ ❙tr✉❝t✉r❡ ♦❢ t❤❡s✐s

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛rts✿

❼ ❈❤❛♣t❡r ✷ ♣r❡s❡♥ts t❤❡ ❢✉♥❞❛♠❡♥t❛❧s ♦❢ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦rs✳ ❙t❛♥❞❛r❞ ❱❈❖

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

❡❛❝❤ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛t♦r✳ ❖s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ t❤❡ ♦t❤❡r

♠❛✐♥ ❱❈❖ ♣❡r❢♦r♠❛♥❝❡ ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞✳ ❆ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ♣❛ss✐✈❡

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

❼ ❈❤❛♣t❡r ✸ ✐♥tr♦❞✉❝❡s t❤❡ ❝♦♥❝❡♣t ♦❢ ❣②r❛t♦rs ❛♥❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✱ ❢♦❝✉s✐♥❣ ♦♥

t❤❡✐r ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ♦s❝✐❧❧❛t♦rs✳ ❚❤❡ ♥♦✐s❡ ❛♥❞ q✉❛❧✐t② ❢❛❝t♦r ✐ss✉❡s ♦❢ ❛❝t✐✈❡ ✐♥✲

❞✉❝t♦r r❡s♦♥❛t♦rs ❛r❡ ❞✐s❝✉ss❡❞✳ ❚❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r ✐s ❛❧s♦ ❛♥❛❧②s❡❞✳ ❚❤❡ ❧❛st ♣❛rt ❞❡s❝r✐❜❡s t❤❡ ♣❛r❛s✐t✐❝ ❡✛❡❝ts ♦❢ ♥♦♥✲✐❞❡❛❧

❣②r❛t♦rs ❛♥❞ ✐ts ♣r♦♣♦s❡❞ ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❱❈❖ ❞❡s✐❣♥ ❜❛s❡❞ ♦♥ ❛ ♥❡✇ ❝♦♥❝❡♣t ♦❢

❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

❼ ❈❤❛♣t❡r ✹ ❞❡s❝r✐❜❡s ❛ ♥❡✇ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ♦❢ t❤❡ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ❝✐r❝✉✐t ✐s ❡①♣❧♦r❡❞ ❛♥❞ ♠❛t❤❡♠❛t✐❝❛❧ ❢♦r♠✉❧❛❡ ❢♦r ♦s❝✐❧❧❛t✐♦♥

❝r✐t❡r✐❛✱ t✉♥✐♥❣ r❛♥❣❡ ❛♥❞ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛r❡ ❞❡r✐✈❡❞✳ ■♥ t❤✐s ❝❤❛♣t❡r ❛ ♥❡✇

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

❣②r❛t♦r ❛♣♣r♦❛❝❤ ❢r♦♠ ❈❤❛♣t❡r ✸✳

✹



✶✳✸ ▼❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s

❼ ❈❤❛♣t❡r ✺ ❛♥s✇❡rs t❤❡ q✉❡st✐♦♥ ♦❢ ✇❤❛t ❤❛♣♣❡♥s ✇✐t❤ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞

❛❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖ ✉♥❞❡r ❧❛r❣❡ s✐❣♥❛❧ ♦♣❡r❛t✐♦♥✳ ❯s✐♥❣ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧

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

✉s❡❞ t♦ ♣r❡❞✐❝t ❛♠♣❧✐t✉❞❡s ❛♥❞ ❢r❡q✉❡♥❝✐❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳

❼ ❈❤❛♣t❡r ✻ ❞❡❧✐✈❡rs ❛ ♥❡✇ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t ♠♦❞❡❧ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♦❢ s❡❧❢✲

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

❞❡♣❡♥❞s ♦♥ ✈❛r✐♦✉s ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✳

❼ ❈❤❛♣t❡r ✼ ♣r❡s❡♥ts t❤❡ ♣r❛❝t✐❝❛❧ ❞❡s✐❣♥ ❛♥❞ s✐♠✉❧❛t✐♦♥ ♦❢ t✇♦ ❡①♣❡r✐♠❡♥t❛❧ ❝✐r❝✉✐ts

❝♦♥✜r♠✐♥❣ t❤❡ t❤❡♦r② ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡rs✳ ❚❤❡ ✜rst ❝✐r❝✉✐t ✐s ❛

✹✸✹ ▼❍③ ✇✐❞❡❜❛♥❞ ♦s❝✐❧❧❛t♦r ✇❤✐❧st t❤❡ s❡❝♦♥❞ ❝✐r❝✉✐t ✐s ❛ ♥♦✈❡❧✱ ❡♥❡r❣② ❡✣❝✐❡♥t

❖❖❑ ✭❖♥✲❖✛ ❑❡②✐♥❣✮ tr❛♥s♠✐tt❡r ❢♦r ■❙▼ ✭■♥❞✉str✐❛❧✱ ❙❝✐❡♥t✐✜❝ ❛♥❞ ▼❡❞✐❝❛❧✮

❛♣♣❧✐❝❛t✐♦♥s✳

❼ ❈❤❛♣t❡r ✽ ❝♦♥❝❧✉❞❡s t❤❡ ❞✐ss❡rt❛t✐♦♥ ❛♥❞ ♣r❡s❡♥ts ❛✈❡♥✉❡s ❢♦r ❢✉t✉r❡ ✇♦r❦✳

✶✳✸ ▼❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s

❚❤❡ ❣❡♥❡r❛❧ ❢♦❝✉s t❤r♦✉❣❤♦✉t t❤✐s ❞✐ss❡rt❛t✐♦♥ ✐s ♦♥ t❤❡ ❝♦♠♣❧❡t❡ ❛♥❛❧②s✐s ♦❢ ❛ s❡❧❢✲

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

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

❡✛❡❝ts ✐♥ ♣r❛❝t✐❝❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ❡✈♦❧✈❡s ✐♥t♦ t❤❡ ❝♦♥❝❡♣t ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♦s❝✐❧❧❛t♦r✳ Pr✐♦r t♦ t❤✐s t❤❡s✐s✱ ♥♦ ♠❛t❤❡♠❛t✐❝❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ s✉❝❤ ❝✐r❝✉✐ts ✇❛s ❢♦✉♥❞✳

❲✐t❤♦✉t s✉❝❤ ❛♥ ❛♥❛❧②s✐s✱ ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ❞r❛✇ ❛♥② ❝♦♥❝❧✉s✐♦♥s ♦♥ ❛ ♣r❛❝t✐❝❛❧ ❞❡s✐❣♥

♦❢ ❱❈❖ ✉s✐♥❣ ❛ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❣②r❛t♦r✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❡ss❡♥t✐❛❧ t♦ ❞❡✈❡❧♦♣ ❛ ♥❡✇ s❡t

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

t❤❡s✐s ❢♦❝✉s❡s ♦♥ ❛ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧✱ ❛❧❧♦✇✐♥❣ ♦♥❡ t♦ ❞❡✜♥❡ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❝r✐t❡r✐❛✱ t❤❡

s❡♥s✐t✐✈✐t② t♦ ✈❛r✐♦✉s ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❛♥❞ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♥♦♥✲✐❞❡❛❧ ❝✐r❝✉✐t✳

❙❡❝♦♥❞❧②✱ ❛s t❤❡ ♦s❝✐❧❧❛t♦r ✐s ❛ ❧❛r❣❡ s✐❣♥❛❧ ❞❡✈✐❝❡✱ t❤❡ ❞✐ss❡rt❛t✐♦♥ ❝♦✈❡rs t❤❡ ✐♠♣♦rt❛♥t

t♦♣✐❝ ♦❢ ♥♦♥✲❧✐♥❡❛r ❡✛❡❝ts ✉s✐♥❣ ❛ ♥❡✇ ❧❛r❣❡ s✐❣♥❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

✺



✶✳✸ ▼❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s

❚❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✐s t❤❡♥ ❝♦♥❝❧✉❞❡❞ ❜② ❛ ♥❡✇ ♣❤❛s❡

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

♦❢ ❛ ♣r❛❝t✐❝❛❧ ❈▼❖❙ ❝✐r❝✉✐t✳ ❚❤❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❛ ❝❧❡❛r✱ st❡♣ ❜② st❡♣

♠❛♥♥❡r ❛♥❞ t❤❡ r❡❛❞❡r ❝❛♥ ✉s❡ ✐t ❛s ❛ r❡❢❡r❡♥❝❡ t♦ t❤❡ ❞❡s✐❣♥ ♦❢ ❛♥② ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

♦s❝✐❧❧❛t♦r✳ ❚❤❛♥❦s t♦ ✐ts s✐♠♣❧✐❝✐t②✱ t❤❡ ♣r♦♣♦s❡❞ ❱❈❖ ❝✐r❝✉✐t ❛❧❧♦✇s ♦♥❡ t♦ ✉s❡ ✐t ❛s

❛ ♥❡✇✱ ❢❛st ❢✉❧❧② ✐♥t❡❣r❛t❡❞ ❖❖❑ tr❛♥s♠✐tt❡r✱ ❜❡✐♥❣ ❛♥ ❛ttr❛❝t✐✈❡ ❛❧t❡r♥❛t✐✈❡ t♦ t❤❡

❡①✐st✐♥❣ s♦❧✉t✐♦♥s✳

✻



❈❤❛♣t❡r ✷

❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✶ ■♥tr♦❞✉❝t✐♦♥

❖s❝✐❧❧❛t♦rs ❤❛✈❡ ❜❡❡♥ ❦♥♦✇♥ ❧♦♥❣ ❜❡❢♦r❡ ❡❧❡❝tr♦♥✐❝ s②st❡♠s ✇❡r❡ ❞✐s❝♦✈❡r❡❞✳ ❚❤❡ ♠♦st

❢✉♥❞❛♠❡♥t❛❧ ❡①❛♠♣❧❡ ❝❛♥ ❜❡ ❛ ✇❡✐❣❤t s✉s♣❡♥❞❡❞ ❢r♦♠ t❤❡ s♣r✐♥❣ ❛s ♣r❡s❡♥t❡❞ ♦♥ ❋✐❣✲

✉r❡ ✷✳✶✳ ❲❤❡♥ ❛ ✇❡✐❣❤t ✐s ✜rst ♣✉❧❧❡❞ ❞♦✇♥ ❛♥❞ t❤❡♥ r❡❧❡❛s❡❞✱ ❛♥ ❡①t❡♥❞❡❞ s♣r✐♥❣

❛tt❡♠♣ts t♦ ♠♦✈❡ ✐t ❜❛❝❦ t♦ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣♦✐♥t✳ ❇❡❝❛✉s❡ ❛ ♠♦✈✐♥❣ ♠❛ss ❤❛s ❛ ♠♦✲

♠❡♥t✉♠✱ ✐t ❡❛s✐❧② ♣❛ss❡s t❤r♦✉❣❤ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ♣♦✐♥t✱ ❝♦♠♣r❡ss✐♥❣ t❤❡ s♣r✐♥❣✳ ❆t ❛

❝❡rt❛✐♥ ♣♦✐♥t✱ ❦✐♥❡t✐❝ ❡♥❡r❣② ❞❡❝r❡❛s❡s t♦ ③❡r♦✱ s♣r✐♥❣ ❡①♣❛♥❞s ❛❣❛✐♥✱ ♠♦✈✐♥❣ t❤❡ ♠❛ss

✐♥ t❤❡ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥✳ ■❢ t❤✐s s②st❡♠ ✇❛s ❧♦ss❧❡ss ✐✳❡✳ ♥♦ ❞r❛❣ ♥♦r ❢r✐❝t✐♦♥ ✇❡r❡

♣r❡s❡♥t✱ ♦♥❝❡ ♣✉❧❧❡❞✱ t❤❡ ✇❡✐❣❤t ✇♦✉❧❞ ♦s❝✐❧❧❛t❡ ✐♥❞❡✜♥✐t❡❧② ❛r♦✉♥❞ t❤❡ s②st❡♠ ❡q✉✐❧✐❜✲

r✐✉♠ ♣♦✐♥t✳ ■♥ r❡❛❧✐t②✱ ♦s❝✐❧❧❛t✐♦♥s ❞❡❝❛② ❞✉❡ t♦ ❡♥❡r❣② ❞✐ss✐♣❛t✐♦♥ ♦✈❡r t✐♠❡ ✇✐t❤ t❤❡

s♣❡❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ ❧♦ss❡s ♣r❡s❡♥t ✐♥ t❤❡ s②st❡♠✳ ■❢ t❤❡s❡ ❧♦ss❡s ✇❡r❡ ❢✉❧❧②

❝♦♠♣❡♥s❛t❡❞ ❜② ✐♥❥❡❝t✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❡♥❡r❣② ✐♥t♦ t❤❡ s②st❡♠✱ ❛ s✉st❛✐♥❡❞ ♠♦✈❡♠❡♥t ♦❢

t❤❡ ✇❡✐❣❤t ✇♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞✳

✷✳✷ ❊❧❡❝tr♦♥✐❝ ♦s❝✐❧❧❛t♦r

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

s②st❡♠✳ ❈❛♣❛❝✐t♦rs ❛♥❞ ✐♥❞✉❝t♦rs st♦r❡ ❡♥❡r❣② ✉s✐♥❣ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞s✱ r❡✲

✼



✷✳✷ ❊❧❡❝tr♦♥✐❝ ♦s❝✐❧❧❛t♦r

❋✐①❡❞ ♣♦✐♥t

m

∆x

❋✐❣✉r❡ ✷✳✶✿ ▼❡❝❤❛♥✐❝❛❧ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦r✳

s♣❡❝t✐✈❡❧②✳ ■♥st❡❛❞ ♦❢ ❛ ♠♦✈✐♥❣ ✇❡✐❣❤t ❛♥❞ s♣r✐♥❣✱ t❤❡ ❡♥❡r❣② ♠♦✈❡s ❡❧❡❝tr♦♥s ✐♥ t❤❡

s②st❡♠✱ r❡s✉❧t✐♥❣ ✐♥ ♣❡r✐♦❞✐❝ ❝❤❛♥❣❡s ♦❢ ❝✉rr❡♥ts ❛♥❞ ✈♦❧t❛❣❡s✳ ❋♦❧❧♦✇✐♥❣ t❤❡ ♠❡❝❤❛♥✐❝❛❧

❡①❛♠♣❧❡ ♣r❡s❡♥t❡❞ ❡❛r❧✐❡r✱ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡ ✐♥❞✉❝t♦r ❝❛♥ r❡♣r❡s❡♥t ❛ ❦✐♥❡t✐❝ ❡♥❡r❣②

♦❢ t❤❡ ♠♦✈✐♥❣ ✇❡✐❣❤t✳ ❙✐♠✐❧❛r❧②✱ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❜② t❤❡ ❝❛♣❛❝✐t♦r

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

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

❛ ❝❧♦s❡❞ ❧♦♦♣ ❝✐r❝✉✐t✱ ❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✷

C −V0

+

S

L

❋✐❣✉r❡ ✷✳✷✿ ■❞❡❛❧ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t♦r✳

✷✳✷✳✶ ■❞❡❛❧ ❝✐r❝✉✐t

❆❝❝♦r❞✐♥❣ t♦ ❑✐r❝❤❤♦✛✬s ❧❛✇s✱ ❢♦r ❛♥② t✐♠❡ ✐♥st❛♥t✱ ❛ t♦t❛❧ ✈♦❧t❛❣❡ ❞r♦♣ ❛r♦✉♥❞ ❛

❝❧♦s❡❞ ❧♦♦♣ ❤❛s t♦ ❜❡ ❡q✉❛❧ ③❡r♦✳ ❆❧s♦✱ ❛t ❛♥② ❣✐✈❡♥ t✐♠❡✱ ❝✉rr❡♥ts ✢♦✇✐♥❣ t❤r♦✉❣❤ ❛♥

✐♥❞✉❝t♦r ❛♥❞ ❝❛♣❛❝✐t♦r ❤❛✈❡ t♦ ❜❡ ❡q✉❛❧✳ ❆ss✉♠❡ t❤❛t C ✐s ✐♥✐t✐❛❧❧② ❝❤❛r❣❡❞ t♦ ✈♦❧t❛❣❡

Vo✳ ❲❤❡♥ s✇✐t❝❤ S ✐s ❝❧♦s❡❞✱ ❝✉rr❡♥t st❛rts t♦ ✢♦✇ ❢r♦♠ t❤❡ ❝❛♣❛❝✐t♦r ❜❡❝❛✉s❡ t❤❡

✐♥❞✉❝t♦r ❤❛s t♦ ♣r♦❞✉❝❡ ✈♦❧t❛❣❡ t♦ s❛t✐s❢② t❤❡ ✈♦❧t❛❣❡ ❝♦♥❞✐t✐♦♥ ❛r♦✉♥❞ ❝❧♦s❡❞ ❧♦♦♣✳

✽



✷✳✷ ❊❧❡❝tr♦♥✐❝ ♦s❝✐❧❧❛t♦r

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

③❡r♦✳ ❍♦✇❡✈❡r t❤❡ ✐♥❞✉❝t♦r ❝✉rr❡♥t r❡❛❝❤❡s ✐ts ♠❛①✐♠✉♠ ♥♦✇✱ ❛♥❞ t♦ ❢✉❧✜❧❧ ❑✐r❝❤❤♦✛✬s

s❡❝♦♥❞ ❧❛✇✱ t❤❡ s❛♠❡ ❝✉rr❡♥t ❤❛s t♦ ✢♦✇ t❤r♦✉❣❤ t❤❡ ❝❛♣❛❝✐t♦r ❛s ✇❡❧❧✱ ❝❤❛r❣✐♥❣ ✐t

❛❣❛✐♥✳ ❚❤✉s✱ t❤❡ ❡♥❡r❣② tr❛♥s❢❡rs ❢♦rt❤ ❛♥❞ ❜❛❝❦ ❜❡t✇❡❡♥ ♠❛❣♥❡t✐❝ ❛♥❞ ❡❧❡❝tr✐❝ ✜❡❧❞

❛♥❞ ♣❡r✐♦❞✐❝ ❝❤❛♥❣❡s ♦❢ ✈♦❧t❛❣❡s ❛♥❞ ❝✉rr❡♥ts ❛r❡ ♦❜s❡r✈❡❞✳ ❙♦❧✈✐♥❣ ❑✐r❝❤❤♦✛✬s ❧❛✇s ✐♥

t❤❡ t✐♠❡ ❞♦♠❛✐♥ r❡✈❡❛❧s t❤❛t t❤❡s❡ ♣❡r✐♦❞✐❝ ✈❛r✐❛t✐♦♥s ❤❛✈❡ ❛ s✐♥✉s♦✐❞❛❧ ❝❤❛r❛❝t❡r✳ ■❢

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

♦r❞✐♥❛r② ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ r❡❧❛t❡❞ t♦ ✐♥st❛♥t❛♥❡♦✉s ❝❤❛r❣❡ q(t) tr❛♥s♣♦rt❡❞ ❜❡t✇❡❡♥

❝♦♠♣♦♥❡♥ts✳ ❙✐♥❝❡ t❤❡ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥s ❛r❡✿ q(0) = V0 · C ❛♥❞ q′(0) = 0✱ ❡q✉❛t✐♦♥

L
δil(t)

δt2
+ vc (t) =

δ2q(t)

δt
+

q(t)

LC
= 0 ✭✷✳✶✮

❤❛s ❛ ♣❛rt✐❝✉❧❛r s♦❧✉t✐♦♥ ♦❢

q(t) = V0C cos

(
t√
LC

)

✭✷✳✷✮

❛♥❞ ❝❛♣❛❝✐t♦r ✈♦❧t❛❣❡ ✐s ❡q✉❛❧ t♦

vc(t) =
q(t)

C
= V0 cos (ω0t) ✭✷✳✸✮

✇❤❡r❡ ω0 = 1/
√

LC ✐s ❦♥♦✇♥ ❛s r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❜❡❝❛✉s❡ ❝✐r❝✉✐t r❡s♣♦♥❞s ♦♥❧② ❢♦r

t❤❛t ♣❛rt✐❝✉❧❛r r❛t❡ ♦❢ ❝❤❛♥❣❡ ♦❢ ❝✉rr❡♥t✳ ❋♦r t❤✐s r❡❛s♦♥✱ ♣r❡s❡♥t❡❞ ❛r❝❤✐t❡❝t✉r❡ ✐s

❦♥♦✇♥ ❛s r❡s♦♥❛t♦r ♦r r❡s♦♥❛♥t t❛♥❦✱ ❛❢t❡r ✐t✬s ❛❜✐❧✐t② t♦ st♦r❡ ❡♥❡r❣②✳

✷✳✷✳✷ ◆♦♥✲✐❞❡❛❧ ❝✐r❝✉✐t

❚❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✷✳✷✱ ❛❧t❤♦✉❣❤ s✐♠♣❧❡✱ ✐s ♥♦t ♣r❛❝t✐❝❛❧✳ ❚❤❡ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡

r❡s♦♥❛t♦r ❝❛♥✬t ❜❡ t❛❦❡♥ ♦✉t ✇✐t❤♦✉t ❞✐st✉r❜✐♥❣ t❤❡ st❛❜❧❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

❆❧s♦✱ r❡❛❧ r❡❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❧♦ss② ❛♥❞ ❛ ♣♦rt✐♦♥ ♦❢ ❡♥❡r❣② ✐s ❞✐ss✐♣❛t❡❞ ❛s ❛ ❤❡❛t

✐♥ ❡❛❝❤ ❝②❝❧❡✳ ❚❤✉s✱ ❡✈❡♥ ✐❢ ♥♦t❤✐♥❣ ❡❧s❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ t❛♥❦✱ ♦s❝✐❧❧❛t✐♦♥s ❝❡❛s❡ ♦✈❡r

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

❋✐❣✉r❡ ✷✳✸ ❞❡♣✐❝ts ❛ ♠♦❞✐✜❡❞ ❝✐r❝✉✐t✱ ✇❤❡r❡ ❛❧❧ ♦❢ t❤❡ r❡s♦♥❛t♦r ❧♦ss❡s ❛r❡ r❡♣r❡s❡♥t❡❞

❜② ❛ s✐♥❣❧❡ r❡s✐st♦r R✳ ❚❤❡r❡❢♦r❡✱ ✭✷✳✶✮ ❝❤❛♥❣❡s t♦

L
δil(t)

δt
+ vR(t) + vc (t) =

δ2q(t)

δt2
+

δq(t)

δt

R

L
+

q(t)

LC
= 0 ✭✷✳✹✮

✾



✷✳✷ ❊❧❡❝tr♦♥✐❝ ♦s❝✐❧❧❛t♦r

C −V0

+

S
R

L

❋✐❣✉r❡ ✷✳✸✿ ▲♦ss② r❡s♦♥❛t♦r✳

❆ss✉♠✐♥❣ t❤❛t R ❞✐ss✐♣❛t❡s ♦♥❧② ❛ s♠❛❧❧ ❢r❛❝t✐♦♥ ♦❢ ❡♥❡r❣② ✐♥ ❡❛❝❤ ❝②❝❧❡✱ ❛♥❞ ✐♥✐t✐❛❧

❝♦♥❞✐t✐♦♥s ❛r❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ t❤❡ ❝❛♣❛❝✐t♦r ✈♦❧t❛❣❡ vc(t) ✐s ♥♦✇ ❣✐✈❡♥

vc(t) = V0 · e−
R
2L

t · cos





√

ω2
0 −

(
R

2L

)2

· t



 ✭✷✳✺✮

✇❤✐❝❤ s❤♦✇s t❤❛t t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥s ❞❡❝❛②s ❡①♣♦♥❡♥t✐❛❧❧② ✇✐t❤ t✐♠❡ ❛♥❞

❛ s♣❡❡❞ ♣r♦♣♦rt✐♦♥❛❧ t♦ R✳ ❚❤❡ ❧♦ss❡s ❝❛♥✬t ❜❡ r❡♠♦✈❡❞ ♣❤②s✐❝❛❧❧② ❢r♦♠ t❤❡ ❝✐r❝✉✐t✱

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

❛❞❞✐t✐♦♥❛❧ ❡①t❡r♥❛❧ ❝✐r❝✉✐tr②✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ♦s❝✐❧❧❛t♦r r❡❛❝❤❡s ✐ts ❡♥❡r❣❡t✐❝ ❡q✉✐❧✐❜r✐✉♠

❛♥❞ ❜❡❤❛✈❡s ❛s ✐❢ R = 0✳

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ t②♣❡ ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ s❛♠♣❧❡❞ ❢r♦♠ t❤❡ ♦s❝✐❧❧❛t♦r ✭❡✐t❤❡r

❝✉rr❡♥t ♦r ✈♦❧t❛❣❡✮✱ s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦r ❝♦♥✜❣✉r❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞✱ ❋✐❣✉r❡ ✷✳✹✳

❘❡s✐st♦rs Rs ❛♥❞ Rp r❡♣r❡s❡♥t ❝✐r❝✉✐t ❧♦ss❡s ❛♥❞ ❧♦❛❞ ❡✛❡❝ts ❝❛✉s❡❞ ❜② ❡①t❡r♥❛❧ ❝✐r❝✉✐ts

❝♦♥♥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦rs✳ ❆t r❡s♦♥❛♥❝❡✱ ❜♦t❤ r❡❛❝t❛♥❝❡s ❝❛♥❝❡❧ ❡❛❝❤ ♦t❤❡r✱ ♠❛❦✐♥❣

Zser(jω) ❛♥❞ Ypar(jω) r❡❛❧ ✈❛❧✉❡❞ ❢✉♥❝t✐♦♥s✳ ❋r♦♠ ❝✐r❝✉✐t ❛♥❛❧②s✐s ♣❡rs♣❡❝t✐✈❡ ✐t ✐s

C Rs L

✭❛✮

Rp C L

✭❜✮

❋✐❣✉r❡ ✷✳✹✿ ▲❈ r❡s♦♥❛t♦rs✿ ✭❛✮ s❡r✐❡s ❛♥❞ ✭❜✮ ♣❛r❛❧❧❡❧ ❝♦♥✜❣✉r❛t✐♦♥✳

♠♦r❡ ❝♦♥✈❡♥✐❡♥t t♦ ❞❡s❝r✐❜❡ s❡r✐❡s r❡s♦♥❛t♦r ✉s✐♥❣ t♦t❛❧ ✐♠♣❡❞❛♥❝❡ Zser(jω)✱ ✇❤❡r❡❛s

❡q✉✐✈❛❧❡♥t ❛❞♠✐tt❛♥❝❡ Ypar(jω) ✐s ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r ❛ ♣❛r❛❧❧❡❧ t❛♥❦✳ ❇♦t❤ ❢✉♥❝t✐♦♥s ❛r❡

✶✵



✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

❣✐✈❡♥ ❜②

Zser(jω) = Rs + jω

(

L− 1

ω2C

)

✭✷✳✻✮

Ypar(jω) =
1

Rp
+ jω

(

C − 1

ω2L

)

✭✷✳✼✮

✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

❚♦ st❛rt ❛♥❞ s✉st❛✐♥ ♦s❝✐❧❧❛t✐♦♥s✱ ❡❧❡❝tr✐❝❛❧ ❡♥❡r❣② ❤❛s t♦ ❜❡ s✉♣♣❧✐❡❞ t♦ t❤❡ r❡s♦♥❛t♦r

❢r♦♠ ❛ ❉❈ s♦✉r❝❡✳ ❋r♦♠ t❤✐s ♣❡rs♣❡❝t✐✈❡✱ ❉❈ ♣♦✇❡r ✐s tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❛♥ ❆❈ s✐❣✲

♥❛❧ ✐♥ ❛ s✐♠✐❧❛r ❢❛s❤✐♦♥ ❛s ✐♥ ❛♠♣❧✐✜❡rs✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t t❤❡ ♦s❝✐❧❧❛t♦r ✐s

❛✉t♦♥♦♠♦✉s✱ ❛♥❞ ❛♣❛rt ♦❢ ❜✐❛s✱ ❞♦❡s ♥♦t r❡q✉✐r❡ ❛♥② ❛❞❞✐t✐♦♥❛❧ ❡①❝✐t❛t✐♦♥ t♦ ♣r♦❞✉❝❡

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

r❡s♦♥❛t♦r ❛r❝❤✐t❡❝t✉r❡✳ ■♥ ❣❡♥❡r❛❧✱ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦rs ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❡✐t❤❡r ❛ t✇♦

♣♦rt ♦r ♦♥❡ ♣♦rt ♥❡t✇♦r❦✱ ❧❡❛❞✐♥❣ t♦ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡t❤♦❞♦❧♦❣✐❡s ♦❢ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✿

❢❡❡❞❜❛❝❦ ❛♥❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♠❡t❤♦❞s✳ ■♥ t❤❡ ❢❡❡❞❜❛❝❦ ❛♣♣r♦❛❝❤✱ t❤❡ ♦s❝✐❧❧❛t♦r ❤❛s ❛

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

❝❛♥ ❜❡ ✉s❡❞ ❞✐r❡❝t❧② t♦ ❛♥❛❧②s❡ ✐ts ❜❡❤❛✈✐♦r✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

♠❡t❤♦❞ ❡♠♣❧♦②s t❤❡ ❝♦♥❝❡♣t ♦❢ ❛ ♦♥❡ ♣♦rt✱ ❡♥❡r❣② r❡st♦r✐♥❣ ❝✐r❝✉✐t t❤❛t ✐♠♣♦s❡s ♦♥❡

♣♦rt ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ r❡s♦♥❛t♦r✳

✷✳✸✳✶ ❋❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r

❋✐❣✉r❡ ✷✳✺ ♣r❡s❡♥ts ❛ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❛ ❢❡❡❞❜❛❝❦ s②st❡♠ ❝♦♥s✐st✐♥❣ ♦❢ ❛ t✇♦ ♣♦rt ♥❡t✲

✇♦r❦s✳ ❚❤❡ ❣❛✐♥ ♦❢ t❤❡ ❞✐r❡❝t ❛♥❞ ❢❡❡❞❜❛❝❦ ♣❛t❤s ✐s ❣✐✈❡♥ ❜② A(jω) ❛♥❞ β(jω) r❡s♣❡❝✲

t✐✈❡❧② ❛♥❞ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ❣✐✈❡♥ ❜②

Yout(jω)

Xin(jω)
=

A(jω)

1− β(jω)A(jω)
✭✷✳✽✮

❲❤❡♥ t❤❡ ✐♥♣✉t s✐❣♥❛❧ Xin(jω) ✐s ❞✐s❝♦♥♥❡❝t❡❞ ❢r♦♠ t❤❡ s②st❡♠✱ ❛ ♥♦♥✲③❡r♦ ♦✉t♣✉t

Y (jω) ✐s ♦❜t❛✐♥❡❞ ♦♥❧② ✐❢ 1− β(jω)A(jω) = 0 ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦

|β(jω)A(jω)| = 1 ✭✷✳✾✮

✶✶
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✰ A(jω)
Yout(jω)

β(jω)

Xin(jω)

❋✐❣✉r❡ ✷✳✺✿ ❋❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r② s②st❡♠✳

t❤❛t ✐s t❤❡ s②st❡♠ ❤❛s ✉♥✐t② ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ ✭β(jω)A(jω)✮✱ ❛♥❞

6 β(jω) + 6 A(jω) = 2kπ ❢♦r k = 0, 1, 2, . . . ✭✷✳✶✵✮

t❤❡ t♦t❛❧ ♣❤❛s❡ s❤✐❢t ♦❢ ♦♣❡♥ ❧♦♦♣ ❡q✉❛❧s ③❡r♦ ✭♦r ♠✉❧t✐♣❧❡ ♦❢ 2π✮✳ ❈♦♥❞✐t✐♦♥s ✭✷✳✾✮

❛♥❞ ✭✷✳✶✵✮ ❛r❡ ❦♥♦✇♥ r❡s♣❡❝t✐✈❡❧② ❛s ❇❛r❦❤❛✉s❡♥✬s ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ❝r✐t❡r✐❛✳ ❋♦r ❛

❣✐✈❡♥ ❢r❡q✉❡♥❝②✱ s✉❝❤ ❞❡✜♥❡❞ ❢❡❡❞❜❛❝❦ s②st❡♠ ♠❛② ♦s❝✐❧❧❛t❡✱ ❤♦✇❡✈❡r ❞♦❡s ♥♦t ❛❧✇❛②s

❤❛✈❡ t♦✳ ❚❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❜♦t❤ ❝r✐t❡r✐❛ ❛✉t♦♠❛t✐❝❛❧❧② s♣❡❝✐❢② ❜♦✉♥❞❛r② ♦❢ st❛❜✐❧✐t②

♦❢ t❤❡ ❝✐r❝✉✐t ✐s ❛ ❝♦♠♠♦♥ ♠✐st❛❦❡ ❛♥❞ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ r❡q✉✐r❡♠❡♥ts ❛r❡ ♥❡❝❡ss❛r②

t♦ tr❛♥s❢♦r♠ ❛ ♣♦t❡♥t✐❛❧❧② ✉♥st❛❜❧❡ s②st❡♠ ✐♥t♦ ❛♥ ❡❧❡❝tr♦♥✐❝ ♦s❝✐❧❧❛t♦r ❬✶❪✳ ▲❡s✉r❢ ❬✷❪

♣r♦✈❡s✱ t❤❛t ✐♥ t❤❡ ❢❡❡❞❜❛❝❦ s②st❡♠ ❢r♦♠ ❋✐❣✉r❡ ✷✳✺ ♦s❝✐❧❧❛t✐♦♥s ❝❛♥ ❜✉✐❧❞ ✉♣ ❛t ❛ ❝❡rt❛✐♥

❢r❡q✉❡♥❝② ✐❢✿

❼ P❤❛s❡ ❝♦♥❞✐t✐♦♥ ✐s ❢✉❧✜❧❧❡❞✳ ❙✐❣♥❛❧ ❛t t❤❡ ✐♥♣✉t ♦❢ A(jω) ✐s ✐♥ ♣❤❛s❡ ✇✐t❤ t❤❡

♦✉t♣✉t s✐❣♥❛❧ ✭✐❞❡❛❧ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦✮✳

❼ ❆♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✐s |β(jω)A(jω)| ≥ 1✳ ❋♦r ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ ❧❛r❣❡r t❤❛♥ ✶✱

❛♠♣❧✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥s ✐♥❝r❡❛s❡s ❡①♣♦♥❡♥t✐❛❧❧② ✇✐t❤ ❡❛❝❤ ❝②❝❧❡✳

❼ ❈✐r❝✉✐t ✐s ✐♥✐t✐❛❧❧② ❡①❝✐t❡❞ ❜② ❛ ✢✉❝t✉❛t✐♦♥ ❛t t❤❡ s❛♠❡ ❢r❡q✉❡♥❝②✳

❚❤✐s ❧❡❛❞s t♦ ❛ ❣❡♥❡r✐❝ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ❛r❝❤✐t❡❝t✉r❡ ❢r♦♠ ❋✐❣✉r❡ ✷✳✻✳ ❋✐rst t✇♦ r❡✲

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

❣❛✐♥✱ ❛♥❞ ♣❤❛s❡ s❤✐❢t ♥❡t✇♦r❦ t♦ ❡st❛❜❧✐s❤ ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦✳ ❙✐❣♥❛❧ ✢✉❝t✉❛t✐♦♥s ♦r✐❣✐✲

♥❛t❡ ❡✐t❤❡r ❢r♦♠ ❛ ♣♦✇❡r s✉♣♣❧② tr❛♥s✐❡♥ts ♦r t❤❡r♠❛❧ ♥♦✐s❡ s♦✉r❝❡s ♦❢ ❛♠♣❧✐✜❡r✳ ❚❤❡s❡

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

✶✷
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Aejφd

Vout(jω)

βejφf

VDD

❋✐❣✉r❡ ✷✳✻✿ ❋❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ✉s✐♥❣ ❛♠♣❧✐✜❡r ❛♥❞ ♣❤❛s❡ s❤✐❢t❡r✳

A
m

pl
itu

de

Time [s]

|A(jω)β(jω)|=1|A(jω)β(jω)|>1

Amplitude stabilises

❋✐❣✉r❡ ✷✳✼✿ ❙✐❣♥❛❧ ❜✉✐❧❞✲✉♣ ✐♥ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✳

❛♥ ✐♥✐t✐❛❧ ❡♥❡r❣② ❛t t❤❡ ✇❛♥t❡❞ ❢r❡q✉❡♥❝②✳ ❋✐❣✉r❡ ✷✳✼ ✐❧❧✉str❛t❡s ❤♦✇ ❛ s♠❛❧❧ ✢✉❝t✉✲

❛t✐♦♥✱ ✐♥❥❡❝t❡❞ t♦ t❤❡ ❞❡s❝r✐❜❡❞ s②st❡♠✱ ❣r♦✇s ♦✈❡r t✐♠❡✳ ❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts

t❤❡ ♠♦♠❡♥t ✇❤❡♥ t❤❡ ❛♠♣❧✐t✉❞❡ st❛❜✐❧✐s❡s ✐✳❡✳ ✇❤❡♥ t❤❡ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ r❡❛❝❤❡s ✉♥✐t②✳

❚❤✐s ✐s ♣♦ss✐❜❧❡ ❜❡❝❛✉s❡ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✱ ❞r✐✈❡s t❤❡ ❛♠♣❧✐✜❡r ✐♥t♦ s❛t✉r❛✲

t✐♦♥ r❡❣✐♦♥✱ r❡❞✉❝✐♥❣ ❛♣♣❛r❡♥t ❣❛✐♥✳ ❚❤❡ ♦s❝✐❧❧❛t♦r r❡❛❝❤❡s st❡❛❞② st❛t❡ ✇❤❡♥ ❛❧❧ ❧♦ss❡s

❛r❡ ❝♦♠♣❡♥s❛t❡❞ ❜② ❛ ♣❡r✐♦❞✐❝ ❡♥❡r❣② ✐♥❥❡❝t✐♦♥s ❢r♦♠ t❤❡ ❛❝t✐✈❡ ❝✐r❝✉✐t✳ ◆♦t❡ t❤❛t t❤❡

❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❝❛♥✬t ♣r❡❞✐❝t t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥s ❛s t❤❡② ❛r❡ ❞❡r✐✈❡❞ ✉♥❞❡r

❧✐♥❡❛r✱ s♠❛❧❧ s✐❣♥❛❧ ❝♦♥❞✐t✐♦♥s✳
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❋✐❣✉r❡ ✷✳✽ ✐❧❧✉str❛t❡s ❛ ♣r❛❝t✐❝❛❧ ❡①❛♠♣❧❡ ♦❢ ❛♥ ✐♥t❡❣r❛t❡❞ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✱ ♥❛♠❡❞

t❤❡ ❈♦❧♣✐tts ♦s❝✐❧❧❛t♦r ❛❢t❡r ✐ts ✐♥✈❡♥t♦r ❊✳ ❍✳ ❈♦❧♣✐tts ❬✸❪✳ ■♥ t❤❡ ♣r❡s❡♥t❡❞ ❝♦♥✜❣✉r❛✲

t✐♦♥✱ ❛♥ ✐♥✈❡rt✐♥❣ ◆▼❖❙ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡r ✐s ✉s❡❞✳ ❆ π✲♥❡t✇♦r❦ ▲❈ r❡s♦♥❛t♦r

♣r♦✈✐❞❡s t❤❡ ✶✽✵◦ ♣❤❛s❡ s❤✐❢t ♥❡❝❡ss❛r② t♦ ❝♦♠♣❧❡t❡ ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ ❧♦♦♣✳

C1C2

L

❋✐❣✉r❡ ✷✳✽✿ ❈♦❧♣✐tts ♦s❝✐❧❧❛t♦r ✭❜✐❛s ♥♦t s❤♦✇♥✮✳

✷✳✸✳✷ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦r

■♥ s♦♠❡ ♦s❝✐❧❧❛t♦rs ❢❡❡❞❜❛❝❦ ❧♦♦♣ ❝❛♥✬t ❜❡ ❝❧❡❛r❧② ✐❞❡♥t✐✜❡❞ ✭❢♦r ❡①❛♠♣❧❡ r❡s♦♥❛t♦rs

♠❛❞❡ ♦❢ ❞✐str✐❜✉t❡❞ ❝♦♠♣♦♥❡♥ts✮✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤✱ ❛♥ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❛s

❛ ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦♥❧② ♦❢ ♦♥❡ ♣♦rt ❝♦♠♣♦♥❡♥ts✱ r❛t❤❡r t❤❛♥ ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣ s②st❡♠

♣r❡s❡♥t❡❞ ❜❡❢♦r❡✳ ❋✐❣✉r❡ ✷✳✾ ✐❧❧✉str❛t❡s ❡q✉✐✈❛❧❡♥t ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐ts ❞❡s✐❣♥❡❞ ✉s✐♥❣ t❤❡

♦♥❡ ♣♦rt ❛♣♣r♦❛❝❤✳

−Ract

Rs C

L

✭❛✮

−Ract Rp C L

✭❜✮

❋✐❣✉r❡ ✷✳✾✿ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦r ✉s✐♥❣✿ ✭❛✮ s❡r✐❡s ❛♥❞ ✭❜✮ ♣❛r❛❧❧❡❧ ▲❈ r❡s♦♥❛t♦r✳

■♥ ❜♦t❤ ❝❛s❡s✱ ❧♦ss② r❡s♦♥❛t♦rs ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣♦♥❡♥t ❝❤❛r❛❝✲

t❡r✐s❡❞ ❜② ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ −Ract✳ ❚❤❡ t♦t❛❧ r❡s✐st❛♥❝❡ ♦❢ ❡❛❝❤ r❡s♦♥❛t♦r ✐s ❡q✉❛❧

t♦

RtotS = Rs −Ract =

∣
∣
∣
∣
∣
Ract≡Rs

= 0 ✭✷✳✶✶✮

✶✹



✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

−∆v V
DC +∆v

−∆i

I
DC

+∆i

❋✐❣✉r❡ ✷✳✶✵✿ ■✲❱ ❝✉r✈❡ ♦❢ ❝♦♠♣♦♥❡♥t ❡①♣❡r✐❡♥❝✐♥❣ ♥❡❣❛t✐✈❡ ❞②♥❛♠✐❝ r❡s✐st❛♥❝❡✳

RtotP =
−RpRact

Rp −Ract
=

∣
∣
∣
∣
∣
Ract≡Rp

=∞ ✭✷✳✶✷✮

❏✉st ❡♥♦✉❣❤ ♠❛❣♥✐t✉❞❡ ♦❢ −Ract ❛♥❞ t❤❡ r❡s♦♥❛t♦r st❛rts t♦ ❜❡❤❛✈❡ ❛s ❛♥ ✐❞❡❛❧ ❝✐r❝✉✐t

❢r♦♠ ❋✐❣✉r❡ ✷✳✷✳

❚❤❡r❡ ❛r❡ ♥♦ ♣❛ss✐✈❡ ❈▼❖❙ ♥❡❣❛t✐✈❡ r❡s✐st♦rs ❛✈❛✐❧❛❜❧❡✳ ■♥ ❣❡♥❡r❛❧✱ s✉❝❤ ❝♦♠♣♦♥❡♥t

✈✐♦❧❛t❡s ❖❤♠✬s ❧❛✇ ❜❡❝❛✉s❡✱ t♦ ♣r♦❞✉❝❡ −Ract✱ ❛ ❝✉rr❡♥t ❝❤❛♥❣❡s ❤❛✈❡ t♦ ❜❡ ✐♥✈❡rs❡❧②

♣r♦♣♦rt✐♦♥❛❧ t♦ ✈♦❧t❛❣❡ ✈❛r✐❛t✐♦♥s✳ ❋♦r t❤✐s r❡❛s♦♥✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❝♦♥str✉❝t t❤✐s

❞❡✈✐❝❡ ✉s✐♥❣ ♣❛ss✐✈❡ r❡s✐st♦rs ♦♥❧②✳ ❆❧s♦✱ t❤❡ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥ Pact = −RactI
2
act ✐s ♥❡❣✲

❛t✐✈❡✱ ✇❤✐❝❤ ✐♠♣❧✐❡s t❤❛t t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r s✉♣♣❧✐❡s ❡♥❡r❣② t♦ t❤❡ r❡s♦♥❛t♦r ✐♥st❡❛❞

♦❢ ❞✐ss✐♣❛t✐♥❣ ✐t✳ ❋✐❣✉r❡ ✷✳✶✵ ♣r❡s❡♥ts ❛ ❣❡♥❡r✐❝ ■✲❱ ❝✉r✈❡ ♦❢ s✉❝❤ ❝♦♠♣♦♥❡♥t✳ ❚♦ ✉♥✲

❞❡rst❛♥❞ ❤♦✇ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ♦❜t❛✐♥❡❞ ✐♥ ♣r❛❝t✐❝❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✉♥❞❡rst❛♥❞

t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ st❛t✐❝ ❛♥❞ ❞②♥❛♠✐❝ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✳ ■❢ t❤❡ ❞❡✈✐❝❡ ✐s ❜✐❛s❡❞

❛s s❤♦✇♥✱ ✐ts st❛t✐❝ r❡s✐st❛♥❝❡ ✐s ♣♦s✐t✐✈❡ ❜❡❝❛✉s❡ Rstat = VDC/IDC ❢✉❧✜❧❧s ❖❤♠✬s ❧❛✇✳

❍♦✇❡✈❡r✱ ✐❢ ❆❈ ✈♦❧t❛❣❡ ✇✐t❤ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ∆v ✐s ❛♣♣❧✐❡❞✱ ✐t ♠♦✈❡s t❤❡ ❜✐❛s ♣♦✐♥t

❢♦rt❤ ❛♥❞ ❜❛❝❦ ❛❧♦♥❣ t❤❡ ❝✉r✈❡✱ ❝❛✉s✐♥❣ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ ❝✉rr❡♥t✳ ❆s t❤❡

✶✺



✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

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

∂i

∂v
< 0;

∂v

∂i
< 0 ✭✷✳✶✸✮

t❤❡ ❝❤❛♥❣❡s ♦❢ ❝✉rr❡♥t ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞r✐✈✐♥❣ ✈♦❧t❛❣❡✳ ❚❤✉s✱ ✐♥ t❤❡

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

✐ts st❛t✐❝ r❡s✐st❛♥❝❡ ✐s ❛❧✇❛②s ♣♦s✐t✐✈❡✳ ❍✐st♦r✐❝❛❧❧②✱ t❤❡ ❜❡st ❦♥♦✇♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❝♦♠✲

♣♦♥❡♥t s❤♦✇✐♥❣ ♥❡❣❛t✐✈❡ ❞②♥❛♠✐❝ r❡s✐st❛♥❝❡ ✐s ❛ ●✉♥♥ ❞✐♦❞❡ ❬✹❪✳ ■t ❝♦♥s✐sts ♦❢ t❤r❡❡

❧❛②❡rs ♦❢ ◆✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦r✱ ❛♥❞ ✇❤❡♥ ❜✐❛s❡❞ ♣r♦♣❡r❧②✱ t❤❡ ❝♦♥❞✉❝t❛♥❝❡ t❤r♦✉❣❤

t❤❡ ❞❡✈✐❝❡ ❞r♦♣s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ✈♦❧t❛❣❡ ❛♠♣❧✐t✉❞❡✳ ❆♥♦t❤❡r ❡①❛♠♣❧❡ ✐s t❤❡ ❊s❦✐ ❞✐♦❞❡

✇✐❞❡❧② ❦♥♦✇♥ ❛s ❛ t✉♥♥❡❧ ❞✐♦❞❡ t❤❛t ✉s❡s q✉❛♥t✉♠ ❡✛❡❝ts ♦❢ s❡♠✐❝♦♥❞✉❝t♦r ♠❛t❡r✐❛❧s

t♦ tr❛♥s♣♦rt ❧♦✇ ❡♥❡r❣② ♣❛rt✐❝❧❡s t❤r♦✉❣❤ ❤✐❣❤ ❡♥❡r❣② ❣❛♣s✳ ❆s ❛ r❡s✉❧t✱ ❛ ❞②♥❛♠✐❝ ♥❡❣✲

❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ♦❜s❡r✈❡❞✳ ❇♦t❤ ❞❡✈✐❝❡s ❛r❡ ❡①t❡♥s✐✈❡❧② ✉s❡❞ ✐♥ ♠✐❝r♦✇❛✈❡ ♦s❝✐❧❧❛t♦rs

❛t ❤✐❣❤✲●❍③ ❢r❡q✉❡♥❝✐❡s✱ ❛♥❞ ❞❡s♣✐t❡ ❧✐♠✐t❡❞ r❡s❡❛r❝❤ ♦♥ ❈▼❖❙ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ❬✺✱ ✻❪✱

t❤❡② ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ✐♥ ❛ st❛♥❞❛r❞ ❝♦♠♠❡r❝✐❛❧ ♣r♦❝❡ss❡s ❛s ②❡t✳

◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝❛♥ ❛❧s♦ ❜❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❛♠♣❧✐✜❡rs ❛♥❞ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥ts✳

❚♦ ❛❝❤✐❡✈❡ ✐t✱ ❛ ❝✐r❝✉✐t ❤❛s t♦ ✐♥tr♦❞✉❝❡ ❛ ✶✽✵◦ ♣❤❛s❡ s❤✐❢t ❜❡t✇❡❡♥ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t

♦❢ t❤❡ s❛♠❡ ♣♦rt✳ ❚❤✐s r❡q✉✐r❡♠❡♥t ❝❛♥ ❜❡ s❛t✐s✜❡❞ ✐❢ ✐♥❞✉❝t♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs ✭❡❛❝❤

✐♥tr♦❞✉❝✐♥❣ ♦✇♥ ♣❤❛s❡ s❤✐❢t ♦❢ ✾✵◦✮✱ ❛r❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❛t ❧❡❛st ♦♥❡ ❝♦♥tr♦❧❧❡❞ ✈♦❧t❛❣❡ ♦r

❝✉rr❡♥t s♦✉r❝❡ ❬✼❪✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r ❛ ❣❡♥❡r✐❝ ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✶✶❛✳

❯s✐♥❣ ❑❱▲✱ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❝✐r❝✉✐t ✐s ❡q✉❛❧ t♦

Zin(jω) =
vout

iin
= gmZ1Z2e

j(φ1+φ2) + Z1e
jφ1 + Z2e

jφ2 ✭✷✳✶✹✮

vout

iin Z1e
jφ1

+ vx
−

Z2e
jφ2 gmvx

✭❛✮

C1

C2

✭❜✮

❋✐❣✉r❡ ✷✳✶✶✿ ❖♥❡ ♣♦rt ♥❡❣❛t✐✈❡ r❡s✐st♦r✿ ✭❛✮ ❝♦♥❝❡♣t✱ ✭❜✮ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳
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✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

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

■❢ ❜♦t❤ ✐♠♣❡❞❛♥❝❡s Z1 ❛♥❞ Z2 ❛r❡ ♦❢ t❤❡ s❛♠❡ t②♣❡ ❛♥❞ ✐♠❛❣✐♥❛r②✱ t❤❡♥ t❤❡ ✜rst t❡r♠

❢r♦♠ ✭✷✳✶✹✮ ❜❡❝♦♠❡s r❡❛❧ ✇✐t❤ ♣❤❛s❡ s❤✐❢t ♦❢ φ1 + φ2 = ±180◦ ❜❡❝❛✉s❡

gmZ1Z2e
j±π = gmZ1Z2 (cos±π + j sin±π) = −gmZ1Z2 ✭✷✳✶✺✮

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

❝♦♠♠♦♥ ❞r❛✐♥ ❛♠♣❧✐✜❡r s❡r✈❡s ❛s ❛ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ❝✉rr❡♥t s♦✉r❝❡ ✇✐t❤ ❝❛♣❛❝✐t✐✈❡ Z1

❛♥❞ Z2✳

vout

iin

gmv2 Y1

+

v1

−
gmv1Y2

+

v2

−

iin

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✷✳✶✷✿ ❉✐✛❡r❡♥t✐❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r✿ ✭❛✮ ❝♦♥❝❡♣t✱ ✭❜✮ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

◆❡❣❛t✐✈❡ r❡s✐st♦r ❝❛♥ ❛❧s♦ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤♦✉t t❤❡ ✉s❡ ♦❢ ❞❡❞✐❝❛t❡❞ r❡❛❝t✐✈❡ ❝♦♠✲

♣♦♥❡♥ts✳ ❋✐❣✉r❡ ✷✳✶✷❛ ♣r❡s❡♥ts ❛ ❞✐✛❡r❡♥t✐❛❧ ❝✐r❝✉✐t ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞

❝✉rr❡♥t s♦✉r❝❡s✳ ❆❞♠✐tt❛♥❝❡s Y1 ❛♥❞ Y2 ♣r♦❞✉❝❡ t❤❡ r❡q✉✐r❡❞ ❝♦♥tr♦❧ ✈♦❧t❛❣❡s ❛♥❞ ❝❛♥

❜❡ r❡s✐st✐✈❡✳ ■❢ ❜♦t❤ ❛❞♠✐tt❛♥❝❡s Y ❛♥❞ s♦✉r❝❡s ❛r❡ t❤❡ s❛♠❡✱ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✐s ❡q✉❛❧

t♦

Yin(jω) =
iin
vout

=
−gm

2
+

Y

2
✭✷✳✶✻✮

■♥ ♣r❛❝t✐❝❡✱ t❤✐s ❝✐r❝✉✐t ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ✇❡❧❧ ❦♥♦✇♥ ▼❖❙ ❝r♦ss✲❝♦✉♣❧❡❞ ♣❛✐r✱ ❞❡✲

♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✶✷❜✳ ❆❞♠✐tt❛♥❝❡s Y1 ❛♥❞ Y2 ❡q✉❛❧ t♦ gds +jωCgs r❡♣r❡s❡♥t tr❛♥s✐st♦r

♣❛r❛s✐t✐❝s✱ ❛♥❞ t②♣✐❝❛❧❧② ❤❛✈❡ ❝❛♣❛❝✐t✐✈❡ ❝❤❛r❛❝t❡r ❛t ❘❋ ❢r❡q✉❡♥❝✐❡s✳

❋✐❣✉r❡ ✷✳✶✸ ✐❧❧✉str❛t❡s ❛ t②♣✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛ ❞✐✛❡r❡♥t✐❛❧ ◆▼❖❙ ♦s❝✐❧❧❛t♦r

✉s✐♥❣ ❛ ❝r♦ss✲❝♦✉♣❧❡❞ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❛♥❞ ❝♦♥♥❡❝t❡❞ t♦ ❛♥ ▲❈ t❛♥❦✳ ❚❤❡ ♠❛✐♥ ❛❞✲

✈❛♥t❛❣❡s ♦❢ t❤✐s ❝✐r❝✉✐t ✐♥❝❧✉❞❡✿ ❛ ♥❛t✉r❛❧ ❛❜✐❧✐t② t♦ ❣❡♥❡r❛t❡ ♦✉t♣✉t ✈♦❧t❛❣❡s s❤✐❢t❡❞

❜② ✶✽✵◦ ❛t ❡❛❝❤ ♦✉t♣✉t✱ ❡❛s❡ ♦❢ ✐♥t❡❣r❛t✐♦♥ ❛♥❞ ❣♦♦❞ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡✳ ❋♦r t❤✐s r❡❛✲
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✷✳✸ ❖s❝✐❧❧❛t♦r ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣✐❡s

C

L L

❋✐❣✉r❡ ✷✳✶✸✿ ❉✐✛❡r❡♥t✐❛❧ ◆▼❖❙ ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛t♦r✳

s♦♥✱ ❝r♦ss✲❝♦✉♣❧❡❞ ♦s❝✐❧❧❛t♦rs ❤❛✈❡ ❜❡❡♥ t❤❡ ❢♦❝✉s ♦❢ ❡①t❡♥s✐✈❡ r❡s❡❛r❝❤ ♦✈❡r t❤❡ ♣❛st

❞❡❝❛❞❡ ❬✽✕✷✵❪✳

❊✈❡♥ t❤♦✉❣❤ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦r ✐s ♥♦t ❞❡s❝r✐❜❡❞ ✉s✐♥❣ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡✲

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

❚❤❡s❡ ❝r✐t❡r✐❛ ❝❛♥ ❜❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❞♦♠❛✐♥✱ ❛♥❛❧②s✐♥❣ ❡✐t❤❡r ❛

t♦t❛❧ ✐♠♣❡❞❛♥❝❡ Ztot ♦r ❛❞♠✐tt❛♥❝❡ Ytot ♦❢ ❛ ❝♦♠♣❧❡t❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ❆ s②st❡♠ st❛rts

t♦ ♦s❝✐❧❧❛t❡ ✇❤❡♥ ❛♥ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ ♦❢ ❢❡❡❞❜❛❝❦ ❝✐r❝✉✐t ✐s ❣r❡❛t❡r t❤❛♥ ♦♥❡✳ ❚❤✐s tr❛♥s✲

❧❛t❡s t♦ t❤❡ s✐t✉❛t✐♦♥ ✇❤❡r❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ❧❛r❣❡r t❤❛♥ ❛❧❧ ❧♦ss❡s ♦❢

t❤❡ r❡s♦♥❛t♦r✳ ■♥ t❤✐s ❝❛s❡✱ ♠♦r❡ ♣♦✇❡r ✐s s✉♣♣❧✐❡❞ t♦ t❤❡ r❡s♦♥❛t♦r t❤❛♥ ❞✐ss✐♣❛t❡❞✳ ❉✉❡

t♦ t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ ❛♥ ❛♠♣❧✐✜❡r✱ ✐♥❝r❡❛s✐♥❣ ❝✐r❝✉✐t ❛♠♣❧✐t✉❞❡ r❡❞✉❝❡s t❤❡ ❛♠♦✉♥t ♦❢

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❝✐r❝✉✐t✳ ❆t ❛ ❝❡rt❛✐♥ s✐❣♥❛❧ ❧❡✈❡❧ −Ract ≡ Rloss ❛♥❞

♦s❝✐❧❧❛t✐♦♥s r❡❛❝❤ st❛❜❧❡ ❛♠♣❧✐t✉❞❡✳ ❚❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝✐r❝✉✐t ✐s ❛ ❢r❡q✉❡♥❝②

❢♦r ✇❤✐❝❤ ❛ t♦t❛❧ r❡❛❝t❛♥❝❡ ♦❢ t❤❡ r❡s♦♥❛t♦r ❜❡❝♦♠❡s ③❡r♦✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❇❛r❦❤❛✉s❡♥

❝r✐t❡r✐❛ ❢♦r ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦rs tr❛♥s❧❛t❡ t♦

ℜ{Ztot, Ytot} ≤ 0 : ❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✭✷✳✶✼✮

ℑ{Ztot, Ytot} = 0 : ♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ✭✷✳✶✽✮

❚♦ st❛rt ♦s❝✐❧❧❛t✐♦♥s✱ ❛♥ ✐♥✐t✐❛❧ s✐❣♥❛❧ ✢✉❝t✉❛t✐♦♥ ❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s r❡q✉✐r❡❞✱

❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❢❡❡❞❜❛❝❦ ❝✐r❝✉✐t✳
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✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

❆s s❤♦✇♥ ♣r❡✈✐♦✉s❧②✱ r❡❣❛r❞❧❡ss ✇❤✐❝❤ ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② ✐s ✉s❡❞✱ t❤❡ r❡s♦♥❛♥t ❢r❡✲

q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ❛❧✇❛②s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❇❛r❦❤❛✉s❡♥ ♣❤❛s❡ ❝r✐t❡r✐♦♥✳ ■❢

r❡❛❝t❛♥❝❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ ✈❛r✐❡❞✱ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♦s❝✐❧❧❛t✐♦♥ ✇✐❧❧ ❝❤❛♥❣❡ ❛❝✲

❝♦r❞✐♥❣❧②✳ ❆s ❛ r❡s✉❧t✱ ❛ s✐♥❣❧❡ ♦s❝✐❧❧❛t♦r ✐s ♥♦✇ ❛❜❧❡ t♦ ❞❡❧✐✈❡r s✐❣♥❛❧s ❛t ✈❛r✐❛❜❧❡

❢r❡q✉❡♥❝✐❡s ✐♥ ❛ ❝♦♥tr♦❧❧❛❜❧❡ ❢❛s❤✐♦♥✳

❍✐st♦r✐❝❛❧❧②✱ t♦ ♦❜t❛✐♥ ❢r❡q✉❡♥❝② t✉♥✐♥❣✱ ♠❡❝❤❛♥✐❝❛❧ ✈❛r✐❛❜❧❡ ❝❛♣❛❝✐t♦rs ✇❡r❡ ✉s❡❞

❜✉t ❞✉❡ t♦ t❤❡ s✐③❡ ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ✐♥t❡❣r❛t❡ t❤❡♠ ♦♥ ❛ ❝❤✐♣✳ ❚❤❡ ❡①❡♠♣t✐♦♥ ❢r♦♠

t❤✐s ❛r❡ ▼❊▼❙ ✭♠✐❝r♦ ❡❧❡❝tr♦✲♠❡❝❤❛♥✐❝❛❧ s②st❡♠s✮ r❡s♦♥❛t♦rs✱ ❝♦♥s✐st✐♥❣ ♦❢ ♥❛♥♦✲s❝❛❧❡✱

t❤r❡❡ ❞✐♠❡♥s✐♦♥❛❧ str✉❝t✉r❡s✳ ▼❊▼❙ r❡s♦♥❛t♦rs ❛r❡ t✉♥❡❞ ❜② ❛ ♠❡❝❤❛♥✐❝❛❧ ❞✐s♣❧❛❝❡♠❡♥t

♦❢ ♦♥❡ ♦r ♠♦r❡ ♣❛rts ♦❢ t❤❡ str✉❝t✉r❡ ✉s✐♥❣ ❡❧❡❝tr✐❝❛❧ ✜❡❧❞✳ ■♥t❡❣r❛t✐♦♥ ♦❢ t❤❡s❡ ❞❡✈✐❝❡s ✐♥

st❛♥❞❛r❞ ❈▼❖❙ r❡q✉✐r❡s ❛❞❞✐t✐♦♥❛❧ ♣♦st ♣r♦❝❡ss✐♥❣ ❛♥❞ t❤❡✐r s✐③❡ ✐s st✐❧❧ t②♣✐❝❛❧❧② ❧❛r❣❡r

t❤❛♥ t❤♦s❡ ♦❢ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs✳ ▼♦r❡ ❞❡t❛✐❧s ♦♥ ▼❊▼❙ ❛♣♣❧✐❝❛t✐♦♥s ✐♥

♦s❝✐❧❧❛t♦rs✱ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ r❡❝❡♥t ♣✉❜❧✐❝❛t✐♦♥s ❬✷✶✕✷✹❪✳

❚❤❡ ♠♦st ❝♦♠♠♦♥ ♠❡t❤♦❞ ♦❢ t✉♥✐♥❣ ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛t♦rs ❡♠♣❧♦②s ✈❛r❛❝t♦rs ✲ s❡♠✐✲

❝♦♥❞✉❝t♦r ❞❡✈✐❝❡s ✇❤♦s❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s ✈♦❧t❛❣❡ ❞❡♣❡♥❞❡♥t✳ ❆♥ ❡①❛♠♣❧❡ ✐s ❛ r❡✈❡rs❡✲

❜✐❛s❡❞ P✲◆ ❥✉♥❝t✐♦♥✱ ✇❤❡r❡ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❞❡♣❧❡t✐♦♥ r❡❣✐♦♥ ✈❛r✐❡s ✇✐t❤ r❡✈❡rs❡ ✈♦❧t✲

❛❣❡ ❬✷✺❪✳ ❚❤❡ ❞❡♣❧❡t✐♦♥ r❡❣✐♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛♥ ✐♥s✉❧❛t♦r ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❡✛❡❝t✐✈❡

❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❥✉♥❝t✐♦♥✱ ❛♥❞ t❤✉s r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s t✉♥❡❞ ❡❧❡❝tr♦♥✐❝❛❧❧②✳ ❚❤❡

♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ ✈❛r❛❝t♦rs ✐s ❣♦♦❞ ♦♥✲❝❤✐♣ s❝❛❧❡ ♦❢ ✐♥t❡❣r❛t✐♦♥✳ ❚❤❡ ❞♦✇♥s✐❞❡s ✐♥❝❧✉❞❡

♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦r ❧✐♠✐t✐♥❣ t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ r❡s♦♥❛t♦rs✳

❚❤❡ ✉s❡ ♦❢ ✈♦❧t❛❣❡ t✉♥❡❞ r❡❛❝t❛♥❝❡s ❧❡❛❞s t♦ ❛ ❝♦♥❝❡♣t ♦❢ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r

✭❱❈❖✮ ❛r❝❤✐t❡❝t✉r❡✳ ■♥ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✱ t✇♦ s✉❜t②♣❡s ♦❢ ❱❈❖s ❛r❡ ❝♦♠♠♦♥❧② ✉s❡❞✿

▲❈ ❛♥❞ r✐♥❣ ♦s❝✐❧❧❛t♦rs✳

✷✳✹✳✶ ▲❈ ♦s❝✐❧❧❛t♦r

❆♥ ▲❈ ❱❈❖ ❝♦♥s✐sts ♦❢ ❛♠♣❧✐✜❡r ❛♥❞ r❡s♦♥❛t♦r ✇✐t❤ ✈❛r❛❝t♦rs✱ ✐♥❞✉❝t♦rs ❛♥❞ ❝❛♣❛❝✐✲

t♦rs✳ ❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛ r❡s♦♥❛t♦r str✉❝t✉r❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❙❡❝t✐♦♥ ✷✳✺

✶✾



✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✐♥ t❤✐s ❝❤❛♣t❡r✳ ❊①❛♠♣❧❡s ♦❢ ▲❈ ❱❈❖ ✐♥❝❧✉❞❡ ❈♦❧♣✐tts ❛r❝❤✐t❡❝t✉r❡ ❢r♦♠ ❋✐❣✉r❡ ✷✳✽

❛♥❞ ❝r♦ss✲❝♦✉♣❧❡❞ ♦s❝✐❧❧❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✷✳✶✸ ♣r❡s❡♥t❡❞ ♣r❡✈✐♦✉s❧②✳ ❉✉r✐♥❣ t❤❡ ❞❡s✐❣♥

st❛❣❡ ❛ ▲❈ r❡s♦♥❛t♦r ❤❛s t♦ ❜❡ ❝❤❛r❛❝t❡r✐s❡❞ s✉❝❤ t❤❛t ✐ts ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥ts ✭str❛②

❝❛♣❛❝✐t❛♥❝❡s✱ ❝♦♥❞✉❝t♦r r❡s✐st✐✈✐t②✱ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✇✐r❡s ❡t❝✳✮ ❛r❡ ❦♥♦✇♥✳ ❚❤✐s ❡♥s✉r❡s

t❤❛t t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❛r❡ ❞❡✜♥❡❞ ❝♦rr❡❝t❧② ❢♦r ❛ ❣✐✈❡♥ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳

■♥ ♠♦st ❝❛s❡s✱ ❛♥ ▲❈ ❱❈❖ ✐♥t❡❣r❛t❡❞ ✐♥ ❈▼❖❙ ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ❡✐t❤❡r ❜② ❢❡❡❞❜❛❝❦

♦r ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♠❡t❤♦❞s✳ ❋♦r ❡①❛♠♣❧❡✱ ❘❛③❛✈✐ ❬✷✻❪ s❤♦✇s t❤❛t ❈♦❧♣✐tts ♦s❝✐❧❧❛t♦r

♥♦r♠❛❧❧② ❞❡s✐❣♥❡❞ ✉s✐♥❣ ❢❡❡❞❜❛❝❦ t❤❡♦r② ♠❛② ❜❡ ❛❧s♦ s✉❝❝❡ss❢✉❧❧② ❞❡r✐✈❡❞ ✉s✐♥❣ t❤❡ ♦♥❡

♣♦rt ❛♣♣r♦❛❝❤✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ❝♦♥✈❡♥✐❡♥❝❡ ❛♥❞ r❡s♦♥❛t♦r ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ❡①❛♠♣❧❡ ♦❢

t❤✐s ❞✉❛❧✐t② ✐s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✶✹✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r ✐s

♦❜t❛✐♥❡❞ t❤r♦✉❣❤ ❛ ❝❛♣❛❝✐t✐✈❡ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ♦❢ ▼❖❙ ❛♠♣❧✐✜❡r✳

C2

C1

L

◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❖✉t

L

C1

C2

❖✉t

❆♠♣❧✐✜❡r

❋❡❡❞❜❛❝❦ ♥❡t✇♦r❦

❋✐❣✉r❡ ✷✳✶✹✿ ❖♥❡ ♣♦rt ❛♥❞ ❢❡❡❞❜❛❝❦ r❡♣r❡s❡♥t❛t✐♦♥s ♦❢ ❈♦❧♣✐tts ♦s❝✐❧❧❛t♦r✳

▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs ❛r❡ ✇✐❞❡❧② ✉s❡❞ ✐♥ ❘❋ ❝✐r❝✉✐ts ❞✉❡ t♦ ❛ ❣♦♦❞ ♥♦✐s❡

♣❡r❢♦r♠❛♥❝❡✱ ❧♦✇ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ❛♥❞ ✇✐❞❡ t✉♥✐♥❣ r❛♥❣❡s✳ ❚❤❡s❡ t②♣❡s ♦❢ ❱❈❖ ❛r❡

❛❧s♦ ❝♦✈❡r❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✳

✷✳✹✳✷ ❘✐♥❣ ♦s❝✐❧❧❛t♦r

❚❤❡ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ♠♦❞❡❧ ❞♦❡s ♥♦t ❡①♣❧✐❝✐t❧② r❡q✉✐r❡ ❛♥ ▲❈ ♥❡t✇♦r❦ ❢♦r ♣r♦♣❡r

♦♣❡r❛t✐♦♥✳ ❆♥② t✇♦ ♣♦rt ♥❡t✇♦r❦ ❛❜❧❡ t♦ ♣r♦✈✐❞❡ ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ ❝❛♥ s❛t✐s❢② t❤❡

❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❛♣❛❝✐t✐✈❡ ❛♥❞ r❡s✐st✐✈❡ ❝✐r❝✉✐ts

✷✵



✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

❝❛♥ ❜❡ ✉s❡❞ ✐♥st❡❛❞ ♦❢ ❛♥ ▲❈ t❛♥❦✳ ❆s t❤❡ ♣❤❛s❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ✐♥♣✉t ❝✉rr❡♥t

❛♥❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢ ❛♥② ❘❈ ❝✐r❝✉✐t ❝❤❛♥❣❡s ✇✐t❤ ❢r❡q✉❡♥❝② ❜❡t✇❡❡♥ 0 ≤ φRC ≤ π/2✱

t❤❡ r❡q✉✐r❡❞ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ❜② ♣r♦♣❡r ❝❤♦✐❝❡ ♦❢ ❘ ❛♥❞ ❈✳ ❉✉❡ t♦ ❛

❧❛❝❦ ♦❢ ✐♥❞✉❝t❛♥❝❡✱ t❤❡ ❝✐r❝✉✐ts ❢r♦♠ t❤✐s ❣r♦✉♣ ❛r❡ ❦♥♦✇♥ ❛s r❡s♦♥❛t♦r❧❡ss ♦s❝✐❧❧❛t♦rs✳

❚❤❡ r✐♥❣ ❱❈❖ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ r❡s♦♥❛t♦r❧❡ss ♦s❝✐❧❧❛t♦r✳ ■t ❝♦♥s✐sts ♦❢ ❛ ❝❛s❝❛❞❡

♦❢ ❛♠♣❧✐✜❡rs ✇❤❡r❡ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ✐s ❢❡❞ ❜❛❝❦ t♦ t❤❡ ✜rst st❛❣❡✳ ❋✐❣✉r❡ ✷✳✶✺ ❞❡♣✐❝ts

❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ r✐♥❣ ♦s❝✐❧❧❛t♦r ✉s✐♥❣ ✜✈❡ ✐♥✈❡rt❡rs✳ ❊❛❝❤ st❛❣❡ s❤✐❢ts ❛ s✐❣♥❛❧ ❢r♦♠ t❤❡

♣r❡✈✐♦✉s ❜❧♦❝❦ ❜② ✶✽✵◦ ❛♥❞ ❛❧s♦ ❞❡❧❛②s ✐t ❞✉❡ t♦ ✐ts ♦✇♥ ❘❈ ♣❛r❛s✐t✐❝s✳ ❚❤❡ ❝✐r❝✉✐t

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

♦❢ ✷π✳ ❘✐♥❣ ♦s❝✐❧❧❛t♦rs ♦♣❡r❛t❡ ✐♥ s✇✐t❝❤✐♥❣ ❢❛s❤✐♦♥ ❣❡♥❡r❛t✐♥❣ sq✉❛r❡ ✇❛✈❡ s✐❣♥❛❧s✳

❋✐❣✉r❡ ✷✳✶✺✿ ❋✐✈❡ st❛❣❡ ❈▼❖❙ r✐♥❣ ♦s❝✐❧❧❛t♦r

❚❤❡ s✐♠♣❧❡st ❢♦r♠ ♦❢ r✐♥❣ ❱❈❖ t✉♥✐♥❣ ✐s ❦♥♦✇♥ ❛s t❤❡ ❝✉rr❡♥t st❛r✈✐♥❣ t❡❝❤♥✐q✉❡

✇❤❡r❡ ❡❛❝❤ ❛♠♣❧✐✜❡r ✐s ❜✐❛s❡❞ t❤r♦✉❣❤ ❛ s❡♣❛r❛t❡ ❝✉rr❡♥t ♠✐rr♦r ❬✷✼❪✳ ❲❤❡♥ t❤❡ ❛♠✲

♣❧✐✜❡r ✐s ♦♥✱ ✐ts ❜✐❛s ❝✉rr❡♥t ❝❤❛r❣❡s ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ t❤❡ st❛❣❡✳ ❚❤❡ ❧❛r❣❡r t❤❡

❝✉rr❡♥t✱ t❤❡ ❢❛st❡r t❤❡ ❝❤❛r❣✐♥❣ ❛♥❞ r❡❞✉❝❡❞ ♣r♦♣❛❣❛t✐♦♥ ❞❡❧❛②✳ ❚❤✐s ✐♥ t✉r♥ ❝❤❛♥❣❡s

t❤❡ ♣❤❛s❡ s❤✐❢t ♦❢ t❤❡ st❛❣❡ ❛♥❞ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s✳ ❚❤❡ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t ❢♦r t❤❡

♠✐rr♦rs ✐s ✉s✉❛❧❧② s✉♣♣❧✐❡❞ t❤r♦✉❣❤ ❛ tr❛♥s❝♦♥❞✉❝t♦r✱ ❛❧❧♦✇✐♥❣ ✈♦❧t❛❣❡ ❝♦♥tr♦❧ ♦✈❡r t❤❡

❢r❡q✉❡♥❝②✳

❉❡s♣✐t❡ ❤✐❣❤ s✐❣♥❛❧ ❞✐st♦rt✐♦♥ ❛♥❞ ♥♦✐s❡✱ t❤❡s❡ ♦s❝✐❧❧❛t♦rs ❛r❡ ✉s❡❞ ✐♥ ♠❛♥② ❤✐❣❤

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

❢r❡q✉❡♥❝✐❡s ❛♥❞ ✇✐❞❡ t✉♥✐♥❣ r❛♥❣❡s✳

✷✶



✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✹✳✸ P❛r❛♠❡t❡rs ♦❢ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥② ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs ✐s t②♣✐❝❛❧❧② ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❢♦❧✲

❧♦✇✐♥❣ ✭s❡t ♦❢✮ ♣❛r❛♠❡t❡rs✳

✷✳✹✳✸✳✶ ❖s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ t✉♥✐♥❣ r❛♥❣❡

❖s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❛♥❞ t✉♥✐♥❣ r❛♥❣❡ ♦❢ ❱❈❖ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❛ss✐❣♥❡❞ ❢r❡✲

q✉❡♥❝② s♣❡❝tr✉♠ ❛ ❝✐r❝✉✐t ♦♣❡r❛t❡s ✐♥✳ ❚❤❡ ♠♦st ❝❤❛❧❧❡♥❣✐♥❣ ❱❈❖ ❞❡s✐❣♥s r❡q✉✐r❡ ❤✐❣❤

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

❝❛♣❛❜✐❧✐t✐❡s ♦❢ ✈❛r✐♦✉s ❞❡s✐❣♥s✱ ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤ ✭FBW ✮ ❝❛♥ ❜❡ ✉s❡❞✳ ■t ✐s ❡①♣r❡ss❡❞

❛s ❛ ♣❡r❝❡♥t❛❣❡ ♦❢ t✉♥✐♥❣ r❛♥❣❡ t♦ ❛ ❢r❡q✉❡♥❝② ✐♥ t❤❡ ❝❡♥tr❡ ♦❢ t❤❡ ❜❛♥❞✇✐❞t❤✳ ❚②♣✐✲

❝❛❧❧②✱ ✇✐❞❡❜❛♥❞ ♦s❝✐❧❧❛t♦rs ❤❛✈❡ r❡❧❛t✐✈❡ t✉♥✐♥❣ r❛♥❣❡s ♦❢ ❛t ❧❡❛st ✷✵✪ ✲ ✷✺✪ ✭✇❤❡r❡❛s

♥❛rr♦✇❜❛♥❞ str✉❝t✉r❡s ❤❛✈❡ ✉s✉❛❧❧② FBW ♦❢ ✺✪ ♦r ❧❡ss✮✱ ❤♦✇❡✈❡r t❤❡r❡ ✐s ♥♦ ❞❡✜♥❡❞

❧✐♠✐t ❜❡t✇❡❡♥ ♥❛rr♦✇ ❛♥❞ ✇✐❞❡❜❛♥❞ ❱❈❖s✳

✷✳✹✳✸✳✷ ❚✉♥✐♥❣ ❝♦♥st❛♥t

❚❤✐s ♣❛r❛♠❡t❡r ❞❡✜♥❡s t❤❡ t✉♥✐♥❣ s❡♥s✐t✐✈✐t② ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ❛♥❞ ✐s ❝♦♠♠♦♥❧② ❞❡♥♦t❡❞

❛s KV CO✳ ■t r❡♣r❡s❡♥ts ❛ ♠❛❣♥✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ❞✉❡ t♦ ❝♦♥tr♦❧

✈♦❧t❛❣❡✳ ❚②♣✐❝❛❧ ✈❛❧✉❡s ♦❢ KV CO ❢♦r ❘❋ ❝✐r❝✉✐ts ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ t❡♥s t♦ ❤✉♥❞r❡❞s ♦❢

▼❍③✴❱✳ ❚❤❡ t✉♥✐♥❣ ❝♦♥st❛♥t ✐s ❞❡r✐✈❡❞ ❜② ❝❛❧❝✉❧❛t✐♥❣ ❛ s❧♦♣❡ ♦❢ ❛ t✉♥✐♥❣ ❝✉r✈❡s ✇❤❡r❡

t❤❡ ♥❡❣❛t✐✈❡ ✈❛❧✉❡ ✐♥❞✐❝❛t❡s ❛♥ ✐♥✈❡rs❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ ❢r❡q✉❡♥❝② ❛♥❞ ❝♦♥tr♦❧

✈♦❧t❛❣❡✳ ❙♠❛❧❧ ✈❛❧✉❡s ♦❢ KV CO r❡❞✉❝❡s ❆▼✲P▼ ♥♦✐s❡ ❝♦♥✈❡rs✐♦♥ ❜❡❝❛✉s❡ t❤❡ ♦s❝✐❧❧❛t♦r

s❡♥s✐t✐✈✐t② t♦ ♥♦✐s❡ ❢r♦♠ t❤❡ ❝♦♥tr♦❧ ♣❛t❤ ❞❡❝r❡❛s❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧❛r❣❡ t✉♥✐♥❣

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

✐♥ s✉❜✲♠✐❝r♦♥ t❡❝❤♥♦❧♦❣✐❡s✳

✷✳✹✳✸✳✸ ❖✉t♣✉t ♣♦✇❡r

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

✐♥t❡❣r❛t❡❞ ❝✐r❝✉✐ts ❛r❡ ❧♦✇✲✈♦❧t❛❣❡ ❛♥❞ ❤❡♥❝❡ ❛✈❛✐❧❛❜❧❡ ♣♦✇❡rs ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ✉♣ t♦

✷✷



✷✳✹ ❱♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✶ ♠❲ ✭✵ ❞❇♠✮✳ ■♥ ♦r❞❡r t♦ ♣r❡✈❡♥t ❡①❝❡ss✐✈❡ ❡♥❡r❣② ❧♦ss❡s ✐♥ t❤❡ r❡s♦♥❛t♦r✱ t❤❡ ♦s❝✐❧❧❛t♦r

s✐❣♥❛❧ ✐s tr❛♥s♠✐tt❡❞ t♦ t❤❡ ❧♦❛❞ ✉s✐♥❣ ❜✉✛❡r ❛♠♣❧✐✜❡rs ✇✐t❤ ❧❛r❣❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡✳ ❚❤❡

❞❡s✐❣♥ ♦❢ t❤❡ ❜✉✛❡r ❜❡❝♦♠❡s ❝r✉❝✐❛❧ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✇✐❞❡❜❛♥❞ ❱❈❖s s✐♥❝❡ t❤❡ ♦s❝✐❧❧❛t♦r

s✐❣♥❛❧ ♣♦✇❡r ✈❛r✐❡s ✇✐t❤ ❢r❡q✉❡♥❝② ❛s ❛ r❡s✉❧t ♦❢ ❝♦♠♣❧❡① ♣❛r❛s✐t✐❝ str✉❝t✉r❡ ♦❢ t❤❡

❝✐r❝✉✐t✳

✷✳✹✳✸✳✹ ❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

❚❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ✐s ❛❧s♦ ✐♠♣♦rt❛♥t ❢r♦♠ ❛ ❢r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥ ♣❡r✲

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

❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ s❤♦✉❧❞ ❜❡ ❦❡♣t ❛s s♠❛❧❧ ❛s ♣♦ss✐❜❧❡✳ ❚②♣✐✲

❝❛❧❧② ❤❛r♠♦♥✐❝ s✉♣♣r❡ss✐♦♥ s❤♦✉❧❞ ❜❡ ♠♦r❡ t❤❛♥ ✶✺ ❞❇ ❢♦r ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ❤❛r♠♦♥✐❝

♦s❝✐❧❧❛t♦rs✳

✷✳✹✳✸✳✺ ❙✉♣♣❧② ♣✉s❤✐♥❣

❚❤✐s ✐s ❛ ♠❡❛s✉r❡ ❤♦✇ ♠✉❝❤ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ❞✉❡ t♦ ✈❛r✐❛t✐♦♥s ♦❢ ❉❈

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

❜✐❛s ✈♦❧t❛❣❡ ♠❛② ❝❛✉s❡ s❤✐❢ts ♦❢ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ✐❢

t❤❡ ❱❈❖ ✐s ✐♥ ❝❧♦s❡ ♣r♦①✐♠✐t② t♦ ♣♦✇❡r st❛❣❡s t❤❛t ❝❛♥ ❢❡❡❞ ❡♥❡r❣② t❤r♦✉❣❤ s✉♣♣❧②

❝♦♥♥❡❝t✐♦♥s ❬✷✽❪✳

✷✳✹✳✸✳✻ ▲♦❛❞ ♣✉❧❧✐♥❣

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

♣✉❧❧✐♥❣ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❞♦✇♥✳ ❚❤❡ ❜✉✛❡r ❛♠♣❧✐✜❡r ♣r✐♠❛r✐❧② ✉s❡❞ t♦ ❞❡❧✐✈❡r t❤❡

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

✐♠♣❡❞❛♥❝❡ ✭t❤❛t ❤❛s t♦ ❜❡ ❝❤❛r❛❝t❡r✐s❡❞ ❞✉r✐♥❣ ❞❡s✐❣♥ ♦❢ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✮✱ t❤❡ ❜✉✛❡r

♣r♦✈✐❞❡s ❛♥ ❡✛❡❝t✐✈❡ ✐s♦❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❧♦❛❞ ❛♥❞ t❤❡ r❡s♦♥❛t♦r✳ ▲♦❛❞ ♣✉❧❧✐♥❣ ✐s ❛❧s♦

♦❜s❡r✈❡❞ ✐♥ ❛ ♣r❡s❡♥❝❡ ♦❢ ❡①tr❛❝t❡❞ ❧❛②♦✉t ♣❛r❛s✐t✐❝s✳

✷✸



✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✹✳✸✳✼ P♦✇❡r ❝♦♥s✉♠♣t✐♦♥

❚❤✐s ✐s ❛ ❝r✉❝✐❛❧ ♣❛r❛♠❡t❡r ❢♦r ❛ ❧♦✇✲♣♦✇❡r ❞❡s✐❣♥s ❛s ❜❛tt❡r② ♦♣❡r❛t❡❞ ❞❡✈✐❝❡s✱ ❛s

♦s❝✐❧❧❛t♦rs ❝♦♥✈❡rt ❉❈ ♣♦✇❡r ✐♥t♦ ❆❈ s✐❣♥❛❧✳ ❚❤❡ ❧❡ss ♣♦✇❡r ❝♦♥s✉♠❡❞ ❢♦r ❣✐✈❡♥ ♣❡r✲

❢♦r♠❛♥❝❡✱ t❤❡ ♠♦r❡ ❡✣❝✐❡♥t t❤❡ ♦s❝✐❧❧❛t♦r✳

✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞

♦s❝✐❧❧❛t♦rs

❚❤✐s s❡❝t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ♠♦st ❝♦♠♠♦♥ ❈▼❖❙ ✐♠♣❧❡♠❡♥t❛t✐♦♥s ♦❢ ▲❈ r❡s♦♥❛♥t t❛♥❦s✱

✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ ❛ ✇✐❞❡❜❛♥❞ ♦♣❡r❛t✐♦♥✳

✷✳✺✳✶ ▼■❙ ✈❛r❛❝t♦r

■♥ ♠♦❞❡r♥ ❈▼❖❙ ♣r♦❝❡ss❡s ▼■❙ ✭♠❡t❛❧✲✐♥s✉❧❛t♦r✲s❡♠✐❝♦♥❞✉❝t♦r✮ ❞❡✈✐❝❡s ❛r❡ ✉s❡❞✳ ❋✐❣✲

✉r❡ ✷✳✶✻ ♣r❡s❡♥ts ❛ ❝r♦ss✲s❡❝t✐♦♥ ♦❢ ❛ ✈❛r❛❝t♦r✱ ❜✉✐❧t ✐♥ ◆✲✇❡❧❧ ✐♥ t❤❡ s❛♠❡ ✇❛s ❛s P▼❖❙

tr❛♥s✐st♦r ❜✉t ✇✐t❤♦✉t t❤❡ ❞r❛✐♥ ❛♥❞ s♦✉r❝❡ ✐♠♣❧❛♥ts✳ ❈❛♣❛❝✐t❛♥❝❡ ✐s t✉♥❡❞ ❜② ✜①✐♥❣

t❤❡ ✈♦❧t❛❣❡ ♦♥ ♦♥❡ ❧❡❛❞ ❛♥❞ ✈❛r②✐♥❣ t❤❡ ✈♦❧t❛❣❡ ♦♥ t❤❡ ♦t❤❡r ❧❡❛❞✳ ❚❤❡ ♠❛①✐♠✉♠

❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❞❡✈✐❝❡ ❞❡♣❡♥❞s ♦♥ W t♦ L r❛t✐♦ ♦❢ t❤❡ ❞❡✈✐❝❡ ❛♥❞ ✐s ✐♥❝r❡❛s❡❞ ❜②

✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡r ♦❢ ❣❛t❡s ✭❡✛❡❝t✐✈❡ s✐③❡✮ ❛♥❞ N+ ✐♠♣❧❛♥ts✳

◆✰◆✰

◆✲✇❡❧❧

●❛t❡ ❇✉❧❦

❋✐❣✉r❡ ✷✳✶✻✿ ▼■❙ ✈❛r❛❝t♦r str✉❝t✉r❡✳

❋✐❣✉r❡ ✷✳✶✼ s❤♦✇s ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❈✲❱ ❝✉r✈❡ ❢♦r ❛ ▼■❙ ✈❛r❛❝t♦r ✐♥ ❛ ✶✽✵ ♥♠

♣r♦❝❡ss✱ t♦❣❡t❤❡r ✇✐t❤ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❛♥❦ ✉t✐❧✐s✐♥❣ t❤✐s ❞❡✈✐❝❡✳ P❧♦ts ✐❧❧✉str❛t❡

❛ t②♣✐❝❛❧ t✉♥✐♥❣ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✐♥t❡❣r❛t❡❞ ✈❛r❛❝t♦r ✇✐t❤ ❛ ♠❛①✐♠✉♠ t♦ ♠✐♥✐♠✉♠ ❝❛✲
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♣❛❝✐t❛♥❝❡ r❛t✐♦ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✸✳ ❚❤❡ t②♣✐❝❛❧ ✈❛❧✉❡ ♦❢ ❝❛♣❛❝✐t❛♥❝❡ ♣❡r ❛r❡❛ ♦❢ ✉♥❜✐❛s❡❞

▼■❙ ✈❛r❛❝t♦r ✐♥ t❤❡ ♣r❡s❡♥t❡❞ ✶✽✵ ♥♠ ♣r♦❝❡ss ✐s ❛♣♣r♦①✐♠❛t❡❧② ✸ ❢❋✴➭♠2✳
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❋✐❣✉r❡ ✷✳✶✼✿ ❈✲❱ ❝✉r✈❡ ♦❢ ❣❛t❡ ✈♦❧t❛❣❡ t✉♥❡❞ ▼■❙ ✈❛r❛❝t♦r ❛♥❞ r❡s✉❧t✐♥❣ ♦s❝✐❧❧❛t♦r
t✉♥✐♥❣ ❝✉r✈❡✳

❯s✐♥❣ ❛ s✐♥❣❧❡ ✈❛r❛❝t♦r t♦ t✉♥❡ t❤❡ ♦s❝✐❧❧❛t♦r ✐♥tr♦❞✉❝❡s s♦♠❡ ♥❡❣❛t✐✈❡ ❡✛❡❝ts✳ ❚♦

❝♦✈❡r ❛ ✇✐❞❡ ❜❛♥❞ ♦❢ ❢r❡q✉❡♥❝✐❡s✱ ❛ s✐♥❣❧❡ ✈❛r❛❝t♦r r❡q✉✐r❡s ❛ ❤✐❣❤ Cmax/Cmin r❛t✐♦✳

❚❤✐s ♠❛❦❡s ❛ ❝✐r❝✉✐t ✈✉❧♥❡r❛❜❧❡ t♦ ♥♦✐s❡ ♣r❡s❡♥t ✐♥ t❤❡ t✉♥✐♥❣ ♣❛t❤✱ ❜❡❝❛✉s❡ KV CO ✐s

❤✐❣❤ ❛♥❞ ♥♦✐s❡ tr❛♥s❧❛t❡s ✐♥t♦ ♣❛r❛s✐t✐❝ ❋▼ ♠♦❞✉❧❛t✐♦♥✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ❦♥♦✇♥ ❛s

❆▼✲P▼ ♥♦✐s❡ ❝♦♥✈❡rs✐♦♥ ❛♥❞ ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞ ✐❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ r❛t✐♦ ♦❢ ✈❛r❛❝t♦r ✐s

❧❡❢t ❧♦✇✳ ❆s t❤❡ r❛t✐♦ ❝❛♥✬t ❜❡ ❢r❡❡❧② ❝❤♦s❡♥✱ t❤❡ ♠♦st ❝♦♠♠♦♥ s♦❧✉t✐♦♥ ✐s ❜❛❝❦✲t♦✲❜❛❝❦

❝♦♥♥❡❝t✐♦♥ ♦❢ t✇♦ ✈❛r❛❝t♦rs t❤❛t ❛❧s♦ ✐♠♣r♦✈❡s t❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦✈❡r t❤❛t ♦❢ ❛

s✐♥❣❧❡ ❞❡✈✐❝❡ ❬✷✾✕✸✶❪✳

✷✳✺✳✷ ❙✇✐t❝❤❡❞ ❝❛♣❛❝✐t♦r ❛rr❛②

❚❤❡ ❧♦✇ ❝❛♣❛❝✐t❛♥❝❡ r❛t✐♦ ✉s❡❞ t♦ ♠✐♥✐♠✐s❡ ❆▼✲P▼ ❝♦♥✈❡rs✐♦♥ ♦❢ ♥♦✐s❡ ❞❡❝r❡❛s❡s t❤❡

t✉♥✐♥❣ r❛♥❣❡✳ ❚❤✐s tr❛❞❡✲♦✛ ❝❛♥ ❜❡ r❡❧❛①❡❞ ✐❢ ❛ s✇✐t❝❤❡❞ ❝❛♣❛❝✐t❛♥❝❡ ❛rr❛② ✭❙❈❆✮ ❢r♦♠

✷✺



✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

❋✐❣✉r❡ ✷✳✶✽ ✐s ✐♠♣❧❡♠❡♥t❡❞✳ ❚❤❡ ❛rr❛② ❝♦♥s✐sts ♦❢ ❛ ♣❛r❛❧❧❡❧ ❝♦♥♥❡❝t✐♦♥ ♦❢ ✜①❡❞ ❝❛♣❛❝✲

✐t♦rs ❛♥❞ ▼❖❙ tr❛♥s✐st♦rs ❛❝t✐♥❣ ❛s s✇✐t❝❤❡s✳ ■♥ ❡❛❝❤ ❝♦♥s❡❝✉t✐✈❡ ❧✐♥❡ t❤❡ ❝❛♣❛❝✐t❛♥❝❡

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

2nC

2nW/L

bn
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4W/L
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C
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b0

❋✐❣✉r❡ ✷✳✶✽✿ ❇✐♥❛r② s✇✐t❝❤❡❞ ❝❛♣❛❝✐t♦r ❛rr❛②✳

❲❤❡♥ t❤❡ ❙❈❆ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✈❛r❛❝t♦r✱ t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ r❡s♦♥❛t♦r ✐s

♥♦✇ ❛❧s♦ ❝♦♥tr♦❧❧❡❞ ❜② ❛rr❛② s✇✐t❝❤✐♥❣✳ ❆s ❛ r❡s✉❧t✱ ❧♦✇ ❝❛♣❛❝✐t❛♥❝❡ r❛t✐♦ ✈❛r❛❝t♦rs ❝❛♥

❜❡ ✉s❡❞ t♦ t✉♥❡ s♠❛❧❧ ❢r❡q✉❡♥❝② ✈❛r✐❛t✐♦♥s ✭✜♥❡ t✉♥✐♥❣✮ ❛r♦✉♥❞ ❛ ❢r❡q✉❡♥❝② ❞❡t❡r♠✐♥❡❞

❜② t❤❡ ❛rr❛② ✭❝♦❛rs❡ t✉♥✐♥❣✮ ❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✶✾✳ ❚❤❡ t✉♥✐♥❣ r❛♥❣❡ ✐s ✐♥❝r❡❛s❡❞

✇✐t❤ ♠♦r❡ ❧✐♥❡❛r r❡s♣♦♥s❡ ❛♥❞ ✐♠♣r♦✈❡❞ ♥♦✐s❡ ❝♦♥✈❡rs✐♦♥✳ ❚❤❡ ❞✐s❛❞✈❛♥t❛❣❡s ❛r❡ ❧❛r❣❡r

❝❤✐♣ ❛r❡❛ ✭❞✉❡ t♦ ❛ ♥✉♠❜❡r ♦❢ ❝❛♣❛❝✐t♦rs ❛♥❞ s✇✐t❝❤✐♥❣ tr❛♥s✐st♦rs✮ ❛♥❞ ❛❞❞✐t✐♦♥❛❧

❞✐❣✐t❛❧ ❝✐r❝✉✐tr② t♦ ❝♦♥tr♦❧ t❤❡ s✇✐t❝❤✐♥❣✳

✷✳✺✳✸ ▼■▼ ❝❛♣❛❝✐t♦r

▼❡t❛❧✲✐♥s✉❧❛t♦r✲♠❡t❛❧ ❝❛♣❛❝✐t♦rs ♣r♦✈✐❞❡ ✜①❡❞ ❝❛♣❛❝✐t❛♥❝❡ t♦ t❤❡ r❡s♦♥❛t♦r✳ ❚❤❡s❡ ❞❡✲

✈✐❝❡s ❛r❡ ❜✉✐❧t ✉s✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝♦♥❞✉❝t✐✈❡ ❧❛②❡r ✭❦♥♦✇♥ ❛s ▼▼❈✱ ♠❡t❛❧✲♠❡t❛❧✲

❝❛♣❛❝✐t♦r✮ ❜❡t✇❡❡♥ ❡①✐st✐♥❣ ♠❡t❛❧ ❧❛②❡rs ♦❢ ❛ ❝❤✐♣✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s ♣r♦♣♦rt✐♦♥❛❧

t♦ t❤❡ ❛r❡❛ ♦❢ t❤❡ ▼▼❈✱ ❛♥❞ ♠❛② ❜❡ ✐♥❝r❡❛s❡❞ ❜② ♠✉❧t✐♣❧❡ ❝♦♥♥❡❝t✐♦♥ ♦❢ s♠❛❧❧❡r ❞❡✲

✈✐❝❡s ✭♠✉❧t✐ r❡❝t❛♥❣❧❡ ❝❛♣❛❝✐t♦r✮✳ ■♥ ♠♦❞❡r♥ s✉❜✲♠✐❝r♦♥ ❈▼❖❙ ♣r♦❝❡ss❡s✱ ❛ t②♣✐❝❛❧

❝❛♣❛❝✐t❛♥❝❡ ♣❡r ❛r❡❛ ✈❛❧✉❡s ❜❡t✇❡❡♥ ✶ ❢❋✴➭♠✷ ❛♥❞ ✷ ❢❋✴➭♠✷ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞✳
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❋✐❣✉r❡ ✷✳✶✾✿ ❚✉♥✐♥❣ r❛♥❣❡ ✐♠♣r♦✈❡♠❡♥t ✇✐t❤ ❙❈❆ ❛♥❞ ❧♦✇ ❝❛♣❛❝✐t❛♥❝❡ r❛t✐♦ ✈❛r❛❝t♦r✳
❙②♠❜♦❧ b r❡♣r❡s❡♥ts ❛ ✸✲❜✐t ✇♦r❞ ❝♦♥tr♦❧❧✐♥❣ ❙❈❆ s✇✐t❝❤❡s✳

✷✳✺✳✹ ■♥❞✉❝t♦rs

▼♦♥♦❧✐t❤✐❝ ✐♥❞✉❝t♦rs ❛r❡ t②♣✐❝❛❧❧② ❞❡s✐❣♥❡❞ ♦♥ t❤❡ t♦♣ ♠❡t❛❧ ❧❛②❡r ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ s♣✐r❛❧✳

❋✐❣✉r❡s ✷✳✷✵❛ ❛♥❞ ✷✳✷✵❜ s❤♦✇ ❛ t♦♣ ✈✐❡✇ ♦❢ t✇♦ ♠♦st ♣♦♣✉❧❛r ❛r❝❤✐t❡❝t✉r❡s✱ ❤♦✇❡✈❡r

❤❡①❛❣♦♥❛❧✱ ♦❝t❛❣♦♥❛❧ ❛♥❞ sq✉❛r❡ s❤❛♣❡s ❛r❡ ❛❧s♦ ✇✐❞❡❧② ✉s❡❞ ❬✸✷❪✳ ❚❤❡ ✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡

✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♣❤②s✐❝❛❧ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ s♣✐r❛❧ ✐✳❡✳ ❝♦♥❞✉❝t♦r ✇✐❞t❤✱ ❞✐❛♠❡t❡r

❛♥❞ ♥✉♠❜❡r ♦❢ t✉r♥s✳ ❚②♣✐❝❛❧❧②✱ ❈▼❖❙ ✐♥❞✉❝t♦rs ♦❝❝✉♣② t❤❡ ❧❛r❣❡st ❝❤✐♣ ❛r❡❛ ❛♠♦♥❣

♦t❤❡r ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ ❡①t❡♥s✐✈❡ r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ ❝♦♥❞✉❝t❡❞ t♦ ✜♥❞ ✈❛r✐♦✉s

✇❛②s ♦❢ ♠✐♥✐❛t✉r✐s❛t✐♦♥ ❬✸✷✕✸✻❪✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r t❤❡ ✐♥❞✉❝t♦r ❛✈❛✐❧❛❜❧❡ ✐♥

❯▼❈ ✶✽✵ ♥♠ ♣r♦❝❡ss ✇✐t❤ ✺✳✺ t✉r♥s ❛♥❞ ♠❛①✐♠✉♠ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✶✹ ♥❍✳ ❚❤❡ ❝♦♠♣❧❡t❡

✐♥❞✉❝t♦r ✭✐♥❝❧✉❞✐♥❣ ❞✐✛✉s✐♦♥ ❞✉♠♠② ❛r♦✉♥❞ ✐t✮ ♦❝❝✉♣✐❡s ❛♥ ❛r❡❛ ♦❢ ❛t ❧❡❛st ✹✵✵ ➭♠ ♣❡r

✹✵✵ ➭♠✳ ❚❤❡ ♣r♦❜❧❡♠ ♦❢ ✐♥❞✉❝t♦r s✐③❡ ❜❡❝♦♠❡s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❢♦r ❧♦✇❡r r❡s♦♥❛♥t

❢r❡q✉❡♥❝✐❡s ✇❤❡r❡ ❧❛r❣❡ ❝❛♣❛❝✐t♦rs ❤❛✈❡ t♦ ❜❡ ❛❧s♦ ✉s❡❞ ❛♥❞ t❤❡r❡❢♦r❡ ✐♥❝r❡❛s✐♥❣ t♦t❛❧

❛r❡❛ ♦❢ ❛ ▲❈ t❛♥❦✳

■♥ ❛❞❞✐t✐♦♥✱ ✐♥t❡❣r❛t❡❞ ✐♥❞✉❝t♦rs s✉✛❡r ❢r♦♠ ❢♦❧❧♦✇✐♥❣ ♣❛r❛s✐t✐❝s ❬✸✷❪✿
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❼ ❙❡r✐❡s r❡s✐st❛♥❝❡✿ ❚❤❡ ❝♦♥❞✉❝t♦r ✐s r❡❧❛t✐✈❡❧② ❧♦♥❣ ❛♥❞ ♥❛rr♦✇✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ✜✲

♥✐t❡ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ♠❡t❛❧ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ r❡s✐st✐✈❡ ❧♦ss❡s✳ ❆t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱

t❤❡ s❦✐♥ ❡✛❡❝t ❞❡❝r❡❛s❡s ❡✛❡❝t✐✈❡ ❝r♦ss✲s❡❝t✐♦♥ ❡①♣❡r✐❡♥❝❡❞ ❜② ❛ ♣❛ss✐♥❣ ❝✉rr❡♥t✱

✐♥❝r❡❛s✐♥❣ t♦t❛❧ r❡s✐st❛♥❝❡✳

❼ ■♥❞✉❝t♦r t♦ ❣r♦✉♥❞ ♣❧❛♥❡ ❝❛♣❛❝✐t❛♥❝❡✿ ❆ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡

✐♥❞✉❝t♦r ❝♦✐❧ ❛♥❞ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✭❛♣♣r♦①✐♠❛t❡❧② ✶✵ ➭♠ ❢♦r ♠♦❞❡r♥ s✉❜✲♠✐❝r♦♥

♣r♦❝❡ss❡s✮ r❡s✉❧ts ✐♥ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡ ✇❤✐❝❤ r❡❞✉❝❡s t❤❡ ♠❛①✐♠✉♠ ♦♣❡r❛t✐♦♥❛❧

❢r❡q✉❡♥❝② ♦❢ t❤❡ ✐♥❞✉❝t♦r✳

❼ ❚❤❡r❡ ✐s ❛t ❧❡❛st ♦♥❡ ❝r♦ss♦✈❡r t❤r♦✉❣❤ t❤❡ ❧♦✇❡r ♠❡t❛❧ ❧❛②❡r ♣r♦✈✐❞✐♥❣ ❝♦♥♥❡❝t✐♦♥

t♦ ♦♥❡ ♦❢ t❤❡ ✐♥♣✉ts✱ ❝❛✉s✐♥❣ ❝❛♣❛❝✐t✐✈❡ ❝♦✉♣❧✐♥❣ ❛♥❞ ❧♦✇❡rs ❡✛❡❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡✳

❼ ❆s t❤❡ ✐♥❞✉❝t♦r ✐s s✉s♣❡♥❞❡❞ ♦✈❡r ❛ ❝♦♥❞✉❝t✐✈❡ ❣r♦✉♥❞ ♣❧❛♥❡✱ ♠❛❣♥❡t✐❝ ✜❡❧❞s

❢r♦♠ t❤❡ s♣✐r❛❧ ✐♥❞✉❝❡s ❡❞❞② ❝✉rr❡♥ts ✐♥ t❤✐s ♠❡t❛❧ ❧❛②❡r✳ ❆❝❝♦r❞✐♥❣ t♦ ▲❡♥③✬s ❧❛✇

✭❛✮ ✭❜✮

✭❝✮

❋✐❣✉r❡ ✷✳✷✵✿ ▼♦♥♦❧✐t❤✐❝ s♣✐r❛❧ ✐♥❞✉❝t♦rs✿ ✭❛✮ s✐♥❣❧❡ ❡♥❞❡❞ ❛♥❞ ✭❜✮ ❞✐✛❡r❡♥t✐❛❧✳ ■❧✲
❧✉str❛t✐♦♥ ✭❝✮ ♣r❡s❡♥ts ❛ ♣❛tt❡r♥❡❞ ❣r♦✉♥❞ s❤✐❡❧❞ t♦ ♠✐♥✐♠✐s❡ ♣❛r❛s✐t✐❝ ✐♥❞✉❝t✐♦♥ ✐♥
s✉❜str❛t❡ ❬✸✸❪✳ ❚❤❡ ❝♦♣♣❡r ❧❛②❡r ✭❧✐❣❤t ❣r❛②✮ ✐s ❝♦♥♥❡❝t❡❞ t♦ ❣r♦✉♥❞ ✭❣r❡❡♥✮ ❛♥❞ ✐s
❣r♦♦✈❡❞ ✭❜❧❛❝❦✮ t♦ ❜r❛❦❡ t❤❡ ✢♦✇ ♦❢ ✐♥❞✉❝❡❞ ❡❞❞② ❝✉rr❡♥ts ✭❞❛s❤❡❞ ❛rr♦✇s✮✳
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✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

t❤❡s❡ ❝✉rr❡♥ts ❝r❡❛t❡ ❛ ♠❛❣♥❡t✐❝ ✜❡❧❞ ♦♣♣♦s✐♥❣ ♦♥❡ ❢♦r♠ t❤❡ s♣✐r❛❧✱ ❞❡❝r❡❛s✐♥❣

❡✛❡❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡✳ ❚❤✐s ♠❛② ❜❡ ♠✐♥✐♠✐s❡❞ ✐❢ ✐♥st❡❛❞ ♦❢ s♦❧✐❞✱ ❛ ♣❛tt❡r♥❡❞ ❣r♦✉♥❞

s❤✐❡❧❞ ✭P●❙✮ ✐s ✉s❡❞✱ ❡✛❡❝t✐✈❡❧② ❜r❡❛❦✐♥❣ ✐♥❞✉❝❡❞ ❝✉rr❡♥t ✢♦✇✱ ❛s ♣r❡s❡♥t❡❞ ♦♥

❋✐❣✉r❡ ✷✳✷✵❝ ❬✸✸❪✳

❚❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♥❡❣❛t✐✈❡ ❡✛❡❝ts ♦❢ ✐♥t❡❣r❛t❡❞ ✐♥❞✉❝t♦rs ♠❛♥✐❢❡st ✐ts❡❧❢ ✐♥ ❛ ❢♦r♠ ♦❢

✐♥❝r❡❛s❡❞ ❝✐r❝✉✐t ❧♦ss❡s✳ ❆s ❛ r❡s✉❧t✱ ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡ ✐s ❛❧✇❛②s ✐♥❢❡r✐♦r

t♦ t❤❡ ♦♥❡ ❜✉✐❧t ♦❢ ❛ ❞✐s❝r❡t❡ ♦✛✲❝❤✐♣ ❝♦♠♣♦♥❡♥ts ❬✷✽❪✳

❆♥♦t❤❡r t②♣❡ ♦❢ ✐♥t❡❣r❛t❡❞ ✐♥❞✉❝t♦r ✐♥ ❛ ❢♦r♠ ♦❢ ❜♦♥❞✇✐r❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ❬✸✹✕✸✻❪✳

❚❤✐s ✐s ❛ r❡❧❛t✐✈❡❧② ❧♦♥❣✱ ❧♦✇ r❡s✐st❛♥❝❡ ✇✐r❡✱ s✉s♣❡♥❞❡❞ ✐♥ ❛ ❧❛r❣❡ ❞✐st❛♥❝❡ ❢r♦♠ ❝♦♥✲

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

❝♦♥❞✉❝t✐✈✐t② ✐s ❛❧s♦ ✐♠♣r♦✈❡❞ r❡s✉❧t✐♥❣ ✐♥ s♠❛❧❧ r❡s✐st✐✈❡ ❧♦ss❡s✳ ❚❤❡ ❝♦st ❤♦✇❡✈❡r ✐s ❧♦✇

r❡❧✐❛❜✐❧✐t② ❛♥❞ ❛ r❡❧❛t✐✈❡❧② ♣♦♦r ♣r♦❝❡ss t♦❧❡r❛♥❝❡✳

❚❤❡r❡ ✐s ♥♦ ❞✐r❡❝t ✇❛② ♦❢ t✉♥✐♥❣ ♣❛ss✐✈❡ ✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡ ✉s✐♥❣ ❡❧❡❝tr✐❝❛❧ s✐❣♥❛❧s✳ ❋❡✇

❝✐r❝✉✐ts ❛tt❡♠♣t✐♥❣ ❡❧❡❝tr♦♥✐❝ ❝♦♥tr♦❧ ♦✈❡r ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ✇❡r❡ ♣✉❜❧✐s❤❡❞ ❬✶✵✱ ✸✼✱ ✸✽❪✳

■♥ t❤❡s❡ ♠❡t❤♦❞s✱ s♣✐r❛❧ ✐♥❞✉❝t♦r ✐s ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s ✇✐t❤ ❛ tr❛♥s✐st♦r ❝♦♥tr♦❧❧✐♥❣

❛♠♦✉♥t ♦❢ ❝✉rr❡♥t ♣❛ss✐♥❣ t❤r♦✉❣❤ ✐t✳ ❆s ❛ r❡s✉❧t✱ t❤❡ t❛♥❦ ❡①♣❡r✐❡♥❝❡s ✈❛r✐❛❜❧❡ ✐♥❞✉❝✲

t❛♥❝❡✱ ❤♦✇❡✈❡r t❤❡ tr❛♥s✐st♦r ❝♦♥tr✐❜✉t❡s s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ r❡s♦♥❛t♦r ❧♦ss❡s ❛♥❞ ✐♥❥❡❝ts

♥♦✐s❡ ❞✐r❡❝t❧② t♦ t❤❡ t❛♥❦✳

✷✳✺✳✺ ◗✉❛❧✐t② ❢❛❝t♦r ♦❢ r❡s♦♥❛t♦r

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ r❡s♦♥❛t♦r ❝❛♥ ❜❡ ❝❤❛r❛❝t❡r✐s❡❞ ❜② q✉❛❧✐t② ❢❛❝t♦r Q✱ ❛ ✉♥✐t❧❡ss ❢✉♥❝✲

t✐♦♥ ✐♥❞✐❝❛t✐♥❣ ❤♦✇ ♠✉❝❤ ❡♥❡r❣② ✐s ❞✐ss✐♣❛t❡❞ ✐♥ ❡❛❝❤ ❝②❝❧❡ ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❛♠♦✉♥t

♦❢ ❡♥❡r❣② st♦r❡❞ ✐♥ ❛ r❡s♦♥❛t♦r ❬✸✾❪✳ ■♥ ❣❡♥❡r❛❧✱ q✉❛❧✐t② ❢❛❝t♦r ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ✉s✐♥❣

❞✐✛❡r❡♥t ❞❡✜♥✐t✐♦♥s✳ ❚❤❡ ❝♦♠♠♦♥ ♠✐s❝♦♥❝❡♣t✐♦♥ ✐s t♦ ❝♦♥s✐❞❡r ❛❧❧ ❞❡✜♥✐t✐♦♥s t❤❡ s❛♠❡✱

❜✉t ❞✐✛❡r❡♥t ❛ss✉♠♣t✐♦♥s ✇❡r❡ ♠❛❞❡ ✐♥ ❡❛❝❤ ❝❛s❡ t❤✉s t❤❡s❡ ❛r❡ ♥♦t ❛❧✇❛②s ❝♦♠♣❛t✐❜❧❡✳

❚❤❡ s✐♠♣❧❡st ❢♦r♠ ♦❢ Q ✐s ❣✐✈❡♥ ❜②

Q = 2π
❊♥❡r❣② st♦r❡❞ ✐♥ r❡s♦♥❛t♦r

❊♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ♦♥❡ ❝②❝❧❡
✭✷✳✶✾✮

✷✾



✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

Q ❣✐✈❡s ❛♥ ✐♠♠❡❞✐❛t❡ ✐♥❢♦r♠❛t✐♦♥ ❤♦✇ ❧♦ss② ❛ s②st❡♠ ✐s ❛♥❞ ❤❡♥❝❡ ❤♦✇ ♠✉❝❤ ❡♥❡r❣②

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

q✉❛❧✐t② ❢❛❝t♦r ✐s ③❡r♦✳ ❆❧s♦✱ ✐❢ ❡♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ❡❛❝❤ ❝②❝❧❡ ✐s ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ t❤❡

st♦r❡❞ ♦♥❡✱ Q ✐s ♠✉❝❤ ❧❡ss t❤❛♥ ✶✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ ✐❢ ♦♥❧② s♠❛❧❧ ♣♦rt✐♦♥ ♦❢ ❡♥❡r❣② ✐s

❞✐ss✐♣❛t❡❞✱ q✉❛❧✐t② ❢❛❝t♦r ✐s r❡❧❛t✐✈❡❧② ❧❛r❣❡ ✭❛s ❛ r✉❧❡ ♦❢ t❤✉♠❜ ♦♥❡ ❝❛♥ ❛ss✉♠❡ ❛ ❣♦♦❞

✈❛❧✉❡ ♦❢ Q ❛t ❧❡❛st ✐♥ t❤❡ r❛♥❣❡ > 20✮✳ ❋✐♥❛❧❧②✱ ✐❢ t❤❡r❡ ✐s ♥♦ ❞✐ss✐♣❛t✐♦♥✱ Q ❜❡❝♦♠❡s

✐♥✜♥✐t❡ ❢♦r ❧♦ss❧❡ss ❝✐r❝✉✐ts✳ ❚❤✐s ♣❛r❛♠❡t❡r ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ❛♥② r❡s♦♥❛♥t str✉❝t✉r❡s

✐♥❝❧✉❞✐♥❣ ♥♦♥✲✐❞❡❛❧ ✐♥❞✉❝t♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs✳

✷✳✺✳✺✳✶ P❡❛❦ ❡♥❡r❣② ❞❡✜♥✐t✐♦♥

❚❤✐s ✐s s✉✐t❛❜❧❡ t♦ s②st❡♠s ✇♦r❦✐♥❣ ❛t ❢r❡q✉❡♥❝✐❡s ♠✉❝❤ ❧❡ss t❤❛♥ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②

❛♥❞ ✐s ❞❡✜♥❡❞ ❛s

Q =

∣
∣ℑ{Zser(jω)}

∣
∣

ℜ{Zser(jω)} =

∣
∣ℑ{Ypar(jω)}

∣
∣

ℜ{Ypar(jω)} ✭✷✳✷✵✮

■♥ t❤✐s ❢♦r♠✉❧❛✱ ❛ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ♣❡❛❦ ♠❛❣♥❡t✐❝ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ❡♥❡r❣✐❡s ✐s ❝♦♥s✐❞✲

❡r❡❞ ❬✸✸❪✳ ❋♦r ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ♦❢ ❛ ♥♦♥✲✐❞❡❛❧ ✐♥❞✉❝t♦r✱ ✇❤❡r❡ ♠❛❣♥❡t✐❝ ❡♥❡r❣②

✐s ❧♦st ♥♦t ♦♥❧② t❤r♦✉❣❤ ❛ r❡s✐st✐✈❡ ❞✐ss✐♣❛t✐♦♥ ❜✉t ❛❧s♦ ❞✉❡ t♦ ❛ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t✐✈❡ ❝♦✉✲

♣❧✐♥❣✳ ❚❤✉s✱ ❡✛❡❝t✐✈❡ ❡♥❡r❣② st♦r❡❞ ✐♥ ✐♥❞✉❝t♦r ❞❡❝r❡❛s❡s ✇✐t❤ ❢r❡q✉❡♥❝②✳ ❙✐♠✐❧❛r❧②✱ ✐♥

t❤❡ ❝❛s❡ ♦❢ ❝❛♣❛❝✐t♦r✱ ❡❧❡❝tr✐❝❛❧ ❡♥❡r❣② ✐s ❞❡❝r❡❛s❡❞ ❞✉❡ t♦ ♣❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡s✳ ❋♦r t❤✐s

r❡❛s♦♥✱ ✭✷✳✷✵✮ ❛♣♣❧✐❡s ♦♥❧② t♦ ✐♥❞✉❝t♦rs ♦r ❝❛♣❛❝✐t♦rs ❢❛r ❢r♦♠ s❡❧❢✲r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✳

❚❤❡ s❛♠❡ ❛♣♣❧✐❡s t♦ ▲❈ r❡s♦♥❛t♦r✳ ❆t r❡s♦♥❛♥❝❡✱ t♦t❛❧ ✐♠♣❡❞❛♥❝❡ ♦r ❛❞♠✐tt❛♥❝❡ ♦❢ ❛

r❡s♦♥❛t♦r ❜❡❝♦♠❡s ③❡r♦✱ ❛♥❞ ❛❝❝♦r❞✐♥❣ t♦ ✭✷✳✷✵✮✱ ❝♦rr❡s♣♦♥❞✐♥❣ Q ❢❛❝t♦r s❤♦✉❧❞ ❜❡ ③❡r♦

❛s ✇❡❧❧✳ ■♥ t❤✐s ❝❛s❡ ♥♦ ❡♥❡r❣② ✇♦✉❧❞ ❜❡ st♦r❡❞ ❞✉r✐♥❣ r❡s♦♥❛♥❝❡ ✇❤✐❝❤ ✐s ❛ ✇r♦♥❣ ❛s✲

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

✜❡❧❞s✱ ❛♥❞ ✐ts t♦t❛❧ ❛♠♦✉♥t ✐♥ ❡❛❝❤ ❝♦♥s❡❝✉t✐✈❡ ♦s❝✐❧❧❛t✐♦♥ ❝②❝❧❡ ✐s ❛✛❡❝t❡❞ ❜② r❡s✐st✐✈❡

❞✐ss✐♣❛t✐♦♥ t❛❦✐♥❣ ♣❧❛❝❡ ✐♥ t❤❡ ❝✐r❝✉✐t✭♣r♦✈✐❞✐♥❣ r❡❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ❛r❡ st✐❧❧ ❢❛r ❢r♦♠

s❡❧❢✲r❡s♦♥❛♥❝❡✮✳

✸✵



✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✺✳✺✳✷ ❆✈❡r❛❣❡ ❡♥❡r❣② ❞❡✜♥✐t✐♦♥

❨✉❡ ❛♥❞ ❲♦♥❣ ❬✸✸❪ s❤♦✇ t❤❛t ❛t r❡s♦♥❛♥❝❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❛ t❛♥❦ ❞❡♣❡♥❞s ♦♥ s✉♠ ♦❢

❛✈❡r❛❣❡ ♠❛❣♥❡t✐❝ ❛♥❞ ❡❧❡❝tr✐❝ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡ t❛♥❦✳ ❆❧s♦✱ ❛t ❝❡rt❛✐♥ ✐♥st❛♥ts ♦❢ ❛

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

q✉❛❧✐t② ❢❛❝t♦r ✐s ❣✐✈❡♥ ❜②

Q = 2π
❆✈❡r❛❣❡ ♠❛❣♥❡t✐❝ ❡♥❡r❣② ✰ ❛✈❡r❛❣❡ ❡❧❡❝tr✐❝ ❡♥❡r❣②

❊♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ♦♥❡ ❝②❝❧❡
=

= 2π
P❡❛❦ ♠❛❣♥❡t✐❝ ❡♥❡r❣②

❊♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ♦♥❡ ❝②❝❧❡
=

= 2π
P❡❛❦ ❡❧❡❝tr✐❝ ❡♥❡r❣②

❊♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ♦♥❡ ❝②❝❧❡

✭✷✳✷✶✮

❋♦r ❧♦ss② s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦rs ❢r♦♠ ❋✐❣✉r❡ ✷✳✹ ✐♥ ❙❡❝t✐♦♥ ✷✳✷✳✷ t❤✐s ❝♦rr❡s♣♦♥❞s

t♦

Qser =
ω0L

Rs
=

1

ω0CRs
=

√

L/C

Rs
✿ s❡r✐❡s ❘▲❈ ✭✷✳✷✷✮

Qpar =
Rp

ω0L
= ω0CRp =

Rp
√

L/C
✿ ♣❛r❛❧❧❡❧ ❘▲❈ ✭✷✳✷✸✮

❚❤✉s✱ ❛❧t❤♦✉❣❤ ❛t r❡s♦♥❛♥❝❡ t❤❡ r❡❛❝t❛♥❝❡s ♦❢ t❤❡ t❛♥❦ ❝❛♥❝❡❧ ❡❛❝❤ ♦t❤❡r✱ t❤❡ Q ❢❛❝t♦r

✐s ♥♦♥✲③❡r♦ ❛s ❧♦♥❣ ❛s ❡♥❡r❣② ✐s st♦r❡❞ ✐♥ t❤❡ ❝✐r❝✉✐t✳ ❆❧s♦✱ ✐❢ t❤❡r❡ ❛r❡ ♥♦ ❧♦ss❡s ✐✳❡✳

Rs = 0, RP = ∞ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ❜❡❝♦♠❡s ✐♥✜♥✐t❡ ❛♥❞ r❡s♦♥❛t♦r ❜❡❤❛✈❡s ❛s ✐❞❡❛❧

♦s❝✐❧❧❛t♦r✳

✷✳✺✳✺✳✸ P❤❛s❡ ❞❡✜♥✐t✐♦♥

◗✉❛❧✐t② ❢❛❝t♦r ❞❡✜♥✐t✐♦♥ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✷✳✷✷✮ ❛♥❞ ✭✷✳✷✸✮ ❛ss✉♠❡s ✐♥❞✉❝t❛♥❝❡s ❛♥❞

❝❛♣❛❝✐t❛♥❝❡s r❡♠❛✐♥ ❝♦♥st❛♥t ♦✈❡r ❢r❡q✉❡♥❝②✳ ❚❤✐s ✐s ❣❡♥❡r❛❧❧② tr✉❡ ❢♦r ❧♦✇ ❢r❡q✉❡♥❝✐❡s

❤♦✇❡✈❡r ✐s ♥♦t ♥❡❝❡ss❛r✐❧② ✈❛❧✐❞ ❛t ●❍③ ❢r❡q✉❡♥❝✐❡s✳ ❈❧♦s❡ t♦ t❤❡ r❡s♦♥❛♥❝❡ q✉❛❧✐t②

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

❝r♦ss❡s t❤r♦✉❣❤ ③❡r♦ ❛t r❡s♦♥❛♥❝❡✮ ❛♥❞ ✜♥❞✐♥❣ ❛ ❞❡r✐✈❛t✐✈❡ ♦❢ ♣❤❛s❡ ❢r♦♠ ❬✼❪

Q =
ω0

2

∂φ

∂ω

∣
∣
∣
∣
∣
ω=ω0

✭✷✳✷✹✮

✸✶



✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

✷✳✺✳✻ ❯♥❧♦❛❞❡❞ ❛♥❞ ❧♦❛❞❡❞ ◗

◗✉❛❧✐t② ❢❛❝t♦r ❞❡r✐✈❡❞ ❢♦r t❤❡ r❡s♦♥❛t♦r ✐♥ r❡❧❛t✐♦♥ t♦ ✐ts ✐♥t❡r♥❛❧ ❧♦ss❡s ✐s ❦♥♦✇♥ ❛s t❤❡

✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r✱ Q0✳ ■♥ ♣r❛❝t✐❝❡✱ ❡♥❡r❣② ✐s s❛♠♣❧❡❞ ❢r♦♠ t❤❡ ♦s❝✐❧❧❛t♦r t❤r♦✉❣❤

❜✉✛❡r ❛♠♣❧✐✜❡r t❤❛t ✐s ♠♦❞❡❧❧❡❞ ❛s ❛❞❞✐t✐♦♥❛❧ r❡s✐st✐✈❡ ❧♦ss✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❛♣♣❛r❡♥t

Q ♦❢ t❤❡ r❡s♦♥❛t♦r ❝❤❛♥❣❡s✳ ❆ q✉❛❧✐t② ❢❛❝t♦r t❤❛t ✐♥❝❧✉❞❡s ❧♦❛❞ ❡✛❡❝ts ✐s ❦♥♦✇♥ ❛s

❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r✱ QL✳ ■❢ r❡s♦♥❛t♦r ✐s ♥♦t ❝♦♠♣❡♥s❛t❡❞ ❜② ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✱ QL

✐s ❛❧✇❛②s s♠❛❧❧❡r t❤❛♥ t❤❡ ✉♥❧♦❛❞❡❞ ♦♥❡✳ ❍♦✇❡✈❡r✱ ✐❢ ❛❧❧ ❧♦ss❡s ❛r❡ ❝♦♠♣❡♥s❛t❡❞✱ t❤❡

r❡s✉❧t✐♥❣ ❧♦❛❞❡❞ Q ❜❡❝♦♠❡s ✐♥✜♥✐t❡ ❛♥❞ ❛ ❝✐r❝✉✐t ♦s❝✐❧❧❛t❡s✳ ◆♦t❡ t❤❛t ❡✈❡♥ ✇❤❡♥ ❛

r❡s♦♥❛t♦r ✐s ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞✱ ✐ts ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ✐s st✐❧❧ ✜♥✐t❡✳

✷✳✺✳✼ ❚♦t❛❧ ◗ ♦❢ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r

❉✉❡ t♦ ♦✇♥ ♣❛r❛s✐t✐❝ r❡❛❝t❛♥❝❡s✱ ✈❛r❛❝t♦rs✱ ❝❛♣❛❝✐t♦rs ❛♥❞ s♣✐r❛❧ ✐♥❞✉❝t♦rs ❛r❡ s❡❧❢✲

r❡s♦♥❛♥t str✉❝t✉r❡s✳ ❚❤✉s✱ t♦t❛❧ ✉♥❧♦❛❞❡❞ Q ❢❛❝t♦r ♦❢ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r ✐s ❧✐♠✐t❡❞

❜② q✉❛❧✐t② ❢❛❝t♦rs ♦❢ ❛❧❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ t❛♥❦✳ ❚♦ ❝❤❛r❛❝t❡r✐s❡ t❤❡ t♦t❛❧ ✉♥❧♦❛❞❡❞

Q ♦❢ r❡s♦♥❛t♦r ✐t ✐s ✐♠♣♦rt❛♥t t♦ r❡❝♦❣♥✐s❡ t❤❛t ❛♥ ▲❈ t❛♥❦ ♥❡✈❡r r❡♣r❡s❡♥ts ❛ s✐♠♣❧❡

♣❛r❛❧❧❡❧ ♦r s❡r✐❡s ❝✐r❝✉✐t✳ ❚②♣✐❝❛❧❧②✱ ❛ ❝❛♣❛❝✐t♦r ❛♥❞ ✐♥❞✉❝t♦r ❧♦ss❡s ❛r❡ ♠♦❞❡❧❡❞ ❛s r❡✲

s✐st♦rs ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s✳ P❛r❛s✐t✐❝ ✐♥❞✉❝t❛♥❝❡s ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡s ❞✉❡ t♦ ♠❡t❛❧ ♣❛t❤s

❛♥❞ s✉❜str❛t❡ ❧❡❛❦❛❣❡ ❛r❡ ✉s✉❛❧❧② ❝❤❛r❛❝t❡r✐s❡❞ ❛s ♣❛r❛❧❧❡❧ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡s❡ ❝♦♠♣❧❡①

str✉❝t✉r❡s ❝❛♥ ❜❡ s✐❣♥✐✜❝❛♥t❧② s✐♠♣❧✐✜❡❞ ✉s✐♥❣ s❡r✐❡s t♦ ♣❛r❛❧❧❡❧ tr❛♥s❢♦r♠❛t✐♦♥s t❡❝❤✲

♥✐q✉❡ ❬✸✷❪✳ ❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ♥❛rr♦✇ ❜❛♥❞ ✐♥ ❛ s❡♥s❡ t❤❛t ✐s ♦♥❧② ✈❛❧✐❞ ✐♥ ❝❧♦s❡

✈✐❝✐♥✐t② t♦ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛ t❛♥❦✳

❋♦r ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r ❛ s✐♠♣❧❡ ♣❛r❛❧❧❡❧ t❛♥❦ ❝♦♥s✐st✐♥❣ ♦❢ ❛ ❧♦ss② s♣✐r❛❧ ✐♥❞✉❝t♦r

❛♥❞ ❝❛♣❛❝✐t♦r✳ ❈♦♠♣♦♥❡♥ts Cp✱ Lp ❛♥❞ Rp r❡♣r❡s❡♥t ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥ts ❛t ♣❛rt✐❝✉❧❛r

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ ❛r❡ ❣✐✈❡♥ ❜②

rlp = rls

(
Q2

l + 1
)
≈ rlsQ

2
l

∣
∣
∣
∣
Ql≫1

rcp = rcs

(
Q2

c + 1
)
≈ rcsQ

2
c

∣
∣
∣
∣
Qc≫1

Rp =
rlprcp

rlp + rcp
✭✷✳✷✺✮
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✷✳✺ P❛ss✐✈❡ r❡s♦♥❛t♦rs ❢♦r ▲❈ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs

Cs

rcs

Ls

rls

Rp Cp Lp

❋✐❣✉r❡ ✷✳✷✶✿ ❈♦♥❝❡♣t ♦❢ ❘▲❈ tr❛♥s❢♦r♠❛t✐♦♥✳

❛♥❞

Lp = Ls

(
Q2

l + 1

Q2
l

)

≈ Ls

∣
∣
∣
∣
Ql≫1

Cp = Cs

(
Q2

c

Q2
c + 1

)

≈ Cs

∣
∣
∣
∣
Qc≫1

✭✷✳✷✻✮

✇❤❡r❡ Ql ❛♥❞ Qc ❛r❡ q✉❛❧✐t② ❢❛❝t♦rs ♦❢ ✐♥❞✉❝t♦r ❛♥❞ ❝❛♣❛❝✐t♦r r❡s♣❡❝t✐✈❡❧②✳

Ql =
ω0Ls

rls
=

rlp

ω0Lp

Qc =
1

ω0Csrcs
= ω0Cprlp ✭✷✳✷✼✮

❚❤✉s✱ ❛❧t❤♦✉❣❤ ❛ ♥♦♥✲✐❞❡❛❧ ✐♥❞✉❝t♦r ❛♥❞ ❝❛♣❛❝✐t♦r ❛r❡ ✉s❡❞✱ t❤❡ ❝✐r❝✉✐t ❝❛♥ ❜❡ tr❛♥s✲

❢♦r♠❡❞ ✐♥t♦ ❛ ♣✉r❡ ♣❛r❛❧❧❡❧ t❛♥❦ t♦ ✇❤✐❝❤ ✭✷✳✼✮ ❛♣♣❧✐❡s✳

❯s✐♥❣ ✭✷✳✷✺✮✱ ✭✷✳✷✼✮ ❛♥❞ ✭✷✳✷✸✮✱ ❛ t♦t❛❧ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ t❛♥❦ ❛t r❡s♦♥❛♥t

❢r❡q✉❡♥❝② ❝❛♥ ❜❡ ❢♦✉♥❞

Q0tot =
Rp

√

L/C
=

rplrpc

rpl + rpc
√

L/C
=

QlQc

Ql + Qc
≈ Ql

∣
∣
∣
∣
Ql≪Qc

✭✷✳✷✽✮

▲❡❡ ❬✸✷❪ r❡♣♦rts Q ❢❛❝t♦rs ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵ ❢♦r ♦♥✲❝❤✐♣ s♣✐r❛❧ ✐♥❞✉❝t♦rs ❛♥❞ ✺✵ ❢♦r

❜♦♥❞✇✐r❡s✳ ❚❤❡ q✉❛❧✐t② ❢❛❝t♦rs ♦❢ ▼■❙ ✈❛r❛❝t♦rs ❛♥❞ ▼■▼ ❝❛♣❛❝✐t♦rs ❛r❡ s✉❜st❛♥t✐❛❧❧②

❤✐❣❤❡r✱ t②♣✐❝❛❧❧② ♠♦r❡ t❤❛♥ ✼✵✳ ❚❤✉s✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ s♣✐r❛❧ ✐♥❞✉❝t♦r Ql ❧✐♠✐ts

✉♥❧♦❛❞❡❞ Q0tot ♦❢ t❤❡ r❡s♦♥❛t♦r t♦ Q0tot ≤ 10 ❢♦r ♠♦st ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ t❤❡ ❝❛s❡ ♦❢

❞✐s❝r❡t❡ ♦✛✲❝❤✐♣ ✐♥❞✉❝t♦rs✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ✈❛❧✉❡s ❛r❡ ♠✉❝❤ ❤✐❣❤❡r✳ ❋♦r ❡①❛♠♣❧❡ ❛

✸✳✾ ♥❍ ✐♥❞✉❝t♦r ❢r♦♠ ❈♦✐❧❝r❛❢t ✭s②♠❜♦❧ ❈❚✲✸◆✾❳❴▲❯✮ ❛❝❤✐❡✈❡s Q ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✾✵

❛t ✶✳✼ ●❍③ ❬✹✵❪✱ t❤❡ ✈❛❧✉❡ ❢❛r ❜❡②♦♥❞ t❤❛t ♦❢ ❛♥ ✐♥t❡❣r❛t❡❞ s♣✐r❛❧ ✐♥❞✉❝t♦r✳

✸✸



✷✳✻ ❖s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡

✷✳✻ ❖s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡

❆s ♦s❝✐❧❧❛t♦rs ✉s❡ ❧♦ss② r❡s♦♥❛t♦rs ❛♥❞ ❛❝t✐✈❡ ❝✐r❝✉✐ts✱ ♥♦✐s❡ ✐♥tr♦❞✉❝❡❞ ❜② t❤❡s❡ ❝✐r❝✉✐ts

❤❛s ❛ ❞✐r❡❝t ✐♥✢✉❡♥❝❡ ♦♥ ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡✳ ❚♦ ✉♥❞❡rst❛♥❞ ❤♦✇ ♥♦✐s❡ ❛✛❡❝ts t❤❡

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

vout(t) =
[
V0 + vn(t)

]
cos
[
ω0t + φn(t)

]
≈ V0 cos

[
ω0t + φn(t)

]
✭✷✳✷✾✮

✇❤❡r❡ vn(t) ❛♥❞ φn(t) r❡♣r❡s❡♥t ③❡r♦✲♠❡❛♥ ♥♦✐s❡ ✢✉❝t✉❛t✐♦♥s ♦❢ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡

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

♦s❝✐❧❧❛t♦r ❤❛s ✐♥tr✐♥s✐❝ ♠❡❝❤❛♥✐s♠ ♦❢ ❦❡❡♣✐♥❣ ❝♦♥st❛♥t ❛♠♣❧✐t✉❞❡✳ ❯♥❢♦rt✉♥❛t❡❧② ♣❤❛s❡

✢✉❝t✉❛t✐♦♥s ❛r❡ ♥♦t tr❛❝❦❡❞ ❜② ❛♥② ♠❡❛♥s ✐♥ ❢r❡❡ r✉♥♥✐♥❣ ♦s❝✐❧❧❛t♦rs✱ ❛♥❞ ❤❡♥❝❡ ❛❝❝✉✲

♠✉❧❛t❡ ❬✹✶❪✳ ❚❤❡ ♦✉t♣✉t ❞❡s❝r✐❜❡❞ ❜② ✭✷✳✷✾✮ r❡♣r❡s❡♥ts✱ ✐♥ ❢❛❝t ❛ ♣❤❛s❡ ♠♦❞✉❧❛t❡❞ ✭P▼✮

✇❛✈❡ ✇❤❡r❡ t❤❡ ♥♦✐s❡ ❛❝ts ❛s ❛ ♠♦❞✉❧❛t✐♥❣ s✐❣♥❛❧✳ P❡rr♦t ❬✹✷❪ s❤♦✇s t❤❛t ✐❢ t❤❡ ♥♦✐s❡

❘▼❙ ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✱ ✭✷✳✷✾✮ ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ✇✐t❤

vout(t) ≈ V0 cos (ω0t)− V0 sin (ω0t)φn(t) ✭✷✳✸✵✮

✇❤❡r❡ t❤❡ ✜rst t❡r♠ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐❞❡❛❧ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳ ❚❤❡ ♠♦❞✉❧❛t✐♥❣ ♥♦✐s❡

❝♦♠♣♦♥❡♥t ✐s ❜❛♥❞♣❛ss ❧✐♠✐t❡❞ ❜② ▲❈ r❡s♦♥❛t♦r ✭❤♦✇❡✈❡r ♥♦✐s❡ ✢♦♦r ♦❢ t❤❡ s②st❡♠ ✐s

♥♦t ❛✛❡❝t❡❞✮ ❛♥❞ t❤❡ ♣♦✇❡r s♣❡❝tr✉♠ ❞❡♥s✐t② ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ✭✷✳✸✵✮ ✐s ❣✐✈❡♥ ❜②

Sout(ω) = Sideal(ω) + Sideal(ω) ∗ Sφn
(ω) ✭✷✳✸✶✮

✇❤❡r❡ Sφn
(ω) r❡♣r❡s❡♥ts t❤❡ ♣♦✇❡r s♣❡❝tr✉♠ ♦❢ ♣❤❛s❡ ♠♦❞✉❧❛t✐♥❣ ♥♦✐s❡ ❬✹✷❪✳ ❆s ❛♥

✐❞❡❛❧ s✐❣♥❛❧ ✐s s✐♥✉s♦✐❞❛❧✱ ✐ts ❋♦✉r✐❡r tr❛♥s❢♦r♠ ✐s ❣✐✈❡♥ ❜② ❛ ❉✐r❛❝ ❞❡❧t❛ ❢✉♥❝t✐♦♥ ❛t ω0✳

❆s t❤❡ s✐❣♥❛❧ ✐s ❛❧s♦ ❝♦♥✈♦❧✈❡❞ ✇✐t❤ ♥♦✐s❡✱ ✐ts s♣❡❝tr✉♠ ❝♦♥t❛✐♥s ❛❞❞✐t✐♦♥❛❧ s✐❞❡ s❦✐rts ❛t

❢r❡q✉❡♥❝✐❡s ❝❧♦s❡ t♦ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝②✳ ❚❤✉s✱ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ♦❢ ❛ ♥♦✐s② ♦s❝✐❧❧❛t♦r

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

✐s t❤❡ ♣♦✇❡r ♦❢ s✐❞❡ s❦✐rt ✇✐t❤✐♥ ✶ ❍③ ❜❛♥❞✇✐❞t❤ ❛r♦✉♥❞ ❛ s✐♥❣❧❡ ❢r❡q✉❡♥❝② ωm 6= ω0✱

❝♦♠♣❛r❡❞ t♦ t❤❡ ♣♦✇❡r ♦❢ ❝❛rr✐❡r s✐❣♥❛❧ ❛t ω0✳ ❚❤❡ ♣❤❛s❡ ♥♦✐s❡ ✐s t❤❡r❡❢♦r❡ ❛ r❡❧❛t✐✈❡

q✉❛♥t✐t② ❡①♣r❡ss❡❞ ✐♥ ❞❇❝✴❍③✳
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❚❤❡ ♠❛✐♥ ♥❡❣❛t✐✈❡ ❡✛❡❝ts ♦❢ ❛ ♥♦✐s② ♦s❝✐❧❧❛t♦r ❛r❡✿ s♣✉r✐♦✉s ❡♠✐ss✐♦♥ ❛♥❞ r❡❝✐♣r♦❝❛❧

♠✐①✐♥❣✳ ❚❤❡ ✜rst ❡✛❡❝t ✐s ❡①♣❡r✐❡♥❝❡❞ ✐♥ ❘❋ tr❛♥s♠✐tt❡r ✇❤❡r❡ ❛ s✐❣♥❛❧ ✐s ✉♣❝♦♥✈❡rt❡❞

t♦ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ✉s✐♥❣ ♥♦✐s② ♦s❝✐❧❧❛t♦r✳ ❆s ❛ r❡s✉❧t✱ s♦♠❡ ❡♥❡r❣② ✐s r❛❞✐❛t❡❞

t♦ t❤❡ ❢r❡q✉❡♥❝② ❜❛♥❞ ♦❝❝✉♣✐❡❞ ❜② ❛ ❞✐✛❡r❡♥t s②st❡♠✳ ■♥ ❡①tr❡♠❡ ❝❛s❡s t❤❡ s♣✉r✐♦✉s

❡♠✐ss✐♦♥ ❝❛♥ s✇❛♠♣ ❛ ✇❡❛❦ s✐❣♥❛❧ ✐♥ ❛♥ ❛❞❥❛❝❡♥t ❝❤❛♥♥❡❧s ❝♦♠♣❧❡t❡❧②✱ ❛s ✐❧❧✉str❛t❡❞ ♦♥

❋✐❣✉r❡ ✷✳✷✷

ω

◆♦✐s② ✐♥t❡r❢❡r❡r

ω1 ω2

❋✐❣✉r❡ ✷✳✷✷✿ ◆♦✐s② ❤✐❣❤ ♣♦✇❡r ✐♥t❡r❢❡r❡r ❝❛✉s✐♥❣ s♣✉r✐♦✉s ❡♠✐ss✐♦♥ ❬✷✻❪✳

❚❤❡ s❡❝♦♥❞ ♥❡❣❛t✐✈❡ ❡✛❡❝t ❛✛❡❝ts ❛ ❢r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥ ✐♥ ❛ r❡❝❡✐✈❡r✳ ❲❤❡♥ t✇♦

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

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

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

❧♦♥❣❡r ✐♠♣♦ss✐❜❧❡ ✭❋✐❣✉r❡ ✷✳✷✸✮✳ ❚❤✉s✱ ❢r♦♠ ❛ ✇✐r❡❧❡ss s②st❡♠ ♣❡rs♣❡❝t✐✈❡ ✐t ✐s ✐♠♣♦rt❛♥t

t♦ ❦❡❡♣ ♣❤❛s❡ ♥♦✐s❡ ❛s s♠❛❧❧ ❛s ♣♦ss✐❜❧❡ ❛♥❞ t♦ ❛❝❤✐❡✈❡ t❤✐s ❛ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧❧✐♥❣

❜❡❝♦♠❡s ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❛s♣❡❝ts ♦❢ ❘❋ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✳

✷✳✻✳✶ ❚②♣✐❝❛❧ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡

❋✐❣✉r❡ ✷✳✷✹ ♣r❡s❡♥ts r❛♥❣❡ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ❢♦r ✈❛r✐♦✉s t②♣❡s ♦❢ ♦s❝✐❧❧❛t♦rs

♣✉❜❧✐s❤❡❞ ❜② ●❛r❞♥❡r ❬✹✶❪✳ ❚♦ ❛❧❧♦✇ ❢❛✐r ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❝✐r❝✉✐ts✱ ♣❤❛s❡ ♥♦✐s❡

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

❝✐r❝✉✐ts✱ t❤❡ ❧♦✇❡st ♣❤❛s❡ ♥♦✐s❡ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❝r②st❛❧ r❡s♦♥❛t♦rs ✭❳❚❆▲✮ t❤❛t

✉s❡ ♠❡❝❤❛♥✐❝❛❧ r❡s♦♥❛♥❝❡ ♦❢ ♣✐❡③♦❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s t♦ st❛❜✐❧✐s❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳

❉✐❡❧❡❝tr✐❝ r❡s♦♥❛t♦r ♦s❝✐❧❧❛t♦rs ✭❉❘❖✮ ✉s❡ ❝❡r❛♠✐❝ ♠❛t❡r✐❛❧s ❛❧s♦ ♣r♦✈✐❞❡ ❣♦♦❞ ♥♦✐s❡

♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡s❡ t✇♦ ❛♣♣r♦❛❝❤❡s r❡q✉✐r❡ ❞❡✈✐❝❡s t❤❛t ❛r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ ✐♥ st❛♥❞❛r❞
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ω

■♥t❡r❢❡r❡r

❲❛♥t❡❞
s✐❣♥❛❧

ω

▲♦❝❛❧ ❖❝✐❧❧❛t♦r

ω❉♦✇♥❝♦♥✈❡rt❡❞ s✐❣♥❛❧s

❋✐❣✉r❡ ✷✳✷✸✿ ❘❡❝✐♣r♦❝❛❧ ♠✐①✐♥❣ ✐♥ r❡❝❡✐✈❡r ❞✉r✐♥❣ ❞♦✇♥✲❝♦♥✈❡rs✐♦♥ ❬✷✻❪✳

❈▼❖❙ ♣r♦❝❡ss✳ ▲❈ ♦s❝✐❧❧❛t♦rs ❣❡♥❡r❛t❡ s✉❜st❛♥t✐❛❧❧② ❤✐❣❤❡r ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ ❛r❡ r❡❛❞✐❧②

❛✈❛✐❧❛❜❧❡ ✐♥ ❈▼❖❙ ❛t ❘❋ ❢r❡q✉❡♥❝✐❡s ✉♣ t♦ ✶✵✲✷✵ ●❍③✳ ❚❤❡ ❝♦st ✐s ❛ s✐❣♥✐✜❝❛♥t ❝❤✐♣

❛r❡❛ ♦❝❝✉♣✐❡❞ ❜② ❛ s♣✐r❛❧ ✐♥❞✉❝t♦r✳ ❋✐♥❛❧❧②✱ r✐♥❣ ♦s❝✐❧❧❛t♦rs t❤❛t ❧❛r❣❡❧② r❡❞✉❝❡ s✐❧✐❝♦♥

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

❋✐❣✉r❡ ✷✳✷✹ ❛❧s♦ s❤♦✇s t❤❡ ❛♣♣❛r❡♥t ❞❡♣❡♥❞❡♥❝❡ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦♥ t❤❡

q✉❛❧✐t② ❢❛❝t♦r ♦❢ r❡s♦♥❛t♦rs✳ P✐❡③♦❡❧❡❝tr✐❝ ❛♥❞ ❉❘❖ t❛♥❦s ❤❛✈❡ t②♣✐❝❛❧❧② ✈❡r② ❤✐❣❤ Q0

✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✵✵✵✳ ❚❤❡ Q0 ♦❢ ✐♥t❡❣r❛t❡❞ ❈▼❖❙ ▲❈ t❛♥❦s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵ ❝❛♥ ❜❡

❢♦✉♥❞✱ ✇❤❡r❡❛s r✐♥❣ ♦s❝✐❧❧❛t♦rs r❡❧② ♦♥ ❘❈ ♣❤❛s❡ s❤✐❢t❡rs ✇✐t❤ ❡✈❡♥ ❧♦✇❡r q✉❛❧✐t② ❢❛❝t♦r

✭❛❜♦✉t ✶✮✳

✷✳✻✳✶✳✶ ◆♦✐s❡ ♦❢ ✐♥t❡❣r❛t❡❞ ▲❈ r❡s♦♥❛t♦r

❆s ♣❤❛s❡ ♥♦✐s❡ ❞❡♣❡♥❞s ♠♦st❧② ♦♥ ♥♦✐s❡ ❣❡♥❡r❛t❡❞ ✐♥ ❛♥ ♦s❝✐❧❧❛t♦r✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦

s❤♦✇ ❤♦✇ ♥♦✐s❡ ✐s ♣r♦❞✉❝❡❞ ✐♥ t❤❡ r❡s♦♥❛t♦r ❛♥❞ ❛❝t✐✈❡ ❝✐r❝✉✐t✳ ❈♦♥s✐❞❡r ❛♥ ❡①❛♠♣❧❡ ♦❢

✸✻
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Piezoelectric (XTAL)
DRO
LC, off−chip
LC, integrated
Ring oscillator

❋✐❣✉r❡ ✷✳✷✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t②♣✐❝❛❧ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✈❛r✐♦✉s ♦s❝✐❧❧❛t♦rs ❬✹✶❪✳

❛ ❧♦ss② ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✷✳✷✶✳ ■❢ t❤❡ t❛♥❦ ✐s ✉♥❧♦❛❞❡❞ ❛♥❞ ❤✐❣❤✲◗ ❝❛♣❛❝✐t♦r

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

✐♥❞✉❝t♦r ❜❡❝❛✉s❡ ✐ts r❡s✐st✐✈❡ ❧♦ss❡s ❞♦♠✐♥❛t❡✳ ❚❤✉s✱ ❡✈❡♥ ✐❢ ♥♦ ❡①t❡r♥❛❧ s✐❣♥❛❧ ✐s ❛♣♣❧✐❡❞

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

♥♦✐s❡ ❣❡♥❡r❛t♦r ♦❢ ❛♥ ❡q✉✐✈❛❧❡♥t t❛♥❦ r❡s✐st❛♥❝❡ Rp ✐s s✉✣❝✐❡♥t ❡♥♦✉❣❤ t♦ ❞❡s❝r✐❜❡ t❤❡

♥♦✐s❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦r✳ ❆s ♥♦✐s❡ ♦❢ ❛♥② r❡s✐st♦r ✐s r❡♣r❡s❡♥t❡❞ ❜② t❤❡

♣♦✇❡r s♣❡❝tr✉♠ ❞❡♥s✐t② ✭P❙❉✮ ❢✉♥❝t✐♦♥✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ Rp ❡q✉❛❧ t♦

i2nRp

∆f
=

4kT

Rp
≈ 4kT

rslQ
2
0

✭✷✳✸✷✮

✇❤❡r❡ k ✐s ❛ ❇♦❧t③♠❛♥♥✬s ❝♦♥st❛♥t ❛♥❞ T ✐s ❛ t❡♠♣❡r❛t✉r❡ ✐♥ ❑❡❧✈✐♥s ❬✷✻❪✳ ❖✉t♣✉t ♥♦✐s❡

P❙❉ ✐s s❤❛♣❡❞ ✐♥ ❛❝❝♦r❞❛♥❝❡ t♦ t❤❡ r❡s♦♥❛t♦r ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ t❤❛t ✐s ❢♦✉♥❞ ❢r♦♠

t❤❡ ❡q✉✐✈❛❧❡♥t ♠♦❞❡❧ ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✷✺✳

❚❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ❡q✉❛❧ t♦

Zn (jω) =
jωLpRp

jωLp + Rp (1− ω2CpLp)
✭✷✳✸✸✮
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i2nRp
Rp Cp Lpv2

ot

❋✐❣✉r❡ ✷✳✷✺✿ ◆♦✐s❡ ♠♦❞❡❧ ♦❢ ♣❛ss✐✈❡ ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦r✳

❛♥❞ t❤❡ ♦✉t♣✉t ♥♦✐s❡ P❙❉ ❝❛♥ ❜❡ ❢♦✉♥❞

v2
ot

∆f
=

i2nRp

∆f
|Zn(jω)|2 =

4kTRpω
2L2

p

ω2L2
p + R2

p (1− ω2CpLp)
2 = 4kTRp

∣
∣
∣
∣
∣
ω=ω0

✭✷✳✸✹✮

❊q✉❛t✐♦♥ ✭✷✳✸✹✮ ❛❧❧♦✇s ♦♥❡ t♦ ❝❛❧❝✉❧❛t❡ ❛ s♣♦t ♥♦✐s❡ ❛t ❛♥② ❢r❡q✉❡♥❝② ♦❢ ✐♥t❡r❡st ❛♥❞

✐♥❞✐❝❛t❡s t❤❛t ✇❤✐t❡ ♥♦✐s❡ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ♣❛r❛❧❧❡❧ ▲❈ r❡s♦♥❛t♦r ✐s ✐♥ ❢❛❝t ❜❛♥❞✲♣❛ss

✜❧t❡r❡❞✳ ❚♦ ❞❡s❝r✐❜❡ t❤❡ r❡s♦♥❛t♦r ♥♦✐s❡ ✐♥ ♠♦r❡ ❞❡♣t❤✱ ✐t ✐s ❛❧s♦ ✐♠♣♦rt❛♥t t♦ ❝❛❧❝✉❧❛t❡

t❤❡ t♦t❛❧ ♥♦✐s❡ ♣♦✇❡r ♦✈❡r ❛ ❣✐✈❡♥ ❢r❡q✉❡♥❝② ❜❛♥❞✳ ❚❤❡ t♦t❛❧ ♥♦✐s❡ ♣♦✇❡r ❢♦r ❛♥② ❝✐r❝✉✐t

✇❤❡r❡ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ ✐s ❢♦✉♥❞ ❢r♦♠

v2
ntot, i

2
ntot =

1

2π

N∑

k=1

(

v2
k

∆f
,

i2k
∆f

) ∞∫

0

|Tnk(jω)|2 dω ✭✷✳✸✺✮

✇❤❡r❡ v2
ntot✱ i2ntot ❛r❡ ❡✐t❤❡r ❛ ✈♦❧t❛❣❡ ♦r ❝✉rr❡♥t r❡❢❡rr❡❞ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r❀ v2

k✱

i2k ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ ♥♦✐s❡ ✈♦❧t❛❣❡ ♦r ❝✉rr❡♥t ❣❡♥❡r❛t♦rs✱ ❛♥❞ Tnk(jω) ✐s ❛ ♥♦✐s❡ tr❛♥s❢❡r

❢✉♥❝t✐♦♥ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❛❝❤ s♦✉r❝❡✳

■♥ t❤❡ ❝❛s❡ ♦❢ ♣❛ss✐✈❡ r❡s♦♥❛t♦r✱ t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ✐s ❡q✉❛❧ t♦

i2nRp

∆ω
=

1

2π

i2nRp

∆f

v2
ot

=
i2nRp

∆ω

∞∫

0

|Zn(jω)|2 dω =
4kT

2πRp

π

2

Rp

Cp
=

kT

Cp
✭✷✳✸✻✮

❚❤❡ r❡s✉❧ts ❛r❡ ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✷✳✷✻ ✉s✐♥❣ ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ✹✸✹ ▼❍③ ✐♥t❡❣r❛t❡❞

r❡s♦♥❛t♦r✳ ❚❤❡ ♦✉t♣✉t ♥♦✐s❡ ✈♦❧t❛❣❡ s♣❡❝tr✉♠ ❞❡♥s✐t② ♦❢ ❤❛s ❜❡❡♥ ♠♦❞❡❧❡❞ ❢♦r t✇♦

❞✐✛❡r❡♥t ✉♥❧♦❛❞❡❞ Q0 ✈❛❧✉❡s✱ ✶✵✵ ❛♥❞ ✸✵ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐r❞ ❝✉r✈❡ r❡♣r❡s❡♥ts t❤❡ ♥♦✐s❡

♦❢ t❤❡ r❡s♦♥❛t♦r ✇❤❡r❡ ❝❛♣❛❝✐t❛♥❝❡ ❤❛s ❜❡❡♥ ❞♦✉❜❧❡❞✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❢♦r ❛ ✜①❡❞

✸✽
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❋✐❣✉r❡ ✷✳✷✻✿ ◆♦✐s❡ s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢ ♣❛r❛❧❧❡❧ ♣❛ss✐✈❡ r❡s♦♥❛t♦r✳

❝❛♣❛❝✐t❛♥❝❡✱ t❤❡ s♣♦t ♥♦✐s❡ ❛t r❡s♦♥❛♥❝❡ ✐♥❝r❡❛s❡s ♣r♦♣♦rt✐♦♥❛❧❧② t♦ Q0 ❛♥❞ ❞❡♣❡♥❞s

♦♥❧② ♦♥ Rp✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② ✭✷✳✸✸✮✳ ■♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ✭✷✳✸✻✮✱ t❤❡ ❛r❡❛ ✉♥❞❡r t❤❡ ✜rst

t✇♦ ❝✉r✈❡s ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ Q0 ❤❡♥❝❡ t❤❡ t♦t❛❧ ❘▼❙ ♦✉t♣✉t ♥♦✐s❡ ✐s ❝♦♥st❛♥t ✇✐t❤

❝❤❛♥❣✐♥❣ Rp✳ ■♥ t❤❡ t❤✐r❞ ❝❛s❡ ✭❞❛s❤✲❞♦t ❝✉r✈❡✮✱ ❢♦r ❛ ✜①❡❞ q✉❛❧✐t② ❢❛❝t♦r✱ ❛♥ ✐♥❝r❡❛s✐♥❣

Cp ❝❛✉s❡s ❜♦t❤ t❤❡ s♣♦t ♥♦✐s❡ ✭❞✉❡ t♦ ❛❞❥✉st❡❞ Rp ✈❛❧✉❡ t♦ ❦❡❡♣ Q0 ❝♦♥st❛♥t✮ ❛♥❞ t❤❡

t♦t❛❧ ❘▼❙ ♦✉t♣✉t ♥♦✐s❡ t♦ ❜❡ r❡❞✉❝❡❞✳

✷✳✻✳✶✳✷ ◆♦✐s❡ ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st♦rs

❚❤❡ ♥♦✐s❡ ❞❡❧✐✈❡r❡❞ ❜② t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣②

♥❡❝❡ss❛r② t♦ ❝♦♠♣❡♥s❛t❡ ❝✐r❝✉✐t ❧♦ss❡s✱ ❤♦✇❡✈❡r ✐ts ♠❛❣♥✐t✉❞❡ ♠♦st❧② ❞❡♣❡♥❞s ♦♥ ❛

❝♦♥✈❡rt❡r ❛r❝❤✐t❡❝t✉r❡✳ ■t ❤❛s ❜❡❡♥ ♣r♦✈❡❞ t❤❛t ❢♦r ❝❡rt❛✐♥ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛ ♥❡❣❛t✐✈❡

r❡s✐st♦r ♥♦✐s❡ ❝❛♥ ❜❡ ❧♦✇❡r t❤❛♥ ♦❢ ❛ ♣❛ss✐✈❡ r❡s✐st♦r ✇✐t❤ t❤❡ s❛♠❡ ❛❜s♦❧✉t❡ r❡s✐st❛♥❝❡

✈❛❧✉❡ ❬✼❪✳

❋✐❣✉r❡ ✷✳✷✼ ❞❡♣✐❝ts t❤❡ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛ s✐♥❣❧❡ ▼❖❙ ❝❛♣❛❝✐t✐✈❡❧② ❞❡❣❡♥✲

❡r❛t❡❞ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❢r♦♠ ❙❡❝t✐♦♥ ✷✳✸✳✷✳ ❚♦ s✐♠♣❧✐❢② t❤❡ ❛♥❛❧②s✐s ✐t ✐s ❛ss✉♠❡❞ t❤❛t
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C1

+vx
−

C2 i2d
gmvxi2nact

❋✐❣✉r❡ ✷✳✷✼✿ ❊q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❝❛♣❛❝✐t✐✈❡❧② ❞❡❣❡♥❡r❛t❡❞ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳

t❤❡ s✐♥❣❧❡ tr❛♥s✐st♦r ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② t❤❡r♠❛❧ ♥♦✐s❡ ♦♥❧② ❣✐✈❡♥ ❜② ❬✹✸✱ ✹✹❪

i2d
∆f

= 4kTγgm ✭✷✳✸✼✮

✇❤❡r❡ γ ✐s ❛ ♣r♦❝❡ss ❞❡♣❡♥❞❡♥t ❝♦♥st❛♥t ❛♥❞ ✐ts t②♣✐❝❛❧ ✈❛❧✉❡s r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡

✈❛r② ❜❡t✇❡❡♥ ✷ t♦ ✺ ❢♦r ❛ s❤♦rt ❝❤❛♥♥❡❧ ▼❖❙ tr❛♥s✐st♦rs ❬✹✹❪✳ ❚❤✉s t❤❡ s❤♦rt ❝✐r❝✉✐t

❝✉rr❡♥t ♥♦✐s❡ P❙❉ ♦❢ s✐♥❣❧❡ ❡♥❞❡❞ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❢r♦♠ ❋✐❣✉r❡ ✷✳✷✼ ✐s ❡q✉❛❧ t♦

i2nact

∆f
=

i2d
∆f

ω2C2
1

ω2 (C1 + C2)
2 + gm2

= 4kTγ
C1

C2

∣
∣
∣
∣

1

Ract

∣
∣
∣
∣

✭✷✳✸✽✮

✇❤❡r❡ Ract ✐s ❛ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❡q✉❛❧ t♦

Ract = −gm2 + ω2(C1 + C2)
2

ω2C1C2gm
✭✷✳✸✾✮

❊q✉❛t✐♦♥ ✭✷✳✸✽✮ r❡✈❡❛❧s t❤❛t t❤❡ ♥♦✐s❡ ❝✉rr❡♥t ✐♥❥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r ♠❛② ❜❡ r❡❞✉❝❡❞

✐❢ C2 > C1 ❬✼✱ ✸✷❪✳ ■❢ t❤❡ ♣r❡s❡♥t❡❞ s✐♥❣❧❡ ▼❖❙ ❝♦♥✈❡rt❡r ✐s ✉s❡❞ ✐♥ ♦s❝✐❧❧❛t♦r✱ t❤❡ ❛❝t✉❛❧

❝❛♣❛❝✐t❛♥❝❡ r❛t✐♦ ✉s❡❞ ❝❛♥✬t ✉s✉❛❧❧② ❜❡ ♠❛❞❡ ❛r❜✐tr❛r✐❧② s♠❛❧❧✳ ❚②♣✐❝❛❧ r❛t✐♦s s✉❣❣❡st❡❞

❜② ▲❡❡ ❬✸✷❪ ✈❛r② ❜❡t✇❡❡♥ ✸✿✶ ❛♥❞ ✹✿✶✱ ②✐❡❧❞✐♥❣ t❤❡ ❧❡❛st ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ❛s ❛ r❡s✉❧t ♦❢ t❤❡

♦♣t✐♠❛❧ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✐♥ ♣r♦♣♦rt✐♦♥ t♦ ❛ r❡s♦♥❛t♦r ♥♦✐s❡ ❧❡✈❡❧✳ ❚❤❡s❡ ♣r♦♣❡rt✐❡s

♠❛❦❡s ❛ s✐♥❣❧❡ ▼❖❙ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❛ ♣r❛❝t✐❝❛❧ s♦❧✉t✐♦♥ ❢♦r ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦s❝✐❧❧❛t♦rs✱

❡s♣❡❝✐❛❧❧② ✇❤❡♥ Q0 ❢❛❝t♦r ♦❢ ❛ r❡s♦♥❛t♦r ✐s ❤✐❣❤ ❛♥❞ t❤✉s ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❉❈ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t✳

◆♦✐s❡ P❙❉ ♦❢ ❛ ❝r♦ss✲❝♦✉♣❧❡❞ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❢r♦♠ ❙❡❝t✐♦♥ ✷✳✸✳✷ ✐s ❞❡r✐✈❡❞ ✉s✐♥❣

♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ❜② ❍❛❥✐♠✐r✐ ❬✹✺❪ ✭❋✐❣✉r❡ ✷✳✷✽✮✳
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✳

id1
rd

inact

rd id2 vd1 = rd1id1

rd inact rd

vd2 = rd2id2

❋✐❣✉r❡ ✷✳✷✽✿ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ❡q✉✐✈❛❧❡♥t s❤♦rt ❝✐r❝✉✐t ♥♦✐s❡ ❝✉rr❡♥t ✐♥ ❝r♦ss✲❝♦✉♣❧❡❞ ▼❖❙
♥❡❣❛t✐✈❡ r❡s✐st♦r✳

❯s✐♥❣ ❑❱▲✱ ❛♥ ❡q✉✐✈❛❧❡♥t s❤♦rt ❝✐r❝✉✐t ♥♦✐s❡ ❝✉rr❡♥t ✐s ❢♦✉♥❞

inact =
vd1 + vd2

2rd
=

id1 + id2

2

i2nact

∆f
=

i2
d1

∆f +
i2
d2

∆f

4
= 2kTγgm = 4kTγ

∣
∣
∣
∣

1

Ractdiff

∣
∣
∣
∣

✭✷✳✹✵✮

❆ss✉♠✐♥❣ t❤❛t rd ✐s ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ t❤❡ t♦t❛❧ ❞✐✛❡r❡♥t✐❛❧ r❡s♦♥❛t♦r ✐♥♣✉t r❡s✐st❛♥❝❡✱ ✐t

❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞ ✐♥ ❢✉rt❤❡r ❛♥❛❧②s✐s✳ ❇② s❤♦rt❡♥✐♥❣ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ✐♥♣✉t✱ ❛♥② ❝♦rr❡❧❛t✐♦♥

❜❡t✇❡❡♥ tr❛♥s✐st♦rs ✐s ❝❛♥❝❡❧❧❡❞ ❛♥❞✱ ❛s ✭✷✳✹✵✮ ✐♥❞✐❝❛t❡s t❤❛t ❛ ❝r♦ss✲❝♦✉♣❧❡❞ ♥❡❣❛t✐✈❡

r❡s✐st♦r ❛❝❤✐❡✈❡s ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❝♦♠♣❛r❛❜❧❡ t♦ ✐ts s✐♥❣❧❡ ❡♥❞❡❞ ❝♦✉♥t❡r♣❛rt✳

✷✳✻✳✶✳✸ ◗ r❡q✉✐r❡♠❡♥ts ❢♦r ❧♦✇ ♥♦✐s❡ ♦❢ ♣❛ss✐✈❡ ▲❈ r❡s♦♥❛t♦rs

❚❤❡ ❛❜♦✈❡ ❞❡r✐✈❛t✐♦♥s s❤♦✇✱ t❤❛t ❢♦r ❛ ❧♦✇ ♣❤❛s❡ ♥♦✐s❡ ❞❡s✐❣♥✱ ❛ ❤✐❣❤ Q0 ♣❛ss✐✈❡ r❡s✲

♦♥❛t♦r ✐s ♥❡❝❡ss❛r②✳ ❋✐rst❧②✱ ❛ ❤✐❣❤ q✉❛❧✐t② ❢❛❝t♦r ♠✐♥✐♠✐s❡s s♣♦t ♥♦✐s❡ ❣❡♥❡r❛t❡❞ ❜②

r❡s♦♥❛t♦r✱ ❞❡❝r❡❛s✐♥❣ ✐ts r❡❧❛t✐✈❡ ♣♦✇❡r ❛t ❢r❡q✉❡♥❝✐❡s ωm 6= ω0✳ ❆❧s♦✱ ❤✐❣❤ Q ❝♦r✲

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

r❡s♦♥❛t♦r ❝♦♠♣❡♥s❛t✐♦♥✳ ❆❝❝♦r❞✐♥❣ t♦ ✭✷✳✸✽✮ ❛♥❞ ✭✷✳✹✵✮ t❤✐s ♠✐♥✐♠✐s❡s ♥♦✐s❡ ♦r✐❣✐♥❛t✲

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

✷✳✼ ❈❤❛♣t❡r s✉♠♠❛r②

■♥ t❤✐s ❝❤❛♣t❡r t❤❡ ❜❛s✐❝ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r t❤❡♦r② ❤❛s ❜❡❡♥ ♣r❡s❡♥t❡❞✳ ■t

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

✐s ❝♦♥tr♦❧❧❡❞ ❜② r❡s♦♥❛t♦r q✉❛❧✐t② ❢❛❝t♦r t❤❛t ❛❧s♦ ❞❡t❡r♠✐♥❡s ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡

♦s❝✐❧❧❛t♦r✳ ■t ✇❛s s❤♦✇♥ t❤❛t t♦ ✐♠♣r♦✈❡ ♥♦✐s❡ ❣❡♥❡r❛t❡❞ ✐♥ ▲❈ ♦s❝✐❧❧❛t♦r✱ Q ✐♥ ✐♥t❡❣r❛t❡❞

r❡s♦♥❛t♦rs ❤❛s t♦ ❜❡ ♠❛①✐♠✐s❡❞✳ ❊✈❡♥ ✐❢ t❤❡ ❧♦✇ Q ❢❛❝t♦r ♦❢ s♣✐r❛❧ ✐♥❞✉❝t♦rs ❝❛♥ ❜❡

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

❞✐s♣r♦♣♦rt✐♦♥❛❧❧② ❧❛r❣❡ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♦t❤❡r ♦s❝✐❧❧❛t♦r ❝♦♠♣♦♥❡♥ts✳ ❚❤✐s ♣r♦❜❧❡♠

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

♦❢ t❡♥s ♦❢ ♥❍ ❝❛♥ ❜❡ r❡q✉✐r❡❞✱ ❢♦r❝✐♥❣ ❛ ❝✐r❝✉✐t ❞❡s✐❣♥❡r t♦ ❝❤♦♦s❡ ♦✛✲❝❤✐♣ ✭❞✐s❝r❡t❡✮

✐♥❞✉❝t♦rs✳

❍✐st♦r✐❝❛❧❧②✱ t❤❡ ❝♦♥❝❡♣t ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❜❡❝❛♠❡ ❛ ♣♦ss✐❜❧❡ ❛❧t❡r♥❛t✐✈❡ t♦ ♣❛ss✐✈❡

✐♥❞✉❝t♦rs✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤✱ ❛♥ ✐♥❞✉❝t❛♥❝❡ ✐s s✐♠✉❧❛t❡❞ ✉s✐♥❣ tr❛♥s✐st♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs

♦♥❧②✳ ❚❤✉s✱ ▲❈ r❡s♦♥❛t♦r ❝❛♥ ❜❡ ✐♥t❡❣r❛t❡❞ ♦♥ ♠✉❝❤ s♠❛❧❧❡r ❛r❡❛ t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛

s♣✐r❛❧ ✐♥❞✉❝t♦rs✳ ❚❤❡ ♥❡①t ❝❤❛♣t❡r ❞❡❛❧s ✇✐t❤ ❢✉♥❞❛♠❡♥t❛❧s ♦❢ ❱❈❖ ❞❡s✐❣♥ ✉s✐♥❣ ❛❝t✐✈❡

✐♥❞✉❝t♦rs ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ ❝✐r❝✉✐t ♥♦✐s❡✱ ❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ❛♥❞ t✉♥✐♥❣ r❛♥❣❡✳
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❈❤❛♣t❡r ✸

❆❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦rs

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤✐s ❝❤❛♣t❡r ❞❡❧✐✈❡rs ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ r❡✈✐❡✇ ♦❢ ♣✉❜❧✐s❤❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts ❛♥❞

✐ts ❛♣♣❧✐❝❛t✐♦♥ t♦ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs✳ ❋✐rst✱ ❛ ❜❛s✐❝ ❝✐r❝✉✐t ❞❡s❝r✐♣t✐♦♥ ✐s

♣r❡s❡♥t❡❞✱ ♣r♦✈✐❞✐♥❣ ✉s❡❢✉❧ ❞❡s✐❣♥ ✐♥s✐❣❤ts ❢♦r ❢✉rt❤❡r ❱❈❖ ❞❡s✐❣♥✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t

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

♣❛ss✐✈❡ ▲❈ t❛♥❦ ❛♣♣r♦❛❝❤ ❢r♦♠ ❈❤❛♣t❡r ✷✳ ❚♦ ❛❝❤✐❡✈❡ t❤✐s ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ❧✐♥❡❛r

❛♥❛❧②s✐s ♦❢ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧s ✐s ❝♦♥❞✉❝t❡❞✳

❆ st❡♣ ❜② st❡♣ ❛♥❛❧②s✐s ♦❢ ♥♦✐s❡✱ r❡✈❡❛❧s t❤❡ ♠❛✐♥ ♥♦✐s❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ✐♥

❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r✳ ❚❤❡ st✉❞② ♦❢ ♥♦✐s❡ ❝♦♥✜r♠s ✇❤② ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts ❝❛♥

♥♦t ❜❡ ❛ss✉♠❡❞ ❡q✉✐✈❛❧❡♥ts ♦❢ t❤❡✐r ♣❛ss✐✈❡ ❝♦✉♥t❡r♣❛rts ✲ ❛ ❝♦♠♠♦♥ ♠✐s❝♦♥❝❡♣t✐♦♥

♣r♦♣❛❣❛t❡❞ t❤r♦✉❣❤ t❤❡ ❧✐t❡r❛t✉r❡✳ ❚❤❡ ♥♦✐s❡ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❡①t❡♥❞s

♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ r❡s✉❧ts ♦❢ ❆❜✐❞✐ ❬✹✻❪ ❛♥❞ ❑❛✉♥✐st♦ ❬✼❪ ❜② ❝♦♥s✐❞❡r✐♥❣ t♦t❛❧ ♥♦✐s❡

♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❝♦♠♣❡♥s❛t❡❞ ✇✐t❤ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ ♣❤❛s❡

♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖ ✐s ♣r❡s❡♥t❡❞ ❬✹✼❪✱ s❤♦✇✐♥❣ ❡①♣❡❝t❡❞ ♣❤❛s❡ ♥♦✐s❡

♣❡r❢♦r♠❛♥❝❡ ♦❢ ❣②r❛t♦r✲❜❛s❡❞ ♦s❝✐❧❧❛t♦rs✳

❋✐♥❛❧❧②✱ ❛ ♣❛r❛s✐t✐❝ ❡✛❡❝t t❛❦✐♥❣ ♣❧❛❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✐s

❞✐s❝✉ss❡❞✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s st✉❞② ❧❡❛❞ t♦ t❤❡ ♠❛✐♥ ❝♦♥❝❡♣t ♦❢ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡

✐♥❞✉❝t♦r r❡s♦♥❛t♦r ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✳
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✸✳✷ ❆❝t✐✈❡ ✐♥❞✉❝t♦rs

❲❤❡♥ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ❛r❡ ❜✐❛s❡❞ ✇✐t❤ ❛ s✐♥✉s♦✐❞❛❧ ❝✉rr❡♥t✱ t❤❡ r❡s✉❧t✐♥❣ ✈♦❧t❛❣❡ ♣❤❛s❡

✐s s❤✐❢t❡❞ ❜② ✾✵◦✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❝♦♥✈❡②❡❞ ❜② ✐♠♣❡❞❛♥❝❡ ❛♥❞ ❛❞♠✐tt❛♥❝❡ ❢✉♥❝t✐♦♥s✱

t❤❛t ❝❤❛r❛❝t❡r✐s❡ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ■❢ ♦♥❡ ✐s ❛❜❧❡ t♦ ❞❡s✐❣♥

❛ ❝✐r❝✉✐t ✉s✐♥❣ ♥♦♥✲✐♥❞✉❝t✐✈❡ ❝♦♠♣♦♥❡♥ts ❝♦♥♥❡❝t❡❞ s✉❝❤ t❤❛t t❤❡ r❡s✉❧t✐♥❣ ✐♠♣❡❞❛♥❝❡

♣r❡s❡r✈❡s t❤❡ ❞❡s❝r✐❜❡❞ ✾✵◦ ♣❤❛s❡ s❤✐❢t✱ t❤❡ ❝✐r❝✉✐t s✐♠✉❧❛t❡s t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ✐♥❞✉❝✲

t♦r✳ ❚❤✐s s❡❝t✐♦♥ s❤♦✇s t❤❛t tr❛♥s✐st♦rs ❛♥❞ ❝❛♣❛❝✐t♦rs ❛r❡ s✉✣❝✐❡♥t t♦ ❞❡s✐❣♥ s✉❝❤ ❛

❝✐r❝✉✐t✱ ❛❧❧♦✇✐♥❣ ❛ s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ♦❢ s✐❧✐❝♦♥ ❛r❡❛ ❞✉❡ t♦ t❤❡ ❝♦♠♣❛❝t s✐③❡ ♦❢ t❤❡s❡

❞❡✈✐❝❡s✳

✸✳✷✳✶ ●②r❛t♦r ❢✉♥❞❛♠❡♥t❛❧s

❚❤❡ ♣❤❛s❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ♦❢ ❛ ❝❛♣❛❝✐t♦r ✐s ✐♥✈❡rs❡ ♦❢ t❤❛t

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

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

✐♥✈❡rs✐♦♥ ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❛ t✇♦ ♣♦rt ♥❡t✇♦r❦ ❦♥♦✇♥ ❛s ❛ ❣②r❛t♦r✱ ♣r❡s❡♥t❡❞ ❜② ❚❡❧❧❡✲

❣❡♥ ❬✹✽❪✳ ❆ ❣②r❛t♦r ❝♦♥s✐sts ♦❢ t✇♦ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ❝✉rr❡♥t s♦✉r❝❡s ✭❱❈❈❙✮ ❝♦♥♥❡❝t❡❞

❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✸✳✶✳

✭❛✮

I1

g2V2 g1V1

I2

V2V1

✭❜✮

❋✐❣✉r❡ ✸✳✶✿ ●②r❛t♦r✿ ✭❛✮ s②♠❜♦❧✱ ✭❜✮ s❝❤❡♠❛t✐❝✳

❚❤❡ ✜rst ♦❜s❡r✈❛t✐♦♥ ✐s t❤❛t ❚❡❧❧❡❣❡♥✬s ❝✐r❝✉✐t ✈✐♦❧❛t❡s t❤❡ ♥❡t✇♦r❦ r❡❝✐♣r♦❝✐t② r✉❧❡✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡ t❤❡♦r❡♠✱ ✇❤❡♥ ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❢♦r❝❡ E ✐s ❝♦♥♥❡❝t❡❞ ✐♥ ♦♥❡ ❜r❛♥❝❤

♦❢ ❛ r❡❝✐♣r♦❝❛❧ ♥❡t✇♦r❦ ✐t ♣r♦❞✉❝❡s ❝✉rr❡♥t I ✐♥ ❛♥♦t❤❡r ❜r❛♥❝❤✳ ■❢ E ✐s ♠♦✈❡❞ ❢r♦♠ t❤❡

✜rst t♦ t❤❡ s❡❝♦♥❞ ❜r❛♥❝❤✱ ✐t ✇✐❧❧ ❝❛✉s❡ t❤❡ s❛♠❡ ❝✉rr❡♥t ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ❜r❛♥❝❤✱ ✇❤❡r❡ E

❤❛s ❜❡❡♥ r❡♣❧❛❝❡❞ ❜② ❛ s❤♦rt ❝✐r❝✉✐t ❬✹✾❪✳ ■❢ t❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✸✳✶❜ ✇❛s r❡❝✐♣r♦❝❛❧
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t❤❡ ❝✉rr❡♥ts ♦♥ ❜♦t❤ ♦✉t♣✉ts ✇♦✉❧❞ ❜❡ t❤❡ s❛♠❡✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐♠♣♦ss✐❜❧❡

r❡q✉✐r❡♠❡♥t ♦❢ g2 ≡ −g1 ❢♦r ♥♦♥✲③❡r♦ g1 ❛♥❞ g2✳

❚❤❡ ♠♦st ❝♦♥✈❡♥✐❡♥t ♠❡t❤♦❞ ♦❢ ❣②r❛t♦r ❞❡s❝r✐♣t✐♦♥ ❤❛s ❛ ❢♦r♠ ♦❢ ❛♥ ❛❞♠✐tt❛♥❝❡

♠❛tr✐① ❣✐✈❡♥ ❜②

[I] = [Y ][V ]





I1

I2




 =






y11 y12

y21 y22




 ·






V1

V2




 =






0 g2

−g1 0




 ·






V1

V2




 ✭✸✳✶✮

✇❤❡r❡ g1 ❛♥❞ g2 ❛r❡ r❡❛❧ ❛♥❞ ❦♥♦✇♥ ❛s ❣②r❛t✐♦♥ ❝♦♥❞✉❝t❛♥❝❡s ❬✺✵❪✳ ■❢ ♦♥❡ ♦❢ t❤❡ ♣♦rts

✐s ❧♦❛❞❡❞ ❜② ❣❡♥❡r✐❝ ❛❞♠✐tt❛♥❝❡ Yload(jω) s✉❝❤ t❤❛t I2 = Yload(jω) · V2 t❤❡♥ t❤❡ ✐♥♣✉t

❛❞♠✐tt❛♥❝❡ Yin(jω) ❛♥❞ ✐♠♣❡❞❛♥❝❡ Zin(jω) ♦❢ t❤❡ ❣②r❛t♦r ❛r❡ ❡q✉❛❧ t♦

Yin(jω) =
I1

V1
= y11 −

y12y21

Yload(jω) + y22
=

g1g2

Yload(jω)
✭✸✳✷✮

❛♥❞

Zin(jω) =
1

Yin(jω)
=

Yload(jω)

g1g2
✭✸✳✸✮

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

❣②r❛t♦r ✐s ❧♦❛❞❡❞ ✉s✐♥❣ ❛ ❝❛♣❛❝✐t♦r t❤❡♥ t❤❡ ❣❡♥❡r✐❝ Yload(jω) ❜❡❝♦♠❡s jωC ❛♥❞ t❤❡

✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛❝❝♦r❞✐♥❣ t♦ ✭✸✳✸✮ ✐s ♥♦✇ ❡q✉❛❧ t♦

Zin(jω) = jω
C

g1g2
≡ jωL ✭✸✳✹✮

❊q✉❛t✐♦♥ ✭✸✳✹✮ ♣r♦✈❡s ♠❛t❤❡♠❛t✐❝❛❧❧② t❤❛t ❛ ❣②r❛t♦r ❝❛♥ ♠✐♠✐❝ ❛♥ ✐♥❞✉❝t✐✈❡ ✐♠♣❡❞❛♥❝❡

✉s✐♥❣ ❛ s✐♥❣❧❡ ❝❛♣❛❝✐t♦r ❛♥❞ t✇♦ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ❝✉rr❡♥t s♦✉r❝❡s✳ ❋r♦♠ ❛ ❞❡s✐❣♥ ♣❡r✲

s♣❡❝t✐✈❡ ❜♦t❤ ❱❈❈❙ ❛r❡ ❛❧✇❛②s ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❛♥❞

r❡q✉✐r❡ ❛ ❉❈ ❜✐❛s t♦ ♦♣❡r❛t❡✳ ❚❤✉s✱ ✐♥ ❝♦♥tr❛r② t♦ t❤❡ ♣❛ss✐✈❡ ❛♣♣r♦❛❝❤ ❢r♦♠ ❈❤❛♣✲

t❡r ✷✱ ❛♥② r❡s♦♥❛t♦r ❝♦♥s✐st✐♥❣ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ❞✐ss✐♣❛t❡s ♣♦✇❡r✳

✸✳✷✳✷ ❚②♣❡s ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

■♥ ❣❡♥❡r❛❧✱ ✈❛r✐♦✉s t②♣❡s ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✿
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❼ ❙✐♥❣❧❡ ❡♥❞❡❞ ♦r ❞✐✛❡r❡♥t✐❛❧✿ ❙✐♥❣❧❡ ❡♥❞❡❞ ❝✐r❝✉✐ts ❤❛✈❡ ♦♥❧② ♦♥❡ ♣♦rt ✇❤❡r❡ ✐♥❞✉❝✲

t✐✈❡ ✐♠♣❡❞❛♥❝❡ ✐s ❡①♣❡r✐❡♥❝❡❞✳ ❚❤❡s❡ ❝✐r❝✉✐ts ❤❛✈❡ t②♣✐❝❛❧❧② s✐♠♣❧❡ ❛r❝❤✐t❡❝t✉r❡s✳

❉✐✛❡r❡♥t✐❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✉s❡ ❞✐✛❡r❡♥t✐❛❧ tr❛♥s❝♦♥❞✉❝t♦rs ❢♦r ✐♠♣r♦✈❡❞ r❡❥❡❝✲

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

❛s s✐♥❣❧❡ ❡♥❞❡❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

❼ ●r♦✉♥❞❡❞ ♦r ✢♦❛t✐♥❣✿ ●r♦✉♥❞❡❞ ✐♥❞✉❝t♦rs ❤❛✈❡ ♦♥❡ ❧❡❛❞ ❝♦♥♥❡❝t❡❞ ❡✐t❤❡r t♦

❣r♦✉♥❞ ♦r V DD ❬✺✶❪ ✐✳❡✳ s✐♠✉❧❛t❡ ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡✳ ❋❧♦❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❤❛✈❡ t✇♦ ♣♦rts ✇✐t❤ ✐♥❞✉❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ✐♥ s❡r✐❡s ❜❡t✇❡❡♥ t❤❡♠ ❛♥❞ ❛r❡ s✉✐t❛❜❧❡

❢♦r ❛♣♣❧✐❝❛t✐♦♥s r❡q✉✐r✐♥❣ s❡r✐❡s ✐♥❞✉❝t❛♥❝❡✳

❼ ❙✐♥❣❧❡ ♦r ♠✉❧t✐st❛❣❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs✿ ❙✐♥❣❧❡ st❛❣❡ ❛♠♣❧✐✜❡rs ✉s❡ ♦♥❡

tr❛♥s✐st♦r t♦ ♣r♦✈✐❞❡ ❣②r❛t✐♦♥ ❝♦♥❞✉❝t❛♥❝❡✳ ▼✉❧t✐st❛❣❡ ❛♠♣❧✐✜❡rs ♣r♦✈✐❞❡ ❧❛r❣❡r

❣❛✐♥s ❛♥❞ ❝❛♥ ♠✐♥✐♠✐s❡ s♦♠❡ ♦❢ ♣❛r❛s✐t✐❝ ❡✛❡❝ts✳ ❚❤❡ ❝♦st ✐s ❧❛r❣❡r ♣♦✇❡r ❝♦♥✲

s✉♠♣t✐♦♥ ❛♥❞ r❡q✉✐r❡❞ ♥✉♠❜❡r ♦❢ ❝♦♠♣♦♥❡♥ts✳

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

t✉r❡ ❧❡❛❞s t♦ ❛ ❣r♦✉♥❞❡❞ ✐♥❞✉❝t♦r ❝✐r❝✉✐t✱ ✇❤❡r❡❛s t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❛rr❛♥❣❡♠❡♥t ✐s ♠♦r❡

s✉✐t❛❜❧❡ ❢♦r ❛ ✢♦❛t✐♥❣ ❣②r❛t♦r✳ ■♥ ❛❧❧ ❝❛s❡s✱ ♠✉❧t✐st❛❣❡ ❛♠♣❧✐✜❡rs ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞ ✐❢

♥❡❝❡ss❛r②✳ ❋✐❣✉r❡ ✸✳✷ ❞❡♣✐❝ts s♦♠❡ ❡①❛♠♣❧❡s ♦❢ ❣r♦✉♥❞❡❞ ✐♥❞✉❝t♦rs t❤❛t ♦✈❡r t❤❡ ②❡❛rs

s❡r✈❡❞ ❛s ❛ ❜❛s❡ ❢♦r ❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts r❡♣♦rt❡❞ ✐♥ ♥✉♠❡r♦✉s ♣❛♣❡rs ❬✺✷✕✺✹❪✳ ■♥ ❛❧❧

❝❛s❡s ♦♥❡ ♦❢ t❤❡ ♣♦rts ✐s ❛❧✇❛②s ❧♦❛❞❡❞ ❜② ❝❛♣❛❝✐t❛♥❝❡ ✭s♦♠❡ ❛✉t❤♦rs ✉s❡ tr❛♥s✐st♦r ♣❛r✲

❛s✐t✐❝s ♦♥❧②✮✱ ✇❤❡r❡❛s t❤❡ ♦♣♣♦s✐t❡ ♣♦rt ♣r♦❞✉❝❡s ✐♥❞✉❝t✐✈❡ ✐♠♣❡❞❛♥❝❡✳ ■t ✐s ✐♠♣♦rt❛♥t

t♦ ✐♥❞✐❝❛t❡ t❤❛t ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐ts ❛r❡ s❡❧❞♦♠ s②♠♠❡tr✐❝❛❧ ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ ♦♥❡ ♦❢ t❤❡

♣♦rts ✐s ✉s✉❛❧❧② ♣r❡❢❡rr❡❞ ❛s ❛♥ ✐♥♣✉t✳ ❚❤❡ ❣r♦✉♥❞❡❞ ❣②r❛t♦rs ❢r♦♠ ❋✐❣✉r❡ ✸✳✷❛ ❛♥❞

✸✳✷❜ r❡♣r❡s❡♥t t❤❡ s✐♠♣❧❡st ❛r❝❤✐t❡❝t✉r❡s✿ s✐♥❣❧❡ ❡♥❞❡❞ ✉s✐♥❣ s✐♥❣❧❡ st❛❣❡ tr❛♥s❝♦♥❞✉❝✲

t♦rs✳ ❚❤❡ ❛❞✈❛♥t❛❣❡s ❛r❡ str❛✐❣❤t❢♦r✇❛r❞ ❞❡s✐❣♥ ❛♥❞ s♠❛❧❧❡st ♥✉♠❜❡r ♦❢ ❞❡✈✐❝❡s ✉s❡❞✳

❚❤❡ ❝♦st ♦❢ s✐♠♣❧✐❝✐t② ✐s r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❝✐r❝✉✐t ❧♦ss❡s ❞✉❡ t♦ tr❛♥s✐st♦r ♣❛r❛s✐t✐❝s✳ ❚❤❡

t❤✐r❞ ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✸✳✷❝ ✉s❡s ❛ t✇♦ st❛❣❡ ❛♠♣❧✐✜❡r t♦ ✐♥❝r❡❛s❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡

♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❢♦r♠❡r ❛r❝❤✐t❡❝t✉r❡s✱ ❛♥ ❡①tr❛ tr❛♥s✐st♦r

✐♥tr♦❞✉❝❡s ❛❞❞✐t✐♦♥❛❧ ♥♦✐s❡ ❛♥❞ ♥♦♥✲❧✐♥❡❛r✐t② t♦ t❤❡ ❝✐r❝✉✐t✳

✹✻



✸✳✷ ❆❝t✐✈❡ ✐♥❞✉❝t♦rs

✶

✷

✭❛✮

VG

✶

✷

✭❜✮

VG

✶

✷

✭❝✮

❋✐❣✉r❡ ✸✳✷✿ ▼♦st ❝♦♠♠♦♥ ❈▼❖❙ ❣r♦✉♥❞❡❞ ❣②r❛t♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥s✿ ✭❛✮ ❝♦♠♠♦♥
s♦✉r❝❡ ✲ ❝♦♠♠♦♥ ❞r❛✐♥ ❬✺✷❪✱ ✭❜✮ ❝♦♠♠♦♥ s♦✉r❝❡ ✲ ❝♦♠♠♦♥ ❣❛t❡ ❬✺✸❪✱ ✭❝✮ ❝♦♠♠♦♥ s♦✉r❝❡
✲ t✇♦ st❛❣❡ ❛♠♣❧✐✜❡r ❬✺✹❪✳

✸✳✷✳✸ ❆❝t✐✈❡ ✐♥❞✉❝t♦r ❛♣♣❧✐❝❛t✐♦♥s

❖✈❡r t❤❡ ②❡❛rs ✈❛r✐♦✉s ❝✐r❝✉✐ts ✉s✐♥❣ ❣②r❛t♦rs ✐♥ ♣❧❛❝❡ ♦❢ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ✇❡r❡ ❞❡s✐❣♥❡❞✳

❚❤❡ t②♣✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞❡✿ ❘❋ ✜❧t❡rs✱ ❧♦✇ ♥♦✐s❡ ❛♠♣❧✐✜❡rs✱ ♣♦✇❡r s♣❧✐tt❡rs✱ ♣❤❛s❡

s❤✐❢t❡rs ❛♥❞ ♦s❝✐❧❧❛t♦rs✱ t♦ ♥❛♠❡ ❛ ❢❡✇✳ ❚❛❜❧❡ ✸✳✶ ♣r❡s❡♥ts s♦♠❡ ♦❢ t❤❡ r❡❝❡♥t❧② ♣✉❜❧✐s❤❡❞

✐♥t❡❣r❛t❡❞ ❝✐r❝✉✐ts ✉s✐♥❣ ❈▼❖❙ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳

✹✼



✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❚❛❜❧❡ ✸✳✶✿ ❙t❛t❡ ♦❢ t❤❡ ❛rt ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts ❬✺✶❪✳

❘❡❢❡r❡♥❝❡ ❨❡❛r ◆♦❞❡ ❆♣♣❧✐❝❛t✐♦♥ ❋r❡q✉❡♥❝②∗

❚❤❛♥❛❝❤❛②❛♥♦♥t ❬✺✺❪ ✷✵✵✵ ✵✳✽➭♠ ▲❈ ❱❈❖ ✵✳✹✺✲✶✳✷ ●❍③

▲✐♥ ❬✺✻❪ ✷✵✵✵ ✵✳✸✺➭♠ ▲❈ ❱❈❖ ✶✳✶✲✷✳✶ ●❍③

❙❛❝❦✐♥❣❡r ❬✺✼❪ ✷✵✵✵ ✵✳✷✺➭♠ ▲✐♠✐t✐♥❣ ❛♠♣✳ ✸ ●❍③

❲✉ ❡t ❛❧✳ ❬✺✸❪ ✷✵✵✶ ✵✳✸✺➭♠ ▲❈ ❱❈❖ ✵✳✶✲✵✳✾ ●❍③

●r♦③✐♥❣ ❡t ❛❧✳ ❬✺✽❪ ✷✵✵✶ ✵✳✸✵➭♠ ▲❈ ❱❈❖ ✵✳✹✲✹ ●❍③

❲✉ ❡t ❛❧✳ ❬✺✾✱ ✻✵❪ ✷✵✵✶ ✵✳✸✺➭♠ ❘❋ ❜❛♥❞♣❛ss ✵✳✹✲✶✳✶ ●❍③

❚❤❛♥❛❝❤❛②❛♥♦♥t ❬✻✶❪ ✷✵✵✷ ✵✳✸✺➭♠ ❘❋ ❜❛♥❞♣❛ss ✷✳✹✲✷✳✻ ●❍③

❳✐❛♦ ❬✻✷❪ ✷✵✵✷ ✵✳✶✽➭♠ ❘❋ ❧♦✇♣❛ss ✹✳✺✼ ●❍③

❳✐❛♦ ❡t ❛❧✳ ❬✺✹❪ ✷✵✵✹ ✵✳✶✽➭♠ ❘❋ ❜❛♥❞♣❛ss ✸✳✺✲✺✳✼ ●❍③

▲✉ ❡t ❛❧✳ ❬✻✸❪ ✷✵✵✺ ✵✳✶✽➭♠ ❘❋ ♣♦✇❡r ❞✐✈✐❞❡r ✹✳✺ ●❍③

▲✐❛♥❣ ❡t ❛❧✳ ❬✻✹❪ ✷✵✵✺ ✵✳✶✽➭♠ ❘❋ ❜❛♥❞♣❛ss ✸✳✹✺✲✸✳✻ ●❍③

●❛♦ ❡t ❛❧✳ ❬✻✺✕✻✼❪ ✷✵✵✺ ✵✳✷✺➭♠ ❘❋ ❜❛♥❞♣❛ss ✷✳✵✺✲✷✳✹✺ ●❍③

❈❤❡♥ ❡t ❛❧✳ ❬✻✽❪ ✷✵✵✺ ✵✳✸✺➭♠ ▲✐♠✐t✐♥❣ ❛♠♣✳ ✷✳✸ ●❍③

▲✉ ❡t ❛❧✳ ❬✻✾❪ ✷✵✵✺ ✵✳✶✽➭♠ ❘❋ ♣❤❛s❡ s❤✐❢t❡r ✸✻✵◦

▼❛❤♠♦✉❞✐ ❬✼✵❪ ✷✵✵✺ ✵✳✶✽➭♠ ◗❱❈❖ ✽ ●❍③

❏✐❛♥❣ ❡t ❛❧✳ ❬✼✶❪ ✷✵✵✺ ✵✳✶✽➭♠ ●❜♣s ❚①✳ ✶✵ ●❜♣s

❨✉❛♥ ❬✼✷✱ ✼✷❪ ✷✵✵✻ ✵✳✶✽➭♠ ❘✐♥❣ ❱❈❖ ✶✳✼✲✷✳✼ ●❍③

▲✉ ❡t ❛❧✳ ❬✼✸❪ ✷✵✵✻ ✵✳✶✽➭♠ ▲❈ ❱❈❖ ✵✳✺✲✸✳✵ ●❍③

❳✐❛♦ ❡t ❛❧✳ ❬✼✹❪ ✷✵✵✼ ✵✳✶✽➭♠ ❘❋ ❜❛♥❞♣❛ss ✸✳✸✹✲✺✳✼✷ ●❍③

❲❡♥❣ ❬✼✺❪ ✷✵✵✼ ✵✳✶✽➭♠ ❘❋ ❜❛♥❞♣❛ss ✷✲✷✳✾ ●❍③

❚❛♥❣ ❡t ❛❧✳ ❬✼✻❪ ✷✵✵✼ ✵✳✶✽➭♠ ❘❋ ♠♦❞✉❧❛t♦rs ✶✳✻ ●❍③

❚❛♥❣ ❡t ❛❧✳ ❬✼✼❪ ✷✵✵✼ ✵✳✶✽➭♠ ❱❈❖s ✶✳✻ ●❍③

∗ ✲ ❋♦r ❜❛♥❞♣❛ss ✜❧t❡rs✱ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ✐s t❤❡ ❝❡♥t❡r ❢r❡q✉❡♥❝② r❛♥❣❡✱

❢♦r ❱❈❖s✱ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ✐s t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② r❛♥❣❡✱

❢♦r ❧✐♠✐t✐♥❣ ❛♠♣❧✐✜❡rs✱ t❤❡ ❢r❡q✉❡♥❝② ✐s t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ❛♠♣❧✐✜❡rs✳

✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡

♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❆s ♠❡♥t✐♦♥❡❞✱ ✐♥ t❤❡ s✐♠♣❧❡st ❝❛s❡✱ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t✇♦ s✐♥❣❧❡

st❛❣❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❝♦♥♥❡❝t❡❞ ❜❛❝❦ t♦ ❜❛❝❦ ❛♥❞ ❧♦❛❞❡❞ ❜② ❛ ❝❛♣❛❝✐t♦r✱

❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✸✳✸❛✳ ❆ ❝❧♦s❡r ❡①❛♠✐♥❛t✐♦♥ ♦❢ ✭✸✳✶✮ r❡✈❡❛❧s t❤❛t ❢♦r ♣r♦♣❡r

♦♣❡r❛t✐♦♥✱ ♦♥❡ ❱❈❈❙ ❤❛s ❛❧✇❛②s ❛ ❢♦r♠ ♦❢ ❛♥ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r✳ ❆t t❤✐s st❛❣❡ ✐t ✐s

❛ss✉♠❡❞ t❤❛t ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ✐❞❡❛❧ ✐✳❡✳ ❤❛✈❡ ❛♥ ✐♥✜♥✐t❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ❛♥❞

✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡s ❛t t❤❡ ♦✉t♣✉t✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡

✹✽



✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

vin

iin −gm1

i1
Cg

+
vg−

gm2

i2

✭❛✮

vin

iin

Co2 Go2

−gm1

i1
Go1 Co1 Cg

gm2

i2

✭❜✮

vin

iin

Go2 Co2

Rs =
Go1

gm1gm2

Ls =
Cg + Co1

gm1gm2

✭❝✮

❋✐❣✉r❡ ✸✳✸✿ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✿✭❛✮ ✐❞❡❛❧ ❝✐r❝✉✐t✱ ✭❜✮ ❧♦ss② ❝✐r❝✉✐t✱ ✭❝✮
❡q✉✐✈❛❧❡♥t ♠♦❞❡❧ ♦❢ ❧♦ss② ❝✐r❝✉✐t

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✸✳✹✮ ✐s ❣✐✈❡♥ ❜②

Lsim =
Cg

gm1gm2
✭✸✳✺✮

❚❤❡ ❝❤✐❡❢ ❛❞✈❛♥t❛❣❡ ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ♦✈❡r ❛ ♣❛ss✐✈❡ ❝♦✉♥t❡r♣❛rt ✐s ✐ts ✐♥❤❡r❡♥t

t✉♥✐♥❣ ❛❜✐❧✐t② t❤r♦✉❣❤ ❛ ❜✐❛s ❞❡♣❡♥❞❡♥t ❛♠♣❧✐✜❡r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ gm✳ ❚❤❡r❡❢♦r❡✱ ❜②

✈❛r②✐♥❣ t❤❡ q✉✐❡s❝❡♥t ♣♦✐♥t ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛ r❡s♦♥❛t♦r

❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❛♥❞ ♥♦ ✈❛r❛❝t♦rs ❛r❡ r❡q✉✐r❡❞ ❢♦r ♦s❝✐❧❧❛t♦r t✉♥✐♥❣✳ ❉✉❡ t♦ ♥♦♥✲✐❞❡❛❧✐t✐❡s

♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ✐♥t❡❣r❛t❡❞ ❣②r❛t♦rs ❛r❡ ❛❧✇❛②s ❧♦ss②✳ ❋✐rst✱ ❛♠♣❧✐✜❡rs

✹✾



✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❤❛✈❡ ✜♥✐t❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ✐♠♣❡❞❛♥❝❡s✱ ❡✛❡❝t✐✈❡❧② ❝❤❛♥❣✐♥❣ ❛ ❝❛♣❛❝✐t✐✈❡ ❧♦❛❞ ✐♥t♦ ❛♥

❘❈ ♥❡t✇♦r❦✳ ❙❡❝♦♥❞❧②✱ tr❛♥s❝♦♥❞✉❝t♦rs ❝♦♥t❛✐♥ ❝♦♠♣❧❡① ♣❛r❛s✐t✐❝ ♥❡t✇♦r❦s✱ t❤❛t ❝❛✉s❡

❛❞❞✐t✐♦♥❛❧ ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡s❡ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡

❞❡t❛✐❧ ❛t t❤❡ ❡♥❞ ♦❢ t❤✐s ❝❤❛♣t❡r✳

❚♦ ❛♥❛❧②s❡ ✐♥ ❞❡t❛✐❧ ❤♦✇ ❝✐r❝✉✐t ♣❛r❛s✐t✐❝s ✐♥✢✉❡♥❝❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❣②r❛t♦rs✱ ♦♥❡ ❝❛♥

❝♦♥s✐❞❡r ❛ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❛ ❧♦ss② ❣r♦✉♥❞❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t✱ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✲

✉r❡ ✸✳✸❜✳ ❈♦♠♣♦♥❡♥ts Go1,o2 r❡♣r❡s❡♥t t♦t❛❧ ❝♦♥❞✉❝t❛♥❝❡s ❛t ❣✐✈❡♥ ♥♦❞❡s ❛♥❞ ❝♦♥s✐sts

♦❢ r❡s✐st✐✈❡ ❧♦ss❡s ♦❢ tr❛♥s❝♦♥❞✉❝t♦rs ❛s ✇❡❧❧ ❛s r❡❛❧ ♣❛rt ♦❢ ✐♥♣✉t✴♦✉t♣✉t ❛❞♠✐tt❛♥❝❡s

❞❡♣❡♥❞✐♥❣ ♦♥ ❛♠♣❧✐✜❡r ❝♦♥✜❣✉r❛t✐♦♥s✳ ❙✐♠✐❧❛r❧②✱ Co1,o2 r❡♣r❡s❡♥t t❤❡ t♦t❛❧ ♥♦❞❡ ❝❛♣❛❝✲

✐t❛♥❝❡s ❞✉❡ t♦ ✐♥tr✐♥s✐❝ tr❛♥s✐st♦r ♣❛r❛s✐t✐❝s ❛♥❞ ❛r❝❤✐t❡❝t✉r❡ ❞❡♣❡♥❞❡♥t r❡❛❝t❛♥❝❡s ❧✐❦❡

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

✐❞❡❛❧ ✐♥❞✉❝t❛♥❝❡✱ ❜✉t ❛ ♠♦r❡ ❝♦♠♣❧❡① r❡s♦♥❛♥t str✉❝t✉r❡✳ ◆♦t❡ t❤❛t tr❛♥s❝♦♥❞✉❝t❛♥❝❡

gm1,2 ✐s ❝♦♥s✐❞❡r❡❞ r❡❛❧✳ ❚❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✐s ♥♦✇ ❡q✉❛❧ t♦

Yin(jω) = Go2 + jωCo2 +
gm1gm2

jω (Cg + Co2) + Go1
✭✸✳✻✮

❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✸❝✳ ❆s ❛ r❡s✉❧t ✐♥❞✉❝✲

t❛♥❝❡ ✐s ♥♦✇ s✐♠✉❧❛t❡❞ ✇✐t❤ s❡r✐❡s r❡s✐st♦r ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧♦ss❡s ♦♥ t❤❡ ❣②r❛t♦r

♦✉t♣✉t ✇❤✐❝❤✱ t♦❣❡t❤❡r ✇✐t❤ Go2✱ ❞❡t❡r✐♦r❛t❡ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ❝✐r❝✉✐t✳ ■♥ ❛❞✲

❞✐t✐♦♥✱ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ❧✐♠✐ts ❛ ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝② ❛t ✇❤✐❝❤ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝❛♥

♦♣❡r❛t❡ ❜❡❢♦r❡ r❡❛❝❤✐♥❣ s❡❧❢✲r❡s♦♥❛♥❝❡✳

✸✳✸✳✶ ◗✉❛❧✐t② ❢❛❝t♦r ♦❢ ♥♦♥✲✐❞❡❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❯s✐♥❣ ✭✷✳✷✵✮✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❧♦ss② ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ❢♦✉♥❞ ❬✺✶❪ ❛s

Q =
ωLs

Rs
· Rpo2

Rpo2 + Rs




1 +

ω2L2
s

R2
s






·
(

1− R2
sCp

Ls
− ω2LsCp

)

✭✸✳✼✮

✺✵



✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✇❤❡r❡

Rpo2 =
1

Go2

Cp = Co2

Rs =
Go1

gm1gm2

Ls =
Cg + Co1

gm1gm2
✭✸✳✽✮

❋❛r ❢r♦♠ t❤❡ s❡❧❢✲r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ♣r✐♠❛r✲

✐❧② ❝♦♥tr♦❧❧❡❞ ❜② Rs ♦♥❧②✳ ❚❤✉s✱ t♦ ♠✐♥✐♠✐s❡ ❧♦ss❡s✱ Go1 s❤♦✉❧❞ ❜❡ ❛s s♠❛❧❧ ❛s ♣♦ss✐❜❧❡✳

❚②♣✐❝❛❧❧②✱ t❤✐s ❝♦♥❞✉❝t❛♥❝❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡s ♦❢ t❤❡ ▼❖❙ tr❛♥✲

s✐st♦rs ✉s❡❞ ✐♥ ❛♠♣❧✐✜❡rs ❛♥❞ ✐ts ✈❛❧✉❡ ❝❛♥ ♥♦t ❜❡ ❞❡❝♦✉♣❧❡❞ ❢r♦♠ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

✇✐t❤♦✉t t❤❡ ✉s❡ ♦❢ ♠✉❧t✐st❛❣❡ ❛♠♣❧✐✜❡rs✳ ❚❤✐s ♣r♦❜❧❡♠ ❜❡❝♦♠❡s ✐♠♣♦rt❛♥t ✐♥ s✉❜✲♠✐❝r♦♥

❞❡✈✐❝❡s ✇❤❡r❡ ❞r❛✐♥ t♦ s♦✉r❝❡ r❡s✐st❛♥❝❡ ✐s ❧♦✇❡r t❤❛♥ ❢♦r ❧♦♥❣ ❝❤❛♥♥❡❧ tr❛♥s✐st♦rs✳

❚❤❡ q✉❛❧✐t② ❢❛❝t♦r ❢r♦♠ ✭✸✳✼✮ ❝❛♥ ❜❡ ✉s❡❞ t♦ tr❛♥s❢♦r♠ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♠♦❞❡❧

❢r♦♠ ❋✐❣✉r❡ ✸✳✸❝ ✐♥t♦ ❛ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t✳ ❘❡❝❛❧❧✐♥❣ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ t❡❝❤♥✐q✉❡

♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✷ ❢♦r s♣✐r❛❧ ✐♥❞✉❝t♦r t❛♥❦s✱ ❛♥❞ ❛ss✉♠✐♥❣ ❛ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ♠✉❝❤

❧❡ss t❤❛♥ s❡❧❢✲r❡s♦♥❛♥❝❡✱ t❤✐s ❧❡❛❞s t♦ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠♦❞❡❧

Rpai =
1

Go2
+

Go1

gm1gm2

(
1 + Q2

)
≈ 1

Go2
+

Go1

gm1gm2

[

1 +

(
ω(Cg + Co1)

Go1

)2
]

✭✸✳✾✮

Lpai =
Cg + Co1

gm1gm2

(
Q2 + 1

Q2

)

≈ Cg + Co1

gm1gm2

[

1 +

(
Go1

ω(Cg + Co1)

)2
]

✭✸✳✶✵✮

❊q✉❛t✐♦♥s ✭✸✳✼✮✱ ✭✸✳✾✮ ❛♥❞ ✭✸✳✶✵✮ ♣r♦✈❡ t❤❛t ❢♦r ❛ s✉❝❝❡ss❢✉❧ r❡s♦♥❛t♦r ❞❡s✐❣♥✱ t❤❡ ❛❝t✐✈❡

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

❤❛✈❡ ♠♦r❡ ❝♦♠♣❧❡① ♣❛r❛s✐t✐❝ ♥❡t✇♦r❦s t❤❛t ✐♥ ❣❡♥❡r❛❧ t❡♥❞ t♦ ❜❡ ❞✐s♣❡rs✐✈❡✳ ■♥ ❛❞❞✐t✐♦♥✱

t❤❡ ♣r❡s❡♥t❡❞ ❢♦r♠✉❧❛s r❡♣r❡s❡♥t s♠❛❧❧ s✐❣♥❛❧ ❛♣♣r♦①✐♠❛t✐♦♥s ♦❢ ♥♦♥✲❧✐♥❡❛r ❛♠♣❧✐✜❡r

♣❛r❛♠❡t❡rs✱ ❤❡♥❝❡ t❤❡② ❜❡❝♦♠❡ ❧❡ss ❛❝❝✉r❛t❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳ ❚❤✐s ✐s

❛♥ ❡ss❡♥t✐❛❧ ♦❜s❡r✈❛t✐♦♥ ❢♦r ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✱ ❝♦♠♠♦♥❧② ♦♠✐tt❡❞ ✐♥ ❡①✐st✐♥❣ ❧✐t❡r❛t✉r❡✳
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✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✸✳✸✳✷ ◆♦✐s❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦rs

❆s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ♦❢ ❛ r❡s♦♥❛t♦r ❤❛✈❡ ❞✐r❡❝t

✐♠♣❛❝t ♦♥ ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❛ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✐s ❡ss❡♥t✐❛❧ t♦ ❡st❛❜❧✐s❤ ❛ ♣r♦♣❡r ❜❛s❡ ❢♦r t❤❡ s♦❧✉t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✳

❚♦ s✐♠♣❧✐❢② ❝❛❧❝✉❧❛t✐♦♥s✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t ♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡ Go1 ✐s ♥❡❣❧✐❣✐❜❧❡ ❛♥❞

t❤❡r❡❢♦r❡ ❤❛s ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ r❡s♦♥❛t♦r ♥♦✐s❡✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ ❛❝❝✉r❛❝② ♦❢ s✉❝❤ ❛♥

❛ss✉♠♣t✐♦♥ ✐s s♦♠❡❤♦✇ ❧♦✇❡r ✭❛s ✐♥ ♣r❛❝t✐❝❡ Go1 ✐s ♥♦t ♥❡❣❧✐❣✐❜❧❡ ❛♥❞ ❝♦♥tr✐❜✉t❡s t♦

♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✮✱ ✐t ❛❧❧♦✇s ♦♥❡ t♦ ♣✐♥✲♣♦✐♥t t❤❡ ♠❛✐♥ s♦✉r❝❡s ♦❢ ❣②r❛t♦r ♥♦✐s❡✳

❚❤❡ ♠❛✐♥ ♠✐s❝♦♥❝❡♣t✐♦♥ ✇✐❞❡❧② ♣r♦♣❛❣❛t❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✐s t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t

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

✐ts ♣❛ss✐✈❡ ❝♦✉♥t❡r♣❛rt✳ ❚❤✐s ✐s tr✉❡ ❢r♦♠ ❛ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ❤♦✇❡✈❡r

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

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

❞♦ ♥♦t ❛♣♣❧② t♦ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ❆❜✐❞✐ ❬✹✻❪ ✇❛s t❤❡ ✜rst ✇❤♦ r❡♣♦rt❡❞ t❤✐s ❜❡❤❛✈✐♦r

❛♥❞ ♣r❡s❡♥t❡❞ ❛ ❝❧♦s❡❞ ❢♦r♠ s♦❧✉t✐♦♥ ❢♦r t♦t❛❧ ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡ ♣r♦❞✉❝❡❞ ❜② ❛♥ ❛❝t✐✈❡

✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❚❤✐s s♦❧✉t✐♦♥ ❤❛s ❜❡❡♥ ❧❛t❡r ❝♦♥✜r♠❡❞ ❜② ❑❛✉♥✐st♦ ❬✼❪ ✇❤♦ ❞❡❧✐✈❡rs

t❤❡ ♠♦st t❤♦r♦✉❣❤ ❛♥❛❧②s✐s ♣✉❜❧✐s❤❡❞ ♣r❡✈✐♦✉s❧②✳

❚❤❡ ♥♦✐s❡ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❝♦♥s✐sts ♦❢ t✇♦ ♣❛rts✳ ❋✐rst✱ t❤❡ ♥♦✐s❡

♦❢ ❛♥ ✉♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ♣r❡s❡♥t❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ ♠❡t❤♦❞♦❧♦❣② ❛s ❑❛✉✲

♥✐st♦ ❬✼❪✱ ❤♦✇❡✈❡r ❢♦r ❝❛❧❝✉❧❛t✐♦♥ ❝♦♥✈❡♥✐❡♥❝❡✱ t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ✐s s✉❜st✐t✉t❡❞

❜② ❛ r❡s✐st❛♥❝❡✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt s❤♦✇s ❛ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

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

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

r❡s♦♥❛t♦r✳

✸✳✸✳✷✳✶ ❯♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❋✐❣✉r❡ ✸✳✹ ❞❡♣✐❝ts t❤❡ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❚❤❡ ❝❛♣❛❝✲

✐t♦r CT r❡♣r❡s❡♥ts t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ✐♥❝❧✉❞❡s ✐♥♣✉t ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡ ❢r♦♠
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✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

Rpai CT i2nai

v2

nai

Lpai

v2

oai

❋✐❣✉r❡ ✸✳✹✿ ◆♦✐s❡ ♠♦❞❡❧ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳

i2d2
gm2v2 gm1v1 i2d1

Cg
+

v2−
v1

❋✐❣✉r❡ ✸✳✺✿ ◆♦✐s❡ s♦✉r❝❡s ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

tr❛♥s❝♦♥❞✉❝t♦rs✳ ❚❤❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤✐s r❡s♦♥❛t♦r ✐s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ s❛♠❡

❛♣♣r♦❛❝❤ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✷✱ ❙❡❝t✐♦♥ ✷✳✻✳✶✳✶✳ ❋✐rst✱ t♦ ❝♦♠♣❛r❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢

❛❝t✐✈❡ ❛♥❞ ♣❛ss✐✈❡ r❡s♦♥❛t♦rs✱ ❛ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❛♥ ✉♥❝♦♠♣❡♥s❛t❡❞ ❛♥❞ ✉♥❧♦❛❞❡❞ t❛♥❦

✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡ ❝✐r❝✉✐t ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❛♥ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r Q0✳ ❇② ✉s✐♥❣

❛ ♣❛r❛❧❧❡❧ t❛♥❦ tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ ❈❤❛♣t❡r ✷✱ ❙❡❝t✐♦♥ ✷✳✺✳✼ ❛♥ ❡q✉✐✈❛❧❡♥t r❡s✐st❛♥❝❡

Rpai ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ ♣❧❛❝❡ ♦❢ Rp ❢r♦♠ t❤❡ ♣❛ss✐✈❡ r❡s♦♥❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✷✳✷✺✳ ❚❤✐s ♣❛r✲

❛❧❧❡❧ r❡s✐st♦r ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ♥♦✐s❡❧❡ss ❜❡❝❛✉s❡ ♠♦st ♦❢ t❤❡ ♥♦✐s❡ ♦r✐❣✐♥❛t❡s ❢r♦♠ ❜♦t❤

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ✭♥♦❞❡ ❝♦♥❞✉❝t❛♥❝❡s ♦❢ ❣②r❛t♦r ❛r❡ ♥♦t ❞✐ss✐♣❛t✐♥❣ ♣♦✇❡r

✐♥ ❣❡♥❡r❛❧✮✳ ❆s ✐♥❞✐❝❛t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✶✱ Rpai ❞❡♣❡♥❞s ♦♥ t❤❡ ❝✐r❝✉✐t ❝♦♥✜❣✉r❛t✐♦♥

❛♥❞ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ✉s❡❞✱ ✇✐t❤ t❤❡ ❡✛❡❝t t❤❛t Q0 ❝❛♥ ♥♦t ❜❡ ❢r❡❡❧② ❛❞❥✉st❡❞ t♦ ❛

s♣❡❝✐✜❡❞ ✈❛❧✉❡✳

■♥ ❝♦♥tr❛st t♦ t❤❡ ♣❛ss✐✈❡ t❛♥❦✱ t❤❡r❡ ❛r❡ ♥♦✇ t✇♦ ♥♦✐s❡ s♦✉r❝❡s ♣r❡s❡♥t✱ ❡❛❝❤ ❝♦r✲

r❡s♣♦♥❞✐♥❣ t♦ ❛ s✐♥❣❧❡ ❛♠♣❧✐✜❡r✳ ■♥ t❤❡ ♠♦st ❡❧❡♠❡♥t❛r② ❝❛s❡✱ s✐♥❣❧❡ ▼❖❙ ❛♠♣❧✐✜❡rs

❛r❡ ✉s❡❞ ❛♥❞✱ ❢♦r ❛ s✐♠♣❧✐❝✐t② ♦❢ ❝❛❧❝✉❧❛t✐♦♥s✱ ♦♥❧② t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♦❢ ❛ tr❛♥s✐st♦r ✐s

❝♦♥s✐❞❡r❡❞ ❬✷✻❪✳ ❋✐❣✉r❡ ✸✳✺ ❞❡♣✐❝ts t❤✐s r❡s✉❧t✐♥❣ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛ ❣②r❛t♦r✳ ❆

❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s r❡✈❡❛❧s t❤❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ❡q✉❛❧ t♦ ❬✼✽❪

i2nai

∆f
=

i2d2

∆f
= 4kTγgm2 ✭✸✳✶✶✮
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v2
nai

∆f
=

1

gm2
1

i2d1

∆f
=

4kTγ

gm1
✭✸✳✶✷✮

❚❤❡ s♦❧✉t✐♦♥ ✐s ✈❛❧✐❞ ♦♥❧② ❢♦r s✐♥❣❧❡ ▼❖❙ ❛♠♣❧✐✜❡rs✳ ■❢ ♠✉❧t✐st❛❣❡ tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡

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

❊q✉❛t✐♦♥s ✭✸✳✶✶✮ ❛♥❞ ✭✸✳✶✷✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ♥♦✐s❡ ♦❢ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❝❛♥ ❜❡

❞❡❝r❡❛s❡❞ ✐❢ gm1 ❛♥❞ gm2 ✈❛❧✉❡s ❛r❡ ♠❛①✐♠✐s❡❞ ❛♥❞ ♠✐♥✐♠✐③❡❞ r❡s♣❡❝t✐✈❡❧②✳ ❍♦✇❡✈❡r ❢♦r

❛ ♠❛①✐♠✉♠ ✐♥♣✉t s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✱ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❤❛✈❡ t❤❡ s❛♠❡ ❣❛✐♥✳ ❚❤✐s ✐s

❡s♣❡❝✐❛❧❧② ❝r✉❝✐❛❧ ❢♦r ❛ ❱❈❖ ❞❡s✐❣♥ ❜❡❝❛✉s❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦

t❤❡ s✐❣♥❛❧ ♣♦✇❡r ❞❡❧✐✈❡r❡❞ ❜② ❛♥ ♦s❝✐❧❧❛t♦r✳ ❋♦r t❤✐s r❡❛s♦♥✱ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

♥♦✐s❡ ❝❛♥✬t ❜❡ ♠✐♥✐♠✐s❡❞ ❜② s❡tt✐♥❣ gm2 t♦ ❜❡ ♠✉❝❤ ❧❡ss t❤❛♥ gm1✳ ❆ t❤♦r♦✉❣❤ ❝✐r❝✉✐t

❛♥❛❧②s✐s ✐s ♥❡❝❡ss❛r② t♦ ✐♥❞✐❝❛t❡ ♦t❤❡r ♠❡❛♥s ❢♦r ❝♦♥tr♦❧❧✐♥❣ t❛♥❦ ♥♦✐s❡✳

❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♣❛ss✐✈❡ r❡s♦♥❛t♦r✱ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ ❛ ♥♦✐s❡ ❝✉rr❡♥t

❣❡♥❡r❛t♦r i2nai ✐s ❡q✉❛❧ t♦ t❤❡ t♦t❛❧ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❞ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠

✭✷✳✸✸✮✱ s✉❜st✐t✉t✐♥❣ Lpai ✐♥ ♣❧❛❝❡ ♦❢ Lp✳ ❯s✐♥❣ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❢r♦♠ ❬✼✱ ✹✻❪✱ t❤❡ tr❛♥s❢❡r

❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ✐♥♣✉t ♥♦✐s❡ ✈♦❧t❛❣❡ s♦✉r❝❡ v2
nai ✐s ❢♦✉♥❞ ❢r♦♠ ❋✐❣✉r❡ ✸✳✹

Anai (jω) =
Rpai

jωLpai + Rpai (1− ω2CT Lpai)
✭✸✳✶✸✮

❯s✐♥❣ ✭✷✳✸✸✮ ❛♥❞ ✭✸✳✶✶✮✲✭✸✳✶✸✮✱ t❤❡ ♦✉t♣✉t ♥♦✐s❡ P❙❉ ♦❢ ❛ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦r ✐s

❞❡r✐✈❡❞ ❛s

voai
2

∆f
=

i2nai

∆f
|Znai(jω)|2 +

v2
nai

∆f
|Anai(jω)|2 =

=
4kTγR2

pai

ω2L2
pai + R2

pai (1− ω2CT Lpai)
2

(

ω2L2
pai gm2 +

1

gm1

)

=

= 8γQ2
0

kT

gm

∣
∣
∣
∣
∣
ω=ω0

gm1=gm2=gm
CT =Cg

Q0=Rpai/ω0Lpai

✭✸✳✶✹✮

❛♥❞ t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r ♦❢ t❤❡ t❛♥❦ ✐s ♥♦✇ ❡q✉❛❧ t♦

voai
2 =

1

2π

i2nai

∆f

∞∫

0

|Znai(jω)|2 dω +
1

2π

v2
nai

∆f

∞∫

0

|Anai(jω)|2 dω =

=
kTγRpai

CT

(

gm2 +
1

gm1

CT

Lpai

)

=

✺✹
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Q
0
=100, C

t
= 4pF,

gm= 10.9mA/V
Q

0
=30, C

t
= 4pF,

gm= 10.9mA/V
Q

0
=100, C

t
= 8pF,

gm= 21.8mA/V

❋✐❣✉r❡ ✸✳✻✿ ◆♦✐s❡ ✈♦❧t❛❣❡ s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳

=
kTγ

CT
Rpaiω0CT

(
gm2

ω0CT
+

ω0CT

gm1

)

= 2γQ0
kT

CT

∣
∣
∣
∣
∣gm1=gm2=gm
CT =Cg

Q0=ω0CT Rpai

✭✸✳✶✺✮

❊q✉❛t✐♦♥ ✭✸✳✶✺✮ ✐♥❞✐❝❛t❡s t❤❛t ♥♦t ♦♥❧② ✐s t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r s✉❜st❛♥t✐❛❧❧②

❧❛r❣❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ♣❛ss✐✈❡ t❛♥❦ ❜✉t ✐t ✐s ❛❧s♦ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ✉♥❧♦❛❞❡❞ q✉❛❧✐t②

❢❛❝t♦r ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❤✐❣❤ Q0 ✈❛❧✉❡s ❝❛✉s❡ ❛ s❡r✐♦✉s ❧✐♠✐t❛t✐♦♥

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

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

✇✐t❤ ❤✐❣❤ q✉❛❧✐t② ❢❛❝t♦rs ❛r❡ ♣r❡s❡♥t❡❞ ✇✐t❤♦✉t ❛♥② ✐♥❞✐❝❛t✐♦♥ ♦❢ ✐ts ✐♠♣❛❝t ♦♥ t❤❡

t♦t❛❧ r❡s♦♥❛t♦r ♥♦✐s❡✳ ❚❤❡ s♣♦t ♥♦✐s❡ ❛t r❡s♦♥❛♥❝❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✸✳✶✹✮ ✐s ✐♥✈❡rs❡❧②

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

♥♦✐s❡ ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞ ❛t t❤❡ ❝♦st ♦❢ ✐♥❝r❡❛s❡❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳

❆s ✐♥ ❈❤❛♣t❡r ✷✱ ❙❡❝t✐♦♥ ✷✳✻✳✶✳✶ t❤❡ ♥♦✐s❡ ♦❢ ❛♥ ❡①❛♠♣❧❡ r❡s♦♥❛♥t t❛♥❦ ✐s s✐♠✉❧❛t❡❞

✉s✐♥❣ ▼❛t❧❛❜✳ ❋✐❣✉r❡ ✸✳✻ ❞❡♣✐❝ts ♦✉t♣✉t ✈♦❧t❛❣❡ ♥♦✐s❡ s♣❡❝tr❛❧ ❞❡♥s✐t② ✭❙❉✮ ❢✉♥❝t✐♦♥s

♦❢ ❛♥ ✉♥❝♦♠♣❡♥s❛t❡❞ r❡s♦♥❛t♦r ❞❡s✐❣♥❡❞ ❢♦r ✹✸✹ ▼❍③ ❛♥❞ t❤r❡❡ ❞✐✛❡r❡♥t ❝❛s❡s✳ ❚❤❡

✺✺
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−Ract CT i2nact
Rpai i2nai

v2

nai

Lpai

v2

oai
Rload

❋✐❣✉r❡ ✸✳✼✿ ◆♦✐s❡ ♠♦❞❡❧ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✇✐t❤ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝♦♠♣❡♥✲
s❛t✐♦♥✳

✜rst t✇♦ ❝✉r✈❡s r❡♣r❡s❡♥t t❤❡ r❡s♦♥❛t♦r ✇✐t❤ ❛ q✉❛❧✐t② ❢❛❝t♦r ❡q✉❛❧ t♦ ✶✵✵ ❛♥❞ ✸✵✱

r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❛❣❛✐♥ s❡t t♦ ✹ ♣❋ ❛♥❞ t❤❡ ❣②r❛t♦r ✐s s②♠♠❡tr✐❝❛❧

✭✐✳❡✳ gm1 = gm2✮✱ ✇✐t❤ ❛ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❡q✉❛❧ t♦ ✶✵✳✾ ♠❆✴❱✳ ■♥ t❤❡ t❤✐r❞ ❝❛s❡ t❤❡

❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡ ❤❛s ❜❡❡♥ ❞♦✉❜❧❡❞ ❛♥❞ t♦ ❦❡❡♣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❝♦♥st❛♥t t❤❡

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❤❛s ❜❡❡♥ ❞♦✉❜❧❡❞ ❛s ✇❡❧❧✳ ❆s s❤♦✇♥ ❜② ✭✸✳✶✺✮✱ ✐♥ ❝♦♥tr❛st t♦ t❤❡

♣❛ss✐✈❡ r❡s♦♥❛t♦r✱ t❤❡ ❛r❡❛ ✉♥❞❡r ❡❛❝❤ ❝✉r✈❡ ✐s ♥♦✇ ❞✐r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ Q0✳

✸✳✸✳✷✳✷ ❈♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❆s t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❛♥ ✉♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❝❛♥✬t ✉s✉❛❧❧② ❜❡

❢r❡❡❧② ❛❞❥✉st❡❞✱ t❤❡ t②♣✐❝❛❧ ❛♣♣r♦❛❝❤ ❡♠♣❧♦②s ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝✐r❝✉✐t t♦ ❝♦♠♣❡♥s❛t❡

t❛♥❦ ❧♦ss❡s ✐♥ ❝♦♥tr♦❧❧❛❜❧❡ ❢❛s❤✐♦♥✳ ❚❤✉s✱ ❛♣❛rt ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝✲

t♦rs✱ t❤❡ r❡s♦♥❛♥t t❛♥❦ ❛❧s♦ s✉✛❡rs ❢r♦♠ t❤❡ ♥♦✐s❡ ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳

❋♦r t❤✐s r❡❛s♦♥✱ ❛ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❛ ❝♦♠♣❡♥s❛t❡❞ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦r ✐s ♥❡❝❡ss❛r②✳

❋✐❣✉r❡ ✸✳✼ ❞❡♣✐❝ts t❤❡ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦r ✇✐t❤

♥❡❣❛t✐✈❡ r❡s✐st♦r✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t ❛❧❧ ♦❢ t❤❡ ❣②r❛t♦r ♣❛r❛♠❡t❡rs r❡♠❛✐♥ t❤❡ s❛♠❡ ❛s

✐♥ t❤❡ ❝❛s❡ ♦❢ ✉♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ t❛♥❦✳

❆ ♥❡❣❛t✐✈❡ r❡s✐st♦r ❝❛♥✱ t♦ ❛ ❝❡rt❛✐♥ ❡①t❡♥t✱ ♣r♦❞✉❝❡ ❛♥② ✈❛❧✉❡ ♦❢ ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡✱

❛❧❧♦✇✐♥❣ t♦t❛❧ ❝♦♠♣❡♥s❛t✐♦♥ ♦❢ r❡s♦♥❛t♦r ❧♦ss❡s✱ t❤✉s ❜♦♦st✐♥❣ ✐ts ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r

t♦ ✐♥✜♥✐t②✳ ■❢ t❤❡ r❡s♦♥❛t♦r ✐s ✉s❡❞ ✐♥ ❛ ✜❧t❡r✱ t♦ ♣r❡✈❡♥t ✐♥st❛❜✐❧✐t②✱ ❛♥ ❛❞❞✐t✐♦♥❛❧

r❡s✐st❛♥❝❡ Rload ✐s ❝♦♥♥❡❝t❡❞✱ ❜♦✉♥❞✐♥❣ ❡✛❡❝t✐✈❡❧② ❛ ✈❛❧✉❡ ♦❢ QL✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛♥

♦s❝✐❧❧❛t♦r t❛♥❦✱ Rload r❡♣r❡s❡♥ts t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣

✺✻



✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

st❛❣❡✱ ✉s✉❛❧❧② ❛ ❜✉✛❡r ❛♠♣❧✐✜❡r✳ ❆s t❤❡ ♠❛❥♦r✐t② ♦❢ ♥♦✐s❡ ✐♥ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❝♦♠❡s ❢r♦♠ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ❛♥❞ ❛ ♥❡❣❛t✐✈❡ r❡s✐st♦r✱ ✐t ❝❛♥ ❜❡ ❛ss✉♠❡❞ t❤❛t Rload

❞♦❡s ♥♦t ❛❞❞ ❛ s✉❜st❛♥t✐❛❧ ❛♠♦✉♥t ♦❢ ♥♦✐s❡ t♦ t❤❡ r❡s♦♥❛t♦r✳ ■❢ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ Rload

✐s ✐♠♣♦rt❛♥t✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②s✐s ❛❧❧♦✇s ❢♦r ✐ts ✐♥❝❧✉s✐♦♥✳ ■♥ t❤✐s ❝❛s❡ ❛ ♥♦✐s❡ ❝✉rr❡♥t

❣❡♥❡r❛t♦r r❡♣r❡s❡♥t✐♥❣ t❤❡ ❧♦❛❞ r❡s✐st♦r ❛❞❞s ✐♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❝✉rr❡♥t ♥♦✐s❡ ❣❡♥❡r❛t♦r

♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

❚♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ r❡s♦♥❛t♦r ❜❡❤❛✈✐♦✉r ✐♥ ❛ ♣r❡s❡♥❝❡ ♦❢ Rload✱ t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t②

❢❛❝t♦r QL ✐s ✉s❡❞✳ ■❢ t❤❡ s❛♠❡ r❡s♦♥❛t♦r ✐s ✉s❡❞ ✐♥ ❛ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t♦r✱ ✐t ✐s ❡✈✐❞❡♥t

t❤❛t t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r ✐s ❞❡s✐❣♥❡❞ t♦ ❝❛♥❝❡❧ ❛❧❧ t❤❡ ❝✐r❝✉✐t ❧♦ss❡s✱ ✐♥❝❧✉❞✐♥❣ t❤♦s❡

♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ s✉❜s❡q✉❡♥t st❛❣❡s✱ ♦t❤❡r✇✐s❡ ♦s❝✐❧❧❛t✐♦♥s ✇♦✉❧❞ ❜❡ ❛tt❡♥✉❛t❡❞✳ ❚❤✐s

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

❜❡ ✜♥✐t❡✳

❚❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❢r♦♠ ❙❡❝t✐♦♥ ✸✳✸✳✷✳✶ ❤❛✈❡ t♦ ❜❡ ♠♦❞✐✜❡❞ ❛❝❝♦r❞✐♥❣❧② ❛s

Rload ❛♥❞ −Ract ❛r❡ ♥♦✇ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r✳ ■❢ RT ✐s t❤❡ t♦t❛❧ r❡s✐st❛♥❝❡ ♦❢

t❤❡ t❛♥❦✱ t❤❡♥ ✐t ✐s ❡q✉❛❧ t♦

RT =
1

1

Rload
+

1

Rpai
−

1

Ract

= Rload

∣
∣
∣
∣
∣
Ract=Rpai

✭✸✳✶✻✮

❍❡♥❝❡✱ t❤❡ ♠♦❞✐✜❡❞ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❛r❡ ♥♦✇

ZnaiQ(jω) =
jωLpaiRT

jωLpai + RT (1− ω2CT Lpai)

AnaiQ(jω) =
RT

jωLpai + RT (1− ω2CT Lpai)
✭✸✳✶✼✮

❚❤❡ r❡s✉❧t ♦❢ ❛ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❛ t②♣✐❝❛❧ ◗✲❡♥❤❛♥❝✐♥❣ ❝✐r❝✉✐t ❢r♦♠ ❈❤❛♣t❡r ✷ s❤♦✇s

t❤❛t t❤❡ ✐♠♣❛❝t ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st♦r ♥♦✐s❡ ❝❛♥✬t ❜❡ ♥❡❣❧❡❝t❡❞✳ ❨❡t ❜② ❛ ♣r♦♣❡r ❞❡s✐❣♥ ♦❢

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

❙❡❝t✐♦♥ ✷✳✻✳✶✳✷ ✇✐t❤ ✭✸✳✶✺✮✱ t❤❡ ♣r♦♣♦s❡❞ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♦❢ ❛ ◗✲❡♥❤❛♥❝❡❞ r❡s♦♥❛t♦r
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✸✳✸ ❇❛s✐❝ ♦♣❡r❛t✐♦♥✱ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✐s ❡q✉❛❧ t♦

v2
oaiQ =

1

2π

(

i2nai

∆f
+

i2nact

∆f

) ∞∫

0

|ZnaiQ(jω)|2 dω +
1

2π

v2
nai

∆f

∞∫

0

|AnaiQ(jω)|2 dω =

=
kTγRT

CT

(

gm2 +
Cex1

Cex2

∣
∣
∣
∣

1

Ract

∣
∣
∣
∣
+

1

gm1

CT

Lpai

)

=

=
kTγ

CT
QL

(

2 +
1

gm

Cex1

Cex2

∣
∣
∣
∣

1

Ract

∣
∣
∣
∣

)∣
∣
∣
∣
∣gm1=gm2=gm
CT =Cg

QL=ω0CT RT

✿s✐♥❣❧❡ ▼❖❙ ✭✸✳✶✽✮

=
kTγ

CTdiff

QLdiff

(

2 +
1

gm
∣
∣Ractdiff

∣
∣

)∣
∣
∣
∣
∣
gm1=gm2=gm
CTdiff

=Cgdiff

QLdiff
=ω0CTdiff

Rtotdiff

✿❞✐✛❡r❡♥t✐❛❧ ✭✸✳✶✾✮

❚❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ✐s ❤✐❣❤❡r ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ✉♥❝♦♠♣❡♥s❛t❡❞ t❛♥❦ ❜❡❝❛✉s❡ t❤❡

♥❡❣❛t✐✈❡ r❡s✐st♦r ✐♥❡✈✐t❛❜❧② ✐♥❝r❡❛s❡s t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r✳ ❊q✉❛t✐♦♥s ✭✸✳✶✽✮

❛♥❞ ✭✸✳✶✾✮ ♣r♦✈❡ t❤❛t ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✇✐t❤ ❛ ❧♦✇ ✉♥❧♦❛❞❡❞ Q0✱ t❤✐s ❝♦♥✲

tr✐❜✉t✐♦♥ ❝❛♥ ♥♦t ❜❡ s✐♠♣❧② ♥❡❣❧❡❝t❡❞ ✭❧♦✇ Q0 r❡q✉✐r❡s ♠♦r❡ ♣♦✇❡r ❢♦r ❝♦♠♣❡♥s❛t✐♦♥

❛♥❞ t❤❡r❡❢♦r❡ ♠♦r❡ ♥♦✐s❡ ❝❛♥ ❜❡ ✐♥❥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r✮✳ ❆♥❛❧②s✐♥❣ ✭✸✳✶✽✮ ❛♥❞ ✭✸✳✶✾✮

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

r❡s✐st♦r ✭✐✳❡✳ ❝♦♥t❛✐♥✐♥❣ Ract✮ ✐s ❛❧✇❛②s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❣②r❛t♦r tr❛♥s❝♦♥✲

❞✉❝t❛♥❝❡ gm ❛♥❞ ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞ t❤✐s ✇❛②✳ ❯s✉❛❧❧② ❤♦✇❡✈❡r✱ r❡s♦♥❛t♦r ❧♦ss❡s ❤❛✈❡

❛ ❝❡rt❛✐♥ ♣r♦♣♦rt✐♦♥❛❧✐t② t♦ gm✱ ✐♥❝r❡❛s✐♥❣ t♦❣❡t❤❡r ✇✐t❤ ✐t✳ ❚❤✐s✱ ✐♥ t✉r♥✱ ❝❛✉s❡s ❛

♣r♦♣♦rt✐♦♥❛❧❧② ❤✐❣❤❡r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❢♦r t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st♦r r❡q✉✐r❡❞ ❢♦r ❝♦♠♣❡♥✲

s❛t✐♦♥✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❧♦✇ Q0 ❛❝t✐✈❡ ✐♥❞✉❝t♦r✱ ✇❡ ❢♦✉♥❞ t❤❡ ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠

❛♥ ✐♠♣❡❞❛♥❝❡ ❝♦♥✈❡rt❡r ✐s ❝♦♥st❛♥t ✇✐t❤ ❝❤❛♥❣✐♥❣ gm✳

❚❤❡ ♣r❡s❡♥t❡❞ ♥♦✐s❡ ❛♥❛❧②s✐s s✉❣❣❡sts ❢❡✇ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥s t♦ ✐♠♣r♦✈❡ ♥♦✐s❡ ♣❡r✲

❢♦r♠❛♥❝❡ ♦❢ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦rs✳ ❚❤❡ s✐♠♣❧❡st ♠❡t❤♦❞✱ ❡✣❝✐❡♥t ❢♦r ❜♦t❤ ♣❛ss✐✈❡

❛♥❞ ❛❝t✐✈❡ r❡s♦♥❛t♦rs ✐s t♦ ✐♥❝r❡❛s❡ t❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡✳ ❍♦✇❡✈❡r✱ ❢♦r ❛ ❝♦♥st❛♥t r❡s✲

♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✱ ❛ ❣②r❛t♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❤❛s t♦ ✐♥❝r❡❛s❡ ❛s ✇❡❧❧✱ ❝❛✉s✐♥❣ ❡✐t❤❡r ❛

❧❛r❣❡r st❛t✐❝ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦r ❧❛r❣❡r tr❛♥s❝♦♥❞✉❝t♦r ❞✐♠❡♥s✐♦♥s ❆❜✐❞✐ ❬✹✻❪✳ ❆♥✲

♦t❤❡r ♠❡t❤♦❞ ✉t✐❧✐s❡s ❛ r❡❧❛t✐✈❡❧② ❧♦✇ q✉❛❧✐t② ❢❛❝t♦r ❣②r❛t♦r✱ r❡str✐❝t✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s t♦

❧♦✇ s❡❧❡❝t✐✈✐t② r❡s♦♥❛t♦rs✳ ❆ t❤✐r❞ ♠❡t❤♦❞ ✐♥✈♦❧✈❡s ❧♦✇❡r✐♥❣ t❤❡ tr❛♥s❝♦♥❞✉❝t♦r ♥♦✐s❡ ❜②

✉s✐♥❣ ❡✐t❤❡r ❧♦♥❣ ▼❖❙ ❞❡✈✐❝❡s ♦r✱ ✐❢ ❛ r❡s♦♥❛t♦r ✐s ❞r✐✈❡♥ ❜② ❛ ❧♦✇ s♦✉r❝❡ ✐♠♣❡❞❛♥❝❡ ✭✉♣

✺✽
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t♦ ❢❡✇ ❦Ω✮✱ ❜✐♣♦❧❛r tr❛♥s✐st♦rs ♠❛② ❜❡ ❛ ♠♦r❡ ♣r❛❝t✐❝❛❧ s♦❧✉t✐♦♥ ❬✹✸❪✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛

tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✱ ❝❤✐♣ ❛r❡❛✱ r❡s♦♥❛t♦r q✉❛❧✐t② ❢❛❝t♦r ❛♥❞ ❣❡♥❡r❛t❡❞

♥♦✐s❡✳

✸✳✸✳✸ ▲✐♥❡❛r✐t② ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡

❆❝t✐✈❡ ✐♥❞✉❝t♦rs ❛r❡ ♥♦♥✲❧✐♥❡❛r ❜② ❞❡✜♥✐t✐♦♥✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ❛♥

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

❞❡s✐❣♥❡❞ ❢✉♥❝t✐♦♥ ♦♥❧② ✉♥t✐❧ ❛ ❝r✐t✐❝❛❧ s✐❣♥❛❧ ♠❛❣♥✐t✉❞❡ ✐s r❡❛❝❤❡❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱

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

r❛♥❣❡ ♦❢ t❤❡ ❛❝t✐✈❡ t❛♥❦✳ ❲❛♥❣ ❛♥❞ ❆❜✐❞✐ ❬✼✽❪ s✉❣❣❡st t❤❛t ❢♦r ❣②r❛t♦r ❜❛s❡❞ r❡s♦♥❛t♦rs✱

t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦

DR ∝ V DD

√

CT

kT

1√
Q0

✭✸✳✷✵✮

❝♦♥✜r♠✐♥❣ t❤❛t ❢♦r ❛ ❤✐❣❤ ❞②♥❛♠✐❝ r❛♥❣❡✱ ❣②r❛t♦rs ✇✐t❤ ❧♦✇ ✉♥❧♦❛❞❡❞ Q0 ❢❛❝t♦r✱ ❧❛r❣❡

t❛♥❦ ❝❛♣❛❝✐t♦rs CT ❛♥❞ ❤✐❣❤ V DD t❡❝❤♥♦❧♦❣② ❤❛✈❡ t♦ ❜❡ ✉s❡❞✳

❚❤❡ ❧✐♥❡❛r✐t② ✐ss✉❡ ♠❛♥✐❢❡sts ✐ts❡❧❢ ✐♥ ❛ ❢♦r♠ ♦❢ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥✳ ❆s ♦s❝✐❧❧❛t♦rs

♦♣❡r❛t❡ ✐♥ ❧❛r❣❡ s✐❣♥❛❧ r❡❣✐♠❡ ✉s✐♥❣ ♥♦♥✲❧✐♥❡❛r ❛♠♣❧✐✜❡rs✱ t❤❡ ♥❡❣❛t✐✈❡ ❡✛❡❝ts ♦❢ ❤❛r✲

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

❚❤✐s ♣r♦❜❧❡♠ ✐s ❛❞❞r❡ss❡❞ ❧❛t❡r ✐♥ t❤✐s t❤❡s✐s ✐♥ ❈❤❛♣t❡r ✺✳ ❆s ❛ r✉❧❡ ♦❢ t❤✉♠❜ ❢♦r ❜♦t❤

♣❛ss✐✈❡ ❛♥❞ ❛❝t✐✈❡ r❡s♦♥❛t♦rs✱ t♦t❛❧ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞ ✐❢ t❤❡ t❛♥❦ ❝❛✲

♣❛❝✐t❛♥❝❡ CT ✐s ❧❛r❣❡✱ ❡✛❡❝t✐✈❡❧② s❤♦rt✐♥❣ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s t♦ ❣r♦✉♥❞ ❜✉t ♣r♦✈✐❞✐♥❣

✐♥✜♥✐t❡ ✐♠♣❡❞❛♥❝❡ ❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❬✸✵❪✳

✸✳✹ ❆❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖

❆♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ✉s✐♥❣ ❡✐t❤❡r ❢❡❡❞❜❛❝❦ ♦r ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❛♣♣r♦❛❝❤ ❢r♦♠ ❈❤❛♣t❡r ✷ ✉s✐♥❣ t❤❡ s❛♠❡ ♦s❝✐❧❧❛t✐♦♥ ❝r✐t❡r✐❛✳ ❚❤❡ ❧❛tt❡r ❛♣♣r♦❛❝❤ ✐s

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

✐s ❡s♣❡❝✐❛❧❧② s✉✐t❛❜❧❡ ❢♦r ❣r♦✉♥❞❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ❙✉❝❤ ❛ ❱❈❖ ❝♦♥s✐sts ♦❢ ❛ t❛♥❦
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❝❛♣❛❝✐t♦r ✭♦r s✇✐t❝❤❡❞ ❝❛♣❛❝✐t❛♥❝❡ ❛rr❛②✮ ❛♥❞ ❡❧❡❝tr♦♥✐❝❛❧❧② t✉♥❛❜❧❡ ✐♥❞✉❝t❛♥❝❡✳ ❚❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦

ω0 ∝
√

gm1gm2 = gm |gm1=gm2=gm ✭✸✳✷✶✮

❚❤❡ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ r❡s♦♥❛t♦r ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ Q0 ♦❢ t❤❡ ❛❝t✐✈❡

✐♥❞✉❝t♦r✳ ❈♦♠♣❛r✐♥❣ ✭✸✳✷✶✮ ✇✐t❤ ✭✸✳✼✮✱ Q ❝❤❛♥❣❡s ✇✐t❤ t✉♥❡❞ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞

t❤❡r❡❢♦r❡ ✇✐t❤ ω0✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ♠♦r❡ ❝♦♠♣❧❡① ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥ ♥♦✐s❡✱ ♦s❝✐❧❧❛t✐♦♥

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

✸✳✹✳✶ ❖s❝✐❧❧❛t♦r t✉♥✐♥❣ r❛♥❣❡

■♥ ❣❡♥❡r❛❧✱ t❤❡ ❛✈❛✐❧❛❜❧❡ t✉♥✐♥❣ r❛♥❣❡ ✉s✐♥❣ ❛ s✐♥❣❧❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ❧❛r❣❡r t❤❛♥ t❤❡

♦♥❡ ♣r♦✈✐❞❡❞ ❜② ❛ s✐♥❣❧❡ ✈❛r❛❝t♦r ❜❡❝❛✉s❡ ✐♥❞✉❝t❛♥❝❡ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡

♣r♦❞✉❝t ♦❢ gm1 ❛♥❞ gm2✳ ■♥ t❤❡♦r②✱ ❛s ❧♦♥❣ ❛s ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✐s ♥♦t ❛ ❝♦♥❝❡r♥✱

gm ❝❛♥ ❜❡ ✈❛r✐❡❞ ❢r❡❡❧② s❤✐❢t✐♥❣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r✳ ❍♦✇❡✈❡r✱ ❞✉❡

t♦ ♣❛r❛s✐t✐❝s✱ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ r❡❛❧ ❛❝t✐✈❡ r❡s♦♥❛t♦rs ✐s ❛❧✇❛②s r❡str✐❝t❡❞✳

❘❡❝❛❧❧ t❤❡ ❧♦ss② ✐♥❞✉❝t♦r ♠♦❞❡❧ ❢r♦♠ ❋✐❣✉r❡ ✸✳✸❜ ❛♥❞ ✸✳✸❝ ✇❤❡r❡ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢

s❡r✐❡s r❡s✐st♦r Rs ❛♥❞ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ Ls ✐s ❡q✉❛❧ t♦ Zs = Rs + jωLs✳ ❆t ❧♦✇

❢r❡q✉❡♥❝✐❡s✱ Zs ≈ Rs ❜❡❝❛✉s❡ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ❜❡❝♦♠❡s s✉♣❡r✐♠♣♦s❡❞ ❜② ❣②r❛t♦r

❧♦ss❡s✳ ❚❤✉s ❛ ❧♦✇❡r ❧✐♠✐t ♦❢ t✉♥✐♥❣ r❛♥❣❡ ✐s ❢♦✉♥❞ ❢r♦♠

Rs = ωlowLs → ωlow =
Rs

Ls
=

Go1

Cg + Co1
✭✸✳✷✷✮

❆t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s Zs ≈ jωLs ❜❡❝❛✉s❡ ✐♥❞✉❝t✐✈❡ ✐♠♣❡❞❛♥❝❡ ✐s ♥♦✇ ♠✉❝❤ ❧❛r❣❡r t❤❛♥

Rs✳ ❉✉❡ t♦ t❤❡ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❣②r❛t♦r✱ t❤❡ ❝✐r❝✉✐t r❡❛❝❤❡s ✐ts s❡❧❢✲r❡s♦♥❛♥❝❡

❢r❡q✉❡♥❝② ❣✐✈❡♥ ❜②

ωself =

√
1

LsCo2
=

√
gm1gm2

(Cg + Co1)Co2
✭✸✳✷✸✮

❚❤✉s✱ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝❛♥ ❜❡ t✉♥❡❞ ❜❡t✇❡❡♥ ❢r❡q✉❡♥❝✐❡s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✸✳✷✷✮ ❛♥❞

✭✸✳✷✸✮ ✇❤✐❝❤ ❝♦♥✜r♠s r❡s✉❧ts ♣r❡s❡♥t❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❬✺✶❪✳ ◆♦t❡✱ t❤❛t t❤❡ s❡❧❢✲r❡s♦♥❛♥t

❢r❡q✉❡♥❝② ❞❡♣❡♥❞s ♦♥ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ❛❧❧♦✇s ♦♥❡ t♦ ✐♥❝r❡❛s❡ t❤❡ t✉♥✐♥❣ r❛♥❣❡

✻✵
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❛t t❤❡ ❝♦st ♦❢ ♣♦✇❡r✳ ❚❤✐s ❛❧s♦ ❝♦rr❡s♣♦♥❞s t♦ ❛ ❤✐❣❤❡r t✉♥✐♥❣ ❝♦♥st❛♥t ♦❢ t❤❡ ♦s❝✐❧✲

❧❛t♦r t❤❛t ✐♥ ❣❡♥❡r❛❧ ✐s ♥♦t str❛✐❣❤t ❢♦r✇❛r❞ t♦ ♠✐♥✐♠✐s❡✳ ▲✉ ❡t ❛❧✳ ❬✼✾❪ ❛tt❡♠♣t❡❞ t♦

✉s❡ ✈❛r❛❝t♦rs ❢♦r ✜♥❡ t✉♥✐♥❣ ❛r♦✉♥❞ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝②✳ ❚❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ✇❛s

❝♦♥tr♦❧❧❡❞ t❤r♦✉❣❤ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ✭❛❞❥✉st❡❞ ✉s✐♥❣ ▼❖❙ ❞❡✈✐❝❡s ✐♥ tr✐♦❞❡ r❡❣✐♦♥✮✳

■♥ t❤❡♦r②✱ t❤✐s s❤♦✉❧❞ r❡s✉❧t ✐♥ ❛ r❡❞✉❝❡❞ s❡♥s✐t✐✈✐t② ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐♥❞✉❝t❛♥❝❡ ♦♥

t✉♥✐♥❣ ✈♦❧t❛❣❡ ❛♥❞ r❡❞✉❝❡❞ ❆▼✲P▼ ♥♦✐s❡ ❝♦♥✈❡rs✐♦♥✱ ❤♦✇❡✈❡r ♥♦ ❢✉rt❤❡r ❡①♣❧❛♥❛t✐♦♥

✐s ❣✐✈❡♥✳

✸✳✹✳✷ ▼❛①✐♠✐s✐♥❣ ❛♠♣❧✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥s

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

❝❛♥ ❜❡ ❝♦♥tr♦❧❧❡❞ t❤r♦✉❣❤ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s✳ ❚❤❡ tr❛♥s❝♦♥❞✉❝✲

t❛♥❝❡s gm1 ❛♥❞ gm2 ❝❛♥ ❜❡ t✉♥❡❞ s❡♣❛r❛t❡❧②✱ ❦❡❡♣✐♥❣ ✐♥ ♠✐♥❞ t❤❛t ❢♦r ❛ ❣✐✈❡♥ r❡s♦♥❛♥t

❢r❡q✉❡♥❝② t❤❡✐r ♣r♦❞✉❝t ❤❛s t♦ ❜❡ ❤❡❧❞ ❝♦♥st❛♥t✳ ❆ss✉♠✐♥❣ t❤❛t tr❛♥s❝♦♥❞✉❝t❛♥❝❡

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

✐s ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦

|vout| ≈
|gm1vin|

ωCg
✭✸✳✷✹✮

❙✐♠✐❧❛r❧②✱ t❤❡ ✐♥♣✉t s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s ❛♣♣r♦①✐♠❛t❡❞ ❜②

|vin| ≈
|gm2vout|

ωCT
✭✸✳✷✺✮

✇❤❡r❡ CT ✐s ❛ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡✳ ■❢ t❤❡ ♠❛①✐♠✉♠ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ❛t t❤❡ ✐♥♣✉t ♦❢

t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s r❡❛❝❤❡❞✱ ❢♦r ❡①❛♠♣❧❡ t❤❡ ♠❛①✐♠✉♠ ❛❧❧♦✇❛❜❧❡ ✈♦❧t❛❣❡ ❢♦r ❛ ❣✐✈❡♥

t❡❝❤♥♦❧♦❣②✱ ✐t ❛❧s♦ ❝❛♥ ♥♦t ❜❡ ❡①❝❡❡❞❡❞ ❛t t❤❡ ♦✉t♣✉t ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❋♦r t❤✐s

r❡❛s♦♥

∣
∣
∣
∣

vinMAX

voutMAX

∣
∣
∣
∣
= 1 ≡ gm1

Cg
=

gm2

CT
✭✸✳✷✻✮

❋r♦♠ t❤❡ ♥♦✐s❡ ♣❡rs♣❡❝t✐✈❡ ✐t ✇♦✉❧❞ ❜❡ ❜❡♥❡✜❝✐❛❧ t♦ ❞❡❝r❡❛s❡ gm2 ❛♥❞ ✐♥❝r❡❛s❡ gm1✳ ■♥

t❤✐s ❝❛s❡ ❤♦✇❡✈❡r t❤❡ r❡q✉✐r❡❞ Cg ❤❛s t♦ ❜❡ ❧❛r❣❡r t❤❛♥ t❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ❛❧r❡❛❞②

♠❛①✐♠✐s❡❞ ❢♦r s♠❛❧❧ ♥♦✐s❡✳ ❚❤❡r❡❢♦r❡ ✭✸✳✷✻✮ r❡♣r❡s❡♥ts ❛♥ ♦r✐❣✐♥❛❧ ♠❛t❤❡♠❛t✐❝❛❧ ♣r♦♦❢
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❝♦♥✜r♠✐♥❣ t❤❡ ♦❜s❡r✈❛t✐♦♥s ❞♦♥❡ ❜② ❈r❛♥✐❝❦① ❛♥❞ ❙t❡②❛❡rt ❬✹✼❪ t❤❛t ❢♦r ❛ ♠❛①✐♠✉♠

❛♠♣❧✐t✉❞❡ ✐♥ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦rs CT = Cg ❛♥❞ gm1 = gm2 s❤♦✉❧❞ ❜❡

✉s❡❞✳

✸✳✹✳✸ P❤❛s❡ ♥♦✐s❡

❉✉r✐♥❣ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤✐s t❤❡s✐s ♥♦ ♥♦♥✲❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛ ❣②r❛t♦r ❜❛s❡❞

♦s❝✐❧❧❛t♦r ❤❛s ❜❡❡♥ ❢♦✉♥❞✳ ❙✐♥❝❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r str✉❝t✉r❡s ❝❛♥✬t ❡✛❡❝t✐✈❡❧② ❝♦♠♣❡t❡ ✇✐t❤

❛ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ♣❛ss✐✈❡ ▲❈ ❝✐r❝✉✐ts✱ t❤❡r❡ ✐s ❝✉rr❡♥t❧② ♥♦ r❡❛❧ ❞❡♠❛♥❞ ❢♦r

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

♦❢ ♣❛♣❡rs ❜r✐❡✢② ❞❡s❝r✐❜✐♥❣ ✐t ❬✼✾✱ ✽✵❪✳ ❚❤❡ ♠♦st ✐♥❢♦r♠❛t✐✈❡ ❛♠♦♥❣ ❛✈❛✐❧❛❜❧❡ s♦✉r❝❡s

✐s t❤❛t ♦❢ ❈r❛♥✐♥❝❦① ❛♥❞ ❙t❡②❛❡rt ❬✹✼❪✱ ♣r❡s❡♥t✐♥❣ ❛ s✐♠♣❧❡ ❧✐♥❡❛r ❛♥❞ t✐♠❡ ✐♥✈❛r✐❛♥t

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

✐♥ ❋✐❣✉r❡ ✸✳✽✳

−

+
GM

Rp

C

Rc

L

Rl

v2
n

i2n

vout

L = C/gm2

❋✐❣✉r❡ ✸✳✽✿ ❖s❝✐❧❧❛t♦r ♠♦❞❡❧ ✇✐t❤ ♥♦✐s② ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❬✹✼❪✳

❈r❛♥✐♥❝❦① ❞❡r✐✈❡s ❛ s✐♠♣❧❡ ❡①♣r❡ss✐♦♥ ❢♦r ❛ ♥♦✐s❡ P❙❉ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ❛t ❢r❡q✉❡♥❝②

♦✛s❡ts ωm ❢r♦♠ t❤❡ ❝❛rr✐❡r ❛ss✉♠✐♥❣ ωm ≪ ω0✳ ■❢ t❤❡ ❣②r❛t♦r ✐s s②♠♠❡tr✐❝❛❧ ✐✳❡✳ ❜♦t❤

tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❛♥❞ ♣♦rt ❝❛♣❛❝✐t❛♥❝❡s ❛r❡ t❤❡ s❛♠❡✱ t❤❡ ♥♦✐s❡ P❙❉ ❛t ♦✛s❡t ❢r❡q✉❡♥❝②

✐s ❡q✉❛❧ t♦

Sout(ωm) = kTReff (1 + A + 2Q)
ω2

0

ω2
m

✭✸✳✷✼✮
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✇❤❡r❡ Reff ✐s ❛♥ ❡✛❡❝t✐✈❡ r❡s♦♥❛t♦r r❡s✐st❛♥❝❡ ❞❡t❡r♠✐♥✐♥❣ ❛ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ r❡s✲

♦♥❛t♦r Q

Reff = Rl + Rc +
1

Rp (ω0C)2
✭✸✳✷✽✮

Q0 =
1

Reffω0C
✭✸✳✷✾✮

P❛r❛♠❡t❡r A r❡♣r❡s❡♥ts t❤❡ ♥♦✐s❡ ❢❛❝t♦r ♦❢ ❛ ♥♦♥✲✐❞❡❛❧ ❛♠♣❧✐✜❡r✱ C ✐s ❛ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

❛♥❞ L ✐s ❛ ❣②r❛t♦r ✐♥❞✉❝t❛♥❝❡✳ ◆♦t❡ t❤❛t ✭✸✳✷✼✮ ②✐❡❧❞s t♦t❛❧ ♥♦✐s❡ ✭✐✳❡✳ ❜♦t❤ ♣❤❛s❡ ❛♥❞

❛♠♣❧✐t✉❞❡ ♥♦✐s❡✮ ❛t ♦✛s❡t ❢r❡q✉❡♥❝② ❛♥❞ ♥♦t ♦♥❧② ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s✳ ■♥ ♣r❛❝t✐❝❛❧ ❝✐r✲

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

✐♥ ♦s❝✐❧❧❛t♦rs ❬✷✻✱ ✹✶❪✱ ❤♦✇❡✈❡r ✐♥ ❛ ✇♦rst✲❝❛s❡ ❛♥❛❧②s✐s ✐t ❝❛♥ ❜❡ ❛ss✉♠❡❞ t❤❛t ♥♦✐s❡

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✸✳✷✼✮ r❡♣r❡s❡♥ts t❤❡ ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❬✹✼❪✳

❋♦r♠✉❧❛ ✭✸✳✷✼✮ s❤♦✇s ❛ ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ ♥♦✐s❡ P❙❉ ❛t ωm t♦ ❛ q✉❛❧✐t② ❢❛❝t♦r

♦❢ ❛ r❡s♦♥❛t♦r✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❡①♣❡❝t❡❞ ❜❡❝❛✉s❡ t❤❡ t♦t❛❧ ♥♦✐s❡ ♦❢ ❛♥② ❛❝t✐✈❡ ✐♥❞✉❝t♦r

r❡s♦♥❛t♦r ✐♥❝r❡❛s❡s ✇✐t❤ q✉❛❧✐t② ❢❛❝t♦r ❛s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✸✳✸✳✷✳ ❚❤❡r❡❢♦r❡✱ t♦

❞❡❝r❡❛s❡ ♥♦✐s❡ ❛t ♦✛s❡t ❢r❡q✉❡♥❝② ❢r♦♠ t❤❡ ❝❛rr✐❡r✱ ❛ s♠❛❧❧ Q0 ❣②r❛t♦r ❤❛s t♦ ❜❡ ✉s❡❞✱

♣r♦✈✐♥❣ t❤❛t t❤❡ ♥♦✐s❡ ❛♥❛❧②s❡s ♦❢ ♣❛ss✐✈❡ ▲❈ t❛♥❦s ❞♦ ♥♦t ❛♣♣❧② t♦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❝✐r❝✉✐ts✳ ■♥ t✉r♥✱ ❛s Q0 ❢❛❝t♦r ❤❛s t♦ ❜❡ ❧♦✇✱ ❛ s✉❜st❛♥t✐❛❧ ❛♠♦✉♥t ♦❢ ♣♦✇❡r ❢r♦♠ t❤❡

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

❖♥❝❡ t❤❡ ♥♦✐s❡ P❙❉ ❢♦r ❛ ♣❛rt✐❝✉❧❛r ωm ✐s ❢♦✉♥❞ ❢r♦♠ ✭✸✳✷✼✮✱ ♣❤❛s❡ ♥♦✐s❡ ✐s t❤❡♥

❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❢♦r♠✉❧❛ ❢♦r L✱ ❛ ♥♦r♠❛❧✐s❡❞ t❤❡♦r❡t✐❝❛❧ ♦♥❡✲s✐❞❡❞ s♣❡❝tr✉♠ ♦❢ ♦s✲

❝✐❧❧❛t♦r s✐❣♥❛❧ ❬✹✶❪

L (ωm) =
Sout(ωm)

V 2
out/2

✭✸✳✸✵✮

✇❤❡r❡ Vout ✐s ❛♥ ❛♠♣❧✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳ ❋♦r t❤❡ ❝✐r❝✉✐t ❞✐s❝✉ss❡❞ ✐♥ t❤✐s s❡❝t✐♦♥

✭✸✳✸✵✮ tr❛♥s❧❛t❡s ✐♥t♦

L (ωm) =
kTReff (1 + A + 2Q)

V 2/2

ω2
0

ω2
m

✭✸✳✸✶✮

■❢ Q0 ✐s ♠✉❝❤ ❧❛r❣❡r t❤❛♥ ♦♥❡✱ ✭✸✳✸✶✮ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ t♦

L(ωm) ≈ 1

V 2

4kT

ω0C

ω2
0

ω2
m

✭✸✳✸✷✮
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✸✳✹ ❆❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖

❈r❛♥✐♥❝❦① ❛♥❞ ❙t❡②❛❡rt ❬✹✼❪ ❞❡❞✉❝t t❤❛t ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ✇✐t❤ ❛ st❛♥❞❛r❞

❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❝❛♥ ❜❡ ❞❡❝r❡❛s❡❞ ✐❢✿

❼ ❆♠♣❧✐t✉❞❡ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❧❛r❣❡✿ ❈r❛♥✐♥❝❦① ❛♥❞ ❙t❡②❛❡rt ❞♦ ♥♦t s♣❡❝✐❢② ❛♥②

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

❧❛r❣❡ s✐❣♥❛❧ ♣r♦❜❧❡♠ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡r ✺✳ ❉✉❡ t♦ t❤❡ ❛ ♥♦♥✲❧✐♥❡❛r

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

❞✐st♦rt✐♦♥✱ t❤❛t ✐♥❡✈✐t❛❜❧② ✐♥❝r❡❛s❡s ♣❤❛s❡ ♥♦✐s❡ ❞✉❡ t♦ ❛ ❢r❡q✉❡♥❝② ❝♦♥✈❡rs✐♦♥ ♦❢

♥♦✐s❡ s♦✉r❝❡s ❛r♦✉♥❞ s✐❣♥❛❧ ❤❛r♠♦♥✐❝s✳ ❚❤❡r❡❢♦r❡✱ ❢♦r ❡①❝❡ss✐✈❡ ❛♠♣❧✐t✉❞❡s ♣❤❛s❡

♥♦✐s❡ ✇✐❧❧ ❜❡ ❛❧s♦ ❧❛r❣❡✱ ❤♦✇❡✈❡r t❤❡ ❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❝❛♥✬t ♣r❡❞✐❝t ✐t✳

❼ ❚❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ C ✐s ✐♥❝r❡❛s❡❞✿ ❈r❛♥✐♥❝❦① ❛♥❞ ❙t❡②❛❡rt ❡①♣❧❛✐♥ t❤❛t t❤❡ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❛♠♣❧✐✜❡r ✐♥❝r❡❛s❡s t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r ❧♦✇❡r Q0✳ ❚❤❡✐r ♦❜s❡r✲

✈❛t✐♦♥s ❛r❡ tr✉❡ ❜✉t ♥♦t ✇❡❧❧ ❝❧❛r✐✜❡❞✳ ❚♦ ❦❡❡♣ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❝♦♥st❛♥t✱

t❤❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ r❡s♦♥❛t♦r ❤❛s t♦ ❞❡❝r❡❛s❡ t♦ ❦❡❡♣ t❤❡ ♣r♦❞✉❝t ♦❢ L ·C ❝♦♥✲

st❛♥t✳ ❆ss✉♠✐♥❣ t❤❛t ❜♦t❤ ❣②r❛t♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❛r❡ t❤❡ s❛♠❡✱ ❡✈❡r② t✐♠❡

t❤❡ C ✐♥❝r❡❛s❡s ❛♥ n t✐♠❡s✱ t❤❡ gm ♦❢ ❡❛❝❤ tr❛♥s❝♦♥❞✉❝t♦r ❤❛s t♦ ✐♥❝r❡❛s❡ n t✐♠❡s

❛s ✇❡❧❧✳ ❆s gm ∝
√

ID t❤✐s r❡q✉✐r❡s n2 ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❜✐❛s ❝✉rr❡♥t ❢♦r ❡❛❝❤ ❛♠✲

♣❧✐✜❡r✳ ❋♦r t❤❡ ❝♦♥st❛♥t s✉♣♣❧② ✈♦❧t❛❣❡ t❤✐s ✐♥❝r❡❛s❡s t❤❡ ❉❈ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥

♦❢ ❛ ❣②r❛t♦r ❜② n2 ❛t ❧❡❛st✳ ❚❤✉s✱ t❤❡ ✉s❡ ♦❢ ❧❛r❣❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ C ❤❛s t♦ ❜❡

✉s❡❞ ❝❛r❡❢✉❧❧②✳

✸✳✹✳✹ ❘❡♣♦rt❡❞ ▲❈ ♦s❝✐❧❧❛t♦rs ✉s✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❉✉❡ t♦ ❛♥ ✐♥❢❡r✐♦r ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♣❛ss✐✈❡ ▲❈ t❛♥❦ ♦s❝✐❧❧❛t♦rs✱

♦♥❧② ❛ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ♣✉❜❧✐❝❛t✐♦♥s ♦♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ▲❈ ❱❈❖ ❝❛♥ ❜❡ ❢♦✉♥❞✳

❨✉❛♥ ❬✺✶❪ ♣r♦✈✐❞❡s r❡❢❡r❡♥❝❡s t♦ s♦♠❡ ♦❢ t❤❡ ✐♠♣♦rt❛♥t ✇♦r❦s ✐♥ t❤❡ ✜❡❧❞✱ ♣r❡s❡♥t❡❞

✐♥ ❚❛❜❧❡ ✸✳✷✳ ❚❤❡ t②♣✐❝❛❧ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❤❛r♠♦♥✐❝ ❱❈❖ ✉s✐♥❣ ❣②r❛t♦rs

✐s ❝❧♦s❡ t♦ t❤❛t ♦❢ r✐♥❣ ♦s❝✐❧❧❛t♦rs ❢r♦♠ ❋✐❣✉r❡ ✷✳✷✹✳ ◆♦t❡ t❤❛t t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ✐s

♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ❞✉❡ t♦ t❤❡ r❡❧❛t✐✈❡❧② ❤✐❣❤ KV CO ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❜❛s❡❞ r❡s♦♥❛t♦rs✳

✻✹



✸✳✺ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❆ ❝♦♠♠♦♥ ❢❡❛t✉r❡ ♦❢ ❛❧❧ t❤❡ ♣r❡s❡♥t❡❞ ♦s❝✐❧❧❛t♦rs ❢r♦♠ ❚❛❜❧❡ ✸✳✷ ✐s t❤❛t t❤❡② ❛r❡

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

❧♦✇ ✉♥❧♦❛❞❡❞ Q0 ❢❛❝t♦r ✐♥❞✉❝t♦rs ❤❛✈❡ t♦ ❜❡ ❡♠♣❧♦②❡❞✳ ❚❤✐s ✐♠♣♦s❡s ❛ ❧❛r❣❡ t❛♥❦ ❝❛✲

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

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

❛t ❧❡❛st ✐♥ t❤❡♦r②✱ ❛❧❧♦✇s t♦ ♠✐♥✐♠✐s❡ t❤❡ ❞❡s❝r✐❜❡❞ tr❛❞❡✲♦✛✳

❚❛❜❧❡ ✸✳✷✿ ❘❡♣♦rt❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦rs ❬✺✶❪

❘❡❢❡r❡♥❝❡ ❨❡❛r ◆♦❞❡ ❚②♣❡∗
f0 P❤❛s❡ ♥♦✐s❡

❬●❍③❪ ❬❞❇❝✴❍③❪

▲✐♥ ❡t ❛❧✳ ❬✺✻❪ ✷✵✵✵ ✵✳✸✺➭♠ ❱❈❖ ✷✳✺ ✲✽✽ ❅✵✳✻ ▼❍③

❲✉ ❡t ❛❧✳ ❬✺✸❪ ✷✵✵✶ ✵✳✸✺➭♠ ❱❈❖ ✵✳✶✲✵✳✾ ✲✾✺ ❅✵✳✺ ▼❍③

❳✐❛♦ ❡t ❛❧✳ ❬✽✶❪ ✷✵✵✷ ✵✳✷✵➭♠ ❱❈❖ ✹✳✾✺ ✲✽✶ ❅✵✳✺ ▼❍③

▲✉ ❡t ❛❧✳ ❬✼✸❪ ✷✵✵✻ ✵✳✶✽➭♠ ❱❈❖ ✵✳✺✲✸✳✵ ✲✶✵✶✕ ✲✶✶✽ ❅✶ ▼❍③

❚❛♥❣ ❡t ❛❧✳ ❬✼✻❪ ✷✵✵✼ ✵✳✶✽➭♠ ❚❱❈❖✲❆ ✶✳✻ ✲✶✵✽ ❅✶ ▼❍③

❚❛♥❣ ❡t ❛❧✳❬✼✼❪ ✷✵✵✼ ✵✳✶✽➭♠ ❚❱❈❖✲❆❇ ✶✳✻ ✲✶✷✺ ❅✶ ▼❍③

❚❛♥❣ ❡t ❛❧✳ ❬✽✷❪ ✷✵✵✼ ✵✳✶✽➭♠ ◗❱❈❖ ✶✳✻ ✲✶✶✺ ❅✶ ▼❍③

∗ ✲ ❚❱❈❖ ✐s ✉s✐♥❣ ❛❝t✐✈❡ tr❛♥s❢♦r♠❡r❀ ❆✱ ❆❇ ❛♠♣❧✐✜❡r ❝❧❛ss✱ ◗❱❈❖ ✲ q✉❛❞r❛t✉r❡ ❱❈❖

✸✳✺ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✸✳✺✳✶ ❊✛❡❝ts ♦❢ ♥♦♥✲✐❞❡❛❧ tr❛♥s❝♦♥❞✉❝t♦rs

■♥ ❣❡♥❡r❛❧✱ t❤❡r❡ ❛r❡ t✇♦ ♠❡❝❤❛♥✐s♠s r❡s♣♦♥s✐❜❧❡ ❢♦r ❝✐r❝✉✐t ❧♦ss❡s ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳

❆♣❛rt ❢r♦♠ ♥♦❞❡ ❝♦♥❞✉❝t❛♥❝❡s✱ r❡❛❝t✐✈❡ ♥❡t✇♦r❦s ✐♥s✐❞❡ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ❝❛♥ ❞❡t❡✲

r✐♦r❛t❡ ❛ ❝✐r❝✉✐t ♣❡r❢♦r♠❛♥❝❡✳ ❚❤✐s ♣r♦❜❧❡♠ ❤❛❞ ❜❡❡♥ ❛❞❞r❡ss❡❞ ✐♥ t❤❡ ♣❛st ❜② ▼♦✉❧❞✲

✐♥❣ ❬✽✸✱ ✽✹❪✱ ✇❤♦ ♦❜s❡r✈❡❞ t❤❛t ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ ♥♦♥✲✐❞❡❛❧ tr❛♥s❝♦♥❞✉❝t♦rs ✐♥tr♦❞✉❝❡

❛ ♥❡❣❛t✐✈❡ r❡❛❧ ❛❞♠✐tt❛♥❝❡ ❝♦♠♣♦♥❡♥t ✐♥t♦ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❋✐❣✉r❡ ✸✳✾

✐❧❧✉str❛t❡s s✉❝❤ ❛ ❣②r❛t♦r✲❜❛s❡❞ t❛♥❦✱ ✇❤❡r❡ ❛♥ ❛♠♣❧✐✜❡r ♣❛r❛s✐t✐❝s ♠❛♥✐❢❡st ✐ts❡❧❢ ✐♥ ❛

❢♦r♠ ♦❢ ❛r❜✐tr❛r② ♣❤❛s❡ ❧❛❣ ♦❢ φ/2 r❛❞✐❛♥s ♦❢ ❡❛❝❤ tr❛♥s❝♦♥❞✉❝t♦r✳ ❚❤✐s ✐s ❛ r❡s✉❧t ♦❢ ❛

✜♥✐t❡ r❡s✐st✐✈❡ ❧♦ss❡s ❛♥❞ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ ▼❖❙ ❞❡✈✐❝❡s ❛♥❞ ✐ts ❜✐❛s✐♥❣ ♥❡t✇♦r❦✳

■t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ ♣❤❛s❡ s❤✐❢t✱ ❛❧t❤♦✉❣❤ ♥♦t ♥❡❣❧✐❣✐❜❧❡✱ ✐s s♠❛❧❧ ❡♥♦✉❣❤ t♦ s❛t✐s❢②

t❤❡ ❝♦♥❞✐t✐♦♥ ♦❢ sin (φ) ≈ φ✳

✻✺



✸✳✺ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

vin

iin

CT

−gm1 · e−jφ/2

i1

Go1

gm2 · e−jφ/2

i2

CgGo2

❋✐❣✉r❡ ✸✳✾✿ ❆❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✇✐t❤ ♥♦♥✲✐❞❡❛❧ tr❛♥s❝♦♥❞✉❝t♦rs ❬✽✹❪✳

❚❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✐s t❤❡♥ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦

yin(jω) = Go2 + jωCT +
gm1gm2

Go1 + jωCg
e−jφ =

= Go2 + jωCT +
gm1gm2

Go1 + jωCg
(cos φ− j sinφ) ≈

≈ Go2 + jωCT +
gm1gm2

Go1 + jωCg
− φ

gm1gm2

ωCg

∣
∣
∣
∣
∣φ≤π/10
Go1≪gm1,gm2

=

= Go2 + jωCT +
1

Rs + jωLs
− φ

ωLs
✭✸✳✸✸✮

✇❤❡r❡

Rs =
Go1

gm1gm2

Ls =
Cg

gm1gm2
✭✸✳✸✹✮

❆♥ ❛❞❞✐t✐♦♥❛❧ ♣❛r❛❧❧❡❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r ♦❢ −φgm1gm2/ωCg ✐s ♥♦✇ ♣r❡s❡♥t ✐♥ t❤❡ ❝✐r✲

❝✉✐t✳ ■❢ ♥♦t s✉✣❝✐❡♥t❧② s✉♣♣r❡ss❡❞✱ ✐t ❝❛✉s❡s r❡s♦♥❛t♦r ♣❡❛❦✐♥❣ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ ✐♥

❡①tr❡♠❡ ❝❛s❡s ❧❡❛❞✐♥❣ t♦ ✐♥st❛❜✐❧✐t② ❬✼✽✱ ✽✸✱ ✽✹❪✳

❇② ❛♣♣r♦❛❝❤✐♥❣ t❤❡ ♣r♦❜❧❡♠ ❢r♦♠ ❛ ❞✐✛❡r❡♥t ♣❡rs♣❡❝t✐✈❡✱ t❤❡ ❡✛❡❝t ♦❢ ✉♥✇❛♥t❡❞

♣❤❛s❡ s❤✐❢t ✐♥s✐❞❡ tr❛♥s❝♦♥❞✉❝t♦rs ❝❛✉s❡s ♣❛rt✐❛❧ ♦r ❡✈❡♥ t♦t❛❧ ❝♦♠♣❡♥s❛t✐♦♥ ♦❢ ❣②r❛t♦r

❧♦ss❡s✱ t❤❡♦r❡t✐❝❛❧❧② ✐♠♣r♦✈✐♥❣ ❛ s❡❧❡❝t✐✈✐t② ♦❢ t❤❡ t❛♥❦ ♦r✱ ✐♥ ❛♥ ❡①tr❡♠❡ ❝❛s❡✱ ♣r♦❞✉❝✐♥❣

♦s❝✐❧❧❛t✐♦♥s ✇✐t❤♦✉t ❛♥ ❡①tr❛ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳ ❆s tr❛♥s✐st♦r ♣❛r❛s✐t✐❝s ❛r❡ ❣❡♥❡r❛❧❧②

✻✻



✸✳✺ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❤❛r❞ t♦ ❝♦♥tr♦❧✱ t❤✐s ❝♦♠♣❡♥s❛t✐♦♥ ♠❡t❤♦❞ ❝❛♥✬t ❢✉❧❧② r❡❧② ♦♥ ❛♠♣❧✐✜❡r ♥♦♥✲✐❞❡❛❧✐t✐❡s✳

■♥st❡❛❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣❡♥❡r❛t❡ t❤❡ r❡q✉✐r❡❞ ♣❤❛s❡ s❤✐❢t ❜② t❤❡ ♠❡❛♥s ♦❢ ❘❈ ❝♦♠✲

♣♦♥❡♥ts ✇❤♦s❡ ❜❡❤❛✈✐♦r ✐s ♠✉❝❤ ♠♦r❡ ♣r❡❞✐❝t❛❜❧❡✳ ❉✉❡ t♦ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣♦♥❡♥ts

✉s❡❞✱ t❤❡ r❡s♦♥❛t♦r r❡♣r❡s❡♥ts ❛ ❞❡❣❡♥❡r❛t❡❞ ✈❡rs✐♦♥ ♦❢ ❛♥ ✐❞❡❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r✲

❝✉✐t✳ ❍❡r❡✐♥❛❢t❡r t❤✐s t❡r♠ ✐s ✉s❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤

✐♥t❡♥t✐♦♥❛❧❧② ❛❞❞❡❞ ♣❤❛s❡ ❧❛❣ ❝♦♠♣♦♥❡♥ts✳

✸✳✺✳✷ Pr❛❝t✐❝❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts ✇✐t❤ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

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

■♥ t❤❡ ♠♦st ❝❛s❡s ❡✐t❤❡r ●❛❆s✲▼❊❙❋❊❚ ❬✽✺✕✽✼❪ ♦r ●❛❆s✲❍❇❚ ❬✽✽❪ ❞❡✈✐❝❡s ❛r❡ ✉s❡❞✱

✉s✉❛❧❧② ❞✉❡ t♦ ❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥✳ ❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ st❛t❡ ♦❢ t❤❡

❛rt ❞❡s✐❣♥s ❢♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡✱ s❤♦✇✐♥❣ t❤❛t ❜❡❢♦r❡ t❤✐s t❤❡s✐s✱ ❧✐tt❧❡ ❤❛s ❜❡❡♥ ❞♦♥❡ t♦

❡①♣❧♦r❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡s❡ ❝✐r❝✉✐ts✳

✸✳✺✳✷✳✶ ❍❛r❛✲❍❛②❛s❤✐ ▼▼■❈ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

❋✐❣✉r❡ ✸✳✶✵ ✐❧❧✉str❛t❡s ❢♦✉r ✇✐❞❡❧② ❦♥♦✇♥ ❝✐r❝✉✐t ❛r❝❤✐t❡❝t✉r❡s✱ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ s❡r✐❡s

♦❢ ❛rt✐❝❧❡s ❜② ❍❛r❛ ❡t ❛❧ ❬✽✺✱ ✽✻❪ ❛♥❞ ❧❛t❡r ♠♦❞✐✜❡❞ ❜② ❍❛②❛s❤✐ ❡t ❛❧ ❬✽✾❪ ✉s✐♥❣ ▼▼■❈

✭▼♦♥♦❧✐t❤✐❝ ▼✐❝r♦✇❛✈❡ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts✮ t❡❝❤♥♦❧♦❣②✳ ▼▼■❈ ❝✐r❝✉✐ts ✉s❡ ❣❛❧❧✐✉♠ ❛r✲

s❡♥✐❞❡ ✭●❛❆s✮ ✐♥st❡❛❞ ♦❢ s✐❧✐❝♦♥ ✇❤✐❝❤ r❡s✉❧ts ✐♥ ♠✉❝❤ ❤✐❣❤❡r ❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥

✐♥ t❤❡ r❛♥❣❡ ♦❢ ❤✉♥❞r❡❞s ♦❢ ●❍③✳ ❍♦✇❡✈❡r t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ❝♦st ♦❢ s✉❝❤ ❝✐r❝✉✐ts ✐s

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

▼▼■❈✳ ❆❧❧ ♦❢ t❤❡ ❝✐r❝✉✐ts ✉t✐❧✐s❡ ❛ ♥♦♥✲✐♥✈❡rt✐♥❣ ❝❛s❝♦❞❡ tr❛♥s❝♦♥❞✉❝t♦r st❛❣❡ ❛♥❞ ✈❛r✐✲

♦✉s ❢❡❡❞❜❛❝❦ ❛♠♣❧✐✜❡r t♦♣♦❧♦❣✐❡s✳ ❚❤❡ r❡s✉❧t✐♥❣ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡✴✐♠♣❡❞❛♥❝❡ ❢✉♥❝t✐♦♥s

❛r❡ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦

yin(jω) ≈ gm3

(

1− Cgs2gm1

Cgs1gm2

)

+
1

jω
Cgs1

gm1gm2

✿t②♣❡ ❆ ✭✸✳✸✺✮

zin(jω) ≈ − 1

gm2
+ jω

Cgs1

gm1

(
1

gm2
+

1

gm3

)

✿♠♦❞✐✜❡❞ t②♣❡ ❆ ✭✸✳✸✻✮

yin(jω) ≈ 1

Rs
− gm

Cgs3,4

Cgs1,2
+

1

jω
Cgs1,2

gmgm3,4

✿t②♣❡ ❇ ✭✸✳✸✼✮
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T1

T3

T2

vin

iin

✭❛✮ ❚②♣❡ ❆ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

T1

T3

T2

vin

iin

✭❜✮ ❚②♣❡ ❆ ♠♦❞✐✜❝❛t✐♦♥

T1

T3

T4

T2

vin

iin

Rs

✭❝✮ ❚②♣❡ ❇ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

T1

T3

T4

T2

vin

iin

Rs

✭❞✮ ❚②♣❡ ❇ ♠♦❞✐✜❝❛t✐♦♥

❋✐❣✉r❡ ✸✳✶✵✿ ▼▼■❈ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣②r❛t♦rs✿ ✭❛✮ ❛♥❞ ✭❝✮ ♣r❡s❡♥t ♦r✐❣✐♥❛❧ ❍❛r❛ ❡t
❛❧✳ ❣②r❛t♦rs ❬✽✺✱ ✽✻❪❀ ✭❜✮ ❛♥❞ ✭❞✮ ❞❡♣✐❝t ❍❛②❛s❤✐ ❡t ❛❧✳ r❡s♣❡❝t✐✈❡ ♠♦❞✐✜❝❛t✐♦♥s ❬✽✾✱ ✾✵❪✳

zin(jω) ≈ Rs −
(

1

gm2
+

1

gm3

)

+ jω
Cgs1

gm1

(
1

gm3
+

1

gm4

)

✿♠♦❞✐✜❡❞ t②♣❡ ❇ ✭✸✳✸✽✮

■♥ ❡✈❡r② ❝❛s❡✱ ❛❧❧ ♦❢ t❤❡ ❋❊❚ ❞❡✈✐❝❡s ✇❡r❡ ❞❡s❝r✐❜❡❞ ❜② s✐♠♣❧❡ s♠❛❧❧✲s✐❣♥❛❧ ♠♦❞❡❧s

❝♦♥s✐st✐♥❣ ♦♥❧② ♦❢ ❛ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ gm ❛♥❞ ❣❛t❡ t♦ s♦✉r❝❡ ❝❛♣❛❝✐t❛♥❝❡ Cgs✳ ❚❤✉s ❛❧❧

♦❢ t❤❡ s♠❛❧❧✲s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ❛r❡ ❞❡s✐❣♥❡❞ ❛r♦✉♥❞ ❛ ❧✐♠✐t❡❞ s❡t ♦❢ tr❛♥s✐st♦r ♣❛r❛s✐t✐❝s✳

❘❡s✐st♦rs Rs ❤❛✈❡ ❜❡❡♥ ❛❞❞❡❞ t♦ ✐♠♣r♦✈❡ st❛❜✐❧✐t② ❛♥❞ ✐♥♣✉t ♠❛t❝❤✐♥❣ ✇✐t❤♦✉t ❛♥②

❢✉rt❤❡r ❡①♣❧❛♥❛t✐♦♥✳

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

❛♥❞ ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ ♦✉t♣✉t ♣♦✇❡r ♦❢ ✵ ❞❇♠✳ ❍❛r❛ ❛♥❞ ❍❛②❛s❤✐ ❞♦ ♥♦t ✐♥❝❧✉❞❡ ❛♥②

♥♦✐s❡ ♦r ❛ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ❛♥❞ ♥♦ ❞❡s✐❣♥ r✉❧❡s ❛r❡ ❣✐✈❡♥✳ ❆ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❉❈ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ❜❡t✇❡❡♥ ✺✵ ♠❲ t♦ ✽✵ ♠❲ ❤❛s ❛❧s♦ ❜❡❡♥ r❡♣♦rt❡❞✳

✻✽



✸✳✺ ◆❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

✸✳✺✳✷✳✷ ❲❡✐ ♣❛ss✐✈❡❧② ❝♦♠♣❡♥s❛t❡❞ ❣②r❛t♦r

◆❡①t ❝✐r❝✉✐t✱ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✶✶✱ ✇❛s ♣✉❜❧✐s❤❡❞ ✐♥ ❛ ❜r✐❡❢ ❧❡tt❡r ❜② ❲❡✐ ❡t ❛❧✳ ❬✾✶❪✳

❚❤✐s ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ❛ ❢✉rt❤❡r ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ❍❛②❛s❤✐ ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✸✳✶✵❜✳

❚❤❡ ❛❝t✐✈❡ ♣❤❛s❡ s❤✐❢t❡r ✐s ❝r❡❛t❡❞ ❜② ❝♦♥♥❡❝t✐♥❣ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❘❈ ♥❡t✇♦r❦ ❜❡t✇❡❡♥

❣❛t❡ ♦❢ tr❛♥s✐st♦r T2 ❛♥❞ ❆❈ ❣r♦✉♥❞✳ ❚❤❡ ❛✉t❤♦rs r❡♣♦rt t❤❛t t❤❡ ❝✐r❝✉✐t ❣❡♥❡r❛t❡s ❛

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

♦❢ ✸✵ ♠❲✱ r❡❛❝❤✐♥❣ q✉❛❧✐t② ❢❛❝t♦r ✈❛❧✉❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✵✵✳ ❆s ♣r❡✈✐♦✉s❧②✱ ♥♦ ♥♦✐s❡

❛♥❞ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❘❈ s❤✐❢t❡r ✐s ✐♥❝❧✉❞❡❞ ♥♦r ❛♥ ❡①♣❧❛♥❛t✐♦♥ ♦❢

❛ ❝❤♦s❡♥ s❤✐❢t❡r ❝♦♥✜❣✉r❛t✐♦♥✳

◆❛✐r ❡t ❛❧✳ ❬✾✷❪✱ ❤❛✈❡ ✉s❡❞ t❤❡ s❛♠❡ ❛♣♣r♦❛❝❤ ✐♥ ❛ ❝❛s❝♦❞❡ ❢❡❡❞❜❛❝❦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❢♦r ❛♥ ✉❧tr❛ ✇✐❞❡ ❜❛♥❞ ✭❯❲❇✮ ✶✽✵ ♥♠ ❈▼❖❙ ▲◆❆✳ ❋♦r ❛ s♠❛❧❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥

♦❢ ✼ ♠❲ ❛♥❞ ✶ ❱ s✉♣♣❧② ✈♦❧t❛❣❡✱ t②♣✐❝❛❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❣②r❛t♦r✲❜❛s❡❞ ❝✐r❝✉✐ts ✐s

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

vin

iin R0

T3

T2

T1

C2
R2

C1R1

P❤❛s❡ ❧❛❣ ♥❡t✇♦r❦

❋✐❣✉r❡ ✸✳✶✶✿ ❋❡❡❞❜❛❝❦ ♥❡t✇♦r❦ ❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❬✾✶❪✳

✸✳✺✳✷✳✸ ❑❛✉♥✐st♦ ❝✐r❝✉✐ts

❆♥♦t❤❡r s✐❣♥✐✜❝❛♥t ❝✐r❝✉✐t✱ ❢r♦♠ ❋✐❣✉r❡ ✸✳✶✷ ✇❛s ♣r❡s❡♥t❡❞ ❜② ❑❛✉♥✐st♦ ❬✼✱ ✽✽❪✳ ■t

❛❝❤✐❡✈❡s ❛ ♣♦t❡♥t✐❛❧❧② ❜❡tt❡r ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ t❤❛♥ ❍❛r❛ ❛❝t✐✈❡ ❢❡❡❞❜❛❝❦ ❝✐r❝✉✐ts ❛♥❞

✐ts ♠♦❞✐✜❝❛t✐♦♥s✳ ❋✐rst✱ s✐♥❣❧❡ tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ✉s❡❞✱ ♣♦ss✐❜❧② ♠✐♥✐♠✐s✐♥❣
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T1

T2

Cg RQen

vin

iin

❋✐❣✉r❡ ✸✳✶✷✿ ❑❛✉♥✐st♦ ◗✲❡♥❤❛♥❝❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❬✼❪✳

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

❝♦♠♣♦♥❡♥ts ❛♥❞ tr❛♥s✐st♦r ✐♥ t❤❡ ❧✐♥❡❛r r❡❣✐♠❡✳ ◆♦ ❛♥❛❧②t✐❝❛❧ ❢♦r♠✉❧❛s r❡❣❛r❞✐♥❣ ✐♥♣✉t

❛❞♠✐tt❛♥❝❡ ✇❡r❡ ❡♥❝❧♦s❡❞✱ ❤♦✇❡✈❡r s❡✈❡r❛❧ ❍❇❚ ❬✽✽❪ ❛♥❞ ❇✐✲❈▼❖❙ ❬✾✸❪ ❝✐r❝✉✐ts ❜❛s❡❞

♦♥ t❤✐s ❝♦♥❝❡♣t ✇❡r❡ ❜✉✐❧t ❛♥❞ ♠❡❛s✉r❡❞✳ ❉❈ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✐♥ t❤❡ r❛♥❣❡ ♦❢

✷✺ ♠❲ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞✱ ❛❝❤✐❡✈✐♥❣ ♥♦✐s❡ ✈♦❧t❛❣❡ s♣❡❝tr✉♠ ❞❡♥s✐t② ♦❢ ✶✽ ♥❱✴
√
❍③ ❛t

t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ✸ ●❍③ ❬✼❪✳ ■♥ ❛❞❞✐t✐♦♥✱ ❑❛✉♥✐st♦ ♣r❡s❡♥ts s✐❣♥✐✜❝❛♥t ✐♥s✐❣❤ts

✐♥t♦ st❛❜✐❧✐t② ♦❢ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦rs ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞

❜② ♣❤❛s❡ s❤✐❢t❡rs ❛s ✇❡❧❧ ❛s ❛♥ ✐♥✢✉❡♥❝❡ ♦❢ ❝✐r❝✉✐t ♣❛r❛s✐t✐❝s ♦♥ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛❝t✐✈❡

✐♥❞✉❝t♦rs✳

✸✳✺✳✷✳✹ ❑♥♦✇♥ ❈▼❖❙ ❛r❝❤✐t❡❝t✉r❡s

❖♥❡ ♦❢ t❤❡ ❢❡✇ ❈▼❖❙ ❝✐r❝✉✐ts ✉t✐❧✐s✐♥❣ ❛ s❡❧❢✲❣❡♥❡r❛t❡❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ❛ ❞♦✉❜❧❡

❢❡❡❞❜❛❝❦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❜② ❨♦❞♦♣r❛s✐t ❛♥❞ ◆❣❛r♠♥✐❧ ❬✾✹❪✳ ■♥ t❤✐s ❛♣♣r♦❛❝❤ t❤❡ ♥♦♥✲

✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❛❝❤✐❡✈❡❞ ✉s✐♥❣ ❛ ❧♦♥❣✲t❛✐❧ ♣❛✐r✱ ✇❤❡r❡ t❤❡ ✐♥✈❡rt✐♥❣ ♦✉t♣✉t

✐s ❢❡❞ ❜❛❝❦ t♦ t❤❡ ❣②r❛t♦r ✐♥♣✉t ♥♦❞❡✳ ❚❤✐s ❝r❡❛t❡s ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ ❛♥❞ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ♦❢ −2/gm ✐s ❣❡♥❡r❛t❡❞✳ ❚❤❡ ❝✐r❝✉✐t ✇❛s s✐♠✉❧❛t❡❞ ✐♥ ❛ ✵✳✻ ➭♠ ♣r♦❝❡ss ❛♥❞

❛❝❤✐❡✈❡❞ Q0 ❢❛❝t♦r ✈❛❧✉❡s ♦❢ ✶✷✵✵✵✱ ❝♦♥s✉♠✐♥❣ ✷✵ ♠❲ ❢r♦♠ ❛ ✸✳✸ ❱ ♣♦✇❡r s✉♣♣❧②✳ ❚❤❡

❡✈✐❞❡♥t ❞❡❝r❡❛s❡ ♦❢ ❧✐♥❡❛r ♦♣❡r❛t✐♦♥ ❞✉❡ t♦ ✐♥❝r❡❛s❡❞ ❝♦♠♣❧❡①✐t② ✐s s❤♦✇♥ ❜② t❤❡ r❡❞✉❝❡❞

t❤✐r❞ ♦r❞❡r ✐♥t❡r❝❡♣t ♣♦✐♥t ✭■■P✸✮ ♦❢ ♦♥❧② ✲✷✺ ❞❇♠ t❤❛t ✇❛s r❡♣♦rt❡❞✳
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✸✳✻ ❈❤❛♣t❡r s✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥t❡❞ ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ ♦✈❡r✈✐❡✇ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✱ ✐ts ❜❛s✐❝

♣❛r❛♠❡t❡rs ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❧✐♠✐t❛t✐♦♥s✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ❛❝t✐✈❡

❝✐r❝✉✐ts✱ ♥♦✐s❡ ❛♥❞ ❞②♥❛♠✐❝ r❛♥❣❡ ✐s r❡❞✉❝❡❞ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ st❛♥❞❛r❞ s♣✐r❛❧ ✐♥❞✉❝t♦r

r❡s♦♥❛t♦rs✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r❡s❡♥t❡❞ ♠❛t❤❡♠❛t✐❝❛❧ ❢♦r♠✉❧❛s ♣r♦✈❡ t❤❛t ❛❝t✐✈❡ ✐♥❞✉❝t♦rs

♣r♦✈✐❞❡ str❛✐❣❤t❢♦r✇❛r❞ ❛♥❞ ✇✐❞❡ ❜❛♥❞ t✉♥✐♥❣ ♦❢ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❲❤❡♥ ❞❡s✐❣♥✐♥❣

❛ ❣②r❛t♦r✲❜❛s❡❞ ♦s❝✐❧❧❛t♦r✱ t❤❡ ♥♦✐s❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❝✐r❝✉✐t s❤♦✉❧❞ ❜❡ ❛s s♠❛❧❧ ❛s

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

✇✐t❤ ♥❡❣❛t✐✈❡ r❡s✐st♦r s✉❣❣❡st ❛ ❧♦✇✲◗ ❢❛❝t♦r ✐♥❞✉❝t♦r ❛♥❞ ❧❛r❣❡ t❛♥❦ ❝❛♣❛❝✐t♦r ❤❛✈❡ t♦ ❜❡

✉s❡❞✳ ❚❤❡ ♦❜✈✐♦✉s ❝♦st ✐s ✐♥❝r❡❛s❡❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ r❡q✉✐r❡❞ ❢♦r t❤❡ ❝♦♠♣❡♥s❛t✐♦♥✳

❚❤❡s❡ ♥♦✈❡❧ r❡s✉❧ts ❝♦♠♣❧② ✇✐t❤ ♠♦r❡ ❣❡♥❡r✐❝ ♦❜s❡r✈❛t✐♦♥s ♣r♦✈✐❞❡❞ ❜② ❆❜✐❞✐ ❬✾✺❪ ❛♥❞

❑❛✉♥✐st♦ ❬✼❪ ❢♦r t❤❡ ✉♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳

■t ✇❛s ❛❧s♦ s❤♦✇♥ t❤❛t ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ✉s✐♥❣ ♣❛ss✐✈❡ ♣❤❛s❡

s❤✐❢t❡rs ✐♥s✐❞❡ t❤❡ ❣②r❛t♦r ❧❡❛❞✐♥❣ t♦ ❝♦♥❝❡♣t ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ■♥ t❤❡♦r②✱ t❤✐s

❛❧❧♦✇s t❤❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ♣♦✇❡r ♥❡❝❡ss❛r② ❢♦r ❝♦♠♣❡♥s❛t✐♦♥ ❞✉❡ t♦ ❛♥ ❛❜s❡♥❝❡ ♦❢ ❛♥②

❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝✐r❝✉✐t✳ ❆❧t❤♦✉❣❤ ❛ ✈❡r② ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ❝✐r❝✉✐ts ✐♥ t❤✐s

❛r❡❛ ❤❛s ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ✐♥ t❤❡ ♣❛st✱ t♦ t❤❡ ❆✉t❤♦r✬s ❦♥♦✇❧❡❞❣❡ t❤❡r❡ ✇❛s ♥♦ r❡♣♦rt❡❞

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

t♦ ❞❛t❡ ♠❛♥② ✐♠♣♦rt❛♥t q✉❡st✐♦♥s r❡❣❛r❞✐♥❣ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♣❡r❢♦r♠❛♥❝❡ ❤❛✈❡ ♥♦t

②❡t ❜❡❡♥ ❛♥s✇❡r❡❞ ♦r ❡✈❡♥ ❛❞❞r❡ss❡❞✳ ❚❤✐s ✐♥❝❧✉❞❡✿

❼ ❚❤❡ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs ♥❡❝❡ss❛r② t♦ ♣r♦✈✐❞❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✳ ❚❤❡ ❞❡♣❡♥✲

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

♦❢ ♣❤❛s❡ s❤✐❢t❡rs ❛♥❞ t❤❡✐r r❡❧❛t✐✈❡ ❧♦❝❛t✐♦♥ ✐♥ t❤❡ ❝✐r❝✉✐t ✐s ♥♦t ❝❧❡❛r✳

❼ ❚❤❡r❡ ✐s ♥♦ ❞❡✜♥❡❞ s❡♥s✐t✐✈✐t② ♦❢ s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ♦♥ ♣❤❛s❡ s❤✐❢t❡r ❝♦♠♣♦✲

♥❡♥ts✳ ❚❤✐s ✐s ✐♠♣♦rt❛♥t ✐♥❢♦r♠❛t✐♦♥✱ ❦♥♦✇✐♥❣ t❤❛t ♦❢t❡♥ ✐♥t❡❣r❛t❡❞ ❝♦♠♣♦♥❡♥ts

❤❛✈❡ ✇♦rs❡ t♦❧❡r❛♥❝❡s t❤❛♥ ❞✐s❝r❡t❡ ♦♥❡s✳

❼ ❚❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ t✉♥✐♥❣ r❛♥❣❡ ❛♥❞ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r s❡❧❢✲♦s❝✐❧❧❛t✐♥❣
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❛❝t✐✈❡ ✐♥❞✉❝t♦rs r❡♠❛✐♥ ✉♥❦♥♦✇♥✳ ❚❤✐s ❛♥❛❧②s✐s ✐s ❡ss❡♥t✐❛❧ ❜❡❝❛✉s❡ ❝✐r❝✉✐t ❧♦ss❡s

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

t✐♦♥s✳

❼ ❚❤❡ ❛♠♣❧✐t✉❞❡ ❧✐♠✐t✐♥❣ ♠❡❝❤❛♥✐s♠ ❢♦r t❤❡s❡ ❣r♦✉♣ ♦❢ ♦s❝✐❧❧❛t♦rs ✐s ♥♦t ❝❧❡❛r✳ ◆♦♥✲

❧✐♥❡❛r ❡✛❡❝ts ♦❢ ❛ ❧❛r❣❡ s✇✐♥❣ ✐♥ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ❤❛✈❡ t♦ ❜❡ st✉❞✐❡❞ ✐♥ ❞❡♣t❤✳

❼ ❆♥ ❛♥❛❧②s✐s ♦❢ ❤♦✇ ❛ ♣❤❛s❡ s❤✐❢t❡r ✐♥✢✉❡♥❝❡s t❤❡ ♥♦✐s❡ ♦❢ ❛ r❡s♦♥❛t♦r✳ ■t ✐s ✐♠♣♦r✲

t❛♥t t♦ ❡✈❛❧✉❛t❡ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛s ✇❡❧❧✳

❚❤✐s ❞✐ss❡rt❛t✐♦♥ ❛❞❞r❡ss ❛♥❞ ❛♥s✇❡rs ❛❧❧ ♦❢ t❤❡ ❛❜♦✈❡ ✐ss✉❡s✱ ♣r♦✈✐❞✐♥❣ ❛ ✈❛❧✉❛❜❧❡

❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ✜❡❧❞ ♦❢ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❈▼❖❙ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ❈❤❛♣t❡r ✹ ♣r❡s❡♥ts

t❤❡ ♣r♦♣♦s❡❞ ❝♦♥❝❡♣t ♦❢ ❛♥ ❘❋ ♦s❝✐❧❧❛t♦r ❞❡❛❧✐♥❣ ✇✐t❤ t❤❡ ♠♦st ✐♠♣♦rt❛♥t s♠❛❧❧ s✐❣♥❛❧

♣❛r❛♠❡t❡rs ❛♥❞ r❡❧❛t❡❞ ❞❡s✐❣♥ tr❛❞❡✲♦✛s✳

✼✷



❈❤❛♣t❡r ✹

❈♦♥❝❡♣t ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♦s❝✐❧❧❛t♦r

✹✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts t❤❡ ♥♦✈❡❧ ❝♦♥❝❡♣t ♦❢ ❛ ❈▼❖❙ ♦s❝✐❧❧❛t♦r ✉t✐❧✐s✐♥❣ ❛ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣

❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❚❤❡ ❝✐r❝✉✐t ❜❡❤❛✈✐♦r ✐s t❤♦r♦✉❣❤❧② st✉❞✐❡❞ ✉s✐♥❣ ❛ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ♦❢

t❤❡ ♦s❝✐❧❧❛t♦r✳ ❆s ❛ r❡s✉❧t ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs s✉❝❤ ❛s r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦r t✉♥✐♥❣

r❛♥❣❡ ❛r❡ ❝❧❡❛r❧② ❞❡✜♥❡❞ ❛♥❞ ❛ ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② ♦✛❡r❡❞✳ ▼❛t❤❡♠❛t✐❝❛❧ ❛♥❛❧②s✐s

❡♠♣❧♦②❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ✐♥❝❧✉❞❡✿

❼ ■♠♠✐t❛♥❝❡ ❢✉♥❝t✐♦♥s✿ ❋♦r ❡✈❡r② ❝♦♥s✐❞❡r❡❞ ❝✐r❝✉✐t ✐♥ t❤✐s ❝❤❛♣t❡r ❛♥ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡

♦r ❛❞♠✐tt❛♥❝❡ ❢✉♥❝t✐♦♥ ✐s st✉❞✐❡❞✳ ❆s ❛ r❡s✉❧t✱ ❝❧♦s❡❞ ❢♦r♠ ❡①♣r❡ss✐♦♥s ❢♦r ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ❛♥❞ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❛♥❞ ✉s❡❞ ❧❛t❡r ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ ❛

♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t✳ ■♠♠✐t❛♥❝❡ ❢✉♥❝t✐♦♥s ❛❧s♦ ❛❧❧♦✇ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤❡ r❡s♦♥❛t♦r

r❡s♣♦♥s❡ ❢♦r ❆❈ s✐❣♥❛❧s ❛t ✈❛r✐♦✉s ❢r❡q✉❡♥❝✐❡s ❛♥❞ t♦ ❝❛❧❝✉❧❛t❡ ❛ ❇❛r❦❤❛✉s❡♥ ❝r✐✲

t❡r✐❛ ❢♦r t❤❡ ♥❡✇ ♦s❝✐❧❧❛t♦r✳

❼ ❙❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s✿ ❚❤❡s❡ ❢✉♥❝t✐♦♥s s❤♦✇ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ s♠❛❧❧ s✐❣♥❛❧ ♣❛✲

r❛♠❡t❡rs ♦❢ t❤❡ ❝✐r❝✉✐t ♦♥ ❝❤❛♥❣❡s ✐♥ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ✈❛r✐❛❜❧❡s✳ ■♥ ❣❡♥❡r❛❧✱ t❤✐s

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

✼✸



✹✳✶ ■♥tr♦❞✉❝t✐♦♥

t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ❝♦♥❞✉❝t❡❞ ❤❡r❡ r❡♣r❡s❡♥ts ❛ ✈❛❧✉❛❜❧❡ ❝♦♥tr✐❜✉t✐♦♥✳

❼ ◆♦✐s❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ❢✉♥❝t✐♦♥s✳ ❯s✐♥❣ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣✲

t❡rs ✷ ❛♥❞ ✸✱ ❛ ♥❡✇ ♠♦❞❡❧ ♦❢ ♥♦✐s❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ♣r♦♣♦s❡❞✳

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

r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② t❤❡ ✉s❡ ♦❢ t❤❡s❡ t♦♦❧s ❛r❡ ♥♦✈❡❧✳ Pr✐♦r t♦ t❤✐s t❤❡s✐s✱ t❤❡r❡ ✇❡r❡ ♥♦

r❡♣♦rt❡❞ ❛tt❡♠♣ts t♦ ❞❡✜♥❡ ❛ ♠✐♥✐♠✉♠ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs s✉✣❝✐❡♥t ❢♦r ♦s❝✐❧❧❛✲

t✐♦♥s✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s ❛❞❞r❡ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷ ❡①♣❧❛✐♥✐♥❣ ✐♥ ❞❡t❛✐❧ t❤❡ r❡❧❛t❡❞ ❞❡s✐❣♥

tr❛❞❡✲♦✛s✳

❙❡❝t✐♦♥ ✹✳✸ ♣r❡s❡♥ts ❛♥ ✐❞❡❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t t❤❛t ✐s ✉s❡❞ t♦ st✉❞②

s❡♥s✐t✐✈✐t② ♦❢ ❛ ❝✐r❝✉✐t✳ ❚❤❡ r❡s✉❧ts ❛❧❧♦✇ t♦ ❝❛❧❝✉❧❛t❡ ❤♦✇ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ♦r ✐♥❞✉❝t❛♥❝❡ ❝❤❛♥❣❡ ✇❤❡♥ ❞❡s✐❣♥ ♣❛r❛♠❡t❡rs ❞✐✛❡r ❢r♦♠ ✐ts ♥♦♠✐♥❛❧ ✈❛❧✉❡s✳

❚❤❡ ✐❞❡❛❧ ❝✐r❝✉✐t ♠♦❞❡❧ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✸ ✐s ❛❧s♦ ✉s❡❞ t♦ ❞❡❧✐✈❡r✱ ❢♦r ❛ ✜rst t✐♠❡✱ t❤❡

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

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

♦♥ ✜♥✐t❡ t♦❧❡r❛♥❝❡s ♦❢ t❤❡ r❡❛❧ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❛♥❛❧②s✐s ❛r❡ ♣r❡s❡♥t❡❞

✐♥ ❙❡❝t✐♦♥ ✹✳✹✳

◆❡①t✱ ❙❡❝t✐♦♥ ✹✳✺ ❞❡s❝r✐❜❡s ❤♦✇ ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥ts ♦❢ ❛❝t✐✈❡ ❝✐r❝✉✐t ❛✛❡❝t t❤❡ ♦s✲

❝✐❧❧❛t♦r✱ ❡s♣❡❝✐❛❧❧② ✐❢ ✐♥t❡❣r❛t❡❞ ✉s✐♥❣ s✉❜✲♠✐❝r♦♥ ❈▼❖❙ ♣r♦❝❡ss✳ ❆ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

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

❛r❡ ❞❡r✐✈❡❞✳ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❛♥❞ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❢♦r ❛ ♥♦♥✲✐❞❡❛❧ ♦s❝✐❧❧❛t♦r ❛r❡

❝❛❧❝✉❧❛t❡❞✳ ▲✐♠✐t❛t✐♦♥s ♦♥ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛r❡ ❛❧s♦ ❞✐s❝✉ss❡❞✳

❋✐♥❛❧❧②✱ ❙❡❝t✐♦♥ ✹✳✻ ♣r❡s❡♥ts t❤❡ ❛♥❛❧②s✐s ♦❢ ♥♦✐s❡ ✐♥ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t✳ ❚❤✐s

s❡❝t✐♦♥ ❡①♣❧❛✐♥s ❤♦✇ ❘❈ ♣❤❛s❡ s❤✐❢t✐♥❣ ❝✐r❝✉✐t ❛✛❡❝ts t❤❡ ♥♦✐s❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝✐r❝✉✐t

✇✐t❤ ❛❧❧ r❡❧❛t❡❞ ❛❞✈❛♥t❛❣❡s ❛♥❞ ❞✐s❛❞✈❛♥t❛❣❡s✳ ◆♦✈❡❧ ❡①♣r❡ss✐♦♥s ❢♦r ♣♦✇❡r s♣❡❝tr✉♠

❞❡♥s✐t②✱ s♣♦t ♥♦✐s❡ ❛♥❞ t♦t❛❧ ❘▼❙ ♥♦✐s❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ r❡s♦♥❛t♦r ❛r❡ ❞❡r✐✈❡❞ ❛♥❞

❝♦♠♣❛r❡❞ t♦ t❤❡ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r t❛♥❦ ❢r♦♠ ❈❤❛♣t❡r ✸✳
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✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

✹✳✷✳✶ ❘❡q✉✐r❡❞ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs t♦ ❣❡♥❡r❛t❡ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡

❆t t❤❡ ❡♥❞ ♦❢ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✺✳✷ s♦♠❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts ✉s✐♥❣ ❘❈ ♣❤❛s❡

s❤✐❢t❡rs t♦ ❞❡❝r❡❛s❡ r❡s♦♥❛t♦r ❧♦ss❡s ✇❡r❡ ♣r❡s❡♥t❡❞✳ ■♥ t❤❡s❡ ♣✉❜❧✐❝❛t✐♦♥s ❬✽✺✱ ✽✻✱ ✽✾✕

✾✷✱ ✾✹❪ ♥♦ ❡①♣❧❛♥❛t✐♦♥ ♦♥ t❤❡ ❝❤♦s❡♥ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs ❛♥❞ t❤❡✐r ❝♦♥✜❣✉r❛t✐♦♥

✐s ❣✐✈❡♥✳ ❑❛✉♥✐st♦ ❬✼❪ ✐s t❤❡ ♦♥❧② ❛✉t❤♦r s♣❡❝✐❢②✐♥❣ t❤❛t ❢♦r ❛ ♣r♦♣❡r ♦♣❡r❛t✐♦♥ ♦❢ ❤✐s

✜❧t❡rs✱ t✇♦ ✐❞❡♥t✐❝❛❧ ♣❤❛s❡ s❤✐❢t✐♥❣ ❝✐r❝✉✐ts ❤❛✈❡ t♦ ❜❡ ✉s❡❞✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ✐s ✐♠♣♦rt❛♥t

❢♦r ✜❧t❡rs ❜❡❝❛✉s❡ t❤❡ ❛♠♦✉♥t ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❡✈❡♥t✉❛❧❧② ♣r♦❞✉❝❡❞ ❜② ❘❈ ❝✐r❝✉✐t

♠✉st ♥♦t ❧❡❛❞ t♦ ✐♥st❛❜✐❧✐t② ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ ❤❛✈❡ t♦ ❜❡ ♣r❡❝✐s❡❧② ❝♦♥tr♦❧❧❡❞✳

■♥ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r t❤❡ ❛♠♦✉♥t ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❤❛s t♦ ❜❡

s✉✣❝✐❡♥t t♦ st❛rt ♦s❝✐❧❧❛t✐♦♥s✱ ❜✉t ✐ts ✈❛❧✉❡ ❞♦❡s ♥♦t ❤❛✈❡ t♦ ❜❡ ❛s ♣r❡❝✐s❡ ❛s ✐♥ t❤❡ ❝❛s❡

♦❢ ✜❧t❡rs✳ ❚❤✉s✱ ♦♥❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t ❛ s✐♥❣❧❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ❝❛♥ ❜❡ ❛❞❡q✉❛t❡ ❢♦r t❤❡

♦s❝✐❧❧❛t♦r ❛♣♣❧✐❝❛t✐♦♥✳ ❍♦✇❡✈❡r ❜❡❢♦r❡ t❤✐s ❤②♣♦t❤❡s✐s ❝❛♥ ❜❡ ❝♦♥✜r♠❡❞✱ ✐t ✐s ✐♠♣♦rt❛♥t

t♦ ♦❜s❡r✈❡ ❤♦✇ t❤❡ ❝✐r❝✉✐t ❜❡❤❛✈❡s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠✉❧t✐♣❧❡ ♣❤❛s❡ s❤✐❢t❡rs ✜rst✳ ❚❤✐s

✇❛② ❛♥② ♣♦ss✐❜❧❡ ❛❞✈❛♥t❛❣❡s ❛♥❞ ❞✐s❛❞✈❛♥t❛❣❡s ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ✇✐❧❧ ♥♦t ❜❡ ♦✈❡r❧♦♦❦❡❞✳

✹✳✷✳✶✳✶ ❚✇♦ ❘❈ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦s

❋✐❣✉r❡ ✹✳✶ ❞❡♣✐❝ts t❤❡ ♣r♦♣♦s❡❞ ♠♦❞❡❧ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❞❡❣❡♥❡r❛t❡❞ ✉s✐♥❣ t✇♦ ❘❈

♥❡t✇♦r❦s✳ ❚❤✐s ❝✐r❝✉✐t ✐s ❛ tr❛♥s❢♦r♠❡❞ ✈❡rs✐♦♥ ♦❢ ❛ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ t❤❡ r❡s♦♥❛t♦r

❣✐✈❡♥ ❜② ▼♦✉❧❞✐♥❣ ❬✽✸❪ ❛♥❞ ♣r❡s❡♥t❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✺✳ ❚❤❡ ✐♥tr✐♥s✐❝

❧♦ss❡s ♦❢ t❤❡ ❛♠♣❧✐✜❡rs ❛r❡ ♥♦✇ s✉❜st✐t✉t❡❞ ❜② t❤❡ ♣❤❛s❡ s❤✐❢t❡rs ❝♦♥♥❡❝t❡❞ ❛t t❤❡ ✐♥♣✉t

♦❢ ❡❛❝❤ tr❛♥s❝♦♥❞✉❝t♦r✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ ❝✐r❝✉✐t ♦♣❡r❛t❡s ❛t ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡

t❤❡ tr❛♥s❝♦♥❞✉❝t♦r ♣❛r❛s✐t✐❝s ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ ♦✈❡r❛❧❧ ♣❤❛s❡ s❤✐❢t

❡①♣❡r✐❡♥❝❡❞ ❜② t❤❡ r❡s♦♥❛t♦r✳ ▲♦❛❞ ❝❛♣❛❝✐t❛♥❝❡ Cg ✐s ❝♦♥♥❡❝t❡❞ ❛t t❤❡ ♦✉t♣✉t ♣♦rt

❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ st❛♥❞❛r❞ ❣②r❛t♦r✱ ❤♦✇❡✈❡r t❤✐s t✐♠❡ ✐ts ✈♦❧t❛❣❡ ❞♦❡s ♥♦t ❞r✐✈❡ t❤❡

❢❡❡❞❜❛❝❦ ❛♠♣❧✐✜❡r ❞✐r❡❝t❧②✳ ■♥st❡❛❞✱ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡s ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡rs ❘✐♥❈✐♥

❛♥❞ ❘♦✉t❈♦✉t ❛r❡ ♥♦✇ ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s❝♦♥❞✉❝t♦rs✳

✼✺



✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❆t t❤✐s st❛❣❡✱ ❢♦r s✐♠♣❧✐❝✐t② ♦❢ ❝❛❧❝✉❧❛t✐♦♥s✱ ✐t ✐s ❛ss✉♠❡❞ t❤❡r❡ ❛r❡ ♥♦ ❛❞❞✐t✐♦♥❛❧

r❡s✐st✐✈❡ ❧♦ss❡s ♣r❡s❡♥t ❛t t❤❡ ✐♥♣✉t✴♦✉t♣✉t ♣♦rts✳ ❚❤❡s❡ ✇✐❧❧ ❜❡ r❡✲✐♥tr♦❞✉❝❡❞ ❧❛t❡r✳

❆❧s♦✱ ✐t ✇✐❧❧ ❜❡ ❛ss✉♠❡❞ t❤❛t ❜♦t❤ ❛♠♣❧✐✜❡rs ❛r❡ ♥♦t ❞r❛✇✐♥❣ ❛♥② ❝✉rr❡♥t ❢r♦♠ t❤❡

♣❤❛s❡ s❤✐❢t❡rs✳ ❚❤✐s ❛ss✉♠♣t✐♦♥ ✉s✉❛❧❧② ❤♦❧❞s ❢♦r ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐ts ❜❡❝❛✉s❡ ✐♥♣✉t st❛❣❡

♣❛r❛s✐t✐❝s ❝❛♥ ❜❡ ✐♥❝♦r♣♦r❛t❡❞ ✐♥t♦ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦s✳

vin

iin Rin

Cin

+
v1−

−gm1

i1

Cg

Rout

Cout

+
v2−

gm2

i2

■♥♣✉t ♣❤❛s❡ s❤✐❢t❡r

❖✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r

❋✐❣✉r❡ ✹✳✶✿ Pr♦♣♦s❡❞ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r t♦ st✉❞② ❡✛❡❝ts ♦❢
t✇♦ ❘❈ ♣❤❛s❡ s❤✐❢t❡rs✳

❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤✐s ❝❤❛♣t❡r✱ ✐♠♠✐t❛♥❝❡ ❢✉♥❝t✐♦♥s ❛❧❧♦✇ ✉s t♦

st✉❞② t❤❡ ❝✐r❝✉✐t r❡s♣♦♥s❡ ❢♦r ❆❈ s✐❣♥❛❧s✳ ❆s t❤❡ ❣②r❛t♦r ♠♦❞❡❧ ❢r♦♠ ❋✐❣✉r❡ ✹✳✶ ❝❛♥

❜❡ tr❛♥s❢♦r♠❡❞ t♦ ❛ ♣❛r❛❧❧❡❧ r❡s♦♥❛♥t str✉❝t✉r❡✱ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✐s ❛ ♠♦r❡ ❝♦♥✈❡♥✐❡♥t

❢✉♥❝t✐♦♥ t♦ ❞❡s❝r✐❜❡ ✐t✳ ❲❤❡♥ t❤❡ ❝✐r❝✉✐t ✐s ❞r✐✈❡♥ ❜② t❤❡ t❡st ❝✉rr❡♥t iin✱ t❤❡ r❡s✉❧t✐♥❣

✈♦❧t❛❣❡ vin ❝❛♥ ❜❡ ❢♦✉♥❞ ❜② s♦❧✈✐♥❣ ❑❱▲ ❡q✉❛t✐♦♥s ❢♦r t❤❡ ✐♥♣✉t ♣♦rt✳ ❚❤❡ ✐♥♣✉t

❛❞♠✐tt❛♥❝❡ ✐s t❤❡♥ ❢♦✉♥❞ ❢r♦♠

yin(jω) =
iin
vin

=
1

z1(jω)
+

1

z2(jω) + z3(jω) + z4(jω)
✭✹✳✶✮

✇❤❡r❡

z1(jω) = Rin +
1

jωCin

z2(jω) =
1

jω

1

gm1gm2

ω4CgCinCoutRinRout

=
1

jωCsim
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✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

z3(jω) = jω
Cg + Cout

gm1gm2
= jωLsim

z4(jω) = −ω2 (Cg + Cout)CinRin + CgCoutRout

gm1gm2
= −Rsim ✭✹✳✷✮

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

✜rst t❡r♠✱ 1/z1(jω) ✐s ❡q✉❛❧ t♦ t❤❡ t♦t❛❧ ❛❞♠✐tt❛♥❝❡ ♦❢ t❤❡ ✐♥♣✉t ♣❤❛s❡ s❤✐❢t❡r✳ ❚❤❡

s❡❝♦♥❞ ♥❡t✇♦r❦ ✐s ❛ s❡r✐❡s r❡s♦♥❛♥t ❝✐r❝✉✐t✱ ❝♦♥s✐st✐♥❣ ♦❢ t❤r❡❡ ✐♠♣❡❞❛♥❝❡s✿ t❤❡ ♣❛r❛s✐t✐❝

❝❛♣❛❝✐t♦r z2(jω)✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ z3(jω) ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ z4(jω)✳

❊q✉❛t✐♦♥ ✭✹✳✶✮ ❞✐✛❡rs ❢r♦♠ t❤❡ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ▼♦✉❧❞✐♥❣ ❬✽✸❪ ❣✐✈❡♥ ❜② ✭✸✳✸✸✮ ❜❡❝❛✉s❡

❜♦t❤ ❘❈ ♥❡t✇♦r❦s ❞r❛✇ ❝✉rr❡♥t ❞✉❡ t♦ t❤❡✐r ✜♥✐t❡ ❛❞♠✐tt❛♥❝❡s✱ ♥❡✈❡rt❤❡❧❡ss ❛ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ✐s s✉❝❝❡ss❢✉❧❧② ❣❡♥❡r❛t❡❞✳

❆ ❜r✐❡❢ ♠❛t❤❡♠❛t✐❝❛❧ ❛♥❛❧②s✐s ♦❢ ✭✹✳✶✮ r❡✈❡❛❧s t❤❛t t❤❡ ❝✐r❝✉✐t s✉✛❡rs ❢r♦♠ ❛ ❧♦✇✲

❢r❡q✉❡♥❝② ♣❛r❛s✐t✐❝ s❡❧❢✲r❡s♦♥❛♥❝❡ ❝❛✉s❡❞ ❜② ❛ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t♦r Csim ❞❡s❝r✐❜❡❞ ❜②

z2(jω)✳ ❆s Csim ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ ω4✱ ✐t ❝❛♥ ❜❡ ♠✉❝❤ ❧❛r❣❡r t❤❛♥ ❛♥② ♦t❤❡r

❝❛♣❛❝✐t❛♥❝❡ ♣r❡s❡♥t ✐♥ t❤❡ ❝✐r❝✉✐t✳ ❆♥♦t❤❡r s❤♦rt❝♦♠✐♥❣ ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ❝♦♠❡s ❢r♦♠

t❤❡ ❢❛❝t t❤❛t t✇♦ ❘❈ ❝✐r❝✉✐ts ✐♥tr♦❞✉❝❡ t✇♦ t❤❡r♠❛❧ ♥♦✐s❡ ❣❡♥❡r❛t♦rs t❤❛t ❝♦♥tr✐❜✉t❡ t♦

t❤❡ t♦t❛❧ ♥♦✐s❡ ♦❢ t❤❡ r❡s♦♥❛t♦r✳

✹✳✷✳✶✳✷ ❙✐♥❣❧❡ ♣❤❛s❡ s❤✐❢t❡r

❚❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✹✳✶ ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ ✐❢ ♦♥❡ ♦❢ t❤❡ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦s ✐s r❡✲

♠♦✈❡❞ ♣❡r♠❛♥❡♥t❧②✳ ❚❤✐s r❡s✉❧ts ✐♥ t✇♦ ♣♦ss✐❜❧❡ ❝✐r❝✉✐t ❛rr❛♥❣❡♠❡♥ts✳ ■♥ t❤❡ ✜rst ❝❛s❡

✭❋✐❣✉r❡ ✹✳✷❛✮✱ ❘✐♥❈✐♥ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✐♥♣✉t ♦❢ t❤❡ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r✱ ✇❤❡r❡❛s t❤❡

s❡❝♦♥❞ ❛♠♣❧✐✜❡r ✐s ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② t♦ Cg✳ ■♥ t❤❡ s❡❝♦♥❞ ❝❛s❡ ✭❋✐❣✉r❡ ✹✳✷❜✮✱ ❘♦✉t❈♦✉t

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

t♦ t❤❡ ✐♥♣✉t ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❲❤❡♥ ♦♥❡ ♦❢ ❘❈ ❝✐r❝✉✐ts ✐s r❡♠♦✈❡❞✱ ♦♥❡ ♦❢ t❤❡

♥♦✐s❡ s♦✉r❝❡s ✐s ❛✉t♦♠❛t✐❝❛❧❧② ❡❧✐♠✐♥❛t❡❞✳ ❚❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t♦r Csim ❢r♦♠ ✭✹✳✶✮ ✐s

❛❧s♦ s✉♣♣r❡ss❡❞ ❛s ✐t ✐s t❤❡ r❡s✉❧t ♦❢ t✇♦ ♣❤❛s❡ s❤✐❢t❡rs ❜❡✐♥❣ ♣r❡s❡♥t ✐♥ t❤❡ ❝✐r❝✉✐t✳ ❆s

❛ r❡s✉❧t✱ ❜♦t❤ ❝✐r❝✉✐ts ❢r♦♠ ❋✐❣✉r❡ ✹✳✷ ❝❛♥ ♦♣❡r❛t❡ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳

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

✼✼



✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

vin

iin Rin

Cin

+
v1−

−gm1

i1

Cg

gm2

i2

■♥♣✉t ♣❤❛s❡ s❤✐❢t❡r

✭❛✮

vin

iin −gm1

i1

Cg

Rout

Cout

+
v2−

gm2

i2

❖✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r

✭❜✮

❋✐❣✉r❡ ✹✳✷✿ ❉❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤ s✐♥❣❧❡ ♣❤❛s❡ s❤✐❢t❡r✿ ✭❛✮ ❛t t❤❡ ✐♥♣✉t✱ ✭❜✮
❛t t❤❡ ♦✉t♣✉t✳

✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ❢✉♥❝t✐♦♥s ❛r❡ ❛♥❛❧②s❡❞✳ ❲❤❡♥ t❤❡ ❘✐♥❈✐♥ ♥❡t✇♦r❦ ✐s ♣r❡s❡♥t✱ t❤❡ ✐♥♣✉t

❛❞♠✐tt❛♥❝❡ ✐s ❡q✉❛❧ t♦

yin(jω) =
1

Rin +
1

jωCin

+
1

jω
Cg

gm1gm2
− ω2

CgCinRin

gm1gm2

✭✹✳✸✮

■♥ t❤✐s ❝❛s❡✱ ✭✹✳✸✮ r❡♣r❡s❡♥ts ❛ s✉♠ ♦❢ t✇♦ r❡❛❝t✐✈❡ ♥❡t✇♦r❦s✳ ❚❤❡ ❛❞♠✐tt❛♥❝❡ ♦❢ t❤❡ ✜rst

t❡r♠ ✐s ❡q✉❛❧ t♦ t❤❡ t♦t❛❧ ❛❞♠✐tt❛♥❝❡ ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❝✐r❝✉✐t ❢r♦♠

❋✐❣✉r❡ ✹✳✷❛ ❤❛s ❛♥ ❛❞❞✐t✐♦♥❛❧ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡✱ r❡s✉❧t✐♥❣ ✐♥ s❡❧❢✲r❡s♦♥❛♥❝❡✳ ❍♦✇❡✈❡r✱

✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❝✐r❝✉✐t ✇✐t❤ t✇♦ s❤✐❢t❡rs✱ t❤❡ s❡❧❢✲r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ✐s ♠✉❝❤

❤✐❣❤❡r ✭❛s ♠❡♥t✐♦♥❡❞ t❤❡ ❝❛♣❛❝✐t♦r Csim ❢r♦♠ ✹✳✶ ✐s ♥♦ ❧♦♥❣❡r ♣r❡s❡♥t✮✳ ❚❤❡ s❡❝♦♥❞

t❡r♠ ♦❢ ✭✹✳✸✮ ❝♦rr❡s♣♦♥❞s t♦ ❛ s❡r✐❡s ❝♦♥♥❡❝t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡

r❡s✐st♦r✳ ❚❤✉s✱ ❡✈❡♥ t❤♦✉❣❤ ♦♥❧② ❛ s✐♥❣❧❡ ♣❤❛s❡ s❤✐❢t❡r ✐s ✉s❡❞✱ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

✭−ω2CgCinRin/gm1gm2✮ ✐s ❣❡♥❡r❛t❡❞✳

■♥ t❤❡ s❡❝♦♥❞ ❝❛s❡✱ t❤❡ ❘♦✉t❈♦✉t ♣❤❛s❡ s❤✐❢t❡r ✐s ✉s❡❞✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥♣✉t

❛❞♠✐tt❛♥❝❡ ❜❡❝♦♠❡s ♥♦✇

yin(jω) =
1

jω
(Cg + Cout)

gm1gm2
− ω2

CgCoutRout

gm1gm2

✭✹✳✹✮

✼✽



✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❚❤✐s t✐♠❡ t❤❡ t♦t❛❧ ❛❞♠✐tt❛♥❝❡ r❡♣r❡s❡♥ts ❛ s❡r✐❡s ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡

✭Cg/gm1gm2 + Cout/gm1gm2✮ ❛♥❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✭−ω2CgCoutRout/gm1gm2✮✳ ◆♦

❛❞❞✐t✐♦♥❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐s ♣r❡s❡♥t ❛t t❤❡ ✐♥♣✉t ❛♥❞ t❤❡r❡❢♦r❡ t❤❡r❡ ✐s ♥♦ s❡❧❢✲r❡s♦♥❛♥❝❡✳

❚❤✐s st❛t❡♠❡♥t ✐s ✈❛❧✐❞ ♦♥❧② ❢♦r t❤❡ ✐❞❡❛❧ ❝✐r❝✉✐t ❝♦♥s✐❞❡r❡❞ ❤❡r❡✳ ❋✉♥❝t✐♦♥ ✭✹✳✹✮ ❛❧s♦

♣r♦✈❡s t❤❛t ✐♥ t❤✐s ❝❛s❡ ❛ s✐♥❣❧❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ✐s s✉✣❝✐❡♥t t♦ ❣❡♥❡r❛t❡ ♥❡❣❛t✐✈❡ r❡s✐s✲

t❛♥❝❡✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ❝✐r❝✉✐t ✇✐t❤ ✐♥♣✉t ❘❈ ♥❡t✇♦r❦✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡

✐s ❧❛r❣❡r ❜② ❝❛♣❛❝✐t❛♥❝❡ Cout ✇❤❡r❡❛s t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❤❛s t❤❡ s❛♠❡ ❝❤❛r❛❝t❡r

❛♥❞ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡✳

❚♦ ❝♦♠♣❛r❡ t❤❡ ❆❈ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❜♦t❤ ❝✐r❝✉✐ts✱ ✭✹✳✸✮ ❛♥❞ ✭✹✳✹✮ ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞

✐♥ ▼❛t❧❛❜ ❛♥❞ s✐♠✉❧❛t❡❞ ♦✈❡r ❛ ❞❡❝❛❞❡ ❜❛♥❞✇✐❞t❤ ❢r♦♠ ✶✵✵ ▼❍③ t♦ ✶✵✵✵ ▼❍③✳ ❆♥

✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r ❞❡s✐❣♥ ❢♦r t❤✐s ♣❛rt✐❝✉❧❛r ❜❛♥❞✇✐❞t❤ ✐s ✐♥t❡r❡st✐♥❣ ❢♦r ❢❡✇ r❡❛✲

s♦♥s✳ ❋✐rst ♦❢ ❛❧❧✱ ✐♥t❡❣r❛t❡❞ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs ❛✈❛✐❧❛❜❧❡ ✐♥ t②♣✐❝❛❧ ❝♦♠♠❡r❝✐❛❧ ❈▼❖❙

♣r♦❝❡ss ♦❝❝✉♣② ❛ ❧❛r❣❡ ❝❤✐♣ ❛r❡❛ ❛t t❤❡s❡ ❢r❡q✉❡♥❝✐❡s✳ ❙❡❝♦♥❞❧②✱ ♠❛♥② ❞✐✛❡r❡♥t r❛❞✐♦✲

❝♦♠♠✉♥✐❝❛t✐♦♥ s②st❡♠s ❛r❡ s✉♣♣♦rt❡❞ ✐♥ t❤❡s❡ ❢r❡q✉❡♥❝② r❛♥❣❡s ✭❚❊❚❘❆✱ ■❙▼✱ ❚❱

❜r♦❛❞❝❛st✐♥❣✱ t♦ ♥❛♠❡ ❛ ❢❡✇✮✳ ❋✐♥❛❧❧②✱ ❛ ❞❡❝❛❞❡ ❜❛♥❞✇✐❞t❤ ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t♦ ❡①♣❡r✐✲

♠❡♥t ✇✐t❤ ❛ ✈❛r✐♦✉s ❝♦♥❝❡♣ts ♦❢ ❛ ✇✐❞❡✲❜❛♥❞ r❡s♦♥❛t♦rs✳

❚❛❜❧❡ ✹✳✶✿ ❙✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ❝❤♦s❡♥ t♦ ❝♦♠♣❛r❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✇✐t❤ s✐♥❣❧❡ ❘❈
s❤✐❢t❡r✳

❱❛❧✉❡
▼♦❞❡❧ ♣❛r❛♠❡t❡rs

gm Rin Rout Cin Cout Cg ❋r❡q✉❡♥❝②
♠❆✴❱ ❦Ω ♣❋ ▼❍③

❧♦✇ ✺ ✵✳✶✺
✵✳✹

✶✵✵
❤✐❣❤ ✷✺ ✶✳✺ ✶✵✵✵

❚❤❡ ♣r♦♣♦s❡❞ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s ✇❡r❡ s✐♠✉❧❛t❡❞ ✉s✐♥❣ t❤❡ s❡t ♦❢ ♣❛r❛♠❡t❡rs

❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✹✳✶✳ ❚❡r♠s ❧♦✇ ❛♥❞ ❤✐❣❤ q✉❛❧✐t❛t✐✈❡❧② ❞❡s❝r✐❜❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❡❛❝❤

❝♦rr❡s♣♦♥❞✐♥❣ ♣❛r❛♠❡t❡r✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t ❜♦t❤ ❛♠♣❧✐✜❡rs ❤❛✈❡ t❤❡ s❛♠❡ tr❛♥s❝♦♥✲

❞✉❝t❛♥❝❡ gm ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠♦st ❝♦♠♠♦♥ ♣r❛❝t✐❝❛❧ ❞❡s✐❣♥ ❝❤♦✐❝❡ ✐♥ ❛♥②

❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ❬✹✼❪✳ ■t ✐s ❛❧s♦ ❛ss✉♠❡❞ t❤❛t ❝❛♣❛❝✐t❛♥❝❡ Cin ✐s s♠❛❧❧ ❡♥♦✉❣❤

t♦ ❛✈♦✐❞ s❡❧❢✲r❡s♦♥❛♥❝❡ ♦❢ t❤❡ ❣②r❛t♦r ✇✐t❤ t❤❡ ✐♥♣✉t s❤✐❢t❡r ✇✐t❤✐♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❢r❡✲

q✉❡♥❝② r❛♥❣❡✳ ❋♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ❢❛✐r ❝♦♠♣❛r✐s♦♥ Cin = Cout = Cg ✇❤✐❝❤ ❛❧❧♦✇s ✉s

✼✾



✹✳✷ ●❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

t♦ ♦❜s❡r✈❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r❝✉✐ts ❢♦r t❤❡ s❛♠❡ ❘❈ ♥❡t✇♦r❦ ❝♦♥♥❡❝t❡❞ ❛t ❞✐✛❡r❡♥t

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

t❤❡ ❣②r❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡ t♦ ❤❛✈❡ ❛♥② ❡✛❡❝t ♦♥ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❋✐♥❛❧❧②✱ ❜❡❝❛✉s❡

t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡s ✭✹✳✸✮ ❛♥❞ ✭✹✳✹✮ ❛r❡ ❝♦♠♣❧❡①✱ t❤❡ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ♣❛rts ✇❡r❡

❛♥❛❧②s❡❞ s❡♣❛r❛t❡❧②✳

❋✐❣✉r❡s ✹✳✸ ❛♥❞ ✹✳✹ ♣r❡s❡♥t ♣❧♦ts ♦❢ t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧

✐♥❞✉❝t❛♥❝❡ ❢✉♥❝t✐♦♥s ❢♦r ❛ ❧♦✇ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❛♠♣❧✐✜❡rs ❡q✉❛❧ t♦ ✺ ♠❆✴❱✳ ❚❤❡ ✜rst

❞✐❛❣r❛♠ r❡♣r❡s❡♥ts ❛ s✐t✉❛t✐♦♥ ✇❤❡r❡ ❜♦t❤ Rin ❛♥❞ Rout ❛r❡ ❛❧s♦ s♠❛❧❧✱ ❝♦rr❡s♣♦♥❞✐♥❣

t♦ ❛ ❝❛❧❝✉❧❛t❡❞ ♣❤❛s❡ ❧❛❣ ❧❡ss t❤❛♥ 0.1π r❛❞ ❛t ✶✵✵✵ ▼❍③✳ ❚❤❡ ❝✐r❝✉✐t ✇✐t❤ t❤❡ ♦✉t♣✉t

s❤✐❢t❡r ❢r♦♠ ❋✐❣✉r❡ ✹✳✷❜ ✐s ❧❡ss s❡♥s✐t✐✈❡ t♦ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ✇❤✐❧❡ ❛t t❤❡ s❛♠❡ t✐♠❡

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

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

❝❛♣❛❝✐t♦r ✭❧❡ss ❝❤✐♣ ❛r❡❛✮ t♦ ❞❡s✐❣♥ ▲❈ t❛♥❦ ❛t ❣✐✈❡♥ ❢r❡q✉❡♥❝②✳

■❢ ❜♦t❤ Rin ❛♥❞ Rout ❛r❡ ✐♥❝r❡❛s❡❞ t♦ ✶✳✺ ❦Ω✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❤❛s❡ ❧❛❣ ❛❧s♦ ✐♥✲

❝r❡❛s❡s✱ r❡❛❝❤✐♥❣ 0.38π r❛❞ ❛t t❤❡ ♠❛①✐♠✉♠ s✐❣♥❛❧ ❢r❡q✉❡♥❝②✳ ■♥ t❤✐s ❝❛s❡✱ ✐❧❧✉str❛t❡❞

♦♥ ❋✐❣✉r❡ ✹✳✹✱ t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ ❣②r❛t♦r ✇✐t❤ t❤❡ ✐♥♣✉t s❤✐❢t❡r ❢r♦♠ ❋✐❣✲

✉r❡ ✹✳✷❛ ❞❡❝r❡❛s❡s ♠✉❝❤ ❢❛st❡r✱ ②❡t ✐♥ ❜♦t❤ ✐♥❞✉❝t♦rs t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♥❡❣❛t✐✈❡

❝♦♠♣♦♥❡♥t ✐s ❧❛r❣❡r t❤❛♥ ❢r♦♠ ❋✐❣✉r❡ ✹✳✸✳ ❚❤❡ s❡❧❢✲r❡s♦♥❛♥❝❡ ♦❢ t❤❡ ❝✐r❝✉✐t ✇✐t❤ t❤❡

❘✐♥❈✐♥ ♥❡t✇♦r❦ ✐s ❧♦✇❡r❡❞✱ ✇❤✐❝❤ ✐s ♠❛♥✐❢❡st❡❞ ❜② ❛ r❛♣✐❞ ✐♥❞✉❝t❛♥❝❡ ✐♥❝r❡❛s❡ ❛t ❤✐❣❤❡r

❢r❡q✉❡♥❝✐❡s✳ ❚❤✉s✱ t❤❡ ❜❛♥❞✇✐❞t❤ ♦✈❡r ✇❤✐❝❤ ✐♥❞✉❝t❛♥❝❡ ✐s ❛✈❛✐❧❛❜❧❡ ✐s ✐♥❡✈✐t❛❜❧② ❧♦✇❡r

t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❝✐r❝✉✐t ✇✐t❤ t❤❡ ♦✉t♣✉t ❘❈ s❤✐❢t❡r✳ ❚❤✐s ❜❡❤❛✈✐♦r ✇❛s ❡①♣❡❝t❡❞✱

❜❡❝❛✉s❡ ❛s ✭✹✳✹✮ s✉❣❣❡sts✱ t❤❡ ❧❛tt❡r ❞♦❡s ♥♦t ❤❛✈❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❝❛♣❛❝✐t♦r ❛t ✐ts ✐♥♣✉t✳

❚❤❡ s❛♠❡ t②♣❡ ♦❢ ❜❡❤❛✈✐♦r ✐s ♦❜s❡r✈❡❞ ❢♦r ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❜♦t❤

❛♠♣❧✐✜❡rs✱ s❡t t♦ ✷✺ ♠❆✴❱ ❛♥❞ ❝❤♦s❡♥ ❢♦r t❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡♦r❡t✐❝❛❧ ❞✐s❝✉ss✐♦♥ ♦♥❧②✳

❆❧t❤♦✉❣❤ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♣❛r❛♠❡t❡rs ❤❛s ♥♦✇ ❝❤❛♥❣❡❞✱ t❤❡

❢r❡q✉❡♥❝② ❜❡❤❛✈✐♦r r❡♠❛✐♥s t❤❡ s❛♠❡✱ ❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡s ✹✳✺ ❛♥❞ ✹✳✻✳ ◆♦t❡✱ t❤❛t

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

s♠❛❧❧✳ ❚♦ ❝♦♠♣❡♥s❛t❡✱ ❡✐t❤❡r ❛ ❧❛r❣❡r Rin✱ Rout ❛♥❞ Cg ❝❛♥ ❜❡ ✉s❡❞✱ ❤♦✇❡✈❡r t❤✐s

❛❞❥✉st♠❡♥t ❤❛s t♦ ❜❡ ❝❛r❡❢✉❧❧② ❛❞♠✐♥✐str❛t❡❞ s✐♥❝❡ ✐t ♠❛② ❝❛✉s❡ ❛♥ ✉♥✇❛♥t❡❞ ❝❤❛♥❣❡
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♦❢ t❤❡ ♥❡❣❛t✐✈❡ r❡❛❧ ❛❞♠✐tt❛♥❝❡ t❡r♠ ❛♥❞✱ ❛s ♣r❡s❡♥t❡❞ ❧❛t❡r ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✱ ❛❧s♦

❛✛❡❝ts t❤❡ ♥♦✐s❡ ❛♥❞ ❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢ t❤❡ r❡s♦♥❛t♦r✳

❇❛s❡❞ ♦♥ t❤❡ ▼❛t❧❛❜ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡s ✹✳✸✲✹✳✻ ♦♥❡ ❝❛♥ ❝♦♥✲

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

❘♦✉t❈♦✉t ❛❝❤✐❡✈❡s✿

❼ ◆❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ t❤❛t ✐s ❧❡ss s❡♥s✐t✐✈❡ t♦ ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s✳

❼ ▲❛r❣❡r ✐♥❞✉❝t❛♥❝❡✱ ❢♦r ❛ ❣✐✈❡♥ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❛❧❧♦✇✐♥❣ t❤❡ ✉s❡ ♦❢ ❛♥ ✐♥t❡❣r❛t❡❞

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

❼ ❙✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ♦❝❝✉♣②✐♥❣ ❛ ❜r♦❛❞❡r ❢r❡q✉❡♥❝② ❜❛♥❞ ❞✉❡ t♦ ❛ ❧❛❝❦ ♦❢ ✐♥♣✉t

❝❛♣❛❝✐t♦r Cin✳ ❆s ❛ r❡s✉❧t✱ t❤❡ r❡s♦♥❛t♦r ❝❛♥ ♦♣❡r❛t❡ ♦✈❡r ❛ ✇✐❞❡r ❢r❡q✉❡♥❝② r❛♥❣❡✳

❋♦r t❤❡s❡ r❡❛s♦♥s✱ t❤❡ ♦✉t♣✉t ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ ❛s ❛ ❝❤✐❡❢ ♠❡❝❤❛✲

♥✐s♠ ♦❢ ❧♦ss ❝♦♠♣❡♥s❛t✐♦♥ ♠❡t❤♦❞ ✐♥ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳
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■t ✇❛s s❤♦✇♥ ✐♥ ❈❤❛♣t❡r ✸ t❤❛t ❢♦r ❝♦♥✈❡♥✐❡♥❝❡ ♦❢ ❝✐r❝✉✐t ❛♥❛❧②s✐s ✐t ✐s ✉s❡❢✉❧ t♦ tr❛♥s❢♦r♠

❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ✐♥t♦ ✐ts ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t✳ ❆s t❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ✐s ♦♥❧② ✈❛❧✐❞

✐♥ ❛ ✈✐❝✐♥✐t② ♦❢ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❛♥② ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ✐s t❤❡r❡❢♦r❡ ❛ ❢r❡q✉❡♥❝②

❞❡♣❡♥❞❡♥t ❝✐r❝✉✐t✱ ❡✈❡♥ ✐❢ ❛♥ ♦r✐❣✐♥❛❧ ♣❛r❛♠❡t❡rs ❜❡❢♦r❡ tr❛♥s❢♦r♠❛t✐♦♥ ❛r❡ ♥♦t✳ ■♥ t❤❡

❝❛s❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ t❤✐s ❡✛❡❝t ✐s ❡✈❡♥ ♠♦r❡ ❝♦♠♣❧❡① ❜❡❝❛✉s❡ t❤❡ s❡r✐❡s

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞ ❜② ❛ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦ ✐s ❛❧r❡❛❞② ❛ ❢✉♥❝t✐♦♥ ♦❢ ❛ s✐❣♥❛❧

❢r❡q✉❡♥❝② ❛s ✐♥❞✐❝❛t❡❞ ❜② ✭✹✳✹✮✳

❋✐❣✉r❡ ✹✳✼ ❞❡♣✐❝ts ❛♥ ✐❞❡❛❧ r❡s♦♥❛t♦r ❜❛s❡❞ ♦♥ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❝✐r❝✉✐t ❛♥❛❧②s❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥✳ ❈♦♠♣♦♥❡♥ts CT ❛♥❞ RT r❡♣r❡s❡♥t t❤❡ t♦t❛❧

r❡s♦♥❛t♦r ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ r❡s✐st❛♥❝❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❆s ❜❡❢♦r❡✱ t♦ ✜♥❞ ❛ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛✲

❧❡♥t✱ ✜rst t❤❡ q✉❛❧✐t② ❢❛❝t♦r ❤❛s t♦ ❜❡ ❢♦✉♥❞✳ ❇❡❝❛✉s❡ ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✱ t❤❡ q✉❛❧✐t②

❢❛❝t♦r ✐s ❛❧s♦ ♥❡❣❛t✐✈❡✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t ♣♦✇❡r ✐s ❛❞❞❡❞ t♦ t❤❡ r❡s♦♥❛t♦r ✐♥st❡❛❞ ♦❢

❜❡✐♥❣ ❞✐ss✐♣❛t❡❞✳ ❆❧t❤♦✉❣❤ ✉♥❝♦♠♠♦♥✱ ❛ ♥❡❣❛t✐✈❡ Q st✐❧❧ ②✐❡❧❞s ♣r♦♣❡r r❡s✉❧ts ❜❡❝❛✉s❡

✽✸



✹✳✸ ■❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

vin

iin

CT RT

−gm1

i1

Cg

Rout

Cout

+
v2−

gm2

i2

❖✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r

✭❛✮

vin

iin

CT RT Rpdg Lpdg

✭❜✮

❋✐❣✉r❡ ✹✳✼✿ ■❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✿ ✭❛✮ ❝✐r❝✉✐t✱ ✭❜✮ ♣❛r❛❧❧❡❧ ❡q✉✐✈✲
❛❧❡♥t ♠♦❞❡❧✳

✐t ✐s sq✉❛r❡❞ ❞✉r✐♥❣ tr❛♥s❢♦r♠❛t✐♦♥✳ ■ts ♠❛❣♥✐t✉❞❡ ❛♥❞ ♥♦t s✐❣♥ ❞❡t❡r♠✐♥❡s t❤❡ ✈❛❧✉❡s

♦❢ t❤❡ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥ts✳

❯s✐♥❣ ✭✹✳✹✮ ❛ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝✐r❝✉✐t ✐s ❢♦✉♥❞ ✉s✐♥❣

t❤❡ st❛♥❞❛r❞ ❞❡✜♥✐t✐♦♥ ❢r♦♠ ❈❤❛♣t❡r ✷✱ Q(ω)
def
= ωLs/Rs✳ ■♥tr♦❞✉❝✐♥❣ t❤❡ ❛✉①✐❧✐❛r②

✈❛r✐❛❜❧❡s

CS =
CgCout

Cg + Cout
CP = Cg + Cout ✭✹✳✺✮

❛♥❞

ωz =
1

RoutCS
✭✹✳✻✮

❛ q✉❛❧✐t② ❢❛❝t♦r ♥❡❝❡ss❛r② ❢♦r ❛ ♥❛rr♦✇ ❜❛♥❞ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞

Qsdg(ω) =
ω (Cg + Cout)

−ω2CgCoutRout
=

1

−ωRout

1

CgCout

Cg + Cout

=
−ωz

ω
✭✹✳✼✮

❚❤✉s ✉s✐♥❣ ✭✹✳✺✮ ❛♥❞ ✭✹✳✻✮✱ t❤❡ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡ ✐s ❡q✉❛❧ t♦

Rpdg(ω) = −ω2CgCoutRout

gm1gm2

(
Qsdg(ω)2 + 1

)
= −ω2CgCoutRout

gm1gm2

(
ω2

z

ω2
+ 1

)

=

= − ωzCP

gm1gm2

(

1 +
ω2

ω2
z

)

✭✹✳✽✮

✽✹



✹✳✸ ■❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

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

Lpdg(ω) =
Cg + Cout

gm1gm2

(
Qsdg(ω)2 + 1

Qsdg(ω)2

)

=
CP

gm1gm2

(

1 +
ω2

ω2
z

)

✭✹✳✾✮

■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❜♦t❤ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❛♥❞ ✐♥❞✉❝t❛♥❝❡ ❛r❡ ❞✐r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧

t♦ ❡❛❝❤ ♦t❤❡r✱ s✐♠✐❧❛r❧② t♦ ▼♦✉❧❞✐♥❣ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ ❧♦ss② ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✸✳✾✳

❋♦r ❛♥ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✇✐t❤ t❤❡ ♦✉t♣✉t ❘❈ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦✱ t❤❡ ❢♦❧❧♦✇✐♥❣

r❡❧❛t✐♦♥s❤✐♣ ✐s tr✉❡

Rpdg(ω) = −ωzLpdg(ω)←→ Lpdg(ω) =
|Rpdg (ω)|

ωz
✭✹✳✶✵✮

❋✐♥❛❧❧②✱ t❤❡ t♦t❛❧ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ t❤❡ r❡s♦♥❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✹✳✼❜ ✐s ❡q✉❛❧ t♦

yin(jω) =
1

RT
− gm1gm2

ωzCP




1 +

ω2

ω2
z






+ j










ωCT −
gm1gm2

ωCP

(

1 +
ω2

ω2
z

)










✭✹✳✶✶✮

❆t r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❜♦t❤ r❡❛❝t✐✈❡ ❛❞♠✐tt❛♥❝❡s ❝❛♥❝❡❧ ❡❛❝❤ ♦t❤❡r✳ ■♥ ♦r❞❡r t♦ ✜♥❞ t❤✐s

❢r❡q✉❡♥❝②✱ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ ✭✹✳✶✶✮ ❤❛s t♦ ❜❡ ❡q✉❛❧ t♦ ✵ ✐✳❡✳ ℑyin(jω) = 0✳ ❘❡❝❛❧❧✐♥❣

✭✹✳✾✮✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ✐♥❞✉❝t❛♥❝❡ ✐s ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t✳ ❚❤✐s

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

✐s ♥♦✇ ❣✐✈❡♥ ❜②

ω0 =
1

√
Lpdg(ω0)CT

✭✹✳✶✷✮

✇❤✐❝❤ ✐s ❛ ✹t❤ ♦r❞❡r ❡q✉❛t✐♦♥ ✇✐t❤ r❡❛❧ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❙②♠❜♦❧✐❝ ▼❛t❤ ❚♦♦❧❜♦① ✐♥

▼❛t❧❛❜ ✇❛s ❡♠♣❧♦②❡❞ t♦ ❞❡r✐✈❡ t❤❡ r❡s✉❧t✱ ②✐❡❧❞✐♥❣ ✹ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥s✳ ❚❤❡ ❝❛❧❝✉❧❛✲

t✐♦♥ ♣r♦❝❡ss ✐♥✈♦❧✈❡s ▼❛♣❧❡ ❦❡r♥❡❧✱ ❛ ❝♦♠♣✉t❡r ❛❧❣❡❜r❛ s②st❡♠ t❤❛t ❛❧❧♦✇s t♦ ❝♦♥❞✉❝t

✈❛r✐♦✉s ♠❛t❤❡♠❛t✐❝❛❧ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ ❛ s②♠❜♦❧✐❝ ❢♦r♠ ❛s ♦♣♣♦s❡ t♦ ❛ ♥✉♠❡r✐❝❛❧ ❝♦♠♣✉t✲

✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❬✾✻❪✳ ❆♠♦♥❣ t❤❡ ♦❜t❛✐♥❡❞ s♦❧✉t✐♦♥s t❤❡r❡ ✐s t❤❡ ♦♥❧② ♦♥❡ t❤❛t ✐s ❜♦t❤

r❡❛❧ ❛♥❞ ♣♦s✐t✐✈❡✳ ❚❤✉s✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✇✐t❤ ♦✉t♣✉t ❘❈ ♣❤❛s❡ s❤✐❢t❡r ✐s ❡q✉❛❧ t♦

ω0dg =

√
2

2
ωz

√
√

1 + 4
gm1gm2

ω2
zCP CT

− 1 ✭✹✳✶✸✮

✽✺



✹✳✸ ■❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

◆♦t❡ t❤❛t ✐❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ✐s r❡♠♦✈❡❞✱ ωz ❜❡❝♦♠❡s ✐♥✜♥✐t❡ ❛♥❞ ✭✹✳✶✸✮ ❛♣♣r♦❛❝❤❡s

t❤❡ ❧✐♠✐t ❡q✉❛❧ t♦ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛ st❛♥❞❛r❞ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦r ❬✺✶❪

ω0ai =
√

gm1gm2/CgCT ✭✹✳✶✹✮

❚❤✐s ❝♦♥✜r♠s t❤❛t t❤❡ s♦❧✉t✐♦♥ ❣✐✈❡♥ ❜② ✭✹✳✶✸✮ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♣✉❜❧✐s❤❡❞ ♠♦❞❡❧s✳

✹✳✸✳✶ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s❝✐❧❧❛t♦r

❆♥ ❛♥❛❧②s✐s ♦❢ t❤❡ ♥❡✇ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r s✉❣❣❡sts t❤❛t t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

♦r✐❣✐♥❛t✐♥❣ ✐♥ t❤❡ r❡s♦♥❛t♦r ❝❛♥✱ ❛t ❛ ❣✐✈❡♥ ❢r❡q✉❡♥❝②✱ ❜❡ ❡q✉❛❧ t♦ ♦r ❧❛r❣❡r t❤❛♥ ❛❧❧ t❤❡

❝✐r❝✉✐t ❧♦ss❡s✳ ❚❤❡r❡❢♦r❡ ❛ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ s❡❧❢ ♦s❝✐❧❧❛t✐♥❣ ❣②r❛t♦r

❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✳ ❆s ✐♥❞✐❝❛t❡❞ ❜② ✭✹✳✶✸✮✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ s✉❝❤ ❛♥ ♦s❝✐❧❧❛t♦r ✐s

❞✐r❡❝t❧② ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ✭t❤r♦✉❣❤ gm✮✱ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

❛♥❞ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ✭t❤r♦✉❣❤ CP ✱ ωz ↔ Rout, CS✮✳ ❚♦ ❡st✐♠❛t❡ ♣♦ss✐❜❧❡ ♣❡r❢♦r♠❛♥❝❡

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

t♦ ❜❡ ❞❡r✐✈❡❞✳

❘❡❝❛❧❧✐♥❣ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r ❛ ❣❡♥❡r✐❝ ❢❡❡❞❜❛❝❦ s②st❡♠ ❢r♦♠ ❈❤❛♣t❡r ✷✱ ❛♥②

♦s❝✐❧❧❛t♦r② ❝✐r❝✉✐t ❤❛s t♦ ♠❡❡t ❜♦t❤ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ❛t t❤❡ s❛♠❡ t✐♠❡ ❢♦r

❛❧❧ ❢r❡q✉❡♥❝✐❡s ♦❢ ✐♥t❡r❡st✳ ❆s ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♣r♦❞✉❝❡s ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✱ ✐t ✐s

♠♦r❡ ♣r❛❝t✐❝❛❧ t♦ tr❛♥s❧❛t❡ t❤❡ ❇❛r❦❤❛✉s❡♥ ❢❡❡❞❜❛❝❦ t❤❡♦r❡♠ ✐♥t♦ ✐ts ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❡q✉✐✈❛❧❡♥t✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✷✱ t❤❡ ❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✭✷✳✶✼✮ ❝♦rr❡s♣♦♥❞s t♦

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

❝♦♥❞✐t✐♦♥ ✭✷✳✶✽✮ ✐♠♣♦s❡s t❤❛t ❜♦t❤ r❡s♦♥❛t♦r r❡❛❝t❛♥❝❡s ❤❛✈❡ t♦ ❤❛✈❡ ❡q✉❛❧ ♠❛❣♥✐t✉❞❡s

❛♥❞ ❜❡ ♦✉t ♦❢ ♣❤❛s❡✱ ❝❛♥❝❡❧❧✐♥❣ ❡❛❝❤ ♦t❤❡r ❛t ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦♥❧②✳ ■♥ t❤❡ ❝❛s❡ ♦❢

❛♥ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✱ ❜♦t❤ ❝♦♥❞✐t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ❞✐r❡❝t❧② ❢r♦♠ ✭✹✳✶✶✮

1

RT
− gm1gm2

ωzCP




1 +

ω2

ω2
z






= 0 ✿❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✭✹✳✶✺✮

✽✻



✹✳✸ ■❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

ωCT −
gm1gm2

ωCP




1 +

ω2

ω2
z






= 0 ✿♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ✭✹✳✶✻✮

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

❧♦ss❡s ❛r❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❝♦♠♣❡♥s❛t✐♥❣ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳ ■♥

♣r❛❝t✐❝❡ RT ❢r♦♠ ❋✐❣✉r❡ ✹✳✼❜ ❞❡❝r❡❛s❡s ✇✐t❤ ❢r❡q✉❡♥❝② ❜❡❝❛✉s❡ ✐t r❡♣r❡s❡♥ts ❛ ♣❛r❛❧❧❡❧

tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❧♦ss❡s ✭QCt = 1/ωrlossCt✮✳ ■♥ ❈▼❖❙ ✐♥t❡❣r❛t❡❞

❝✐r❝✉✐ts✱ t②♣✐❝❛❧❧② t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❝♦♥s✐sts ♦❢ ▼■▼ ✭♠❡t❛❧✲✐♥s✉❧❛t♦r✲♠❡t❛❧✮ ❝❛♣❛❝✐t♦rs

t♦❣❡t❤❡r ✇✐t❤ ❛♥ ❘❋ ♦✉t♣✉t ❜✉✛❡r ❛♠♣❧✐✜❡r ❡①tr❛❝t✐♥❣ t❤❡ s✐❣♥❛❧ ❢r♦♠ ❛♥ ♦s❝✐❧❧❛t♦r ❛♥❞

♣r❡✈❡♥t✐♥❣ ❧♦❛❞ ♣✉❧❧✐♥❣ ♦❢ t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✳ ❚②♣✐❝❛❧❧②✱ ❞✉❡ t♦ ✐ts ❤✐❣❤ Q ❢❛❝t♦r✱

❛ ▼■▼ ❝❛♣❛❝✐t♦r ❞♦❡s ♥♦t ❧♦❛❞ t❤❡ r❡s♦♥❛t♦r s✐❣♥✐✜❝❛♥t❧②✳ ❚❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ❛

❜✉✛❡r ❛♠♣❧✐✜❡r✱ ✉s✉❛❧❧② ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ❝♦♠♠♦♥ s♦✉r❝❡ ❢♦❧❧♦✇❡r st❛❣❡✱ ♠❛② ❜❡ r❡♣r❡✲

s❡♥t❡❞ ❜② ❣❛t❡ r❡s✐st❛♥❝❡ rg ❛♥❞ ❣❛t❡ t♦ ❞r❛✐♥ ❝❛♣❛❝✐t❛♥❝❡ Cgd ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s✳ ❋♦r

s✐❣♥❛❧ ❢r❡q✉❡♥❝✐❡s ♠✉❝❤ ❧❡ss t❤❛♥ ft ♦❢ t❤❡ ❞❡✈✐❝❡ ✭❢r❡q✉❡♥❝② ❛t ✇❤✐❝❤ ▼❖❙ ❣❛t❡ ❝✉rr❡♥t

❡q✉❛❧s ❞r❛✐♥ ❝✉rr❡♥t✮✱ ❛ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ✐♥♣✉t ♥❡t✇♦r❦ ♦❢ ❛ ❜✉✛❡r ❛❧s♦ r❡❛❝❤❡s ❤✐❣❤

✈❛❧✉❡s✳ ❚❤❡r❡❢♦r❡✱ ❢♦r t②♣✐❝❛❧ ✈❛❧✉❡s ♦❢ gm ✐♥ t❤❡ r❛♥❣❡ ✉♣ t♦ ✷✵ ♠❆✴❱✱ ❣②r❛t♦r ❝❛♣❛❝✲

✐t❛♥❝❡s ♦❢ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ ❢❋ ❛♥❞ r❡s✐st❛♥❝❡ Rout ✉♣ t♦ ❢❡✇ ❦Ω✱ ❛♥ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞

❣②r❛t♦r ♣r♦❞✉❝❡s s✉✣❝✐❡♥t ❧❡✈❡❧s ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ t♦ s✉st❛✐♥ ♦s❝✐❧❧❛t✐♦♥s ♦✈❡r ❛

✇✐❞❡ ❢r❡q✉❡♥❝② ❜❛♥❞✳

❚❤❡ ♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ❞❡t❡r♠✐♥❡s t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ■♥ t❤❡

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

❢r❡q✉❡♥❝② ✐s t❤❡ st❛t✐❝ ♣♦✇❡r ♥❡❝❡ss❛r② t♦ ♣r♦✈✐❞❡ ♣r♦♣♦rt✐♦♥❛❧ ♠❛❣♥✐t✉❞❡ ♦❢ gm✳ ❚❤❡

❧♦✇❡r ❧✐♠✐t ♦❢ t✉♥✐♥❣ ✐s r❡str✐❝t❡❞ ❜② ❛ ♣❤②s✐❝❛❧ s✐③❡ ♦❢ ❛♥ ✐♥t❡❣r❛t❡❞ ❝❛♣❛❝✐t♦r ✉s❡❞✳

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

✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❞♦❡s ♥♦t ❧✐♠✐t t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

■t s❤♦✉❧❞ ❜❡ st❛t❡❞ t❤❛t t❤❡ ❛❜♦✈❡ ❝♦♥❝❧✉s✐♦♥s ❛r❡ ✈❛❧✐❞ ♦♥❧② ✐❢ t❤❡r❡ ❛r❡ ♥♦ ❧♦ss❡s

♣r❡s❡♥t ✐♥ t❤❡ ❝✐r❝✉✐t ❛♥❞ t❤❡r❡❢♦r❡ ❛r❡ ❡♥t✐r❡❧② t❤❡♦r❡t✐❝❛❧✳ ❆s ❛❧❧ ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥✲

t❛t✐♦♥ ♦❢ ❛ ❈▼❖❙ r❡s♦♥❛t♦r ✇✐❧❧ s✉✛❡r ❢r♦♠ ✈❛r✐♦✉s ❛❞❞✐t✐♦♥❛❧ ♣❛r❛s✐t✐❝ ❡✛❡❝ts✱ t❤❡

❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❤❛✈❡ t♦ ❜❡ r❡✈✐❡✇❡❞ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡s❡ ✐♠♣❡r❢❡❝t✐♦♥s✳ ❚♦ ❢✉❧❧②

✽✼



✹✳✹ ❙❡♥s✐t✐✈✐t② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

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

❝✐r❝✉✐t ♣❛r❛s✐t✐❝s ✐♥ t❤❡ ♠♦❞❡❧✳ ❚❤❡ ✐ss✉❡ ♦❢ r❡s♦♥❛t♦r ❧♦ss❡s ✐s ❛❞❞r❡ss❡❞ ❧❛t❡r ✐♥ t❤✐s

❝❤❛♣t❡r✳

✹✳✹ ❙❡♥s✐t✐✈✐t② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❇❡❢♦r❡ t❤❡ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ✐s ❞✐s❝✉ss❡❞✱ ✐t ✐s ❛❧s♦ ✇♦rt❤

❛♥❛❧②s✐♥❣ ❤♦✇ t❤❡ ❝✐r❝✉✐t ♣❡r❢♦r♠❛♥❝❡ ✐s ❛✛❡❝t❡❞ ❜② ✜♥✐t❡ ♣❛r❛♠❡t❡r t♦❧❡r❛♥❝❡s✳ ❆

st❛♥❞❛r❞ ❛♥❛❧②s✐s t♦♦❧ ❦♥♦✇♥ ❛s t❤❡ ❝❧❛ss✐❝❛❧ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s ❛r❡ ✉s✉❛❧❧② s✉✣❝✐❡♥t

t♦ ✐♥❞✐❝❛t❡ t❤❡ r❡❧❛t✐✈❡ ❝❤❛♥❣❡s ♦❢ s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ✇✐t❤ ✈❛r②✐♥❣ ❝♦♠♣♦♥❡♥t

✈❛❧✉❡s✳ ❙✉❝❤ ❢✉♥❝t✐♦♥s ❛r❡ ❞❡✜♥❡❞ ❛s ❬✾✼❪

Sy
x =

δy

δx

x

y
✭✹✳✶✼✮

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

❝♦♠♣♦♥❡♥t✳ ❲❤❡♥ x ❞✐✛❡rs ❢r♦♠ ✐ts ♣r❡❞❡t❡r♠✐♥❡❞ ❞❡s✐❣♥❡❞ ✈❛❧✉❡ ✭❡✐t❤❡r ❛s ❛ r❡s✉❧t

♦❢ ♣r♦❝❡ss t♦❧❡r❛♥❝❡s ♦r ✐♥t❡♥t✐♦♥❛❧ ❝❤❛♥❣❡✮ ✐t ❝❛✉s❡s ❛ r❡s♣❡❝t✐✈❡ ❝❤❛♥❣❡ ♦❢ y ✇✐t❤ ❛

♠❛❣♥✐t✉❞❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ❞❡t❡r♠✐♥❡❞ ❜② ✭✹✳✶✼✮✳ ■♥ ❢❛❝t✱ t❤✐s ✐s ❛ ❧✐♥❡❛r ❛♣♣r♦①✐♠❛t✐♦♥

♦❢ ❛ ♣❛r❛♠❡t❡r ❞❡✈✐❛t✐♦♥ ❛r♦✉♥❞ ✐ts st❛t✐❝ st❛t❡ ❡①❛❝t❧② ❛s ❛ s♠❛❧❧ s✐❣♥❛❧ ❛♣♣r♦①✐♠❛t✐♦♥

❛♣♣❧✐❡❞ t♦ ❛ ♥♦♥❧✐♥❡❛r ❝✐r❝✉✐t ❛t ❛ ❣✐✈❡♥ ❉❈ ❜✐❛s ♣♦✐♥t✳ ❆❧t❤♦✉❣❤ ❢♦r ❛ ❧❛r❣❡ ♣❡rt✉r❜❛t✐♦♥

t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦❢ t❤✐s ♠❡t❤♦❞ ✐♥❝r❡❛s❡s✱ ✐t st✐❧❧ ✐♥❞✐❝❛t❡s t❤❡ ❝♦rr❡❝t ❞✐r❡❝t✐♦♥ ♦❢ ❛

♣❛r❛♠❡t❡r ❝❤❛♥❣❡✳ ❚❤❡ r❡s✉❧t ♦❢ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ❝❛❧❝✉❧❛t✐♦♥ ✐s ✐♥t❡r♣r❡t❡❞ ❛s t❤❡

♣❡r✲✉♥✐t ✈❛r✐❛t✐♦♥ ♦❢ y ❞✉❡ t♦ ❛ ❣✐✈❡♥ ♣❡r✲✉♥✐t ❝❤❛♥❣❡ ♦❢ x ❬✾✼❪✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡

s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ♦❢ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛♥② ♣❛ss✐✈❡ ▲❈ t❛♥❦ t♦ t❤❡ ✈❛r✐❛t✐♦♥s ♦❢

t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❡q✉❛❧s −0.5✳ ❚❤❡r❡❢♦r❡ ❢♦r ❡✈❡r② ✶✪ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡✱ t❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✇✐❧❧ ❞r♦♣ ❜② ✵✳✺✪✱ ♣r♦✈✐❞✐♥❣ t❤❡ t❛♥❦ ✐♥❞✉❝t❛♥❝❡ r❡♠❛✐♥s ❝♦♥st❛♥t✳

❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❞✐✛❡rs ❢r♦♠ t❤❛t ♦❢ ✐ts ♣❛ss✐✈❡ ❝♦✉♥✲

t❡r♣❛rt✳ ❚❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t❛♥❝❡ ❞❡♣❡♥❞s ♦♥ ❛♠♣❧✐✜❡rs ❛♥❞ r❡q✉✐r❡s ♣♦✇❡r s✉♣♣❧② ✇❤✐❧❡

t❤❡ ♣❛ss✐✈❡ ♦♥❡ ❞♦❡s ♥♦t✳ ❚②♣✐❝❛❧❧②✱ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ ❛ st❛♥❞❛r❞

❣②r❛t♦r t♦ ♣♦✇❡r s✉♣♣❧② ✈❛r✐❛t✐♦♥s ✐s ❣✐✈❡♥ ❜② s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s ♦❢ ❛ tr❛♥s❝♦♥❞✉❝✲

t❛♥❝❡ ♦❢ r❡s♣❡❝t✐✈❡ ❛♠♣❧✐✜❡rs✳ ❆❧t❤♦✉❣❤ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ ❛♠♣❧✐✜❡rs ❛❧s♦ ❝❤❛♥❣❡
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✹✳✹ ❙❡♥s✐t✐✈✐t② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

✇✐t❤ s✉♣♣❧② ✈♦❧t❛❣❡ ✭✐♥✢✉❡♥❝✐♥❣ t♦t❛❧ ✐♥❞✉❝t❛♥❝❡✮✱ t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ t♦ t♦t❛❧ ❞❡✲

✈✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ gm ♦❢ t❤❡ tr❛♥s✐st♦rs✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ✐s

❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦ ❬✺✶❪

SL
VDD

=
δL

δV DD

V DD

L
≈ −

(
Sgm1

V DD + Sgm2

V DD

)

∣
∣
∣
∣
∣
L=

Cg

gm1gm2

✭✹✳✶✽✮

✇❤❡r❡ Sgm1

V DD ❛♥❞ Sgm2

V DD ❛r❡ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s ♦❢ ❛♠♣❧✐✜❡rs ♦♥

V DD ✈❛r✐❛t✐♦♥s✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡s❡ ❢✉♥❝t✐♦♥s ✈❛r② ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❈▼❖❙ ♣r♦❝❡ss❡s

❛♥❞ ❛❧s♦ ❞❡♣❡♥❞ ♦♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❛ tr❛♥s❝♦♥❞✉❝t♦r✳ ❯s✉❛❧❧② ❛ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥

✐s s✉✣❝✐❡♥t t♦ ❡st✐♠❛t❡ ✐t✳

❙✐♥❝❡ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r t❛♥❦ ✐s t❤❡ ♠❛✐♥ ♣♦✐♥t ♦❢ ✐♥t❡r❡st ♦❢ t❤✐s t❤❡s✐s✱ ✐t ✐s ♠♦r❡

❝♦♥✈❡♥✐❡♥t t♦ ❡①t❡♥❞ ❨✉❛♥✬s ❢♦r♠✉❧❛ ✭✹✳✶✽✮ t♦ s❤♦✇ ❤♦✇ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s

✇✐t❤ VDD✳ ❯s✐♥❣ ✭✹✳✶✼✮ t❤✐s ❢✉♥❝t✐♦♥ ✐s ❢♦✉♥❞ t♦ ❜❡

Sω0

V DD ≈
δω0

δV DD

V DD

ω0
=

1√
CT

−1

2
√

L3

δL

δV DD

V DD

ω0
= −1

2
SL

V DD =
1

2

(
Sgm1

V DD + Sgm2

V DD

)

✭✹✳✶✾✮

❆s ❡①♣❡❝t❡❞✱ ❛♥② ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✐s ♣r♦♥❡ t♦ ♣♦✇❡r s✉♣♣❧② ✈❛r✐❛t✐♦♥s ❛♥❞

t❤❡r❡❢♦r❡ s♣❡❝✐❛❧ ❝❛r❡ ❤❛s t♦ ❜❡ t❛❦❡♥ t♦ ♠✐♥✐♠✐s❡ t❤✐s ❡✛❡❝t✳ ❚❤❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥

✭✹✳✶✾✮ ❝❛♥ ❜❡ tr❡❛t❡❞ ❛s ❛ ♥♦r♠❛❧✐s❡❞ ❢♦r♠ ♦❢ ❛ ❢r❡q✉❡♥❝② ♣✉s❤✐♥❣ ♦❢ t❤❡ r❡s♦♥❛t♦r✱

t❤❛t t②♣✐❝❛❧❧② ✐s ❡①♣r❡ss❡❞ ✐♥ ❍③✴❱✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

t❛♥❦✱ ✭✹✳✶✾✮ ❤♦❧❞s ❛s ❧♦♥❣ ❛s ♥♦ ❛❝t✐✈❡ ❞❡✈✐❝❡s ❛r❡ ✉s❡❞ ✐♥ ♣❧❛❝❡ ♦❢ Rout ❜❡❝❛✉s❡ t❤❡s❡

✐♥tr♦❞✉❝❡ ❛❞❞✐t✐♦♥❛❧ ❞❡❣r❡❡ ♦❢ ω0 (V DD) ❞❡♣❡♥❞❡♥❝❡✱ ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❛♥❛❧②s✐s✳

❖t❤❡r s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s ❝❛♥ ❛❧s♦ ❜❡ ❞❡r✐✈❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ ❛♣♣r♦❛❝❤✳ ❚❛❜❧❡ ✹✳✷

❝♦♥s✐sts ♦❢ t❤❡ ♠♦st s✐❣♥✐✜❝❛♥t ♦♥❡s ❢♦r ❛ st❛♥❞❛r❞ ❛♥❞ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②✲

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

❙❡❝t✐♦♥ ✹✳✸✳ ❚❤❡ ✜rst ♣❛rt ✐♥❝❧✉❞❡s ❛♥ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ s❡♥s✐t✐✈✐t②✱ ❢♦❧✲

❧♦✇❡❞ ❜② ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ ❛♥ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❢✉♥❝t✐♦♥s✱

r❡s♣❡❝t✐✈❡❧②✳ P❧❡❛s❡ ♥♦t❡✱ ❛s ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❧❛❝❦s ❛ ♣❤❛s❡ s❤✐❢t❡r✱ ♥♦ ♥❡❣✲

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

❛❞❞✐t✐♦♥✱ t❤❡ r❡s✉❧ts ❢♦r ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❛r❡ ❢✉♥❝t✐♦♥s r❛t❤❡r t❤❛♥ ✜①❡❞
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✹✳✹ ❙❡♥s✐t✐✈✐t② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❚❛❜❧❡ ✹✳✷✿ ❙❡♥s✐t✐✈✐t② ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦rs

❙❡♥s✐t✐✈✐t②
❢✉♥❝t✐♦♥

Sy
x

❆❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r t②♣❡

❙t❛♥❞❛r❞ ❉❡❣❡♥❡r❛t❡❞

❱❛❧✉❡ ❊①♣r❡ss✐♦♥ ❱❛❧✉❡

S
Lp
gm1

✲✶ ♥✴❛ ✲✶

S
Lp
gm2

S
Lp

Cg
✶

Cg

CP

1+ω2/ω2
z(1+2Cout/Cg)

1+ω2/ω2
z ✵✳✺✲✶✳✺

S
Lp

Cout
♥✴❛

Cout

CP

1+ω2/ω2
z(1+2Cg/Cout)

1+ω2/ω2
z

S
Lp

Rout

2ω2

ω2
z+ω2 ✵✳✺✲✷

Sω0

gm1

✵✳✺
gm1gm2

ω2
zCP CT +4gm1gm2−

√
ω2

zCP CT

√
ω2

zCP CT +4gm1gm2

✵✳✷✺✲✵✳✺

Sω0

gm2

Sω0

CT

✲✵✳✺

−Sω0

gm1,2

✲✵✳✸✲ ✲✵✳✺Sω0

Cg

(

2− 3
Cg

CP

)

Sω0

gm1,2
− Cout

CP

Sω0

Cout
♥✴❛

(
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Sω0

gm1,2
− Cg

CP

Sω0

Rout
−1 + 2Sω0

gm1,2
✲✵✳✺✲✵
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♥✴❛

♥✴❛ ✲✶
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✵✲✶

S
Rpdg
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1 +
C2
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C2

P

)

S
Rpdg
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ω2−ω2
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ω2
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✹✳✹ ❙❡♥s✐t✐✈✐t② ♦❢ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

✈❛❧✉❡s ✭❡①❝❧✉❞✐♥❣ S
Lp
gm ❛♥❞ S

Rpdg
gm ✮ ❛♥❞ ✇❡r❡ ❡✈❛❧✉❛t❡❞ ❢♦r ❛ s❡t ♦❢ ♣❛r❛♠❡t❡rs ♣r❡s❡♥t❡❞

✐♥ ❚❛❜❧❡ ✹✳✸✳ ❚❤❡ ♠❛❣♥✐t✉❞❡s ♦❢ t❤❡s❡ ♣❛r❛♠❡t❡rs ✐s ❡st✐♠❛t❡❞ ❛ss✉♠✐♥❣ s✉❜✲●❍③

❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥ ❛♥❞ r❡❞✉❝❡❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳

❚❛❜❧❡ ✹✳✸✿ ❙✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ❝❤♦s❡♥ t♦ ❡✈❛❧✉❛t❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥✲
❡r❛t❡❞ ❣②r❛t♦r✳

❱❛❧✉❡
▼♦❞❡❧ ♣❛r❛♠❡t❡rs

gm1 gm2 Rout Cout Cg CT ❋r❡q✉❡♥❝②
♠❆✴❱ ❦Ω ♣❋ ▼❍③

♠✐♥✐♠✉♠ ✺ ✵✳✺ ✵✳✺ ✶ ✶✵✵

♠❛①✐♠✉♠ ✶✺ ✺ ✶✳✺ ✸ ✶✵✵✵

❆s t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts s❤♦✇✱ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✐s ♠♦r❡

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

t❤❡ ❝♦♠♠♦♥ ♣❛r❛♠❡t❡rs ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡✱ ❛ ❞❡❣❡♥❡r❛t❡❞ r❡s♦♥❛t♦r ❤❛s t✇♦

♠♦r❡ ❝♦♠♣♦♥❡♥ts ❝♦♥tr♦❧❧✐♥❣ ✐ts s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs✳ ❘❡s✐st❛♥❝❡ Rout ♠❛② ❜❡ ❡✐t❤❡r

r❡❛❧✐s❡❞ ❛s ❛♥ ❛❝t✐✈❡ ❝✐r❝✉✐t ♦r ❛ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ✜rst s♦❧✉t✐♦♥✱ ♣♦t❡♥t✐❛❧❧②

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

✐t ✐♥tr♦❞✉❝❡s ♥❡✇ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ❛♥❞ ✐s ♣♦✇❡r s✉♣♣❧② s❡♥s✐t✐✈❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛

♣❛ss✐✈❡ r❡s✐st♦r ✐♥ ❛ ❝♦♠♠❡r❝✐❛❧ s✉❜✲♠✐❝r♦♥ ❈▼❖❙ ♣r♦❝❡ss t②♣✐❝❛❧❧② ❤❛s ❛ t♦❧❡r❛♥❝❡ ♦❢

✉♣ t♦ ±✸✵✪✳ ■♥ t❤❡ ✇♦rst ❝❛s❡✱ s✉❝❤ ❛ ❧❛r❣❡ ✈❛r✐❛t✐♦♥ ❝❛✉s❡s ❛❧♠♦st ±✻✵✪ ✈❛r✐❛t✐♦♥

✐♥ ✐♥❞✉❝t❛♥❝❡ ✭❚❛❜❧❡ ✹✳✷✱ S
Lp

Rout
= 2✮✳ ❚❤❡r❡❢♦r❡ ♦♥❡ ♠❛② ❝♦♥❝❧✉❞❡ t❤❛t ✉s✐♥❣ ❛ ♣❛ss✐✈❡

♣❤❛s❡ s❤✐❢t❡r ✐s r❛t❤❡r ✐♠♣r❛❝t✐❝❛❧✳ ❍♦✇❡✈❡r✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② ❚❛❜❧❡ ✹✳✷✱ t❤❡ ❛❝t✉❛❧

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ✇♦rst ❝❛s❡ ✐s ♦♥❧② ∓✶✺✪✳ ❉✉❡ t♦ ❛ ♣r♦♣♦rt✐♦♥❛❧✐t②

❜❡t✇❡❡♥ t❤❡ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ✐♥❞✉❝t❛♥❝❡ ❛♥❞ t❤❡ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ❢r♦♠ ✭✹✳✾✮✱ ✇❤❡♥ t❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s s❤✐❢t❡❞ ❞♦✇♥ ✐t ❛❧s♦ ❞❡❝r❡❛s❡s ✐♥❞✉❝t❛♥❝❡✱ ♣❛rt✐❛❧❧② ❝♦♠♣❡♥s❛t✐♥❣

❢♦r ❛♥② Rout ✈❛r✐❛t✐♦♥s✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❜♦t❤ ❛♠♣❧✐✜❡rs ❝❛♥ ❜❡

❛❞❥✉st❡❞ t♦ t✉♥❡ t❤❡ t❛♥❦ ❜❛❝❦ t♦ t❤❡ ♥♦♠✐♥❛❧ ❢r❡q✉❡♥❝②✳ ❆s gm ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ❛

❜✐❛s ❝✉rr❡♥t ♦❢ tr❛♥s✐st♦r✱ s♦♠❡ ❛❞❞✐t✐♦♥❛❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ s❤♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❛♥❞

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

t♦ ✐♠♣❧❡♠❡♥t Rout✱ ✐♠♣r♦✈✐♥❣ ❜♦t❤ t❤❡ s❡♥s✐t✐✈✐t② ♦♥ ♣♦✇❡r s✉♣♣❧② ❝❤❛♥❣❡s ❛♥❞ t❤❡

❧✐♥❡❛r✐t② ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r✳

✾✶



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

r❡s♦♥❛t♦r

■♥ ♣r❛❝t✐❝❡✱ ❛❧❧ ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts s✉✛❡r ❢r♦♠ ♣❛r❛s✐t✐❝s✳ ❋r♦♠ ❛ ❣②r❛t♦r✲❜❛s❡❞ r❡s♦♥❛t♦r

♣❡rs♣❡❝t✐✈❡✱ t❤r❡❡ t②♣❡s ♦❢ ♥♦♥✲✐❞❡❛❧✐t✐❡s ❜❡❝♦♠❡ ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t✿

❼ ■♥tr✐♥s✐❝ ❘❈ ♣❤❛s❡ s❤✐❢t✐♥❣ ♥❡t✇♦r❦s ♦❢ tr❛♥s❝♦♥❞✉❝t♦rs✳ ❚❤❡s❡ ✐♥❝❧✉❞❡ ❝❛♣❛❝✐✲

t❛♥❝❡s ♣r❡s❡♥t ❛t ❡❛❝❤ ♥♦❞❡ ❞✉❡ t♦ ❛ ❣❡♦♠❡tr② ♦❢ ▼❖❙❋❊❚ ❞❡✈✐❝❡s ❛♥❞ r❡s✐st❛♥❝❡

♦❢ tr❛♥s✐st♦r ❣❛t❡✳ ❆s ❛ r❡s✉❧t✱ ♣❛r❛s✐t✐❝ ♣❤❛s❡ s❤✐❢t ❝♦♠♣♦♥❡♥ts ❛r❡ ❣❡♥❡r❛t❡❞✱

❛✛❡❝t✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠✳

❼ ❋✐♥✐t❡ ❝❤❛♥♥❡❧ ❝♦♥❞✉❝t❛♥❝❡ ♦❢ tr❛♥s✐st♦rs✿ ❚❤✐s ✐s ♠❛♥✐❢❡st❡❞ ❛s ❛❞❞✐t✐♦♥❛❧ r❡s✐s✲

t✐✈❡ ❧♦ss❡s t❤❛t ❤❛✈❡ t♦ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ✐♥ ♦r❞❡r t♦ st❛rt ❛♥❞ s✉st❛✐♥ ♦s❝✐❧❧❛t✐♦♥s✳

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

❣②r❛t♦r ❝✐r❝✉✐t ✐s ❝♦♠♣❧❡① ❛♥❞ r❡q✉✐r❡ ❛ s❡♣❛r❛t❡✱ t❤♦r♦✉❣❤ ❛♥❛❧②s✐s✳

❼ ❋✐♥✐t❡ ✐♥♣✉t r❡s✐st❛♥❝❡ ♦❢ ❛ r❡s♦♥❛t♦r✿ ❚❤❡s❡ ❝♦♥tr✐❜✉t❡ t♦ t♦t❛❧ r❡s✐st✐✈❡ ❧♦ss❡s ♦❢

t❤❡ r❡s♦♥❛t♦r✳ ❙✐♥❝❡ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ✐♥ ❢❛❝t ❛ ❢❡❡❞❜❛❝❦ s②st❡♠✱ t❤❡ r❡s✉❧t✐♥❣

✐♠♣❡❞❛♥❝❡ s❡❡♥ ❛t t❤❡ ✐♥♣✉t ♦❢ ❛ ❝♦♠♣❧❡t❡ ❝✐r❝✉✐t ✐s ❞✐✛❡r❡♥t t❤❛♥ t❤❛t ♦❢ ❡❛❝❤

s❡♣❛r❛t❡ ❜❧♦❝❦ ❬✹✸✱ ✾✼❪✳ ❚❤✉s✱ t❤❡ ✐♥♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❞❡♣❡♥❞s

♥♦t ♦♥❧② ♦♥ ❛ ❧✐♠✐t❡❞ ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ▼❖❙ ❞❡✈✐❝❡s ❜✉t ❛❧s♦ ❝❤❛♥❣❡s ✇✐t❤ ❛ ❝✐r❝✉✐t

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

❚♦ st✉❞② ❤♦✇ ♣❛r❛s✐t✐❝s ❛✛❡❝t ❛ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r✱ ❛

♥❡✇ ❝✐r❝✉✐t ♠♦❞❡❧ ✐s ♣r❡s❡♥t❡❞✱ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✽✳ ■t ❞❡♣✐❝ts ❛ r❡s♦♥❛♥t t❛♥❦

✇✐t❤ ❛ ♥♦♥✲✐❞❡❛❧ tr❛♥s❝♦♥❞✉❝t♦rs ❛♥❞ t❤❡ ♦✉t♣✉t ❘❈ ♣❤❛s❡ s❤✐❢t❡r✳ ❚❤❡ ♠♦❞❡❧ ✐s ❛

❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r t❛♥❦ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✸ ❛♥❞ ❛

❧♦ss② st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❢r♦♠ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✺✳

❚②♣✐❝❛❧❧②✱ t❤❡ ❧❛r❣❡st ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦r✐❣✐♥❛t❡ ❢r♦♠ t❤❡ ❉❈ ❜✐❛s ❝✉rr❡♥t ♠✐r✲

r♦rs✱ t❤❛t ❢♦r t❤❡ ♣✉r♣♦s❡s ♦❢ ♥♦✐s❡ ❛♥❞ ❝✉rr❡♥t ♠❛t❝❤✐♥❣✱ ❛r❡ ❞❡s✐❣♥❡❞ ✇✐t❤ ❧❛r❣❡r ❝❤❛♥✲

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

✾✷



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

vin

iin

Ct RT Ci Gi

+

v1

−

−gm1 · e−jφ1

i1

Cg Co Go

Rout

Cout

+
v2−

gm2 · e−jφ2

i2

❖✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r

❋✐❣✉r❡ ✹✳✽✿ ◆♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳

✇✐t❤ ❛ ✜♥✐t❡ ♦✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ ▼❖❙ tr❛♥s✐st♦rs✱ ✐♥tr♦❞✉❝❡ ❛❞❞✐t✐♦♥❛❧ ♣❛r❛s✐t✐❝ ♣♦❧❡s

t♦ t❤❡ ❝✐r❝✉✐t✳ ■♥ t❤❡ s✐♠♣❧❡st s✐t✉❛t✐♦♥✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦rs

❛r❡ ❡♠♣❧♦②❡❞ ❛♥❞ t❤❡✐r ♣❤❛s❡ ❧❛❣ ✐s ♥❡❣❧✐❣✐❜❧❡ ❞✉❡ t♦ ♣r♦♣❡r ❞❡✈✐❝❡ s✐③✐♥❣ ❛♥❞ ❧❛②♦✉t✳

❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ e−jφ1,2 ≈ 1 ✭❋✐❣✉r❡ ✹✳✽✮ ❛♥❞ ♦♥❧② t❤❡ ♦✉t♣✉t ♣❤❛s❡ s❤✐❢t❡r ❝♦♥✲

tr✐❜✉t❡s t♦ t❤❡ ❝♦♠♣❡♥s❛t✐♦♥ ♠❡❝❤❛♥✐s♠✳ ❯s✐♥❣ ❑❱▲✱ ❛♥ ❡q✉✐✈❛❧❡♥t ✐♥♣✉t ❛❞♠✐tt❛♥❝❡

♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✐s ♥♦✇

yin(jω) = jωCT +
1

RT
+ Gi +

1

Rns−loss + Rns−neg + jωLnsdg
✭✹✳✷✵✮

✇❤❡r❡

CT = Ct + Ci ✭✹✳✷✶✮

Rns−loss =
Go

gm1gm2
✭✹✳✷✷✮

Rns−neg = −ω2 (Cg + Co) CoutRout

gm1gm2
✭✹✳✷✸✮

Lnsdg =
Cg + Co + Cout (1 + RoutGo)

gm1gm2
✭✹✳✷✹✮

❚❤❡ ✜rst t❡r♠s ♦❢ ✭✹✳✷✵✮ r❡♣r❡s❡♥t ❛ t♦t❛❧ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❝♦♥❞✉❝t❛♥❝❡✳ ❚❤❡ t❤✐r❞

t❡r♠ ❝♦♥s✐sts ♦❢ ♣♦s✐t✐✈❡ ❛♥❞ ♥❡❣❛t✐✈❡ r❡s✐st♦rs ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s ✇✐t❤ ❛♥ ✐♥❞✉❝t❛♥❝❡✳

■♥ ❝♦♥tr❛st t♦ ❛ st❛♥❞❛r❞ ❣②r❛t♦r ✇✐t❤ ❧♦ss❡s✱ ❛♥ ✐♥❞✉❝t❛♥❝❡ ✐s ♥♦✇ ✐♥❝r❡❛s❡❞ ❞✉❡ t♦ ❛♥

♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡ Go✳

✾✸



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

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

♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳ ◆♦t❡✱ t❤❛t ❜❡❝❛✉s❡ t❤❡r❡ ❛r❡ ♥♦✇ t✇♦ r❡s✐st♦rs ❝♦♥♥❡❝t❡❞ ✐♥

s❡r✐❡s ✇✐t❤ ❛♥ ✐♥❞✉❝t♦r✱ t❤❡ r❡❛❧ ❝♦♠♣♦♥❡♥t ❛❢t❡r tr❛♥s❢♦r♠❛t✐♦♥ ❝♦♥s✐sts ♦❢ t✇♦ r❡s✐st♦rs

❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s✳ ❚♦ s✐♠♣❧✐❢② t❤❡ q✉❛❧✐t② ❢❛❝t♦r ❞❡r✐✈❛t✐♦♥✱ s♦♠❡ ❛✉①✐❧✐❛r② ✈❛r✐❛❜❧❡s

❛r❡ ✉s❡❞

CG = Cg + Co + Cout(1 + RoutGo) ✭✹✳✷✺✮

❛♥❞

ωz1 =
Go

CG
✭✹✳✷✻✮

ωz2 =
CG

(Cg + Co) CoutRout
✭✹✳✷✼✮

❙✉❜st✐t✉t✐♥❣ ✭✹✳✷✺✮✲✭✹✳✷✼✮ ✐♥t♦ ❛ st❛♥❞❛r❞ ❞❡✜♥✐t✐♦♥ ♦❢ Q✱ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ ❛ s❡r✐❡s

RL ❝✐r❝✉✐t ✐s ❢♦✉♥❞

Qnsdg(ω) =
ωLnsdg

Rns−loss + Rns−neg
=

ωCG

Go − ω2 (Cg + Co) CoutRout
=

ωωz2

ωz1ωz2 − ω2
✭✹✳✷✽✮

❚❤❡ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t r❡s✐st❛♥❝❡ ♦❢ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝♦♥s✐sts ♦❢ t✇♦

❝♦♠♣♦♥❡♥ts ✐♥ s❡r✐❡s ❛♥❞ ✐s ❡q✉❛❧ t♦

Rnpdg(ω) =
Go − ω2 (Cg + Co) CoutRout

gm1gm2

(

1 +
ω2ω2

z2

(ωz1ωz2 − ω2)2

)

=

=
CG

gm1gm2

(

ωz1 −
ω2

ωz2

)(

1 +
ω2ω2

z2

(ωz1ωz2 − ω2)2

)

✭✹✳✷✾✮

❚❤❡ ♥❛rr♦✇ ❜❛♥❞ ✐♥❞✉❝t❛♥❝❡ tr❛♥s❢♦r♠❛t✐♦♥ ②✐❡❧❞s

Lnpdg(ω) = Lnsdg

(

Q2
nsdg + 1

Q2
nsdg

)

=
CG

gm1gm2

(

1 +

(
ωz1ωz2 − ω2

)2

ω2ω2
z2

)

✭✹✳✸✵✮

❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ✐❞❡❛❧ ❝✐r❝✉✐t✱ t❤❡r❡ ✐s ❛❧s♦ ❛ ❞✐r❡❝t ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ Rnpdg

❛♥❞ Lnpdg✱ ❤♦✇❡✈❡r t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s ♠♦r❡ ❝♦♠♣❧❡① ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ✭✹✳✶✵✮

Rnpdg(ω) =
ω2ωz2

ωz1ωz2 − ω2
Lnpdg(ω) ✭✹✳✸✶✮

✾✹



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❋✐♥❛❧❧②✱ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ ❛ r❡s♦♥❛t♦r ❢r♦♠ ✭✹✳✷✵✮ ♠❛② ❜❡ ♣r❡s❡♥t❡❞ ✐♥ ❛ ✜♥❛❧

❢♦r♠

yin(jω) =
1

RT
+ Gi +

gm1gm2

CG

(

ωz1 −
ω2

ωz2

)(

1 +
ω2ω2

z2

(ωz1ωz2 − ω2)2

) +

+ j









ωCT −
gm1gm2

ωCG

(

1 +

(
ωz1ωz2 − ω2

)2

ω2ω2
z2

)









✭✹✳✸✷✮

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

❜❡ ❢♦✉♥❞✳ ❆❣❛✐♥✱ ❛ ✹t❤ ♦r❞❡r ❡q✉❛t✐♦♥ ❤❛s t♦ ❜❡ s♦❧✈❡❞✱ ❛♥❞ ♦♥❧② ♦♥❡ s♦❧✉t✐♦♥ ✐s r❡❛❧ ❛♥❞

♣♦s✐t✐✈❡✳ ❚❤✉s✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ r❡s♦♥❛t♦r ✐s ❡q✉❛❧ t♦

ω0ndg =

√
2

2
ωz2

√
√

1− 4
ωz1

ωz2
+ 4

gm1gm2

ω2
z2CGCT

+ 2
ωz1

ωz2
− 1 ✭✹✳✸✸✮

■❢ t❤❡r❡ ❛r❡ ♥♦ ❧♦ss❡s ✐♥ t❤❡ ❝✐r❝✉✐t (ωz1 = 0)✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❡q✉❛❧s t❤❛t

♦❢ t❤❡ ✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❢r♦♠ ✭✹✳✶✸✮ ✭♣r♦✈✐❞✐♥❣ t❤❛t ❛❧❧ ♦❢ t❤❡ ♦t❤❡r ❝♦♠♣♦✲

♥❡♥ts ❛r❡ t❤❡ s❛♠❡✮✳ ◆♦t❡✱ t❤❛t t❤❡ r❡s♦♥❛♥❝❡ ✐s ❝♦♥tr♦❧❧❡❞ ♥♦t ♦♥❧② ❜② ❝❛♣❛❝✐t♦rs ❛♥❞

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❜✉t ❛❧s♦ ❞❡♣❡♥❞s ♦♥ Go t❤r♦✉❣❤ CG✱ ωz1 ❛♥❞ ωz2✳

❚❤❡ ❡✛❡❝t✐✈❡ ✈❛❧✉❡ ♦❢ Rnpdg ♥♦ ❧♦♥❣❡r ♠♦♥♦t♦♥✐❝❛❧❧② ❝❤❛♥❣❡s ✇✐t❤ ❢r❡q✉❡♥❝② ❛s ✐♥ t❤❡

❝❛s❡ ♦❢ ✐❞❡❛❧ ❝✐r❝✉✐t✳ ❆ ✜♥✐t❡ Go ❝♦♥♥❡❝t❡❞ ✐♥ s❡r✐❡s ✇✐t❤ t❤❡ ♥❡❣❛t✐✈❡ ❝♦♠♣♦♥❡♥t ♠♦❞✲

✐✜❡s t❤❡ t♦t❛❧ r❡s✐st❛♥❝❡ ❡①♣❡r✐❡♥❝❡❞ ❜② t❤❡ r❡s♦♥❛t♦r✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s Go ❜❡❝♦♠❡s

❞♦♠✐♥❛♥t ❛♥❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ❞✐♠✐♥✐s❤❡❞✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱

t❤❡ ♥❡❣❛t✐✈❡ t❡r♠ ❜❡❝♦♠❡s ❧❛r❣❡r✳ ❚❤✉s✱ t❤❡ r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s ❢♦r ✇❤✐❝❤ ❛ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ✐s ❛✈❛✐❧❛❜❧❡ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❝✐r❝✉✐t ❧♦ss❡s✳ ❚♦ ✐❧❧✉str❛t❡ t❤✐s

❜❡❤❛✈✐♦r✱ t❤❡ ✐♥✈❡rs❡ ♦❢ ✭✹✳✸✶✮ ✇❛s s✐♠✉❧❛t❡❞ ✉s✐♥❣ ▼❛t❧❛❜ ❛♥❞ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞

♦♥ ❋✐❣✉r❡ ✹✳✾✳ ❚❤❡ ✐♥✈❡rs❡ ♦❢ Rnpdg ✐s st✉❞✐❡❞ ❜❡❝❛✉s❡ ❛t ❛ ❝❡rt❛✐♥ ❢r❡q✉❡♥❝②✱ ❣✐✈❡♥ ❜②

ω =
√

ωz1ωz2 ✭✹✳✸✹✮

Go ❝❛♥❝❡❧s t❤❡ ♥❡❣❛t✐✈❡ t❡r♠ ❛♥❞ t❤❡ ♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡ ❛♣♣r♦❛❝❤❡s ✐♥✜♥✐t②✳ ❚❤✉s✱ ✐t ✐s

♠♦r❡ ❝♦♥✈❡♥✐❡♥t t♦ ❛♥❛❧②s❡ ❛♥❞ ♣❧♦t t❤❡ t♦t❛❧ t❛♥❦ ❝♦♥❞✉❝t❛♥❝❡ ✐♥st❡❛❞✳
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❋✐❣✉r❡ ✹✳✾✿ ❚♦t❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ r❡s♦♥❛t♦r ❛s ❢✉♥❝t✐♦♥ ♦❢ t❤❡
✜♥✐t❡ ♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡✳

❚❛❜❧❡ ✹✳✹✿ ❙✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ❝❤♦s❡♥ t♦ ❡✈❛❧✉❛t❡ ✐♥✢✉❡♥❝❡ ♦❢ Go ♦♥ ❣❡♥❡r❛t❡❞
♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡✳

P❛r❛♠❡t❡rs

gm1 gm2 Rout Cout Cg Co Ci Ct RT Gi

♠❆✴❱ ❦Ω ♣❋ ❦Ω ♠❙

✶✵ ✷ ✵✳✷ ✹ ✺ ✶✵

❚❛❜❧❡ ✹✳✹ ❝♦♥t❛✐♥s ❛ s❡t ♦❢ ♣❛r❛♠❡t❡rs ✉s❡❞ t♦ s✐♠✉❧❛t❡ ❝✐r❝✉✐t ❜❡❤❛✈✐♦r ❢r♦♠ ✶✵✵ ▼❍③

t♦ ✶✵✵✵ ▼❍③✳ ❚❤❡ ✐♥♣✉t ❧♦ss❡s ♦❢ t❤❡ ❣②r❛t♦r✱ r❡♣r❡s❡♥t❡❞ ❜② Gi ❛r❡ ❝❤❛r❛❝t❡r✐s❡❞ ✇✐t❤

❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ ✈❛❧✉❡ ♦❢ ✺ ♠❙ t♦ s✐♠✉❧❛t❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❧♦✇✲◗ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ▼♦r❡

❞❡t❛✐❧s ❜❡❤✐♥❞ t❤✐s ♣❛rt✐❝✉❧❛r ❝❤♦✐❝❡ ❛r❡ ❣✐✈❡♥ ❧❛t❡r ✐♥ t❤✐s s❡❝t✐♦♥✳ ❚❤❡ ✜rst ❝✉r✈❡

r❡♣r❡s❡♥ts ❛♥ ✐❞❡❛❧ ❝❛s❡ ✇✐t❤ ♥♦ ❧♦ss❡s ✐✳❡✳ Go = 0✱ ✇❤❡r❡❛s t❤❡ ❧❛st t❤r❡❡ r❡♣r❡s❡♥t

❛ s✐t✉❛t✐♦♥ ✇❤❡r❡ ❧♦ss❡s ✐♥❝r❡❛s❡ ✐♥ r❡❧❛t✐♦♥ t♦ ❛♥ ❛♠♣❧✐✜❡r tr❛♥s❝♦♥❞✉❝t❛♥❝❡✳ ■♥t❡r✲

❡st✐♥❣❧②✱ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛❧❧ ❝✉r✈❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ r❡s✉❧ts ❢r♦♠ ❬✼❪✱ ✇❤❡r❡ ❑❛✉♥✐st♦

st✉❞✐❡❞ t❤♦r♦✉❣❤❧② ❛♥ ✐♥✢✉❡♥❝❡ ♦❢ ✐♥♣✉t ❧♦ss❡s ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦♥ ❛ q✉❛❧✲

✐t② ❢❛❝t♦r ♦❢ t❤❡ ❘❋ ✜❧t❡rs ❤❡ ♣r♦♣♦s❡❞✳ ❚❤✉s✱ ❛❧t❤♦✉❣❤ t❤❡ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s
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✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

t❤❡s✐s ✐s ♦r✐❣✐♥❛❧ ❛♥❞ ❞✐✛❡rs ❢r♦♠ t❤❡ ♦♥❡ ♦❢ ❑❛✉♥✐st♦✱ ❜♦t❤ s❤❛r❡ s✐♠✐❧❛r r❡s✉❧ts✱ ❣✐✈✐♥❣

❝♦♥✜❞❡♥❝❡ t❤❛t t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ r❡s✐st✐✈❡ ❧♦ss❡s ✐s

❝♦rr❡❝t✳

❆s ❡①♣❧❛✐♥❡❞ ❜❡❢♦r❡✱ ❛♥ ✐♥❝r❡❛s❡❞ Go s❤✐❢ts t❤❡ ❜♦✉♥❞❛r② ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❛✈❛✐❧❛❜✐❧✐t② r❛♥❣❡ ✐♥t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ■♥ t❤❡ ✇♦rst ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ❝❛s❡s✱ t❤✐s

r❛♥❣❡ ❤❛s ❜❡❡♥ ❞❡❝r❡❛s❡❞ ❜② ✸✼✵ ▼❍③ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ✐❞❡❛❧ ♦♥❡✱ s❤♦✇✐♥❣ t❤❡

s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ♦❢ Go ♦♥ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ ❛ ♥♦♥✲✐❞❡❛❧ r❡s♦♥❛t♦r✳ ❋♦r t❤✐s r❡❛s♦♥

✐t ✐s ✐♠♣♦rt❛♥t t♦ ❣✐✈❡ ♠♦r❡ ✐♥s✐❣❤t ♦♥ t❤❡ ♦r✐❣✐♥ ♦❢ ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥ts ✐♥ ❈▼❖❙

❣②r❛t♦rs ❛♥❞ ♣♦ss✐❜❧❡ ✇❛②s ♦❢ ♠✐♥✐♠✐s✐♥❣ t❤❡✐r ❡✛❡❝t ♦♥ ❝✐r❝✉✐t ♣❡r❢♦r♠❛♥❝❡✳

✹✳✺✳✶ ■♥tr✐♥s✐❝ ♣❤❛s❡ ❧❛❣ ♦❢ tr❛♥s❝♦♥❞✉❝t♦rs

■♥ ❣❡♥❡r❛❧✱ tr❛♥s❝♦♥❞✉❝t♦r ♣❛r❛s✐t✐❝s ❞❡♣❡♥❞ ♦♥ t✇♦ ❢❛❝t♦rs✳ ❆✈❛✐❧❛❜❧❡ t❡❝❤♥♦❧♦❣② ❛♥❞

r❡❧❛t❡❞ ❞❡✈✐❝❡ ❢❛❜r✐❝❛t✐♦♥ ♣r♦❝❡ss ❛r❡ t❤❡ ✜rst ♦♥❡✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛ st❛♥❞❛r❞ ❝♦♠♠❡r❝✐❛❧

❈▼❖❙ ♣r♦❝❡ss✱ ❯▼❈ ✶✽▼▼ ❢♦r ❡①❛♠♣❧❡✱ ❛❧❧ ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ tr❛♥s✐st♦r ♠♦❞❡❧s ❛r❡ s✉♣✲

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

❧✐❜r❛r✐❡s ❛❧❧♦✇ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ t❤❡ ♠❛❥♦r ♣❛r❛s✐t✐❝s✳ ❚❤❡ s❡❝♦♥❞ ❢❛❝t♦r ✐s r❡❧❛t❡❞ t♦

❛ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡r ❝♦♥✜❣✉r❛t✐♦♥✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❡q✉✐r❡❞ ❣②r❛t♦r ♣❡r✲

❢♦r♠❛♥❝❡ ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✱ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ♠❛② ❜❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣

❡✐t❤❡r ❛ s✐♥❣❧❡ tr❛♥s✐st♦r ♦r ♠♦r❡ ❡❧❛❜♦r❛t❡✱ ♠✉❧t✐st❛❣❡ ❝✐r❝✉✐ts✳ ❋♦r t❤❡ ♣✉r♣♦s❡ ♦❢

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

s✉❣❣❡st❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✸✳✷✱ t❤❡ ♥♦✐s❡ ♦❢ ❛ ❣②r❛t♦r r❡s♦♥❛t♦r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦

✐ts q✉❛❧✐t② ❢❛❝t♦r✳ ❚❤❡r❡❢♦r❡ ❧♦✇ Q ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ❛r❝❤✐t❡❝t✉r❡s ✉s✐♥❣ s✐♥❣❧❡ tr❛♥s✐st♦r

❛♠♣❧✐✜❡rs ❬✺✷✱ ✺✸✱ ✻✵❪ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ ❢♦r ❞❡❝r❡❛s❡❞ ♥♦✐s❡✳

❲❤❡♥ s✐♥❣❧❡ tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ✉s❡❞✱ t❤❡ ❛♥❛❧②s✐s ♦❢ ❤♦✇ t❤❡✐r ♣❛r❛s✐t✐❝s

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

❝♦♥s✐❞❡r t❤❡ ✐♥♣✉t ♣❛r❛s✐t✐❝ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦s ♦❢ t❤r❡❡ s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

❛♠♣❧✐✜❡rs✱ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✵✳ ❆♠♦♥❣ t❤❡ ♣r❡s❡♥t❡❞ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛ ❝♦♠♠♦♥

s♦✉r❝❡ ❝✐r❝✉✐t ✭❈❙✮ s✉✛❡rs t❤❡ ❧❛r❣❡st ♣❤❛s❡ ❧❛❣ ❞✉❡ t♦ t❤❡ ▼✐❧❧❡r ❡✛❡❝t✱ ✇❤❡r❡ ❛ r❡❧❛t✐✈❡❧②

s♠❛❧❧ ❣❛t❡✲t♦✲❞r❛✐♥ ❝❛♣❛❝✐t❛♥❝❡ Cgs ✐s ♠✉❧t✐♣❧✐❡❞ ❜② ❛ ❞❡✈✐❝❡ ❣❛✐♥✳ ❙✐♥❝❡ t❤❡ ❝♦♠♠♦♥
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vin

rg

Cgs CM

+
vout−

CM = Cgd ·
(

1 + gm
gds

)

✭❛✮

vin

rg

Cgd
+
vout−

✭❜✮

vin

rg

Cgs
1

gm

+

vout

−

✭❝✮

❋✐❣✉r❡ ✹✳✶✵✿ ■♥♣✉t ♣❛r❛s✐t✐❝ ♣❤❛s❡ ❧❛❣ ♥❡t✇♦r❦s ♦❢ ❜❛s✐❝ ❈▼❖❙ tr❛♥s❝♦♥❞✉❝t♦rs✿ ✭❛✮
❝♦♠♠♦♥ s♦✉r❝❡ ✇✐t❤ ▼✐❧❧❡r ❝❛♣❛❝✐t❛♥❝❡✱ ✭❜✮ ❝♦♠♠♦♥ ❞r❛✐♥ ❛♥❞ ✭❝✮ ❝♦♠♠♦♥ ❣❛t❡✳

❞r❛✐♥ ✭❈❉✮ ❛♥❞ t❤❡ ❝♦♠♠♦♥ ❣❛t❡ ✭❈●✮✱ ❞♦ ♥♦t s✉✛❡r ❢r♦♠ t❤✐s ❡✛❡❝t✱ t❤❡✐r r❡s♣❡❝t✐✈❡

♣❤❛s❡ s❤✐❢ts ♥❡✈❡r ❡①❝❡❡❞ t❤❛t ♦❢ ❛ ❈❙ ❛♠♣❧✐✜❡r✳ Pr❛❝t✐❝❛❧❧②✱ ❛ ❈❙ tr❛♥s❝♦♥❞✉❝t♦r ✐s

❛❧✇❛②s ♣r❡s❡♥t ✐♥ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ ❛s ✐t ♣r♦✈✐❞❡s t❤❡ ♥❡❣❛t✐✈❡ ❣❛✐♥ ♥❡❝❡ss❛r② t♦

s✐♠✉❧❛t❡ ✐♥❞✉❝t❛♥❝❡✳ ❚❤✉s✱ ❝❛r❡ ❤❛s t♦ ❜❡ t❛❦❡♥ t♦ ♠✐♥✐♠✐s❡ ✐♥tr✐♥s✐❝ ▼❖❙ ♣❤❛s❡ ❧❛❣

✇❤❡r❡ ♣♦ss✐❜❧❡✳

❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛r❛s✐t✐❝ ♣❤❛s❡ s❤✐❢ts ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❞❡s❝r✐❜❡❞ tr❛♥s❝♦♥❞✉❝t♦rs

❛r❡

φCS = − arctanω (Cgs + CM ) rg ✭✹✳✸✺✮

φCD = − arctanωCgdrg ✭✹✳✸✻✮

φCG = − arctan
ωCgsrg

1 + rggm
✭✹✳✸✼✮

❋♦r ❛❧❧ ♦❢ t❤❡ ❝✐r❝✉✐ts ❢♦r♠ ❋✐❣✉r❡ ✹✳✶✵✱ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ♣❛r❛s✐t✐❝ ♣♦❧❡ ✐s ♥❡❣❧✐❣✐❜❧②

s♠❛❧❧✱ t❤❡ ❣❛t❡ r❡s✐st❛♥❝❡ rg s❤♦✉❧❞ ❜❡ ♠✐♥✐♠✐s❡❞✳ ❚❤❡ ❝♦♠♠♦♥ ♣r❛❝t✐❝❡ ✐s ❡✐t❤❡r t♦

✉s❡ ❝♦♥t❛❝ts ♦♥ ❜♦t❤ ❡♥❞s ♦❢ t❤❡ tr❛♥s✐st♦r ❣❛t❡✱ ❛ tr❛♥s✐st♦r ❢♦❧❞✐♥❣ ♦r ❜♦t❤✳ ❚❤❡s❡

t❡❝❤♥✐q✉❡s ❛❧❧♦✇ ✉s t♦ ♠✐♥✐♠✐s❡ rg ❜② ✉♣ t♦ ❛ ❢❛❝t♦r ✹ ❬✷✻❪✳ ❖♥❝❡ rg ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞✱

✾✽



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

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

✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ✐♥♣✉t tr❛♥s❝♦♥❞✉❝t♦r✱ t♦ t❤❡ r❡♠❛✐♥✐♥❣ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ r❡s♦♥❛t♦r✳

❚♦ ✐❧❧✉str❛t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞❡✈✐❝❡ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛❣♥✐✲

t✉❞❡ ♦❢ ♣❛r❛s✐t✐❝s✱ t②♣✐❝❛❧ s✉❜♠✐❝r♦♥ ❈▼❖❙ ♣r♦❝❡ss ♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ✭✹✳✸✺✮✲

✭✹✳✸✼✮✳ ❚❛❜❧❡ ✹✳✺ ♣r❡s❡♥ts t❤❡ ♣❛r❛♠❡t❡rs ❛♥❞ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ r❡s✉❧ts ❢♦r ❡❛❝❤ t②♣❡ ♦❢ ❛

s✐♥❣❧❡ tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡r ❝♦♥s✐❞❡r❡❞ ❤❡r❡✳ ❆ss✉♠✐♥❣ t❤❡ ❤✐❣❤❡st s✐❣✲

♥❛❧ ❢r❡q✉❡♥❝② ♦❢ ✶✵✵✵ ▼❍③✱ ❛♣♣r♦①✐♠❛t❡ ♣❤❛s❡ s❤✐❢ts ❛r❡ r❡s♣❡❝t✐✈❡❧②✿ φCS ≈ 0.023π r❛❞

❢♦r ❈❙✱ φCD, φCG ≈ 0.002π r❛❞ ❢♦r ❈❉ ❛♥❞ ❈● ❛♠♣❧✐✜❡rs✳ ❆❧t❤♦✉❣❤ t❤❡s❡ ✈❛❧✉❡s ❝❛♥

❜❡ ♥❡❣❧❡❝t❡❞ ❢♦r t❤❡ ❢r❡q✉❡♥❝✐❡s ✉♣ t♦ ✶✵✵✵ ▼❍③✱ t❤❡ ❧❛r❣❡ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❈❙

❛♠♣❧✐✜❡r ✭Cin ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✳✷ ♣❋✲✶ ♣❋ ❢♦r ✶✽✵ ♥♠ tr❛♥s✐st♦r✮ ❤❛s t♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥

t❤❡ r❡s♦♥❛t♦r t❛♥❦✳ ❖♥❡ ❝❛♥ t❤❡r❡❢♦r❡ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ s♠❛❧❧❡st ❛✈❛✐❧❛❜❧❡ tr❛♥s✐st♦r

s✐③❡ s❤♦✉❧❞ ❜❡ ✉s❡❞✱ ❤♦✇❡✈❡r t❤✐s ❛♣♣r♦❛❝❤ ✉s✉❛❧❧② ❞♦❡s ♥♦t ②✐❡❧❞ t❤❡ ♦♣t✐♠❛❧ ♥♦✐s❡

♣❡r❢♦r♠❛♥❝❡ ♦r ❝✐r❝✉✐t ❧✐♥❡❛r✐t②✳

❚❛❜❧❡ ✹✳✺✿ ❈❛❧❝✉❧❛t❡❞ ♣❛r❛s✐t✐❝ ♣❤❛s❡ s❤✐❢t ❢♦r ❛ s✐♥❣❧❡ tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡
❛♠♣❧✐✜❡r ❛t ✶ ●❍③

❚r❛♥s✐st♦r ♣❛r❛♠❡t❡rs ❆♠♣❧✐✜❡r
P❤❛s❡ s❤✐❢t
r❛❞ ❞❡❣

W
➭♠

✼✷
❈●

✵✳✵✵✷π ✵✳✸✻
L ✵✳✷✺
Id ♠❆ ✶✳✸

❈❉
gm ♠❆✴❱ ✶✵

gds ➭❙ ✸✵✵
❈❙ ✵✳✵✷✸π ✹✳✶✹

Cgs ❢❋
✶✵✵

Cgd ✸✵
rg Ω ❁✶✵

✹✳✺✳✷ ❖✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ ▼❖❙ tr❛♥s✐st♦rs

❚❤❡ ♠❛✐♥ ♠❡❝❤❛♥✐s♠ r❡s♣♦♥s✐❜❧❡ ❢♦r t❤✐s ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥t ❝♦♠❡s ❢r♦♠ t❤❡ ❝❤❛♥♥❡❧

❧❡♥❣t❤ ♠♦❞✉❧❛t✐♦♥ ✭❈▼▲✮ ❡✛❡❝t✳ ❆t t❤❡ ❜♦✉♥❞❛r② ♦❢ t❤❡ s❛t✉r❛t✐♦♥✱ ❛ ▼❖❙ ❝♦♥❞✉❝t✐✈❡

❝❤❛♥♥❡❧ ✐s ♣✐♥❝❤❡❞✲♦✛ ❛t t❤❡ ❞r❛✐♥✱ ❛♥❞ t❤❡ ❞r❛✐♥ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡ VDS ✐❞❡❛❧❧② ❞♦❡s ♥♦t

❝❤❛♥❣❡ ❝❤❛♥♥❡❧ ❝✉rr❡♥t ❛♥② ♠♦r❡✳ ❍♦✇❡✈❡r ✐♥ ♣r❛❝t✐❝❡✱ ❢✉rt❤❡r ✐♥❝r❡❛s❡s ✐♥ VDS ❝❛✉s❡ ❛

✾✾



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❞❡♣❧❡t✐♦♥ r❡❣✐♦♥ ❜❡✐♥❣ ❢♦r♠❡❞ ❜❡t✇❡❡♥ ❛♥ ❛❝t✉❛❧ ♣✐♥❝❤✲♦✛ ♣♦✐♥t ❛♥❞ t❤❡ ❞r❛✐♥ ❝♦♥t❛❝t✳

❆s ❛ r❡s✉❧t✱ t❤❡ ❡✛❡❝t✐✈❡ ❝❤❛♥♥❡❧ ❧❡♥❣t❤ ✐s ❞❡❝r❡❛s❡❞ ❢r♦♠ ✐ts ❞r❛✇♥ ✭♣❤②s✐❝❛❧ ❧❛②♦✉t✮

❞✐♠❡♥s✐♦♥ ❛♥❞ tr❛♥s✐st♦r ❝✉rr❡♥t ✐♥❝r❡❛s❡s ♣r♦♣♦rt✐♦♥❛❧❧② t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ VDS

❛♥❞ s❛t✉r❛t✐♦♥ ✈♦❧t❛❣❡✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s r❡♣r❡s❡♥t❡❞ ❛s ❛ ✜♥✐t❡ ❞✐✛❡r❡♥t✐❛❧ r❡s✐st❛♥❝❡

rds ❜❡t✇❡❡♥ ❞r❛✐♥ ❛♥❞ s♦✉r❝❡✳ ❚❤✐s ❜❡❝♦♠❡s ♠♦r❡ s✐❣♥✐✜❝❛♥t ✇❤❡♥ t❤❡ ▼❖❙ tr❛♥s✐st♦r

❞r❛✇♥ ❣❛t❡ ❧❡♥❣t❤ ❜❡❝♦♠❡s r❡❧❛t✐✈❡❧② s♠❛❧❧ ✐✳❡✳ ✐❢ ♠✐♥✐♠✉♠ s✐③❡ ❞❡✈✐❝❡s ❛r❡ ✉s❡❞✳ ❚♦

❝♦♠♣❛r❡ ✈❛r✐♦✉s ❞❡✈✐❝❡s ✐♥ t❡r♠s ♦❢ t❤❡✐r ♦✉t♣✉t r❡s✐st❛♥❝❡✱ t❤❡ ❉❈ ❣❛✐♥ ❝❛♥ ❜❡ ❞❡✜♥❡❞

ADC = gm · rds =
gm

gds
✭✹✳✸✽✮

❛♥❞ ❢♦r ❛ s✉❜✲♠✐❝r♦♥ ❈▼❖❙ ❞❡✈✐❝❡s t②♣✐❝❛❧ ✈❛❧✉❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✲✹✵ ❛r❡ ♦❜s❡r✈❡❞✳

❆❧t❤♦✉❣❤ s✐♠♣❧❡✱ ✭✹✳✸✽✮ s❤♦✇s t❤❡ ✐♠♣♦rt❛♥t r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

❛♥❞ t❤❡ ♦✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ ▼❖❙ ❞❡✈✐❝❡s✳ ▲❛r❣❡ ADC ✈❛❧✉❡s ✐♥❞✐❝❛t❡ t❤❛t ❢♦r ❛ ❣✐✈❡♥

gm✱ t❤❡ tr❛♥s✐st♦r ✐♥tr♦❞✉❝❡s s♠❛❧❧ ♦✉t♣✉t ❧♦ss❡s ❛♥❞ ✐ts ❜❡❤❛✈✐♦r ✐s ❝❧♦s❡r t♦ t❤❛t ♦❢

t❤❡ ✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❤❡♥ t❤❡ ❉❈ ❣❛✐♥ ✐s s♠❛❧❧✱ gds r❡♣r❡s❡♥ts

❛ s✐❣♥✐✜❝❛♥t ♣❛r❛s✐t✐❝ ❧♦❛❞ ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦r✳

❆s s❤♦✇♥ ❛t t❤❡ ❡♥❞ ♦❢ ❙❡❝t✐♦♥ ✹✳✺✱ ❢r♦♠ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

♣❡rs♣❡❝t✐✈❡✱ ♣❡r❢♦r♠❛♥❝❡ ✐s ❜♦✉♥❞❡❞ ❜② t❤❡ ❛✈❛✐❧❛❜❧❡ ❉❈ ❣❛✐♥ ♦❢ ▼❖❙ tr❛♥s✐st♦rs ✉s❡❞✳

❇♦t❤ Gi ❛♥❞ Go ✐♥❝r❡❛s❡ ♣♦s✐t✐✈❡ ❧♦ss❡s✱ ❞✐♠✐♥✐s❤✐♥❣ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❣❡♥❡r❛t❡❞ ❜② t❤❡ ♣❤❛s❡ s❤✐❢t❡r✳ ❚❤✉s t♦ ♠✐♥✐♠✐s❡ t❤✐s✱ ❛ ♣r♦♣❡r s✐③❡❞ ❞❡✈✐❝❡ ❤❛s t♦ ❜❡

✉s❡❞ t♦ ❡♥s✉r❡ s✉✣❝✐❡♥t ❧❡✈❡❧s ♦❢ ADC ✳ ❋✐❣✉r❡s ✹✳✶✶ ❛♥❞ ✹✳✶✷ ✐❧❧✉str❛t❡ t❤❡ ❞❡♣❡♥❞❡♥❝❡

♦❢ ❉❈ ❣❛✐♥ ♦♥ ❞✐✛❡r❡♥t ❝❤❛♥♥❡❧ ❧❡♥❣t❤s ❛♥❞ ♦♥ ❞r❛✐♥ ❝✉rr❡♥t ✈❛❧✉❡s ❢♦r ◆▼❖❙ ❞❡✈✐❝❡s

✐♥ ❯▼❈✶✽▼▼ ♣r♦❝❡ss✳

❚❤❡ ♥❡❣❛t✐✈❡ ✐♠♣❛❝t ♦❢ ❈▼▲ ♦♥ ▼❖❙ ❞❡✈✐❝❡s ❜❡❝♦♠❡s ♠♦r❡ s✐❣♥✐✜❝❛♥t ❢♦r s❤♦rt

tr❛♥s✐st♦rs✱ ✐♥❞✐❝❛t✐♥❣ ❛♥ ✐♥❡✈✐t❛❜❧❡ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ s✐③❡ ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❞❡❣❡♥✲

❡r❛t❡❞ r❡s♦♥❛t♦r✳ ❋♦r ❛ ❝♦♥st❛♥t ❞❡✈✐❝❡ s✐③❡✱ ❛♥ ✐♥❝r❡❛s✐♥❣ ❞r❛✐♥ ❝✉rr❡♥t ❛❧s♦ r❡❞✉❝❡s

❣❛✐♥✳ ❚❤✉s✱ ❛s gm ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞r❛✐♥ ❝✉rr❡♥t✱ t❤❡ ❉❈ ❣❛✐♥ ✇✐❧❧ ❜❡ r❡❞✉❝❡❞

❢♦r t❤❡ ♠❛①✐♠✉♠ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡ ✉s❡❞ ✐♥ t❤❡ ❞❡s✐❣♥✳ ❚❤❡r❡❢♦r❡✱ ❝❛r❡ ❤❛s t♦

❜❡ t❛❦❡♥ t♦ ❡♥s✉r❡ t❤❛t ✇❤❡♥ t❤❡ ❤✐❣❤❡st gm ✐s s❡t✱ t❤❡ ♦✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ t❤❡ ▼❖❙

tr❛♥s✐st♦r ✐s st✐❧❧ ❤✐❣❤ ❡♥♦✉❣❤✳

✶✵✵
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150 200 250 300 350 400 450 500 550
20

25

30

35

40

45

50

55

60

65

Drawn gate length L [nm]

N
M

O
S

 D
C

 g
ai

n 
[g

m
/g

ds
]

 

 

gm=10 mA/V, W/L=160

❋✐❣✉r❡ ✹✳✶✶✿ ❙✉❜✲♠✐❝r♦♥ ▼❖❙ tr❛♥s✐st♦r ❉❈ ❣❛✐♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞r❛✇♥ ❣❛t❡ ❧❡♥❣t❤
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L=250 nm, W/L=160
Linear regression

❋✐❣✉r❡ ✹✳✶✷✿ ❙✉❜✲♠✐❝r♦♥ ▼❖❙ tr❛♥s✐st♦r ❉❈ ❣❛✐♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞r❛✐♥ ❝✉rr❡♥t ❢♦r
❝♦♥st❛♥t ▲✳
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✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❆ ❝♦♠♠♦♥ tr❡♥❞ ✐♥ ♠✐❝r♦❡❧❡❝tr♦♥✐❝ ❞❡s✐❣♥ ✐s t♦ ✉s❡ t❤❡ s♠❛❧❧❡st ❞❡✈✐❝❡s ❛✈❛✐❧❛❜❧❡✳

❆s ✐♥ t❤✐s ❝❛s❡ t❤❡ ❉❈ ❣❛✐♥ ♦❢ ❞❡✈✐❝❡s ❜❡❝♦♠❡s s♠❛❧❧❡r✱ ❢r♦♠ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♣❡rs♣❡❝t✐✈❡ t❤✐s ❧❡❛❞s t♦ ✐♥❝r❡❛s❡❞ Go✳ ❚❤✐s r❡❞✉❝❡s ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ❣❡♥❡r❛t❡❞

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

♠✐♥✐♠✉♠ s✐③❡ ❞❡✈✐❝❡s ❤❛✈❡ t♦ ❜❡ ✉s❡❞✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❛❝t✐✈❡ r❡s♦♥❛t♦r ♠❛② ♥♦t

❜❡ ♦♣t✐♠❛❧✳

❚❤❡ ♣r♦❜❧❡♠ ♦❢ ✜♥✐t❡ ♦✉t♣✉t r❡s✐st❛♥❝❡ ♠❛② ❜❡ ♣❛rt✐❛❧❧② s♦❧✈❡❞ ❜② t❤❡ ❤❡❧♣ ♦❢ ❝❛s✲

❝♦❞✐♥❣✱ t❤❡ ♠❡t❤♦❞ ♣r❡✈✐♦✉s❧② ❛♣♣❧✐❡❞ t♦ ❛ st❛♥❞❛r❞ ❣②r❛t♦r ❜② ✈❛r✐♦✉s r❡s❡❛r❝❤❡rs ❬✺✺✱

✻✹✱ ✼✺✱ ✾✽✱ ✾✾❪✳ ❆ ❝❛s❝♦❞✐♥❣ ✐♥❝r❡❛s❡s ♦✉t♣✉t r❡s✐st❛♥❝❡ ❛♥❞ ❜♦♦sts ADC ✱ ❤♦✇❡✈❡r ✐t

♠❛② ✐♠♣❛✐r ❝✐r❝✉✐t ❧✐♥❡❛r✐t② ❛♥❞ r❡❞✉❝❡s ❛✈❛✐❧❛❜❧❡ ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠ ❬✺✶❪✳ ❚❤✉s✱ t❤✐s ✐s

♥♦t ❛ ❣❡♥❡r❛❧ s♦❧✉t✐♦♥ ❢♦r t❤❡ ♣r♦❜❧❡♠ ♦❢ ❛ ✜♥✐t❡ gds✱ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ s✐❣♥❛❧ s✇✐♥❣s ❛r❡

r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r✳

✹✳✺✳✸ ■♥♣✉t r❡s✐st❛♥❝❡ ♦❢ ❣②r❛t♦r

❚❤✐s ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥t ✐s ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② t♦ t❤❡ t❛♥❦ r❡s✐st❛♥❝❡ RT ✳ ❚②♣✐❝❛❧❧②✱ ❛

r❡s♦♥❛t♦r ✐s ❧♦❛❞❡❞ ❜② ❛ ❜✉✛❡r ❛♥❞ Gi ✐s ❧❛r❣❡r t❤❛♥ 1/RT ✱ t❤❡r❡❢♦r❡ ❞♦♠✐♥❛t✐♥❣ t❤❡

t♦t❛❧ ❧♦ss❡s ♦❢ t❤❡ r❡s♦♥❛t♦r✳ ■♥ ❣❡♥❡r❛❧ Gi ❝♦♥s✐sts ♦❢ t✇♦ t❡r♠s✳ ❚❤❡ ✜rst t❡r♠✱ ❛s

s❤♦✇♥ ✐♥ ❈❤❛♣t❡r ✸✱ ❝♦♠❡s ❢r♦♠ t❤❡ ✜♥✐t❡ ❞r❛✐♥✲s♦✉r❝❡ r❡s✐st❛♥❝❡ ♦❢ ▼❖❙ tr❛♥s✐st♦rs✳

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

❞✐r❡❝t❧② t♦ ❛ ❣②r❛t♦r ❝♦♥✜❣✉r❛t✐♦♥✳ ❆s ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ❛ ❢❡❡❞❜❛❝❦ ❝✐r❝✉✐t✱ t❤✐s

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

tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ♦❢ ❜♦t❤ ❛♠♣❧✐✜❡rs✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛ s✐♠♣❧❡✱ t✇♦ tr❛♥s✐st♦r ❛r❝❤✐t❡❝t✉r❡✱

t❤❡ ❣②r❛t♦r ❝♦♥s✐sts ♦❢ ❛ ❈❙ ❛♠♣❧✐✜❡r ❛s ❛♥ ✐♥✈❡rt✐♥❣ st❛❣❡ ❛♥❞ ❡✐t❤❡r ❛ ❈❉ ❜✉✛❡r ❬✺✷❪

♦r ❛ ❈● ❞❡✈✐❝❡ ❬✺✸❪ ❛s t❤❡ ❢❡❡❞❜❛❝❦ ♥♦♥✲✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r✳ ❘❡❣❛r❞❧❡ss ♦❢ ✇❤✐❝❤

♣♦rt ✐s ❝❤♦s❡♥✱ t❤❡ r❡s✐st✐✈❡ ♣❛rt ♦❢ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦r ✐♠♣❡❞❛♥❝❡ ❡q✉❛❧s gm ♦r

1/gm ♦❢ ♦♥❡ ♦❢ t❤❡ ❛♠♣❧✐✜❡rs✱ r❡s♣❡❝t✐✈❡❧②✳ ❋♦r ❤✐❣❤ ADC ✱ t❤✐s t❡r♠ ❞♦♠✐♥❛t❡s t❤❡ t♦t❛❧

✐♥♣✉t r❡s✐st❛♥❝❡✳ ❆s ❛♥ ❡①❛♠♣❧❡✱ t♦ ❛❝❤✐❡✈❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝✐❡s ✉♣ t♦ ✶✵✵✵ ▼❍③ ✉s✐♥❣

❛ st❛♥❞❛r❞ ❣②r❛t♦r✱ ❛ t②♣✐❝❛❧ ✈❛❧✉❡ ♦❢ ❛ ▼■▼ ❝❛♣❛❝✐t♦r ❡♠♣❧♦②❡❞ ❝❛♥ ❜❡ ✐♥ t❤❡ r❛♥❣❡

♦❢ ✷ ♣❋✲✹ ♣❋✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ ❛ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ❛r♦✉♥❞ ✶✵ ♠❆✴❱ ❛♥❞ ❛
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✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

♣❛r❛❧❧❡❧ r❡s✐st❛♥❝❡ ♦❢ ✶✵✵ Ω✳ ■❢ ♥♦t ❝♦♠♣❡♥s❛t❡❞✱ t❤✐s r❡s✐st❛♥❝❡ r❡❞✉❝❡s t❤❡ q✉❛❧✐t②

❢❛❝t♦r ♦❢ ❛ r❡s♦♥❛t♦r ❜❡❧♦✇ ❛♥② ♣r❛❝t✐❝❛❧ ✈❛❧✉❡✳

❚♦ ♦✈❡r❝♦♠❡ t❤✐s ♣r♦❜❧❡♠ ♠✉❧t✐st❛❣❡ ❛♠♣❧✐✜❡rs ❝❛♥ ❜❡ ✉s❡❞✳ ❑❛rs✐❧❛②❛♥ ❡t ❛❧✳ ❬✶✵✵❪

♣r♦♣♦s❡❞ ❛ t✇♦ st❛❣❡ ♥♦♥✲✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r ✐♥ ❈❉✲❈● ❝♦♥✜❣✉r❛t✐♦♥✳ ❯②❛♥✐❦

❡t ❛❧✳ ❬✶✵✶❪ ♣r❡s❡♥t❡❞ ❛ ❘❋ ✜❧t❡r ✇✐t❤ ❛❧s♦ ❛ ♥♦♥✲✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ✉s✐♥❣ ❛ ❝❛s❝❛❞❡ ♦❢

P▼❖❙ ❛♥❞ ◆▼❖❙ ✐♥✈❡rt❡rs✳ ❚❤❛♥❛❝❤❛②❛♥♦♥t ❡t ❛❧✳ ❬✺✺❪ ✉s❡❞ ❝❛s❝♦❞❡ ❛♥❞ r❡❣✉❧❛t❡❞

❝❛s❝♦❞❡ ✐♥ ♣❧❛❝❡ ♦❢ t❤❡ ✐♥✈❡rt✐♥❣ st❛❣❡✳ ❋♦r ❡❛❝❤ ♦❢ t❤❡s❡ ♠❡t❤♦❞s✱ t❤❡ ✐♥♣✉t r❡s✐st❛♥❝❡

✐s ✐♥❝r❡❛s❡❞ r♦✉❣❤❧② ❜② t❤❡ ❢❛❝t♦r ♦❢ ADC ✳ ❚❤❡ ❝♦sts ❛r❡ ❛♥ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ♥♦♥✲

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

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

❞r❛✇❜❛❝❦ ✐s ❛ ❧❛r❣❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ♣♦✇❡r ♥❡❝❡ss❛r② t♦ ❝♦♠♣❡♥s❛t❡ ✐t ❜② ❛♥

❡①t❡r♥❛❧ ❝✐r❝✉✐t✳ ■❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡ ✐s ✉s❡❞ ✐♥st❡❛❞ ♦❢ ❛♥ ❡①t❡r♥❛❧

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

❜❡❝❛✉s❡ ❛ ♣❛ss✐✈❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ❞♦❡s ♥♦t r❡q✉✐r❡ ❛♥② ❉❈ ♣♦✇❡r t♦ ♦♣❡r❛t❡✳

✹✳✺✳✹ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♦s❝✐❧❧❛t♦r

❆s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ✐❞❡❛❧ r❡s♦♥❛t♦r✱ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡

❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✭✹✳✸✷✮✳ ❇♦t❤ ❝♦♥❞✐t✐♦♥s ❛r❡ ❡q✉❛❧ t♦

1

RT
+ Gi +

gm1gm2

CG

(

ωz1 −
ω2

ωz2

)(

1 +
ω2ω2

z2

(ωz1ωz2 − ω2)2

) = 0 ✿❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✭✹✳✸✾✮

ωCT −
gm1gm2

ωCG

(

1 +

(
ωz1ωz2 − ω2

)2

ω2ω2
z2

) = 0 ✿♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ✭✹✳✹✵✮

❙♦❧✈✐♥❣ t❤❡ ♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ②✐❡❧❞s ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❢r♦♠ ✭✹✳✸✸✮✳ ❚❤❡ ❛♠♣❧✐t✉❞❡

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

r❡s♦♥❛t♦r ❧♦ss❡s ❛t t❤❡ ♦✉t♣✉t ❛r❡ ❛♣♣r♦①✐♠❛t❡❧② Gi + 1/RT ≈ Gi✳ ■❢ ❜♦t❤ ❛♠♣❧✐✜❡rs

❤❛✈❡ t❤❡ s❛♠❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ t❤❡ ❉❈ ❣❛✐♥ ✐s ❧❛r❣❡ ❡♥♦✉❣❤ t❤❛t Gi ≈ gm✱ t❤❡

✶✵✸



✹✳✺ ◆♦♥✲✐❞❡❛❧ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ❜❡❝♦♠❡s

gm + CG

(

ωz1 −
ω2

ωz2

)(

1 +
ω2ω2

z2

(ωz1ωz2 − ω2)2

)

= 0 ✭✹✳✹✶✮

❚❤✐s ❡①♣r❡ss✐♦♥ ✐♥❞✐❝❛t❡s t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ r❛♥❣❡ ♦❢ ❛ ❧♦ss② ❞❡❣❡♥✲

❡r❛t❡❞ r❡s♦♥❛t♦r✳ ❙♦❧✈✐♥❣ ❢♦r ω ②✐❡❧❞s t✇♦ ♣♦s✐t✐✈❡ ❢r❡q✉❡♥❝✐❡s ωRnegL
❛♥❞ ωRnegH

❢♦r

✇❤✐❝❤ t❤❡ ❛♠♣❧✐t✉❞❡ ❝♦♥❞✐t✐♦♥ ✐s ❢✉❧✜❧❧❡❞

ωRnegL,H
=

√
ωz2

2CG

(

gm + CG(2ωz1 − ωz2)∓
√

(gm− CGωz2)2 − 4CGωz1ωz2

)

✭✹✳✹✷✮

❚❤❡r❡ ✐s ❛ ❝r✐t✐❝❛❧ gm ❢♦r ✇❤✐❝❤ ❜♦t❤ ❢r❡q✉❡♥❝✐❡s ❛r❡ ❡q✉❛❧✱ ❤♦✇❡✈❡r ❜❡❝❛✉s❡ CG✱ ωz1

❛♥❞ ωz2 ❞❡♣❡♥❞ ♦♥ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ t❤r♦✉❣❤ Go✱ t❤❡r❡ ✐s ♥♦ s✐♠♣❧❡ ❢♦r♠✉❧❛ t♦ ❝❛❧❝✉❧❛t❡

✐ts ✈❛❧✉❡✳ ❇❛s❡❞ ♦♥ ▼❛t❧❛❜ s✐♠✉❧❛t✐♦♥s ♦❢ ✭✹✳✹✷✮ t❤✐s ✈❛❧✉❡ ✐s ❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ t❤❛♥

✺✵ ♠❆✴❱ ❛t ❢r❡q✉❡♥❝✐❡s ✉♣ t♦ ✶✵✵✵ ▼❍③✱ ❢❛r ♠♦r❡ t❤❛♥ t②♣✐❝❛❧ s✉❜✲♠✐❝r♦♥ ❞❡✈✐❝❡s ❝❛♥

r❡❛❝❤ ✇✐t❤♦✉t ❛♥ ❡①❝❡ss✐✈❡ s✐③❡ ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳ ❚❤✉s✱ ❛s ❧♦♥❣ ❛s t❤❡ r❡s♦♥❛♥t

❢r❡q✉❡♥❝② ✐s s❡t ❜❡t✇❡❡♥ t❤❡ ♣♦✐♥ts ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✹✳✹✷✮✱ t❤❡ ❇❛r❦❤❛✉s❡♥ r❡q✉✐r❡♠❡♥ts

❢♦r t❤❡ ♦s❝✐❧❧❛t✐♦♥s ❜✉✐❧❞✲✉♣ ❛r❡ ❢✉❧✜❧❧❡❞✳ ❋✐❣✉r❡ ✹✳✶✸ ❞❡♣✐❝ts t❤❡ t♦t❛❧ ✐♥♣✉t ♥❡❣❛t✐✈❡

❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ s✉s❝❡♣t❛♥❝❡ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r ✇✐t❤ gm ❞❡♣❡♥❞❡❞

❧♦ss❡s✳ ❆❧❧ ♦❢ t❤❡ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✻✳

❚❛❜❧❡ ✹✳✻✿ P❛r❛♠❡t❡rs ✉s❡❞ t♦ s✐♠✉❧❛t❡ t♦t❛❧ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ gm✳

P❛r❛♠❡t❡rs

Rout Cout Cg Co Ci CT ADC

❦Ω ♣❋ ✕

✸ ✵✳✸ ✵✳✷ ✵✳✶ ✵✳✷✺ ✹✳✷✺ ✸✵

❇② ✈❛r②✐♥❣ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❜♦t❤ ❛♠♣❧✐✜❡rs s✐♠✉❧t❛♥❡♦✉s❧②✱ t❤❡ r❡s♦♥❛♥t

❢r❡q✉❡♥❝② ✐s ❝❤❛♥❣❡❞ ✇❤❡r❡❛s ❛❧❧ t❤❡ ❝✐r❝✉✐t ❧♦ss❡s s✉✣❝✐❡♥t❧② ❝♦♠♣❡♥s❛t❡❞✳ ❋♦r ❛

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❧❡ss t❤❛♥ ✺ ♠❆✴❱✱ ♣♦s✐t✐✈❡ ❧♦ss❡s ❞♦♠✐♥❛t❡ ❛♥❞ t❤❡ ❝✐r❝✉✐t ✐s st❛❜❧❡✳

❚❤❡ ✉♣♣❡r ❜♦✉♥❞❛r② ♦❢ t✉♥✐♥❣ r❛♥❣❡ ✐s r❡str✐❝t❡❞ ❜② t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✱ ❤♦✇❡✈❡r

t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s st✐❧❧ ❣❡♥❡r❛t❡❞ ❢♦r gm ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✷✺ ♠❆✴❱✳

❋✐❣✉r❡ ✹✳✶✹ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛ t✉♥✐♥❣ r❛♥❣❡ ❜❡t✇❡❡♥ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

t❛♥❦✱ ❞❡s❝r✐❜❡❞ ❜② ✭✹✳✶✹✮ ❛♥❞ t❤❡ ❝✐r❝✉✐t ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s s✐♠✉❧❛t✐♦♥✳ ❇♦t❤ r❡s♦♥❛t♦rs
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✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❛r❡ ♥♦♥✲✐❞❡❛❧ ❛♥❞ ❤❛✈❡ t❤❡ s❛♠❡ ♣❛r❛s✐t✐❝ ❝♦♠♣♦♥❡♥ts✳ ❚❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ st❛♥❞❛r❞

❝✐r❝✉✐t ❤❛s ❜❡❡♥ ❞❡❝r❡❛s❡❞ t♦ ♣❧❛❝❡ ❜♦t❤ r❡s♦♥❛t♦rs ❛r♦✉♥❞ t❤❡ s❛♠❡ ❝❡♥t❡r ❢r❡q✉❡♥❝②✳ ■t

❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛ ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ t❛♥❦ ✐s ✸✵✪ ❧❡ss ❜❡❝❛✉s❡ t❤❡

♣❤❛s❡ s❤✐❢t❡r ✐♥tr♦❞✉❝❡s ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣♦❧❡✳ ❚❤✐s ♣♦❧❡ ♠♦❞✐✜❡s t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥

gm ❛♥❞ ω0✱ ❡✛❡❝t✐✈❡❧② ❞❡❝r❡❛s✐♥❣ t❤❡ t✉♥✐♥❣ s❡♥s✐t✐✈✐t②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛ st❛♥❞❛r❞

❣②r❛t♦r r❡q✉✐r❡s ♠♦r❡ ♣♦✇❡r t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❤✐❣❤❡r ❧♦ss❡s ❛s ❧♦♥❣ ❛s Gi ✐s ♥♦t r❡❞✉❝❡❞

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

✐♥❞✉❝t♦r ✐s r❡str✐❝t❡❞✱ ❛ t❤❡♦r❡t✐❝❛❧ t✉♥✐♥❣ r❛♥❣❡ ♦❢ ✼✵✪ st✐❧❧ ♣r♦✈❡s ✐ts ❝❛♣❛❜✐❧✐t② ❢♦r

✇✐❞❡ ❜❛♥❞ ♦♣❡r❛t✐♦♥✳

✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❆s ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦rs ❞♦ ♥♦t ✉t✐❧✐s❡ ❛♥ ❡①t❡r♥❛❧ ✐♠♣❡❞❛♥❝❡ ❝♦♥✈❡rt❡r ❜✉t

✐♥st❡❛❞ ✉s❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❘❈ ❝✐r❝✉✐t✱ ❛ ♥❡✇ ♥♦✐s❡ ❛♥❛❧②s✐s ❤❛s t♦ ❜❡ ❝❛rr✐❡❞ ♦✉t✳ ❚❤❡

❡①♣❡❝t❡❞ ♥♦✐s❡ ❜❡❤❛✈✐♦✉r s❤♦✉❧❞ ❜❡ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s✲

♦♥❛t♦r ❛s ❜♦t❤ t❛♥❦s s❤❛r❡ t❤❡ s❛♠❡ ✐♥❞✉❝t❛♥❝❡ s✐♠✉❧❛t✐♦♥ ♠❡❝❤❛♥✐s♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡

♦✉t♣✉t ♥♦✐s❡ s❤♦✉❧❞ ❛❧s♦ ❜❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ r❡s♦♥❛t♦r✳

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

✉♥❝♦♠♣❡♥s❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❚❤✉s t♦ st✉❞② ♥♦✐s❡ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

r❡s♦♥❛t♦r✱ t❤❡ ♥❡✇ ♥♦✐s❡ ♠♦❞❡❧ ❤❛s t♦ ❜❡ ❞❡r✐✈❡❞ ✜rst✳

✹✳✻✳✶ Pr♦♣♦s❡❞ ♥♦✐s❡ ♠♦❞❡❧

❋✐❣✉r❡ ✹✳✶✺ ❞❡♣✐❝ts t❤❡ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r✱ s✐♠✲

✐❧❛r t♦ t❤❡ ♦♥❡ ❢r♦♠ ❋✐❣✉r❡ ✸✳✼✱ ❤♦✇❡✈❡r t❤✐s t✐♠❡ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s s✉♣♣❧✐❡❞ ❜②

t❤❡ ❣②r❛t♦r ✐♥st❡❛❞✳ ■♥ ♦r❞❡r t♦ s✐♠♣❧✐❢② ❛♥❛❧②s✐s ✐t ✐s ❛ss✉♠❡❞ t❤❛t Lpdg ❛♥❞ Rpdg ❞♦

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

❙❡❝t✐♦♥ ✸✳✸✳✷✳✷✱ Rload ✐s ✉s❡❞ t♦ ❧✐♠✐t t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r✱ ♣r❡✈❡♥t✐♥❣ ♦s❝✐❧❧❛t✐♦♥s✳

❇♦t❤ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❢r♦♠ ✭✸✳✶✼✮ ❛r❡ st✐❧❧ t❤❡ s❛♠❡✱ ❤♦✇❡✈❡r ❞✉❡ t♦ t❤❡ ❝♦rr❡❧❛✲

t✐♦♥ ❜❡t✇❡❡♥ v2
ndg ❛♥❞ i2ndg✱ t❤❡② ❝❛♥✬t ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ ♦✉t♣✉t ♥♦✐s❡ ❞✐r❡❝t❧②✳ ❚❤❡

✶✵✻



✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

CT Gi −Rpdg

i2ndg

v2

ndg

Lpdg

v2

odg Rload

❋✐❣✉r❡ ✹✳✶✺✿ ❚❤❡ ♣r♦♣♦s❡❞ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳

i2d2
gm2vdiv gm1v1 i2d1

v2

nR

Rout

Cout

+
vdiv−

Cg + Cov1

❋✐❣✉r❡ ✹✳✶✻✿ ◆♦✐s❡ s♦✉r❝❡s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

♥♦✐s❡ ❛♥❛❧②s✐s ❜❡❣✐♥s ✇✐t❤ t❤❡ ❡q✉✐✈❛❧❡♥t ♥♦✐s❡ ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡

✐♥❞✉❝t♦r ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✹✳✶✻✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ✐♥♣✉t r❡❢❡rr❡❞ ♥♦✐s❡ s♦✉r❝❡s v2
ndg

❛♥❞ i2ndg ❛r❡ r❡s♣❡❝t✐✈❡❧② ❡q✉❛❧ t♦

i2ndg

∆f
=

i2d2

∆f
+

v2
nR

∆f

gm2
2

ω2C2
outR

2
out + 1

= 4kTγgm2 + 4kT
Routgm2

2

ω2C2
outR

2
out + 1

✭✹✳✹✸✮

❛♥❞

v2
ndg

∆f
=

1

gm2
1

(

i2d1

∆f
+

v2
nR

∆f

ω2C2
out

ω2C2
outR

2
out + 1

)

=
4kTγ

gm1
+ 4kT

Rout

gm2
1

ω2C2
out

ω2C2
outR

2
out + 1

✭✹✳✹✹✮

■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✉rr❡♥t ♥♦✐s❡ s♦✉r❝❡ i2ndg✱ t❤❡ ❤✐❣❤❡r t❤❡ ❢r❡q✉❡♥❝② t❤❡ ❧❡ss

♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ Rout ✐s✳ ❚❤✐s ✐s ❛ r❡s✉❧t ♦❢ t❤❡ ❧♦✇✲♣❛ss ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❘♦✉t❈♦✉t

✈♦❧t❛❣❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥✳ ❋✐❣✉r❡ ✹✳✶✼ ✐❧❧✉str❛t❡s t❤❡ ♥♦✐s❡ P❙❉ ♦❢ ❛♥ ❛r❜✐tr❛r② ❘❈ ❝✐r✲

❝✉✐t ✐♥ r❡❢❡r❡♥❝❡ t♦ t❤❡ ♥♦✐s❡ ♦❢ ✐ts r❡s✐st♦r✳ ❚❤❡ ❛r❡❛ ✉♥❞❡r t❤❡ ❞❛s❤❡❞ ❝✉r✈❡ ✐s ✐♥✈❡rs❡❧②

♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ♣❛ss✐✈❡ r❡s♦♥❛t♦r ❢r♦♠ ❙❡❝t✐♦♥

✷✳✻✳✶✳✶✳ ❇② ❝♦♥tr❛st✱ t❤❡ ♥♦✐s❡ ♣♦✇❡r ❞❡♥s✐t② ♦❢ ❛♥ ❡q✉✐✈❛❧❡♥t ✐♥♣✉t ✈♦❧t❛❣❡ ❣❡♥❡r❛t♦r

v2
ndg ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ❢r❡q✉❡♥❝②✱ ❜❡❝❛✉s❡ t❤❡ ❝✉rr❡♥t ♦❢ t❤❡ ❘♦✉t❈♦✉t ♣❤❛s❡ s❤✐❢t❡r✱ ❞✉❡

t♦ t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♦❢ Rout✱ ✐♥❝r❡❛s❡s ✇✐t❤ ❢r❡q✉❡♥❝②✳ ■♥ t❤✐s ❝❛s❡ t❤❡ r❡s✐st♦r ♥♦✐s❡

✐s ❤✐❣❤✲♣❛ss ✜❧t❡r❡❞✱ ②❡t ❜② ❛♥❛❧②s✐♥❣ ✭✹✳✹✸✮ ❛♥❞ ✭✹✳✹✹✮✱ t❤✐s tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❤❛s ❛

✶✵✼



✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r
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H
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Relative frequency [f/f
0
]

 

 
Resistor noise
RC circuit noise

❋✐❣✉r❡ ✹✳✶✼✿ ◆♦✐s❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢ ❘❈ ❧♦✇✲♣❛ss ✜❧t❡r✳

s✉❜st❛♥t✐❛❧❧② ❧♦✇❡r ♠❛❣♥✐t✉❞❡ ❝♦♠♣❛r✐♥❣ t♦ ❛ ❧♦✇✲♣❛ss ♣❛rt✳ ❇♦t❤ ❣❡♥❡r❛t♦rs ❛r❡ ♥♦✇

❝♦rr❡❧❛t❡❞ t❤r♦✉❣❤ Rout ❛♥❞ t♦ ❝❛❧❝✉❧❛t❡ ❛ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r ❢r♦♠ ✭✷✳✸✺✮✱ t❤❡

r❡s♣❡❝t✐✈❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❢♦r t❤❡ r❡s✐st♦r ❤❛s t♦ ❜❡ ❞❡r✐✈❡❞✳ ❯s✐♥❣ ❑❱▲✱ t❤❡s❡

♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✹✳✶✺ ❛r❡ ❢♦✉♥❞

ZndgQ(jω) =
jωLpdgRT

jωLpdg + RT (1− ω2CT Lpdg)
✭✹✳✹✺✮

AndgQ(jω) =
RT

jωLpdg + RT (1− ω2CT Lpdg)
✭✹✳✹✻✮

✇❤❡r❡ RT ✐s ♥♦✇ ❡q✉❛❧ t♦

RT =
1

1

Rload
+ Gi −

1

Rpdg

= Rload

∣
∣
∣
∣
∣
1/Gi=Rpdg

✭✹✳✹✼✮

❯s✐♥❣ ✭✹✳✹✺✮ t♦❣❡t❤❡r ✇✐t❤ ✭✹✳✹✸✮✱ ❛♥❞ ❣r♦✉♣✐♥❣ t❡r♠s✱ t❤❡ ♦✉t♣✉t ♥♦✐s❡ ✈♦❧t❛❣❡ vodg

❛❝r♦ss t❤❡ r❡s♦♥❛t♦r ✐s ❡q✉❛❧ t♦

vodgQ = indgZndgQ(jω) + vndgAndgQ(jω) =

✶✵✽
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=

(

id2 + vnR
gm2

jωCoutRout + 1

)
jωLpdgRT

jωLpdg + RT (1− ω2CT Lpdg)
+

+
1

gm1

(

id1 + vnR
jωCout

jωCoutRout + 1

)
RT

jωLpdg + RT (1− ω2CT Lpdg)
=

=

(

id2jωLpdg +
id1

gm1

)
RT

jωLpdg + RT (1− ω2CT Lpdg)
+

+
vnR

gm1

RT

jωCoutRout + 1

jω (Cout + gm1gm2Lpdg)

jωLpdg + RT (1− ω2CT Lpdg)
✭✹✳✹✽✮

❚❤❡ ✜rst t✇♦ t❡r♠s ♦❢ ✭✹✳✹✽✮ r❡♣r❡s❡♥t t❤❡ ♥♦✐s❡ ❜❡❤❛✈✐♦r ♦❢ ❛ st❛♥❞❛r❞ ❣②r❛t♦r✳ ❚❤❡

❧❛st ❝♦♠♣♦♥❡♥t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ Rout✱ s❤♦✇♥ ❜❡❧♦✇

AnRQ(jω) =
1

gm1

1

jωCoutRout + 1
︸ ︷︷ ︸

low−pass

RT jω (Cout + gm1gm2Lpdg)

jωLpdg + RT (1− ω2CT Lpdg)
︸ ︷︷ ︸

band−pass

✭✹✳✹✾✮

❚❤✐s tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❝♦♥s✐sts ♦❢ ❛ ♣❛ss✲❜❛♥❞ ♣❛rt ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ r❡s♦♥❛t♦r ❛♥❞

❛❧s♦ ✐♥❝♦r♣♦r❛t✐♥❣ ❛ tr❛♥s♠✐tt❛♥❝❡ ③❡r♦ ♦❢ ❘♦✉t❈♦✉t ❛❞♠✐tt❛♥❝❡✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ✐s ❛

❧♦✇✲♣❛ss ❢✉♥❝t✐♦♥ r❡❧❛t❡❞ t♦ ❛ ✈♦❧t❛❣❡ ❣❛✐♥ ♦❢ ❘♦✉t❈♦✉t ❞❡s❝r✐❜❡❞ ❡❛r❧✐❡r✳

❆s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✹✳✶✼✱ t❤✐s ✐♥❤❡r❡♥t ❧♦✇✲♣❛ss ♣r♦♣❡rt② ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝♦♥tr♦❧

t❤❡ ❛♠♦✉♥t ♦❢ r❡s✐st♦r ♥♦✐s❡ ✐♥❥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r✳ ■❢ t❤❡ ❝✉t♦✛ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❘❈

s❤✐❢t❡r

ωRC = 1/CoutRout ✭✹✳✺✵✮

✐s s❡t t♦ ❜❡ ❧♦✇❡r t❤❛♥ t❤❡ t❛♥❦ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ω0 = 1/
√

CT Lpdg t❤❡♥ t❤❡ ♥♦✐s❡

❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ Rout ✐s ❧♦✇❡r❡❞✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t ✐♥ ✇❤❡♥ t❤❡ ω0 ✐s s❡t

t♦ ✵ ✭♦r ✈❡r② ❝❧♦s❡ t♦ ✐t✮✱ t❤❡ ♥♦✐s❡ ♦❢ t❤❡ r❡s✐st♦r ❝❛♥ ❜❡ ❢✉❧❧② ❛tt❡♥✉❛t❡❞✳ ❚❤✐s ✐s tr✉❡✱

❤♦✇❡✈❡r ✐♥ t❤✐s ❝❛s❡✱ t❤❡ ❡✛❡❝t ♦❢ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ♦♥ t❤❡ ❣②r❛t♦r ❝✐r❝✉✐t ✐s ❝❛♥❝❡❧❧❡❞

❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✇✐❧❧ ♥♦t ❜❡ ❣❡♥❡r❛t❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✐s ❛♥ ✐♠♣♦rt❛♥t

❞❡s✐❣♥ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡ ❛♠♦✉♥t ♦❢ ♥♦✐s❡ ✐♥❥❡❝t❡❞ ❜② Rout ❛♥❞ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ r❡s♦♥❛t♦r✳

❆s ❛♥ ❡①❛♠♣❧❡✱ ❋✐❣✉r❡ ✹✳✶✽ ♣r❡s❡♥ts ❤♦✇ ❛ ❧♦✇✲♣❛ss ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❘❈ ♣❤❛s❡

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

❛♥ ♦✉t♣✉t ♥♦✐s❡ P❙❉ ♦❢ t❤❡ r❡s♦♥❛♥t t❛♥❦✱ ❝❛✉s❡❞ ❜② t❤❡ Rout✱ ❝❛❧❝✉❧❛t❡❞ ✐♥ ▼❛t❧❛❜

✉s✐♥❣ t❤❡ ❧❛st t❡r♠ ♦❢ ✭✹✳✹✽✮✳ ❚❛❜❧❡ ✹✳✼ ♣r❡s❡♥ts t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣❛r❛♠❡t❡rs✳ ■♥ ❡❛❝❤

✶✵✾
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❋✐❣✉r❡ ✹✳✶✽✿ ❖✉t♣✉t ♥♦✐s❡ P❙❉ ♦❢ ✹✸✹ ▼❍③ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❞✉❡ t♦ Rout ❛♥❞ ❢♦r ❛
❞✐✛❡r❡♥t ❘❈ ♣♦❧❡ ❢r❡q✉❡♥❝✐❡s✳

❚❛❜❧❡ ✹✳✼✿ ❙✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ✉s❡❞ t♦ ❛♥❛❧②s❡ ✐♥✢✉❡♥❝❡ ♦❢ ❘❈ s❤✐❢t❡r ❝✉t♦✛ ❢r❡✲
q✉❡♥❝② ♦♥ ♦✉t♣✉t ♥♦✐s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❉❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r t✉♥❡❞ t♦ f0 = ✹✸✹ ▼❍③

fRC gm1 gm2 Cout Rout RT Cg + Co CT

▼❍❩ ♠❆✴❱ ❢❋ ❦Ω ♣❋

✶✷✵ ✽✳✽ ✸✸✶
✹ ✺ ✵✳✸ ✹✳✷

✻✵✵ ✹✳✹✺ ✻✻✳✸

❝❛s❡✱ Rout ✐s ❝♦♥st❛♥t ❛♥❞ t❤❡ ❝✉t♦✛ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s❤✐❢t❡r ✐s ❝♦♥tr♦❧❧❡❞ t❤r♦✉❣❤ Cout

♦♥❧②✳ ❲❤❡♥ t❤✐s ❝❛♣❛❝✐t♦r ✐s ✈❛r✐❡❞✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ❛❧s♦ ❝❤❛♥❣❡s✱ ❛✛❡❝t✐♥❣ t❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❚❤✉s t♦ ❦❡❡♣ f0 ❝♦♥st❛♥t✱ gm ✈❛❧✉❡ ✐s t✉♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ ✭✹✳✶✸✮✳

❚❤❡ ❝✉r✈❡ ✇✐t❤ t❤❡ ❝✐r❝❧❡ ♠❛r❦❡r r❡♣r❡s❡♥ts t❤❡ s✐t✉❛t✐♦♥ ✇❤❡r❡ t❤❡ ❘♦✉t❈♦✉t ❜❛♥❞✇✐❞t❤

s♣❛♥s ♦✈❡r ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ t❛♥❦✳ ❚❤❡ s❡❝♦♥❞ ❣r❛♣❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝❛s❡

✇❤❡r❡ ❛ r❡s♦♥❛t♦r ♥♦✐s❡ ❤❛s ❜❡❡♥ ❞❡❝r❡❛s❡❞ t❤r♦✉❣❤ ❛ ❧♦✇✲♣❛ss t❡r♠ ❢r♦♠ ✭✹✳✹✾✮✳

✶✶✵



✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

✹✳✻✳✷ ❚♦t❛❧ ♥♦✐s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

❘❡❝❛❧❧✐♥❣ ✭✹✳✹✽✮ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛❧❧ ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ ❛♥❞ t❤❡

t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ P❙❉ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✐s t❤❡r❡❢♦r❡ ❡q✉❛❧ t♦

v2
odgQ

∆f
=

i2d2

∆f
|ZndgQ(jω)|2 +

i2d1

∆f

1

gm2
1

|AndgQ(jω)|2 +
v2
nR

∆f
|AnRQ(jω)|2 =

=

4kTγR2
T




ω2L2

pdg gm2 +
1

gm1
+

Rout

γgm2
1

ω2 (Cout + gm1gm2Lpdg)
2

ω2C2
outR

2
out + 1






ω2L2
pdg + R2

pdg (1− ω2CT Lpdg)
2 ✭✹✳✺✶✮

❯s✐♥❣ ✭✹✳✺✶✮✱ t❤❡ s♣♦t ♥♦✐s❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s

❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦

v2
odgQ

∆f
≈ 4γQ2

L

kT

gm

[

2 +
1

γgmRout

(

1 +
CT

Cout

)2
]∣
∣
∣
∣
∣
ω=ω0

gm1=gm2=gm
CT /gm2≡Lpdg

QL=RT /ω0Lpdg

ω2

0
C2

outR
2
out≫1

✭✹✳✺✷✮

❯s✐♥❣ ✭✷✳✸✺✮ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✱ t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r

♦❢ t❤❡ r❡s♦♥❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✹✳✶✺ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✳

v2
odgQ =

1

2π

i2d2

∆f

∞∫

0

|ZndgQ(jω)|2 dω +
1

2π

i2d1

∆f

1

gm2
1

∞∫

0

|AndgQ(jω)|2 dω+

+
1

2π

v2
nR

∆f

∞∫

0

|AnRQ(jω)|2 dω ✭✹✳✺✸✮

❆❧t❤♦✉❣❤ t❤❡ ✐♥t❡❣r❛❧s r❡❧❛t❡❞ t♦ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ❣✐✈❡ t❤❡ s❛♠❡

r❡s✉❧t ❛s ✐♥ ✭✸✳✶✺✮✱ t❤❡ t❤✐r❞ ❢✉♥❝t✐♦♥ r❡❧❛t❡❞ t♦ Rout✱ ❞♦❡s ♥♦t ❤❛✈❡ ❛ s✐♠♣❧❡ ❡①♣❧✐❝✐t

s♦❧✉t✐♦♥✳ ❍♦✇❡✈❡r✱ ♦♥❡ ❝❛♥ ❛ss✉♠❡ t❤❛t t❤❡ ❝✉t♦✛ ❢r❡q✉❡♥❝② ♦❢ ❘♦✉t❈♦✉t ✐s ❧♦✇❡r t❤❛♥

t❤❡ t❛♥❦ ❜❛♥❞✇✐❞t❤ ❛♥❞ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♥♦✐s❡ ❢r♦♠ Rout ✐s

❧♦✇✲♣❛ss ✜❧t❡r❡❞ ❜② t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r✱ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✻✳✶✳ ❆s ❛ r❡s✉❧t✱ t❤❡

♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✹✳✹✾✮ ❜❡❝♦♠❡s

AnRQ(jω) ≈ 1

gm1

1

jωCoutRout

RT jω (Cout + gm1gm2Lpdg)

jωLpdg + RT (1− ω2CT Lpdg)
=

=
RT (Cout + gm1gm2Lpdg)

gm1CoutRout

1

jωLpdg + RT (1− ω2CT Lpdg)
✭✹✳✺✹✮
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✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

s✐♠♣❧✐❢②✐♥❣ ✐♥t❡❣r❛t✐♦♥✳ ❚❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r ❢r♦♠ ✭✹✳✺✸✮ ✐s ❢♦✉♥❞ ❛s

v2
odgQ ≈

kTγRT

CT

[

gm2 +
CT

gm1Lpdg

(

1 +
(Cout + gm1gm2Lpdg)

2

γC2
outRout

)]

=

=
kTγ

CT
QL

[

2 +
1

γRoutgm

(

1 +
CT

Cout

)2
]∣
∣
∣
∣
∣
ω=ω0

gm1=gm2=gm
CT /gm2≡Lpdg

QL=RT /ω0Lpdg

✭✹✳✺✺✮

❚❤❡ ✜rst ❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t t❤❡ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ♣♦✇❡r ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s✲

♦♥❛t♦r ✐s s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r t❛♥❦ ✇✐t❤ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

✭✸✳✶✽✮✳ ■♥ ❜♦t❤ ❝❛s❡s t❤❡ ♥♦✐s❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡

r❡s♦♥❛t♦r✳ ■♥ ❛❞❞✐t✐♦♥✱ ✭✹✳✺✺✮ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ✐♥tr✐♥s✐❝ ◗✲❡♥❤❛♥❝✐♥❣ ♠❡❝❤❛♥✐s♠ ❝♦♥✲

tr✐❜✉t❡s t♦ t❤❡ ♦✉t♣✉t ♥♦✐s❡ t❤r♦✉❣❤ Rout✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♥♦✐s❡ ♦❢ t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r

✐s ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡ ✉♥❧♦❛❞❡❞ t❛♥❦ q✉❛❧✐t② ❢❛❝t♦r Q0✳ ■❢ t❤❡ r❡s♦♥❛t♦r ❧♦ss❡s ❛r❡

♠❛✐♥❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❣②r❛t♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ gm ✭✇❤✐❝❤ ✐s t❤❡ ❝❛s❡ ✇❤❡♥ ❛ s✐♥❣❧❡

▼❖❙ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❛r❡ ✉s❡❞✮✱ t❤❡ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r Q0 ✐s ✈❡r② ❧♦✇✳

❚♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ❤✐❣❤ ❧♦ss❡s✱ ❧❛r❣❡r ✈❛❧✉❡s ♦❢ Rout ❛r❡ ♥❡❝❡ss❛r②✱ ✇❤✐❝❤ ✐♥ t✉r♥

❝❛✉s❡s ❛ str♦♥❣❡r ❧♦✇✲♣❛ss ✜❧tr❛t✐♦♥ ♦❢ t❤❡ r❡s✐st♦r ♥♦✐s❡ ❛r♦✉♥❞ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳

❚❤✐s ❡①♣❧❛✐♥s t❤❡ 1/Rout t❡r♠ ✐♥ ✭✹✳✺✺✮✳ ❲❤❡♥ t❤❡ s❛♠❡ ❧♦✇ q✉❛❧✐t② ❢❛❝t♦r ❣②r❛t♦r ✐s

✉s❡❞ t♦❣❡t❤❡r ✇✐t❤ ❛♥ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r ✭✐♥st❡❛❞ ♦❢ t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r✮✱ t❤❡♥

❛❝❝♦r❞✐♥❣ t♦ ✭✸✳✶✽✮✱ t❤❡ ❛♠♦✉♥t ♦❢ ♥♦✐s❡ ✐♥❥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r ✇✐❧❧ ✐♥❝r❡❛s❡✳ ❚❤✐s

✐s ❝❛✉s❡❞ ❜② gmex ✈❛❧✉❡ ❛♣♣r♦❛❝❤✐♥❣ t❤❛t ♦❢ gm ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs✳ ❚❤❡r❡❢♦r❡✱ ❢♦r

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

t❤❛♥ t❤❡ st❛♥❞❛r❞ ❛♣♣r♦❛❝❤✳

❖♥ t❤❡ ❝♦♥tr❛r②✱ ✐❢ ❛ ❣②r❛t♦r ✐♥♣✉t ❧♦ss❡s ❛r❡ ✇❡❛❦❧② ❞❡♣❡♥❞❡♥t ♦♥ gm✱ t❤❡ r❡s✉❧t✐♥❣

✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ✐s s✉❜st❛♥t✐❛❧❧② ❤✐❣❤❡r ❛♥❞ t❤❡r❡❢♦r❡ ❛ s♠❛❧❧ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

♦❢ ❛♥ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r ✐s s✉✣❝✐❡♥t ❢♦r ❝♦♠♣❡♥s❛t✐♦♥✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞

❣②r❛t♦r ❤♦✇❡✈❡r✱ s♠❛❧❧❡r Rout s❤✐❢ts ❘♦✉t❈♦✉t ♣♦❧❡ ✐♥t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✳ ▼♦st ♦❢ t❤❡

r❡s✐st♦r ♥♦✐s❡ ✐s ✐♥❥❡❝t❡❞ t♦ t❤❡ t❛♥❦ ❛♥❞ ❡✈❡♥ ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ Rout ♠❛② st✐❧❧ ✐♥tr♦❞✉❝❡

♠♦r❡ ♥♦✐s❡ t❤❛♥ t❤❡ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳ ■t ❤❛s t♦ ❜❡ ✐♥❞✐❝❛t❡❞ t❤❛t ✭✹✳✺✺✮ ❞♦❡s

♥♦t ♠♦❞❡❧ ♥♦✐s❡ ❜❡❤❛✈✐♦r ♣r♦♣❡r❧② ❢♦r ❡①tr❡♠❡❧② s♠❛❧❧ r❡s✐st❛♥❝❡s ❜❡❝❛✉s❡ ✐❢ Rout → 0

✶✶✷



✹✳✻ ◆♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r

t❤❡♥ t❤❡ ♥♦✐s❡ ✇♦✉❧❞ ❜❡ ✐♥✜♥✐t❡✳ ■♥ t❤✐s ❝❛s❡✱ t♦t❛❧ ♦✉t♣✉t ♥♦✐s❡ ✇♦✉❧❞ ❜❡

v2
odgQ ≈

kTγ

CT
QL

[

2 +
Routω

2
0 (CT + Cout)

2

γgm

]∣
∣
∣
∣
∣
ω=ω0

gm1=gm2=gm
CT /gm2≡Lpdg

QL=RT /ω0Lpdg

ω0<1/RoutCout

✭✹✳✺✻✮

❉✉❡ t♦ t❤❡ ❡✈✐❞❡♥t ❞❡♣❡♥❞❡♥❝② ❜❡t✇❡❡♥ ❛♠♦✉♥t ♦❢ ♥♦✐s❡ ♣r♦❞✉❝❡❞ ❜② ❛♥ ❛❝t✐✈❡ ✐♥✲

❞✉❝t♦r r❡s♦♥❛t♦r ❛♥❞ ✐ts ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r Q0✱ ✐t ✐s ✇♦rt❤ ✐❧❧✉str❛t✐♥❣ t❤❡ ❞❡s❝r✐❜❡❞

❧✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝♦♠♣❡♥s❛t✐♦♥ t❡❝❤♥✐q✉❡ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛ st❛♥❞❛r❞ ❛❝✲

t✐✈❡ ✐♥❞✉❝t♦r t❛♥❦ ❝♦♠♣❡♥s❛t❡❞ ✇✐t❤ ❛♥ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳

❆s ❛♥ ❡①❛♠♣❧❡✱ ❋✐❣✉r❡ ✹✳✶✾ s❤♦✇s ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡ ♦❢ t✇♦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s✲

♦♥❛t♦rs ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞✐✛❡r❡♥t Q0 ✈❛❧✉❡s✱ s✐♠✉❧❛t❡❞ ❢♦r t❤❡ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ♦❢

✹✸✹ ▼❍③✳ ❇♦t❤ t❛♥❦s ❛r❡ ♠♦❞❡❧❧❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ gm ❛♥❞ CT ✈❛❧✉❡s ❛s ✇❡❧❧ ❛s ❧♦❛❞❡❞

q✉❛❧✐t② ❢❛❝t♦r QL ♦❢ ✸✵✳ ❚❤❡ ♥♦✐s❡ ♣❛r❛♠❡t❡r γ = 2 ✐s t②♣✐❝❛❧ ❢♦r s❤♦rt✲❝❤❛♥♥❡❧ ▼❖❙

tr❛♥s✐st♦rs✳ Q0 ✐s ❛❞❥✉st❡❞ ❜② ❝❤❛♥❣✐♥❣ ❛ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ❧♦ss❡s r❡♣r❡s❡♥t❡❞ ❜②

Gi ❛♥❞ ❛ ❣②r❛t♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡✳ ■♥ ♣r❛❝t✐❝❡✱ ✐t ❝❛♥ ♥♦t ❜❡ ❢r❡❡❧② ❛❝❤✐❡✈❡❞ ❛s Gi ✐s s❡t

❜② t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❛r❝❤✐t❡❝t✉r❡✱ ❤♦✇❡✈❡r ❢♦r t❤❡ s❛❦❡ ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s ✐t ✐s

❛ss✉♠❡❞ t❤❛t ❛♥② ✈❛❧✉❡ ♦❢ Q0 ❝❛♥ ❜❡ ❝❤♦s❡♥✳ ❆s ❛❧❧ ♦❢ t❤❡ ♣♦✐♥ts ❢r♦♠ ❋✐❣✉r❡ ✹✳✶✾ r❡♣✲

r❡s❡♥t ♥♦✐s❡ ♦❢ ❛ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞ ❣②r❛t♦r✲❜❛s❡❞ t❛♥❦ ✭✐✳❡✳ RT = Rload✮✱ t❤❡ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ❤❛s t♦ ❜❡ ❛❞❥✉st❡❞ ❛❝❝♦r❞✐♥❣❧② ❡✈❡r② t✐♠❡ Q0 ✐s ❝❤❛♥❣❡❞✳ ■t ✐s ❛❝❝♦♠♣❧✐s❤❡❞

❜② ✜♥❞✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ gmex✱ Rout ❛♥❞ Cout ✈❛❧✉❡s ❢♦r ❡❛❝❤ r❡s♦♥❛t♦r r❡s♣❡❝t✐✈❡❧②✱

✉s✐♥❣ ✭✷✳✶✺✮ ❢r♦♠ ❈❤❛♣t❡r ✷ ❛♥❞ ✭✹✳✽✮ ❢r♦♠ t❤✐s ❝❤❛♣t❡r✳

❋✐❣✉r❡ ✹✳✶✾ ✐❧❧✉str❛t❡s✱ t❤❛t ❢♦r ❛ ❧♦✇ Q0 r❡s♦♥❛t♦r✱ t❤❡ ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡ ♦❢ ❛

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

❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r✳ ❲❤❡♥ Q0 ✐♥❝r❡❛s❡s✱ t❤❡ ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡ t❤❡ ❞❡❣❡♥❡r❛t❡❞

❣②r❛t♦r ❜❡❝♦♠❡s ❧❛r❣❡r t❤❛♥ ♦❢ t❤❡ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❡♥❡r❣②

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

❣②r❛t♦r r❡s♦♥❛t♦r ✐s ❧✐♠✐t❡❞ t♦ t❤❡ ❝✐r❝✉✐ts ✇✐t❤ ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ ✐♥♣✉t ❧♦ss❡s ✭❞✐r❡❝t❧②

♣r♦♣♦rt✐♦♥❛❧ t♦ gm✮ ❛♥❞ ❧♦✇ Q0 ✭✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✮ ❬✶✵✷❪✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❧♦✇ Q0✱ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✇✐t❤ ❡①t❡r♥❛❧ ♥❡❣❛t✐✈❡ r❡s✐st♦r

❝♦♥s✉♠❡s ♠♦r❡ st❛t✐❝ ♣♦✇❡r t❤❛♥ t❤❡ ❘❈ ❝♦♠♣❡♥s❛t❡❞ ❣②r❛t♦r✱ ♦♣❡r❛t✐♥❣ ❛t t❤❡ s❛♠❡
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❋✐❣✉r❡ ✹✳✶✾✿ ❖✉t♣✉t ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦rs ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ❢♦r f0 = 434 ▼❍③✳

❢r❡q✉❡♥❝②✱ ❛s s❤♦✇♥ ❜② ❙③❝③❡♣❦♦✇s❦✐ ❡t ❛❧✳ ❬✶✵✷❪✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❝❛♥ ❜❡ ✉s❡❞ t♦ ✐♥❝r❡❛s❡

t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛♥❞ t❤❡r❡❢♦r❡ ❞❡❝r❡❛s❡ t❤❡ ♥♦✐s❡✳ ■♥

t❤✐s ❝❛s❡✱ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❜♦t❤ ✭❛ st❛♥❞❛r❞ ❛♥❞ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✮

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

❘❈ ♣❤❛s❡ s❤✐❢t❡r t♦ ♦❜t❛✐♥ ❛ ✇✐❞❡❜❛♥❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦r✳ ❋✐rst✱ t❤❡ ♣r♦❜❧❡♠

♦❢ t❤❡ r❡q✉✐r❡❞ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs ❢♦r ♣r♦♣❡r ♦♣❡r❛t✐♦♥ ✇❛s ❛❞❞r❡ss❡❞ ❛♥❞ ✈❛r✐♦✉s

s❝❡♥❛r✐♦s t❤♦r♦✉❣❤❧② ❛♥❛❧②s❡❞✳ ❋♦r t❤❡ ✜rst t✐♠❡✱ ✐t ✐s s❤♦✇♥ t❤❛t ❛ s✐♥❣❧❡ ❘❈ ♣❤❛s❡

s❤✐❢t❡r ✐s s✉✣❝✐❡♥t t♦ ♣r♦✈✐❞❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✱ ❡✈❡♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ r❡❧❛t✐✈❡❧②

❤✐❣❤ ❝✐r❝✉✐t ❧♦ss❡s✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ ❝♦✈❡r❡❞ t❤❡ t♦♣✐❝ ♦❢ ❝✐r❝✉✐t s❡♥s✐t✐✈✐t②✳ ❯s✐♥❣ t❤❡

❡st❛❜❧✐s❤❡❞ t❡❝❤♥✐q✉❡ ♦❢ ❝❧❛ss✐❝ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥s✱ ✐t ✇❛s s❤♦✇♥ ❤♦✇ ✈❛r✐♦✉s s♠❛❧❧
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s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ❝❤❛♥❣❡ ✇❤❡♥ t❤❡ ❞❡s✐❣♥ ✈❛r✐❛❜❧❡s ❞✐✛❡r ❢r♦♠

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

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

❜② ♣r♦♣❡r t✉♥✐♥❣ ♦❢ t❤❡ gm ♦❢ t❤❡ ❛♠♣❧✐✜❡rs✳

◆❡①t t❤❡ ✐ss✉❡ ♦❢ ❝✐r❝✉✐t ♣❛r❛s✐t✐❝s ❛♥❞ t❤❡✐r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ ❛ ❞❡❣❡♥❡r✲

❛t❡❞ ❣②r❛t♦r ✇❛s ❝♦✈❡r❡❞✳ ❚❤❡ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s ✐♥❞✐❝❛t❡❞ t❤❛t ❧♦ss② ▼❖❙ ❞❡✈✐❝❡s ❛r❡

t❤❡ ♠❛✐♥ ❝❛✉s❡ ♦❢ t❤❡ t✉♥✐♥❣ r❛♥❣❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r✳ ❙❡❝t✐♦♥ ✹✳✺✳✷

s❤♦✇❡❞ t❤❛t ♠✐♥✐♠✉♠ ❧❡♥❣t❤ tr❛♥s✐st♦rs ✐♥ s✉❜✲♠✐❝r♦♥ ❈▼❖❙ ♣r♦❝❡ss ❤❛✈❡ ♣♦♦r gds

❛♥❞ t❤❡r❡❢♦r❡ ❛r❡ ♥♦t ♦♣t✐♠❛❧ ❢♦r t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♣r♦❜❧❡♠ ♦❢

✐♥tr✐♥s✐❝ ❘❈ ♣❛r❛s✐t✐❝ ♥❡t✇♦r❦s ♦r✐❣✐♥❛t✐♥❣ ✐♥ tr❛♥s❝♦♥❞✉❝t♦rs ✇❛s st✉❞✐❡❞✳ ❉❡s♣✐t❡

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

❛t s✉❜✲●❍③ ❢r❡q✉❡♥❝✐❡s✱ t❤❡✐r ♣r❡s❡♥❝❡ ✐♥ t❤❡ ❝✐r❝✉✐t ❝❛♥✬t ❜❡ ♥❡❣❧❡❝t❡❞ ❛♥❞ ❤❛✈❡ t♦ ❜❡

❝❤❛r❛❝t❡r✐s❡❞✳

❚❤✐s ❝❤❛♣t❡r✱ ❢♦r t❤❡ ✜rst t✐♠❡✱ ♣r❡s❡♥t❡❞ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r ♦s❝✐❧❧❛t✐♦♥s

❜♦t❤ ❢♦r ✐❞❡❛❧ ❛♥❞ ♥♦♥✲✐❞❡❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s❝✐❧❧❛t♦rs✳ ■t ✇❛s ❞❡♠♦♥str❛t❡❞ t❤❛t✱

❛❧t❤♦✉❣❤ ❛ s✐♠♣❧❡ ❘❈ ❝✐r❝✉✐t ✐s ✉s❡❞ t♦ ♦❜t❛✐♥ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✱ ❛ r❡❧❛t✐✈❡❧② ✇✐❞❡

t✉♥✐♥❣ r❛♥❣❡ ♦❢ s✉❝❤ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞✳

❋✐♥❛❧❧②✱ ❛ t❤♦r♦✉❣❤ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r♦♣♦s❡❞ r❡s♦♥❛t♦r ❝✐r❝✉✐t ❤❛s ❜❡❡♥ ♣r❡✲

s❡♥t❡❞ ✉s✐♥❣ t❤❡ ♥❡✇ ❝✐r❝✉✐t ♠♦❞❡❧✳ ❚❤❡ t❤r❡❡ ♠❛✐♥ s♦✉r❝❡s ♦❢ ♥♦✐s❡ ✇❡r❡ ❝♦♥s✐❞❡r❡❞✱

✐♥❝❧✉❞✐♥❣ t❤❡ ♦♥❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❘❈ ♣❤❛s❡ s❤✐❢t❡r✳ ❉✉❡ t♦ t❤❡ ❧♦✇✲♣❛ss ❝❤❛r❛❝t❡r ♦❢

t❤✐s ❘❈ ♥❡t✇♦r❦✱ ✇❤❡♥ ✐ts ❝✉t♦✛ ❢r❡q✉❡♥❝② ✐s ❧♦✇❡r t❤❛♥ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❧❡ss

♥♦✐s❡ ✐s ✐♥❥❡❝t❡❞ t♦ t❤❡ r❡s♦♥❛t♦r✱ ❞❡❝r❡❛s✐♥❣ t❤❡ t♦t❛❧ ❘▼❙ ♥♦✐s❡ ✈♦❧t❛❣❡✳ ■t ✇❛s s❤♦✇♥

t❤❛t t❤❡ ♣r♦♣♦s❡❞ t❡❝❤♥✐q✉❡ ❝❛♥ ✐♠♣r♦✈❡ t❤❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❧♦✇✲◗ ✐♥❞✉❝t♦rs✱

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

❢♦r r❡s♦♥❛t♦rs ✇✐t❤ s♠❛❧❧❡r ❧♦ss❡s✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♥♦✐s❡ ♠♦❞❡❧ ❝♦♠❡s

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

t✇♦ ❢❛❝t♦rs✿ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ ❛ ❣❡♥❡r❛t❡❞ s✐❣♥❛❧ ❛♥❞ ♥♦✐s❡ ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❚❤✉s✱ s♦♠❡ ♦❢

t❤❡ s♦❧✉t✐♦♥s ♣r❡s❡♥t❡❞ ❤❡r❡ ✇✐❧❧ ❜❡ ✉s❡❞ ❧❛t❡r ✐♥ ❈❤❛♣t❡r ✻ t♦ ❡st✐♠❛t❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢

❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r✳
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❚❤✐s ❝❤❛♣t❡r ❝♦✈❡r❡❞ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❛s♣❡❝ts ♦❢ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ ❞❡✲

❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ❆s ❛♥② ♦s❝✐❧❧❛t♦r ♦♣❡r❛t❡ ✐♥ ❛ ❧❛r❣❡ s✐❣♥❛❧ r❡❣✐♠❡✱ ✐t ✐s ✐♠♣♦rt❛♥t

t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡✛❡❝ts ♦❢ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ♦❢ tr❛♥s❝♦♥❞✉❝t♦rs ♦♥ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡

❝✐r❝✉✐t✳ ❈❤❛♣t❡r ✺ ♣r❡s❡♥ts ❛ t❤♦r♦✉❣❤ ❛♥❛❧②s✐s ♦❢ t❤❡s❡ ❡✛❡❝ts ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥

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

✶✶✻



❈❤❛♣t❡r ✺

▲❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢

❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ s✐♠♣❧✐✜❡❞ ♥♦♥✲❧✐♥❡❛r✱ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡✲

❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤✐s st✉❞② ❝♦♠❡s ❢r♦♠ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢❛❝t♦rs✿

❼ ■♥ ♣r✐♥❝✐♣❧❡✱ ❛♥② ♦s❝✐❧❧❛t♦r ♦♣❡r❛t❡s ✉♥❞❡r ❧❛r❣❡ s✐❣♥❛❧ ❝♦♥❞✐t✐♦♥s✳ ■❢ ♦♥❧② ❛ s♠❛❧❧

s✐❣♥❛❧ ♠♦❞❡❧ ✐s ❝♦♥s✐❞❡r❡❞✱ t❤❡ ❝✐r❝✉✐t r❡s♣♦♥s❡ ✇✐❧❧ ❛❧✇❛②s s❝❛❧❡ ♣r♦♣♦rt✐♦♥❛❧❧②

✇✐t❤ ❛ ♠❛❣♥✐t✉❞❡ ♦❢ ❡①❝✐t❛t✐♦♥ ✇✐t❤♦✉t ❛♥② ❧✐♠✐ts✱ ❜❡❝❛✉s❡ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧s

❛r❡ ❧✐♥❡❛r✳ ■♥ ♣r❛❝t✐❝❡ ❤♦✇❡✈❡r✱ ❛♥ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✐s ❜✉✐❧t ♦❢ ❛❝t✐✈❡ ❝♦♠♣♦♥❡♥ts

t❤❛t ❛r❡ ♥♦♥✲❧✐♥❡❛r✳ ❚❤❡ ✐♥❝r❡❛s✐♥❣ ❛♠♣❧✐t✉❞❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥s ❞r✐✈❡s t❤❡ ❝✐r❝✉✐t ✐♥t♦

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

✐s ❛ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦r ✐t ✐s t❤❡r❡❢♦r❡ ❡ss❡♥t✐❛❧ t♦ r❡❝♦❣♥✐s❡ ❧❛r❣❡ s✐❣♥❛❧ ❡✛❡❝ts ❛♥❞

✐ts ✐♥✢✉❡♥❝❡ ♦♥ ✐ts ♣❡r❢♦r♠❛♥❝❡✳

❼ ❆ ♣r❛❝t✐❝❛❧ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ ❛s s✉❝❤✱ ✐s ❛ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ❣❡♥❡r❛t✐♥❣ ❤❛r✲

♠♦♥✐❝s✳ ❆s t❤❡② ❛✛❡❝t ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❛♥❞ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡✱ ❛ t❤♦r♦✉❣❤

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

❝r✉❝✐❛❧✳

✶✶✼



✺✳✶ ■♥tr♦❞✉❝t✐♦♥

❼ ❆s s❤♦✇♥ ✐♥ ❈❤❛♣t❡r ✷✱ ❙❡❝t✐♦♥ ✷✳✻✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ❞❡♣❡♥❞s ♦♥

t❤❡ ❝✐r❝✉✐t ♥♦✐s❡ ❛♥❞ ❘❋ s✐❣♥❛❧ ♣♦✇❡r✳ ❚❤✉s✱ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡✱ t❤❡

❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ❤❛s t♦ ❜❡ ❡st✐♠❛t❡❞✳ ▲✐♥❡❛r ♠♦❞❡❧s ❞♦ ♥♦t ♣r♦✈✐❞❡

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

✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r✱ ♠❛❦✐♥❣ t❤❡ ♣r❡s❡♥t❡❞ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s ✐♠♣♦rt❛♥t✳

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

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

❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ ♣r❡s❡♥t❡❞ r❡s♦♥❛t♦rs✳ ❚②♣✐❝❛❧❧②✱ t❤❡r❡ ✐s ♥♦ ✐♥❞✐❝❛t✐♦♥ ♦♥ ❤♦✇

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

❛r❡ t❤❡ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ ❝✐r❝✉✐t ❧♦ss❡s✳ ❚♦ ❞❛t❡✱ t❤❡ ♦♥❧②

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

❜② ❑❛✉♥✐st♦ ❬✼❪✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❜❡✲

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

♣r❛❝t✐❝❡✳

❙❡❝t✐♦♥ ✺✳✶ ♣r❡s❡♥ts ❛ s❤♦rt ✐♥tr♦❞✉❝t✐♦♥ t♦ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s

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

s✐❣♥❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ ❛ s✐♥❣❧❡ tr❛♥s✐st♦r ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r ❛r❡ s❤♦✇♥✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡

str❡♥❣t❤s ❛♥❞ ✇❡❛❦♥❡ss❡s ♦❢ ❛ ❝✐r❝✉✐t ❞❡s❝r✐♣t✐♦♥ ✉s✐♥❣ ♣♦❧②♥♦♠✐❛❧s✳

❙❡❝t✐♦♥ ✺✳✸ ❝♦♥t❛✐♥s t❤❡ ❢✉♥❞❛♠❡♥t❛❧s ♦❢ ❱♦❧t❡rr❛ ❦❡r♥❡❧s t❡❝❤♥✐q✉❡✱ ❛ ♠❛t❤❡♠❛t✐❝❛❧

t♦♦❧ ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ❛ ❜❡❤❛✈✐♦r ♦❢ ❛ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ✇✐t❤ ♠❡♠♦r② ✭✐✳❡✳ r❡❛❝t✐✈❡

❝♦♠♣♦♥❡♥ts✮✳ ❙t❡♣ ❜② st❡♣✱ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ ❦❡r♥❡❧ ❛♥❛❧②s✐s ✐s ♣r❡s❡♥t❡❞ t♦❣❡t❤❡r

✇✐t❤ ❝♦♠♠❡♥ts ♦♥ ✐ts ❛❝❝✉r❛❝② ❛♥❞ ❧✐♠✐t❛t✐♦♥s✳ ❇❛s❡❞ ♦♥ t❤❡ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞

r❡s✉❧ts ♦❢ ❑❛✉♥✐st♦ ❬✼❪✱ t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s t❡❝❤♥✐q✉❡ t♦ ❝❤❛r❛❝t❡r✐s❡ t❤❡ ❧❛r❣❡ s✐❣♥❛❧

♦♣❡r❛t✐♦♥ ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ✐s ❞✐s❝✉ss❡❞✳

❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s ❝❤❛♣t❡r ✐s ♣r❡s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥s ✺✳✹✲✺✳✻✳ ❯s✐♥❣ ❱♦❧t❡rr❛

❦❡r♥❡❧s✱ t❤❡ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛♥t t❛♥❦ ✐s ❞❡r✐✈❡❞ ❢♦r t❤❡

✜rst t✐♠❡✳ ■t ✐s t❤❡♥ ✉s❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ ♠❡❝❤❛♥✐s♠ ❜❡❤✐♥❞ ❛♠♣❧✐t✉❞❡ ❧✐♠✐t✐♥❣ ✐♥ t❤❡

♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✐♠♣♦rt❛♥t ♣r♦❜❧❡♠ ♦❢ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

✶✶✽



✺✳✷ ◆♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts

✐♥ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ✐s st✉❞✐❡❞✳

✺✳✷ ◆♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts

❇② ❞❡✜♥✐t✐♦♥ ❛ ❝✐r❝✉✐t ✐s ❝♦♥s✐❞❡r❡❞ ♥♦♥✲❧✐♥❡❛r ✐❢ ✐t ✈✐♦❧❛t❡s t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ s✉♣❡r♣♦s✐t✐♦♥✱

r❡s✉❧t✐♥❣ ✐♥

f(a1x1 + . . . akxk) 6= a1f(x1) + . . . + akf(xk) ✭✺✳✶✮

■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✐♥♣✉t s✐❣♥❛❧s xk ❞♦❡s ♥♦t r❡s✉❧t ✐♥ ❛ ❧✐♥❡❛r

❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♦✉t♣✉t r❡s♣♦♥s❡s f(xk) ❛♥❞ ❞✐✛❡r❡♥t ♠❡t❤♦❞s ♦❢ ❝✐r❝✉✐t ❛♥❛❧②s✐s ❤❛✈❡

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

tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡r ❞r✐✈❡♥ ❜② ❛♥ ✐❞❡❛❧ s✐♥✉s♦✐❞❛❧ ✈♦❧t❛❣❡ ❛t ❛ s✐♥❣❧❡

❢r❡q✉❡♥❝②✳ ❋♦r ❛ ❧♦♥❣ ❝❤❛♥♥❡❧ ▼❖❙ ❞❡✈✐❝❡ ✐♥ s❛t✉r❛t✐♦♥✱ ❜✐❛s❡❞ ✇✐t❤ ❛♥ ♦✈❡r❞r✐✈❡

✈♦❧t❛❣❡ ♦❢ VOV = VGS − Vth✱ ❛ ❧❛r❣❡ s✐❣♥❛❧ ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥ t♦t❛❧ ❞r❛✐♥ ❝✉rr❡♥t iD

❛♥❞ ❞r✐✈✐♥❣ ✈♦❧t❛❣❡ vGS ✐s q✉❛❞r❛t✐❝

iD(t) =
µ0Cox

2

W

L
vGS(t)2 =

µ0Cox

2

W

L
(VOV + vgs(t))

2 = ID + id(t) ✭✺✳✷✮

✇❤❡r❡

ID =
µ0Cox

2

W

L
V 2

OV ✭✺✳✸✮

id(t) =
µ0Cox

2

W

L

(
2VOV vgs(t) + vgs(t)

2
)

= gmvgs(t) +
µ0Cox

2

W

L
vgs(t)

2 ✭✺✳✹✮

❆ss✉♠✐♥❣ vgs(t) = A sin (ω0t)✱ t❤❡ ❆❈ r❡s♣♦♥s❡ ♦❢ t❤❡ tr❛♥s✐st♦r ✐s ❡①♣❧❛✐♥❡❞ ❛s ❢♦❧❧♦✇s✳

❋♦r s♠❛❧❧ ❛♠♣❧✐t✉❞❡ ✈❛r✐❛t✐♦♥s ♦❢ vgs(t) t❤❡ q✉❛❞r❛t✐❝ t❡r♠ ✐♥ ✭✺✳✹✮ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞

t♦ ❜❡ ♥❡❣❧✐❣✐❜❧❡✱ ❛ ❧✐♥❡❛r ❛♣♣r♦①✐♠❛t✐♦♥ ✐s s✉✣❝✐❡♥t t♦ ❞❡s❝r✐❜❡ t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡

❛♠♣❧✐✜❡r✳ ❚❤❡ ❧✐♥❡❛r ❛♣♣r♦①✐♠❛t✐♦♥ t②♣✐❝❛❧❧② ②✐❡❧❞s ✶✵✪ ♦❢ ❡rr♦r ❢♦r s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s

✐♥ t❤❡ r❛♥❣❡ ♦❢ ✷✵✪ ♦❢ VOV ❬✹✸❪✳ ❆s ❛ r❡s✉❧t✱ s✐♥❣❧❡ ❢r❡q✉❡♥❝② ❡①❝✐t❛t✐♦♥ r❡s✉❧ts ✐♥

❛ s✐♥❣❧❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ ❛ ❞❡✈✐❝❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡✱ ✇❡❧❧ ♣r❡❞✐❝t❡❞

❜② t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♣r✐♥❝✐♣❧❡✳ ◆♦✇✱ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ✇❤❡r❡ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✐♥✲

♣✉t s✐❣♥❛❧ ✐♥❝r❡❛s❡s✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ q✉❛❞r❛t✐❝ t❡r♠ ♦❢ id(t) ❜❡❝♦♠❡s ❧❛r❣❡r✳

✶✶✾
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❋✐❣✉r❡ ✺✳✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ ❛♥ ♦✉t♣✉t ❝✉rr❡♥t ✐♥ ❛ ♥♦♥✲❧✐♥❡❛r ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r ✇✐t❤
✐♥❝r❡❛s✐♥❣ ✐♥♣✉t ❛♠♣❧✐t✉❞❡✳

❙✐♥❝❡ A2 sin2(ω0t) = A2/2 − A2/2 cos(2ω0t)✱ ✭✺✳✹✮ ❤❛s ❛❞❞✐t✐♦♥❛❧ ♣r♦❞✉❝ts ❛t ❢r❡q✉❡♥✲

❝✐❡s ♦❢ ✵ ❛♥❞ 2ω0✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ❝♦♥❞✐t✐♦♥ ✐s ✈✐♦❧❛t❡❞ ❛♥❞

t❤❡ tr❛♥s❝♦♥❞✉❝t♦r ❛❝ts ❛s ❛ ♥♦♥✲❧✐♥❡❛r ❞❡✈✐❝❡ ✉♥❞❡r ❛ ❧❛r❣❡ s✐❣♥❛❧ ❞r✐✈❡✳ ❋✐❣✉r❡ ✺✳✶

✐❧❧✉str❛t❡s s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ✐♠♣❧❡♠❡♥t✐♥❣ ✭✺✳✷✮ ✐♥ ▼❛t❧❛❜✳

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

❛r❡ ✐♥❡✈✐t❛❜❧② ♠♦r❡ s❡✈❡r❡ t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ♣❛ss✐✈❡ ❝♦✉♥t❡r♣❛rt✳ ❚✇♦ ❢❛❝t♦rs ❛r❡

❞♦♠✐♥❛♥t ❤❡r❡✳ ❋✐rst❧②✱ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❡①♣❡r✐❡♥❝❡ ❤❛r♠♦♥✐❝ ❞✐st♦r✲

t✐♦♥✳ ❆s ❛ ❣②r❛t♦r ✐s ❡ss❡♥t✐❛❧❧② ❛ ❢❡❡❞❜❛❝❦ s②st❡♠✱ t❤❡ ❞✐st♦rt❡❞ ♦✉t♣✉t s✐❣♥❛❧ ♦❢ ✜rst

tr❛♥s❝♦♥❞✉❝t♦r ❞r✐✈❡s ❛ ❢❡❡❞❜❛❝❦ ❛♠♣❧✐✜❡r✳ ❚❤✐s ♣r♦❞✉❝❡s ❡✈❡♥ ♠♦r❡ ❞✐st♦rt✐♦♥ ❞✉❡ t♦

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

✶✷✵
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t❤❡ r❡s♦♥❛t♦r ✐♠♣❡❞❛♥❝❡ ✐s ❝♦♥tr♦❧❧❡❞ ❞✐r❡❝t❧② ❜② ❛ s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ♦❢ ❣②r❛t♦r✱

t❤❡ ❧❛r❣❡ ❡①❝✉rs✐♦♥s ❢r♦♠ ❛ st❛t✐❝ ❜✐❛s ♣♦✐♥t ♦❢ ❜♦t❤ ❛♠♣❧✐✜❡rs ❝❤❛♥❣❡ t❤❡ ❡✛❡❝t✐✈❡ ✐♥✲

❞✉❝t❛♥❝❡ ♦❢ t❤❡ t❛♥❦ ✲ ❞❡♣❡♥❞✐♥❣ ♦♥ ❛ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳ ❚❤❡r❡❢♦r❡✱ ❡✈❡♥ ✐❢ ❛ r❡❧❛t✐✈❡❧②

s✐♠♣❧❡ q✉❛❞r❛t✐❝ ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ▼❖❙ ♥♦♥✲❧✐♥❡❛r✐t✐❡s✱ t❤❡ ❧❛r❣❡ s✐❣♥❛❧

❜❡❤❛✈✐♦r ✐s ♥♦t str❛✐❣❤t❢♦r✇❛r❞ t♦ ♣r❡❞✐❝t✳

✺✳✷✳✶ P♦✇❡r s❡r✐❡s r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts

❆❝❝♦r❞✐♥❣ t♦ ❚❛②❧♦r✬s t❤❡♦r❡♠✱ ❛♥② ❢✉♥❝t✐♦♥ f(x) t❤❛t ❤❛s ❛♥ ✐♥✜♥✐t❡ ♥✉♠❜❡r ♦❢ ❝♦♥✲

t✐♥✉♦✉s ❞❡r✐✈❛t✐✈❡s ❛t ❣✐✈❡♥ ♣♦✐♥t x0 ♦❢ ✐ts ❞♦♠❛✐♥✱ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛

♣♦✇❡r s❡r✐❡s ♦❢ x ❛♥❞ f(x) ❞❡r✐✈❛t✐✈❡s✱ ✇✐t❤✐♥ ❛ ❝❡rt❛✐♥ r❛♥❣❡ ✐♥ ❝❧♦s❡ ✈✐❝✐♥✐t② t♦ x0✳ ❚❤❡

❛❝t✉❛❧ ❞✐st❛♥❝❡ ❢r♦♠ x0 ✇❤❡r❡ t❤✐s r❡♣r❡s❡♥t❛t✐♦♥ ❤♦❧❞s ✇✐t❤ ❣✐✈❡♥ ❡rr♦r ✐s ❝♦♥tr♦❧❧❡❞

❜② t❤❡ r❡♠✐♥❞❡r ❢✉♥❝t✐♦♥ rn(x)✳ ■❢ f(x) ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s

f(x) = f(x0) +
(x− x0)

1!

∂f (x0)

∂x
+

(x− x0)
2

2!

∂2f (x0)

∂x2
+

(x− x0)
3

3!

∂3f (x0)

∂x3
+

+ . . . +
(x− x0)

n

n!

∂nf (x0)

∂xn
+ rn (x0) ✭✺✳✺✮

t❤❡ ❢✉♥❝t✐♦♥ ✐s ❦♥♦✇♥ ❛s ❛♥❛❧②t✐❝❛❧✳ ❋r♦♠ ❛ ❝✐r❝✉✐t ❛♥❛❧②s✐s ♣❡rs♣❡❝t✐✈❡✱ ✐❢ ♦♥❧② ❛ ♥♦♥✲

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

♣♦❧②♥♦♠✐❛❧ ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠ ❚❛②❧♦r✬s t❤❡♦r❡♠ ✭✺✳✺✮✳ ❊✈❡♥ ✐❢ ❛♥ ❡①♣❧✐❝✐t ❢♦r♠✉❧❛ ❞❡✲

s❝r✐❜✐♥❣ f(x) ✐s ♥♦t ❦♥♦✇♥ ❜✉t ❝❛♥ ♦♥❧② ❜❡ ♠❡❛s✉r❡❞✱ t❤❡ r❡s✉❧ts ❛r❡ t❤❡♥ ❛♣♣❧✐❡❞ t♦

❛♣♣r♦①✐♠❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦✇❡r s❡r✐❡s✳ ◆♦t❡ t❤❛t ✐♥ ❛❝t✉❛❧ ❡❧❡❝tr♦♥✐❝ ❝♦♠♣♦✲

♥❡♥ts✱ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ❛r❡ ✉s✉❛❧❧② ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ✭t❤r♦✉❣❤ ✈❛r✐♦✉s ♣❛r❛s✐t✐❝ ❡✛❡❝ts✮

t❤❛t y = f(x1, x2, . . . , xn)✱ ✇❤✐❝❤ ❞r❛♠❛t✐❝❛❧❧② ✐♥❝r❡❛s❡s ❛ ❝♦♠♣❧❡①✐t② ♦❢ ♣♦❧②♥♦♠✐❛❧

❝❛❧❝✉❧❛t✐♦♥ ❬✶✵✸❪

❆s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❞❡s❝r✐❜❡❞ ♠❡t❤♦❞✱ ❝♦♥s✐❞❡r ❛ tr❛♥s✲

❢❡r ❝✉r✈❡ ID = f (VGS) ♦❢ ❛ s❤♦rt✲❝❤❛♥♥❡❧ ✶✽✵ ♥♠ ◆▼❖❙ tr❛♥s✐st♦r✱ ♣r❡s❡♥t❡❞ ♦♥

❋✐❣✉r❡ ✺✳✷✳ ■♥ ❝♦♥tr❛st t♦ ❛ ❧♦♥❣✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡✱ t❤❡ ❞r❛✐♥ ❝✉rr❡♥t ♥♦ ❧♦♥❣❡r ❤❛s ❛

q✉❛❞r❛t✐❝ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ✐♥♣✉t ✈♦❧t❛❣❡ ❜✉t ✐♥st❡❛❞ ❢❛❧❧s ❜❡t✇❡❡♥ ❛ ✷♥❞✲♦r❞❡r ✭❢♦r ❧♦✇

✶✷✶
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linear approximation
2nd−order series
3rd−order series

❋✐❣✉r❡ ✺✳✷✿ ❆♣♣r♦①✐♠❛t✐♦♥s ♦❢ ❛ s❤♦rt✲❝❤❛♥♥❡❧ ◆▼❖❙ tr❛♥s❢❡r ❝✉r✈❡✳

VOV ✮ ❛♥❞ ❛ ❧✐♥❡❛r ❢✉♥❝t✐♦♥ ✭❢♦r ❤✐❣❤❡r VOV ✮ ❬✹✸❪

ID ≈
µ0Cox

2
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L
V 2

OV
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1 +
VOV

ECL

✭✺✳✻✮

✇❤❡r❡ EC ✐s t❤❡ ❝r✐t✐❝❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞ ❢♦r ✇❤✐❝❤ ❡❧❡❝tr♦♥ ❞r✐❢t ✈❡❧♦❝✐t② s❛t✉r❛t❡s✳ ■❢ ❛

❧✐♥❡❛r ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ✉s❡❞✱ t❤❡ ❡rr♦r ❜❡❝♦♠❡s ❧❛r❣❡r t❤❛♥ ✶✵✪ ❢♦r ✈❛r✐❛t✐♦♥s ♦❢ ❜✐❛s

♣♦✐♥t QB ❧❛r❣❡r t❤❛♥ ±✺✵ ♠❱✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ✷♥❞ ❛♥❞ ✸r❞✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧s✱ t❤❡ ❜✐❛s

♣♦✐♥t ✐s tr❛❝❦❡❞ ❢r♦♠ Vth t♦ ✽✼✵ ♠❱ ❛♥❞ ✶ ❱✱ r❡s♣❡❝t✐✈❡❧②✳ ◆♦t❡ t❤❛t t❤❡ ❛♣♣r♦①✐♠❛t✐♦♥s

❞♦ ♥♦t ❣✐✈❡ ♣r♦♣❡r r❡s✉❧ts ❢♦r t❤❡ tr❛♥s✐st♦r ✐♥ ❝✉t✲♦✛✱ ❞❡♠♦♥str❛t✐♥❣ t❤❛t ✐♥❞❡❡❞ t❤❡

❚❛②❧♦r s❡r✐❡s ♦♥❧② r❡♣r❡s❡♥ts t❤❡ ❢✉♥❝t✐♦♥ ♦❢ ✐♥t❡r❡st ❢♦r ❛ ❝❡rt❛✐♥ r❛♥❣❡ ♦❢ ✈❛r✐❛❜❧❡

✈❛❧✉❡s✳

✺✳✷✳✷ ❙❤♦rt❝♦♠✐♥❣s ♦❢ ❚❛②❧♦r ❡①♣❛♥s✐♦♥

❋✐❣✉r❡ ✺✳✸ ♣r❡s❡♥ts ❛♥ ❛tt❡♠♣t❡❞ ♣♦❧②♥♦♠✐❛❧ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ tr❛♥s❢❡r ❝✉r✈❡ ♦❢ ❛

tr❛♥s✐st♦r t❤❛t s❛t✉r❛t❡s ❢♦r ❤✐❣❤❡r ✈♦❧t❛❣❡s✳ ◆♦t ♦♥❧② ❞♦ ❛❧❧ ♦❢ t❤❡ ♣♦❧②♥♦♠✐❛❧s ❢❛✐❧ t♦

✶✷✷
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4th−order
5th−order
6th−order
7th−order

❋✐❣✉r❡ ✺✳✸✿ ❋❛✐❧❡❞ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ s❛t✉r❛t❡❞ ❢✉♥❝t✐♦♥✳

❝♦♥✈❡r❣❡ ✐♥ t❤❡ ❝✉t✲♦✛ r❡❣✐♦♥ ❜✉t ❛❧s♦ ✐♥ t❤❡ s❛t✉r❛t✐♦♥ r❛♥❣❡✳ ❚❤✐s ✐s ❞✉❡ t❤❡ ❛❢♦r❡✲

♠❡♥t✐♦♥❡❞ ❧♦❝❛❧✐t② ♦❢ ❚❛②❧♦r✬s t❤❡♦r❡♠✱ ✐t ❝♦♥✈❡r❣❡s ♦♥❧② ✇✐t❤✐♥ ❛ ✜♥✐t❡ ❞♦♠❛✐♥ ❦♥♦✇

❛s ❛ r❛❞✐✉s ♦❢ ❝♦♥✈❡r❣❡♥❝❡✳ ❋♦r ❝❡rt❛✐♥ t②♣❡s ♦❢ ♥♦♥✲❧✐♥❡❛r✐t② t❤✐s r❛❞✐✉s ❛♣♣r♦❛❝❤❡s

③❡r♦ ❛♥❞ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ♣♦✇❡r s❡r✐❡s ❝❛♥✬t ❜❡ ❢♦✉♥❞ ❛t ❛❧❧✳ ❖♥❡ s✉❝❤ ❡①❛♠♣❧❡ ✐s ❛

tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ ❛ ♣❡r❢❡❝t ❜✐♣♦❧❛r s✇✐t❝❤✱ t❤❛t ❝❛♥✬t ❜❡ ❡①♣r❡ss❡❞ ❜② ❛♥② ♠❡❛♥s ✐♥

t❡r♠s ♦❢ ❛ ♣♦❧②♥♦♠✐❛❧✳ ❚❤✉s✱ t❤❡ ♣♦✇❡r s❡r✐❡s ❛♣♣r♦❛❝❤ ✐s r❡str✐❝t❡❞ t♦ t❤❡ ❢✉♥❝t✐♦♥s

❝❛❧❧❡❞ s♦❢t ♦r ✇❡❛❦ ♥♦♥✲❧✐♥❡❛r✐t✐❡s✳ ❲❛♠❜❛❝q ❡t ❛❧✳ ❬✶✵✸❪ ❞❡✜♥❡ t❤✐s ❢✉♥❝t✐♦♥ ❛s t❤❡ ♦♥❡

t❤❛t ✐♥ ❛ ✈✐❝✐♥✐t② ♦❢ ❛ ❜✐❛s ♣♦✐♥t ✐s s✉✣❝✐❡♥t❧② ❞❡s❝r✐❜❡❞ ✉s✐♥❣ ✸r❞✲♦r❞❡r s❡r✐❡s ♦♥❧②✳ ■♥

♣r❛❝t✐❝❡✱ ❛s ❧♦♥❣ ❛s ❛ ❜✐❛s ♣♦✐♥t ✐s s❡t ❜❡t✇❡❡♥ ❝✉t✲♦✛ ❛♥❞ s❛t✉r❛t✐♦♥ ♣♦✐♥ts✱ t❤❡ ✇❡❛❦❧②

♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦r ✐s ♦❜s❡r✈❡❞ ❛♥❞ t❤❡ ♣♦✇❡r s❡r✐❡s ❡①♣❛♥s✐♦♥ ❝❛♥ ❜❡ ✉s❡❞✳ ❆s ❧♦♥❣ ❛s

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

t❤❡ ♣♦✇❡r s❡r✐❡s ❞❡s❝r✐♣t✐♦♥ ❤♦❧❞s✳

❆♥♦t❤❡r s❤♦rt❝♦♠✐♥❣ ♦❢ t❤❡ ❚❛②❧♦r s❡r✐❡s ❛♣♣r♦❛❝❤ ✐s ❛ ❢❛✐❧✉r❡ t♦ ❞❡s❝r✐❜❡ ♥♦♥✲

❧✐♥❡❛r✐t✐❡s ✇✐t❤ ♠❡♠♦r② ❡✛❡❝t ✐✳❡✳ t❤❡ ❛♥❛❧②s❡❞ ❢✉♥❝t✐♦♥ ❤❛s t♦ ❜❡ st❛t✐❝ ❬✶✵✸❪✳ ■❢

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

✶✷✸



✺✳✸ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♠❡t❤♦❞

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

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

✺✳✷✳✸ P♦❧②♥♦♠✐❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ ♦s❝✐❧❧❛t♦r

■♥ t❤❡ ❝❛s❡ ♦❢ ❛ st❛♥❞❛r❞ ♦s❝✐❧❧❛t♦r✱ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s r❡str✐❝t❡❞ ❜② ❛ ♥♦♥✲❧✐♥❡❛r

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

♠❡t❤♦❞ ♦❢ ♣r❡❞✐❝t✐♥❣ t❤❡ ❛♠♣❧✐t✉❞❡✳ ❍♦✇❡✈❡r✱ ♦❜s❡r✈✐♥❣ t❤❡ ♣♦❧②♥♦♠✐❛❧s ❢r♦♠ ❋✐❣✲

✉r❡ ✺✳✸ ❛❧❧ ❢✉♥❝t✐♦♥s st❛rt t♦ ❞✐✈❡r❣❡ r♦✉❣❤❧② ❢♦r t❤❡ s❛♠❡ ❛r❣✉♠❡♥t ✈❛❧✉❡s ❤❡♥❝❡ ✐♥❞✐✲

❝❛t✐♥❣ t❤❡ ♣♦✐♥ts ✇❤❡r❡ str♦♥❣ ♥♦♥✲❧✐♥❡❛r✐t② ♦❝❝✉rs✳ ❆♥❛❧②s✐♥❣ t❤❡ ❝✉r✈❡ ID = f (VGS)

✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡s❡ ♣♦✐♥ts ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❝✉t✲♦✛ ✈♦❧t❛❣❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧②

✹✺✵ ♠❱ ❛♥❞ t❤❡ s❛t✉r❛t✐♦♥ ✈♦❧t❛❣❡ ❧❛r❣❡r t❤❛♥ ✼✵✵ ♠❱✳ ❚❤✉s✱ ❛❧t❤♦✉❣❤ t❤✐s ❛♣♣r♦❛❝❤

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

❛♣♣r♦①✐♠❛t❡ ✇✐t❤ s♦♠❡ ❡rr♦r t❤❡ ♣♦✐♥ts ✇❤❡r❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✇✐❧❧ st❛rt t♦ s❡tt❧❡✱

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

❆ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ ❤❛s ❜❡❡♥ ♣r❡s❡♥t❡❞ ❜② ❏❛r❞ó♥✲❆❣✉✐❧❛r ❡t ❛❧✳ ❬✶✵✹❪✳ ❚❤❡ ❛✉t❤♦rs

✉s❡❞ t❤❡ ♣♦❧②♥♦♠✐❛❧ ❞❡s❝r✐♣t✐♦♥ t♦ ✜♥❞ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ❣❛✐♥ ♦❢ ❛♥ ❛♠♣❧✐✜❡r ♦❢ ❢❡❡❞❜❛❝❦

♦s❝✐❧❧❛t♦r ❛♥❞ t❤❡♥ ♦❜s❡r✈✐♥❣ ❤♦✇ ✐t ❞❡❝r❡❛s❡s t♦ ✉♥✐t② ✇✐t❤ ❛♥ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠✲

♣❧✐t✉❞❡✳ ❇❛s❡❞ ♦♥ tr✐✈✐❛❧ ♠❛t❤❡♠❛t✐❝❛❧ ❢♦r♠✉❧❛s t❤❡ ❝❛❧❝✉❧❛t❡❞ ❛♠♣❧✐t✉❞❡ ♣r❡❞✐❝t✐♦♥

②✐❡❧❞❡❞ r❡s✉❧ts ♦♥❧② ✷✵✪ s♠❛❧❧❡r t❤❛♥ ♦❢ t❤❡s❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❙♣✐❝❡ ❝✐r❝✉✐t s✐♠✉❧❛✲

t♦r✳ ❚❤✉s✱ ❛❧t❤♦✉❣❤ ✉♥❞❡r❡st✐♠❛t✐♥❣✱ t❤❡ ♣♦❧②♥♦♠✐❛❧ ♠❡t❤♦❞ ❛❧❧♦✇s ♦♥❡ t♦ ❛♥❛❧②s❡ ❛

❝✐r❝✉✐t ❜❡❤❛✈✐♦r t❤r♦✉❣❤ ❛ s❡t ♦❢ ❝❧♦s❡❞ ❢♦r♠ ❢♦r♠✉❧❛s ✜rst✳

✺✳✸ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♠❡t❤♦❞

■♥ ✶✽✽✼✱ ■t❛❧✐❛♥ ♠❛t❤❡♠❛t✐❝✐❛♥ ❛♥❞ ♣❤②s✐❝✐st ❱✐t♦ ❱♦❧t❡rr❛ ❝r❡❛t❡❞ ❛ t❤❡♦r② ♦❢ ❢✉♥❝t✐♦♥❛❧

s❡r✐❡s ❬✶✵✺❪ t❤❛t ❧❛t❡r ❤❛s ❜❡❡♥ ❡①t❡♥❞❡❞ ❜② ❲✐❡♥❡r ❬✶✵✻❪ t♦ ❞❡s❝r✐❜❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢

♥♦♥✲❧✐♥❡❛r ❡❧❡❝tr♦♥✐❝ ❝✐r❝✉✐ts✳ ❲✐❡♥❡r ♦❜s❡r✈❡❞ t❤❛t ✐❢ t❤❡ s②st❡♠ ✐s ✇❡❛❦❧② ♥♦♥✲❧✐♥❡❛r✱

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

r❡❛❧✲✈❛❧✉❡❞ ♣♦✇❡r s❡r✐❡s ❞❡s❝r✐❜❡s t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛ ❧✐♥❡❛r ❝✐r❝✉✐t✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ✇❡❧❧

✶✷✹



✺✳✸ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♠❡t❤♦❞

x(t)
H2{·}

y(t)

H1{·}

Hn{·}

+

❋✐❣✉r❡ ✺✳✹✿ ◆♦♥✲❧✐♥❡❛r s②st❡♠ r❡♣r❡s❡♥t❛t✐♦♥ ✉s✐♥❣ ♥✲t❤ ♦r❞❡r ❱♦❧t❡rr❛ ❢✉♥❝t✐♦♥❛❧ s❡r✐❡s✱
❦♥♦✇♥ ❛s ❱♦❧t❡rr❛✲❲✐❡♥❡r ♠♦❞❡❧ ❬✶✵✼❪✳

❦♥♦✇♥ ❱♦❧t❡rr❛✲❲✐❡♥❡r ♠♦❞❡❧ ♦❢ ❛ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✺✳✹✳

❚❤❡ ❝♦❡✣❝✐❡♥ts Hn{x(t)} ❛r❡ ❦♥♦✇♥ ❛s ♥t❤✲♦r❞❡r ❱♦❧t❡rr❛ ♦♣❡r❛t♦rs✳ ❊❛❝❤ ❜❧♦❝❦

r❡♣r❡s❡♥ts ❛ ♥t❤✲❞❡❣r❡❡ ❢✉♥❝t✐♦♥❛❧ ❬✶✵✼❪✱ ♠❛♣♣✐♥❣ x(t) t♦ y(t)✱ r❡s✉❧t✐♥❣ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣

❢♦r♠✉❧❛ ❬✶✵✸❪

y(t) = H1{x(t)}+ H2{x(t)}+ H3{x(t)}+ . . . + Hn−1{x(t)}+ Hn{x(t)} ✭✺✳✼✮

✇❤❡r❡

Hn{x(t)} =

+∞∫

−∞

· · ·
+∞∫

−∞

kn (τ1, . . . , τn) x (t− τ1) · · ·x (t− τn) dτ1 · · · dτn ✭✺✳✽✮

❚❤❡ ❝♦❡✣❝✐❡♥t kn (τ1, τ2, . . . , τn) ✐s ❝❛❧❧❡❞ ♥t❤✲♦r❞❡r ❱♦❧t❡rr❛ ❦❡r♥❡❧✳ ❈❧♦s❡r ❡①❛♠✐♥❛t✐♦♥

♦❢ ✭✺✳✽✮ r❡✈❡❛❧s t❤❛t ✐t r❡s❡♠❜❧❡s t❤❡ ❝♦♥✈♦❧✉t✐♦♥ ✐♥t❡❣r❛❧ ❦♥♦✇♥ ❢r♦♠ ❛ ❧✐♥❡❛r ❝✐r❝✉✐t

t❤❡♦r② ❬✶✵✽❪ ❛♥❞ ❣✐✈❡♥ ❜②

y(t) =

+∞∫

−∞

h (τ) x (t− τ) dτ ✭✺✳✾✮

✇❤❡r❡ h(τ) ✐s ❦♥♦✇♥ ❛s t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ♦❢ ❛ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t ❝✐r❝✉✐t✳ ❚❤❡ ✐♠✲

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

s✐❣♥❛❧ y(t) ❢♦r ❛♥② ✐♥♣✉t ❡①❝✐t❛t✐♦♥ x(t)✳ ❚❤✉s ♦♥❝❡ t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ✐s ❦♥♦✇♥✱ t❤❡

❝✐r❝✉✐t ✐s ❢✉❧❧② ❝❤❛r❛❝t❡r✐s❡❞ ❛♥❞ ✐ts ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ ♣r❡❞✐❝t❡❞✳ ◆♦✇✱ ❜❡❝❛✉s❡ ✭✺✳✽✮ r❡♣✲

r❡s❡♥ts ❛ ♠✉❧t✐❞✐♠❡♥s✐♦♥❛❧ ❝♦♥✈♦❧✉t✐♦♥ ✐♥t❡❣r❛❧ ♦❢ ❛ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t✱ ✐♥ t❤✐s ❝❛s❡ y(t)

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

✭❦❡r♥❡❧s✮ kn (τ1, . . . , τn) ❛r❡ ❦♥♦✇♥✳ ❘❡❝❛❧❧✐♥❣ t❤❡ ❣❡♥❡r✐❝ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✺✳✹ ❛♥❞

✶✷✺
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❝♦♠♣❛r✐♥❣ t♦ ✭✺✳✽✮✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t H1{·} r❡♣r❡s❡♥ts t❤❡ ❧✐♥❡❛r ❜❡❤❛✈✐♦r ♦❢ t❤❡ s②s✲

t❡♠✳ ❚❤❡r❡❢♦r❡ k1(τ1) s❤♦✉❧❞ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ st❛♥❞❛r❞ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ❛s ✐♥ t❤❡

❝❛s❡ ♦❢ ❛♥② ❧✐♥❡❛r ❝✐r❝✉✐t✳ ❆ s❡❝♦♥❞ ♦r❞❡r ♦♣❡r❛t♦r ♠✉❧t✐♣❧✐❡s ❛♥ ✐♥♣✉t s✐❣♥❛❧ ❜② ✐ts t✐♠❡

s❤✐❢t❡❞ ✈❡rs✐♦♥ ❛♥❞ s❝❛❧❡s ✐t ✉s✐♥❣ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ k2(τ1, τ2)✳ ❚❤✉s✱

t❤❡ ❧❛st ♦♣❡r❛t♦r ✉s❡s n t✐♠❡✲s❤✐❢t❡❞ ✈❡rs✐♦♥s ♦❢ t❤❡ ✐♥♣✉t s✐❣♥❛❧ ✇✐t❤ ♥t❤✲❞✐♠❡♥s✐♦♥❛❧

✐♥♣✉t r❡s♣♦♥s❡✳ ❚❤❛♥❦s t♦ t❤✐s ❛♣♣r♦❛❝❤✱ ❞❡s♣✐t❡ t❤❡ ♥♦♥✲❧✐♥❡❛r ❝❤❛r❛❝t❡r ♦❢ t❤❡ s②st❡♠✱

t❤❡ ♦✉t♣✉t r❡s♣♦♥s❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✉s✐♥❣ st❛♥❞❛r❞ ❧✐♥❡❛r ❛♥❛❧②s✐s t♦♦❧s✳

❆ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ❞❡s❝r✐❜❡❞ ❜② ✭✺✳✽✮ ✐s ❞❡✜♥❡❞ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ■♥ s♦♠❡

❛♣♣❧✐❝❛t✐♦♥s✱ ✇❤❡r❡ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ ❛♥ ✐♥♣✉t s✐❣♥❛❧ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✱ ✐t ✐s

♠♦r❡ ❝♦♥✈❡♥✐❡♥t t♦ ❝❤❛r❛❝t❡r✐s❡ t❤❡ ❝✐r❝✉✐t ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ❍❛✈✐♥❣ ❞❡✜♥❡❞

t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡s✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❋♦✉r✐❡r tr❛♥s❢♦r♠s ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠

Kn (ω1, . . . , ωn) =

+∞∫

−∞

· · ·
+∞∫

−∞

kn (τ1, . . . , τn) e−j(ω1τ1+...+ωnτn) dτ1 · · · dτn ✭✺✳✶✵✮

❆s ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts✱ ❝♦♥s✐❞❡r ❛

s✐♥❣❧❡ s✐♥✉s♦✐❞ ♦❢ x(t) = A0 cos (ω0t) ❛♣♣❧✐❡❞ t♦ ❛ ❜❛s✐❝ ✸t❤✲♦r❞❡r ♥♦♥✲❧✐♥❡❛r✐t② ❞❡s❝r✐❜❡❞

✇✐t❤ ❱♦❧t❡rr❛ ❦❡r♥❡❧s✱ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ s♣❡❝tr✉♠ ✐s ❢♦✉♥❞ ❛s ❬✶✵✸❪

y(t) = A0❘❡
{
K1(jω0)e

jω0t
}

+

+
A2

0

2
❘❡ {K2(jω0,−jω0)}+

A2
0

2
❘❡
{
K2(jω0, jω0)e

j2ω0t
}

+

+ 3
A3

0

4
❘❡
{
K3(jω0, jω0,−jω0)e

jω0t
}

+
A3

0

4
❘❡
{
K3(jω0, jω0, jω0)e

j3ω0t
}

✭✺✳✶✶✮

s❤♦✇✐♥❣ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ❤❛r♠♦♥✐❝s ❛t ❉❈✱ ω0✱ 2ω0 ❛♥❞ 3ω0✳ ❆❧❧ ♦❢ t❤❡s❡ ❤❛r♠♦♥✐❝

♣r♦❞✉❝ts ❛r❡ ❡①♣❧❛✐♥❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❚❛❜❧❡ ✺✳✶ ❬✶✵✸❪✳

❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♠❡t❤♦❞ ♦✈❡r ❛ st❛♥❞❛r❞ ♣♦✇❡r s❡r✐❡s ❞❡✲

s❝r✐♣t✐♦♥ ❢r♦♠ ❙❡❝t✐♦♥ ✺✳✷✳✶ ✐s ✐ts ❛❜✐❧✐t② t♦ ❝❤❛r❛❝t❡r✐s❡ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts ✇✐t❤ ♠❡♠♦r②✳

❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❛♥ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ✐♥❤❡r❡♥t❧② ❝♦♥✈❡②s t❤✐s ✐♥❢♦r♠❛t✐♦♥✳

❚❤✉s t❤❡ ♠❡t❤♦❞ ❝♦♠❜✐♥❡s t❤❡ ❜❛s✐❝ ❢❡❛t✉r❡s ♦❢ t❤❡ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ ❢✉♥❝t✐♦♥s ✇✐t❤ t❤❡

❝♦♥✈❡♥✐❡♥❝❡ ♦❢ ❛ ♣♦✇❡r s❡r✐❡s ❞❡s❝r✐♣t✐♦♥ ♦❢ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts✳ ❍♦✇❡✈❡r t❤❡ ♠❡t❤♦❞

❤❛s ❛❧s♦ s♦♠❡ r❡str✐❝t✐♦♥s ❬✶✵✾❪✿

✶✷✻
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❼ ❚❤❡ s❡r✐❡s ✐s ❛ s✉♠ t❤❛t ❝♦♥✈❡r❣❡s t♦ ❛ s✐♥❣❧❡ ✈❛❧✉❡✳ ■❢ t❤❡r❡ ❛r❡ ♠✉❧t✐♣❧❡ ♣♦ss✐❜❧❡

♦✉t♣✉t ✈❛❧✉❡s ✭❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❤②st❡r❡s✐s ❢✉♥❝t✐♦♥ ♦❢ ❙❝❤♠✐tt tr✐❣❣❡r✮✱ t❤❡ s♦❧✉t✐♦♥

✇✐❧❧ ❝♦♥✈❡r❣❡ ♦♥❧② t♦ ♦♥❡ ♦❢ t❤❡ ✈❛❧✉❡s✳

❼ ■❢ ❤✐❣❤❡r ♦r❞❡r ❦❡r♥❡❧s ❞♦♠✐♥❛t❡ t❤❡ ♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦r✱ t❤❡ t✐♠❡ t♦ ✜♥❞ t❤❡♠

✐♥❝r❡❛s❡s ❜❡❝❛✉s❡ ❦❡r♥❡❧s ♦❢ ❧♦✇❡r ♦r❞❡r ❤❛✈❡ t♦ ❜❡ ❝♦♠♣✉t❡❞ ✜rst✳

❼ ■❢ t❤❡ s✉♠ ❞✐✈❡r❣❡s t❤❡r❡ ✐s ♥♦ s♦❧✉t✐♦♥ ✭❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❚❛②❧♦r s❡r✐❡s✮✳

❚❛❜❧❡ ✺✳✶✿ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♦❢ ❛ ✸r❞✲♦r❞❡r ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ❞r✐✈❡♥ ❜② ❛ s✐♥❣❧❡ s✐♥✉✲
s♦✐❞ ❬✶✵✸❪✳

❍❛r♠♦♥✐❝ ❘❡s♣♦♥s❡
♥✉♠❜❡r ❢r❡q✉❡♥❝② ❛♠♣❧✐t✉❞❡ t②♣❡

✶ ω0 A0|K1(jω0)| ❧✐♥❡❛r

✷
2ω0

1
2A2

0|K2(jω0, jω0)| s❡❝♦♥❞ ❤❛r♠♦♥✐❝

✵ 1
2A2

0|K2(jω0,−jω0)| ❉❈ s❤✐❢t

✸
2ω0 − ω0 = ω0 3

4A3
0|K3(jω0, jω0,−jω0)|

❝♦♠♣r❡ss✐♦♥
♦r ❡①♣❛♥s✐♦♥

3ω0
1
4A3

0|K3(jω0, jω0, jω0)| t❤✐r❞ ❤❛r♠♦♥✐❝

✺✳✸✳✶ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ❦❡r♥❡❧s

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

❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ ❚❛②❧♦r s❡r✐❡s ❞❡s❝r✐❜✐♥❣ ❛ ♥♦♥✲❧✐♥❡❛r✐t② ❬✶✶✵❪✳ ❋♦r ♠♦r❡ ❝♦♠♣❧❡①

s②st❡♠s✱ ❦❡r♥❡❧s ❝❛♥✬t ❜❡ ❢♦✉♥❞ ❛♥❛❧②t✐❝❛❧❧② ❤♦✇❡✈❡r t❤❡② ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡

♠❡❛s✉r❡♠❡♥ts✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ❜② ❇♦②❞ ❛♥❞ ❈❤✉❛ ❬✶✶✶❪✳

■❢ ❛ ♥♦♥✲❧✐♥❡❛r ❢✉♥❝t✐♦♥ ✐s ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ ❛ ♣♦✇❡r s❡r✐❡s✱ ❦❡r♥❡❧s ❛r❡ ❢♦✉♥❞

✉s✐♥❣ ❛ r❡❝✉rs✐✈❡ ♠❡t❤♦❞ ❦♥♦✇♥ ❛s t❤❡ ❤❛r♠♦♥✐❝ ✐♥♣✉t ♠❡t❤♦❞ ❬✶✵✼✱ ✶✶✷✱ ✶✶✸❪✱ ❜r✐❡✢②

❞❡s❝r✐❜❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❆s t❤❡ ✶st✲♦r❞❡r ❦❡r♥❡❧s r❡♣r❡s❡♥t ❛ ❧✐♥❡❛r ❜❡❤❛✈✐♦r ♦❢ t❤❡

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

✶✷✼
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❝❛s❡ t❤❡ ❝✐r❝✉✐t ✐s r❡♣r❡s❡♥t❡❞ ❜② ✐ts s♠❛❧❧✲s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ✐✳❡✳ t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ✐s

r❡❞✉❝❡❞ t♦ t❤❡ ✜rst t❡r♠ ♦❢ t❤❡ ❞❡s❝r✐❜✐♥❣ ♣♦❧②♥♦♠✐❛❧✳

❋♦r ❤✐❣❤❡r✲♦r❞❡r ❢✉♥❝t✐♦♥s t❤❡ ✐♥♣✉t ✐s s❤♦rt❡♥❡❞ ❛♥❞ t❤❡ ❝✐r❝✉✐t ✐s ❞r✐✈❡♥ ✐♥t❡r♥❛❧❧②

❜② t❤❡ ♥♦♥✲❧✐♥❡❛r ♥t❤✲♦r❞❡r ❝✉rr❡♥t ♣r♦❜✐♥❣ s♦✉r❝❡s✳ ❊❛❝❤ s♦✉r❝❡ ✐s ❝♦♥♥❡❝t❡❞ ✐♥ ♣❛r❛❧❧❡❧

t♦ t❤❡ ❧✐♥❡❛r✐s❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t ✉s❡❞ ❢♦r t❤❡ ✶st✲♦r❞❡r ❦❡r♥❡❧ ❝❛❧❝✉❧❛t✐♦♥✳ ❚❤❡

❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ✭❦❡r♥❡❧s✮ ❛r❡ t❤❡♥ ❢♦✉♥❞ ❜② s♦❧✈✐♥❣ t❤❡ ❝✐r❝✉✐t ✉s✐♥❣

❧✐♥❡❛r ♠❡t❤♦❞s✱ ❛❧t❤♦✉❣❤ t❤❡ ❡①❝✐t❛t✐♦♥s ❛r❡ ♥♦✇ ♥♦♥✲❧✐♥❡❛r✳ ❊✈❡r② t✐♠❡ ❛♥ ♥t❤✲♦r❞❡r

❦❡r♥❡❧ ✐s ❝❛❧❝✉❧❛t❡❞✱ ✭♥✲✶✮t❤✲♦r❞❡r ❢✉♥❝t✐♦♥s ❛r❡ ✉s❡❞✳ ❚❤✉s✱ t❤❡ ♣r♦❝❡❞✉r❡ ✐s r❡❝✉rs✐✈❡✳

▼♦r❡ ❞❡t❛✐❧s ❛r❡ ❣✐✈❡♥ ✐♥ ❙❡❝t✐♦♥ ✺✳✹ ✇❤❡r❡ t❤✐s ♠❡t❤♦❞♦❧♦❣② ✐s ❡♠♣❧♦②❡❞ t♦ ❛♥❛❧②s❡ ❛

❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t✳

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

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✺✳✷✳ ◆♦t❡ t❤❛t t❤❡s❡ ❡①♣r❡ss✐♦♥s ❛r❡ ♦♥❧② ❛♣♣❧✐❝❛❜❧❡ t♦ t❤❡

♦♥❡ ❞✐♠❡♥s✐♦♥❛❧ ♥♦♥✲❧✐♥❡❛r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ❝♦♥❞✉❝t❛♥❝❡✳ ❚❤❡ ❡①♣r❡ss✐♦♥s ❛r❡

♣r❡s❡♥t❡❞ ✐♥ ❛ ❣❡♥❡r✐❝ ❢♦r♠ ❛♥❞ s✐♠♣❧✐❢② ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ s✐♥❣❧❡ s✐❣♥❛❧ ❡①❝✐t❛t✐♦♥ ✇❤❡r❡

ω1 = ω2 = ω3 = ω0✳

❚❛❜❧❡ ✺✳✷✿ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ♥♦♥✲❧✐♥❡❛r ♣r♦❜✐♥❣ s♦✉r❝❡s ❬✶✵✸❪✳

❚r❛♥s❝♦♥❞✉❝t❛♥❝❡✿ ioutk ≈ g1k
vink

+ g2k
v2
ink

+ g3k
v3
ink

❖r❞❡r ♦❢
❊①♣r❡ss✐♦♥

♣r♦❜✐♥❣ s♦✉r❝❡

✷ g2k
K1k

(jω1)K1k
(jω2)

✸
g3k

K1k
(jω1)K1k

(jω2)K1k
(jω3) + 2

3g2k

[
K1k

(jω1)K2k
(jω2, jω3) +

+ K1k
(jω2)K2k

(jω3, jω1) + K1k
(jω3)K2k

(jω1, jω2)
]

✺✳✸✳✷ ❆❝❝✉r❛❝② ♦❢ ❦❡r♥❡❧s ♠❡t❤♦❞

❚❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❛ ❦❡r♥❡❧ ❞❡s❝r✐♣t✐♦♥ ✐♥❝r❡❛s❡s r❛♣✐❞❧② t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❝♦♠♣❧❡①✐t②

♦❢ t❤❡ ❛♥❛❧②s❡❞ ♥♦♥✲❧✐♥❡❛r ❢✉♥❝t✐♦♥✳ ❆s ♠♦❞❡❧s ♦❢ ♣r❛❝t✐❝❛❧ ❝♦♠♣♦♥❡♥ts ❛r❡ ✉s✉❛❧❧②

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

st❛t❡ ♣r♦❜❧❡♠s✳ ❆❧t❤♦✉❣❤ ❛❝❝✉r❛t❡ ✇✐t❤ t❤❡ s✉♣♣❧✐❡❞ ♠♦❞❡❧s✱ s✐♠✉❧❛t♦rs ❞♦ ♥♦t ♣r♦✲

✈✐❞❡ ❛♥② ❛♥❛❧②t✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ♦♥ ♥♦♥✲❧✐♥❡❛r

❜❡❤❛✈✐♦r✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ ❛s ❱♦❧t❡rr❛ ❦❡r♥❡❧s ❛r❡ ❞✐r❡❝t❧② r❡❧❛t❡❞ t♦ t❤❡s❡ ♣❛r❛♠❡t❡rs✱

t❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐s ❛✉t♦♠❛t✐❝❛❧❧② ❝♦♥✈❡②❡❞ ✇✐t❤ ✐t✳ ❚❤✐s ❧❡❛❞s t♦ ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥

❛♣♣r♦①✐♠❛t✐♦♥ ❡rr♦r ❛♥❞ t❤❡ ♣r❛❝t✐❝❛❧ ❧✐♠✐ts ♦♥ ❞❡s❝r✐♣t✐♦♥ ❝♦♠♣❧❡①✐t②✳ ■♥ t❤✐s ❝❤❛♣✲

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

tr❛♥s✐st♦r ❝❛♣❛❝✐t❛♥❝❡s ❜❡✐♥❣ ❧✐♥❡❛r✳ ❚❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts s❤♦✉❧❞ ❜❡ t❤❡r❡❢♦r❡ tr❡❛t❡❞

❛s q✉❛❧✐t❛t✐✈❡ ♦♥❡s ❜❡❝❛✉s❡ ♠♦r❡ ❝♦♠♣❧❡① ❜❡❤❛✈✐♦r ✐s ♦❜s❡r✈❡❞ ✐♥ ♣r❛❝t✐❝❡ ❞✉❡ t♦ t❤❡

♠✉❧t✐✲❞✐♠❡♥s✐♦♥❛❧ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ♦❢ ❛❝t✉❛❧ ❝✐r❝✉✐ts✳

✺✳✸✳✸ ❱♦❧t❡rr❛ ❛♥❛❧②s✐s ♦❢ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❆❢t❡r ❛ ❜❛s✐❝ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧ t❡❝❤♥✐q✉❡ ❣✐✈❡♥ ♣r❡✈✐♦✉s❧②✱ t❤✐s s❡❝t✐♦♥

♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ ✐ts ❛♣♣❧✐❝❛t✐♦♥ t♦ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❚❤✐s

❝♦♠♣r❡❤❡♥s✐✈❡ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ✇❛s ♣r❡s❡♥t❡❞ ❜② ❑❛✉♥✐st♦ ✐♥ ❤✐s ❞♦❝t♦r❛❧ ❞✐ss❡rt❛✲

t✐♦♥ ❬✼❪✳ ❚♦ ❞❛t❡✱ t❤✐s ✇♦r❦ ✐s t❤❡ ♦♥❧② ❝♦♠♣❧❡t❡ s♦✉r❝❡✱ ❞♦❝✉♠❡♥t✐♥❣ ❡✛❡❝ts ♦❢ ❧❛r❣❡

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

❑❛✉♥✐st♦ st❛rts t❤❡ ❛♥❛❧②s✐s ❛ss✉♠✐♥❣ t❤❛t s✐♥❣❧❡ tr❛♥s✐st♦r ❛♠♣❧✐✜❡rs ✇✐t❤ ❛ ♥♦♥✲

❧✐♥❡❛r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛r❡ ✉s❡❞✳ ❍❡ ❛❧s♦ ♠♦❞✐✜❡s t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧s t♦ ✜t t❤❡ ♦❜✲

s❡r✈❡❞ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ✐♥✈❡st✐❣❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ■t ✇❛s ❛❝❤✐❡✈❡❞ ❜② ❝❤❛♥❣✐♥❣ ♣♦✲

❧❛r✐t✐❡s ♦❢ ❛♥ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ❛♥❞ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧✐♥❣ t❤❡ ❢❡❡❞❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r✳

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

❝♦♠♣r❡ss✐♦♥ ✐♥st❡❛❞ ♦❢ ❡①♣❛♥s✐♦♥ ♦❢ ❛ ♥♦♥✲❧✐♥❡❛r ✐♥❞✉❝t❛♥❝❡✳ ❉✉❡ t♦ t❤❡ ♦❜s❡r✈❡❞ ✐♥✲

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

❧❛r❣❡r✳ ❚❤✐s ❝❛✉s❡s t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✜❧t❡r t♦ ✇♦r❦ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝② t❤❛♥ ❞❡s✐❣♥❡❞

❜② ✉s✐♥❣ ❛ s♠❛❧❧ s✐❣♥❛❧ ❛♣♣r♦❛❝❤✳ ❚❤✉s✱ ❡✈❡♥ ✐❢ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❛r❡

st✐❧❧ ❢❛r ❢r♦♠ ❡①❝❡❡❞✐♥❣ t❤❡✐r ♠❛①✐♠✉♠ ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡s ♦r r❡❛❝❤✐♥❣ s❛t✉r❛t✐♦♥✱ t❤❡

✜❧t❡r ♦♣❡r❛t❡s ✐♥ t❤❡ ✇r♦♥❣ ❜❛♥❞✇✐❞t❤✳

❚❤❡ ♦✉t❝♦♠❡ ♦❢ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧ ♠❡t❤♦❞ ❛♣♣❧✐❡❞ t♦ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

✶✷✾



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

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

s✐❣♥❛❧✱ ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✺✳✸✳ ❆❧❧ ♣❛r❛♠❡t❡rs ❝♦rr❡s♣♦♥❞ t♦ ❛ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ♦❢ t❤❡

❣②r❛t♦r ❢r♦♠ ❈❤❛♣t❡r ✷ ❛♥❞ t❤❡ ♣♦❧②♥♦♠✐❛❧ ❢r♦♠ ❚❛❜❧❡ ✺✳✷✳ ❑❛✉♥✐st♦ ♣r♦✈❡❞ ❢♦r t❤❡

✜rst t✐♠❡ t❤❛t t❤❡ ❱♦❧t❡rr❛ t❡❝❤♥✐q✉❡ ❝❛♥ ❜❡ s✉❝❝❡ss❢✉❧❧② ❡♠♣❧♦②❡❞ t♦ ❛♥❛❧②s❡ t❤❡ ❧❛r❣❡

s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❚❤❡ ♥❡①t s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡

❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞♦❧♦❣② t♦ t❤❡ ♣r♦♣♦s❡❞ r❡s♦♥❛t♦r ❝♦♥❝❡♣t✳

❚❛❜❧❡ ✺✳✸✿ ❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ❝♦♠♣♦♥❡♥ts ❢♦r t❤❡ ❣②r❛t♦r✲❜❛s❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❞✉❡
t♦ ♥♦♥✲❧✐♥❡❛r tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❬✼❪✳

❚②♣❡ ♦❢ r❡s♣♦♥s❡ ❘❡s♣♦♥s❡ iin

❢✉♥❞❛♠❡♥t❛❧ vin
gm1gm2

jωCg

s❡❝♦♥❞ ❤❛r♠♦♥✐❝ − 1
2v2

in

(

g2,1gm2

2jω0Cg
+

g2,2gm2

1

ω2

0
C2

g

)

t❤✐r❞ ❤❛r♠♦♥✐❝ 1
4v3

in

(

g3,1gm2

3jω0Cg
− g3,2gm3

1

jω3

0
C3

g
+

g2,1g2,2gm1

ω2

0
C2

g

)

❝♦♠♣r❡ss✐♦♥ 3
4v2

in

[

g3,1gm2

jω0Cg
+

g3,2gm3

1

jω3

0
C3

g
− 2g2,1g2,2gm1

3

(

1
2ω2

0
C2

g
+ 2

jωgCg

)]

✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❚❤✐s s❡❝t✐♦♥ ❝♦♥t❛✐♥s t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s ❝❤❛♣t❡r ✕ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

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

✐♥❞✉❝t♦r ✐s ❞❡s❝r✐❜❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐s❡❞ ✉s✐♥❣ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ❛♥❞ t❤❡ ❤❛r♠♦♥✐❝ ✐♥♣✉t

♠❡t❤♦❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ t❤❡♥ ✉s❡❞ t♦ s❤♦✇ ❤♦✇ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ s✇✐♥❣s ❛✛❡❝t t❤❡

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ ❦❡r♥❡❧s

❛❧s♦ ❛❧❧♦✇ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✱ ❛s ❞❡s❝r✐❜❡❞

✐♥ ❙❡❝t✐♦♥ ✺✳✺✳

✶✸✵



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✺✳✹✳✶ ❈✐r❝✉✐t ♠♦❞❡❧

❋✐❣✉r❡ ✺✳✺ ❞❡♣✐❝ts ❛ ❣❡♥❡r✐❝ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ❈♦♥tr❛r②

t♦ t❤❡ ❑❛✉♥✐st♦ ❛♣♣r♦❛❝❤ ❬✼❪✱ t❤❡ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ❞♦❡s ♥♦t ❤❛✈❡ t♦

❜❡ ♠♦❞✐✜❡❞ ❛s t❤❡ ♦❜s❡r✈❡❞ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡✈❡❛❧s ❛♥ ❡①✲

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

❛ss✉♠❡❞ t❤❛t ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ❛ s✐♥❣❧❡ tr❛♥s✐st♦r✳ ❚❤✐s ❝❛✉s❡s

t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ Gi ♦❢ s✉❝❤ ❛ s✐♠♣❧❡ ❣②r❛t♦r t♦ ❜❡ ❞♦♠✐♥❛t❡❞ ❜② gm ♦❢ ♦♥❡ ♦❢

t❤❡ ❛♠♣❧✐✜❡rs✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ t❤❡ tr❛♥s✐st♦rs ✐s ✇❡❛❦✱ ♣♦❧②♥♦♠✐✲

❛❧s ❞❡s❝r✐❜✐♥❣ ❛❝t✐✈❡ ❞❡✈✐❝❡s ❝❛♥ ❜❡ ❧✐♠✐t❡❞ t♦ t❤❡ ✸r❞✲♦r❞❡r✳ ❙✐♥❝❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣

tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❛r❡ t❤❡ ❞❡r✐✈❛t✐✈❡s ♦❢ t❤❡s❡ ♣♦❧②♥♦♠✐❛❧s ❬✶✵✸❪ t❤❡② ❛r❡ ♥♦♥✲❧✐♥❡❛r ❛s

✇❡❧❧ ✭q✉❛❞r❛t✐❝ ✐♥ t❤✐s ❝❛s❡✮✳ ❚❤✉s✱ t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ Gi ♦❢ t❤❡ ❣②r❛t♦r ✐s ❛♣♣r♦①✲

✐♠❛t❡❧② ❡q✉❛❧ t♦ Gm✱ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ♦♥❡ ♦❢ t❤❡ ❛♠♣❧✐✜❡rs✳ ❚❤✐s

✐♠♣♦rt❛♥t ♦❜s❡r✈❛t✐♦♥ ❤❛s ♥♦t ❜❡❡♥ ✐♥❝❧✉❞❡❞ ✐♥ ❬✼❪ ❛♥❞ ✐t ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ t❤✐s t❤❡s✐s ❢♦r

t❤❡ ✜rst t✐♠❡✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②s✐s Gi ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ ♥♦♥✲❧✐♥❡❛r ❝♦♥❞✉❝t❛♥❝❡

Gm1 ♦❢ t❤❡ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r✳

iin

Gm1 Gm2v2 Gm1vin

Rout

Cout

+
v2−

Go Co + Cgvin

❋✐❣✉r❡ ✺✳✺✿ ❙✐♠♣❧✐✜❡❞ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

✺✳✹✳✷ ▲✐♥❡❛r r❡s♣♦♥s❡

■♥ t❤❡ ✜rst st❡♣ ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s t❤❡ ❧✐♥❡❛r ❝✐r❝✉✐t r❡s♣♦♥s❡ ✐s ❝❛❧❝✉❧❛t❡❞✳ ■♥

t❤✐s ❝❛s❡✱ t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ t♦❣❡t❤❡r ✇✐t❤ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ❞❡s❝r✐❜❡❞ ❜②

s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs✳ ❚❤✐s st❡♣ ②✐❡❧❞s ❡①❛❝t❧② t❤❡ s❛♠❡ r❡s✉❧ts ❛s t❤❡ s♠❛❧❧ s✐❣♥❛❧

❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ ❙❡❝t✐♦♥ ✹✳✺✳ ❆t t❤✐s st❛❣❡ ✐t ✐s ❝r✉❝✐❛❧ t♦ ❞❡t❡r♠✐♥❡

✇❤✐❝❤ q✉❛♥t✐t✐❡s s❤♦✉❧❞ ❜❡ ❛♥❛❧②s❡❞ ✐♥ t❡r♠s ♦❢ ❱♦❧t❡rr❛ ❦❡r♥❡❧s✳ ❋♦r ❛♥② ❣②r❛t♦r

✶✸✶



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❝✐r❝✉✐t t✇♦ ❦❡r♥❡❧s ❢♦r ❡❛❝❤ ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ♦r❞❡rs ❤❛✈❡ t♦ ❜❡ ✐♥❝❧✉❞❡❞✳ ❆s t❤❡ ♠❛✐♥

❢✉♥❝t✐♦♥ ♦❢ ✐♥t❡r❡st ✐s t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✭t❤❡ s❛♠❡ ❛s ✐♥ ❧✐♥❡❛r ❝❛s❡ ✲ t❤✐s

❢✉♥❝t✐♦♥ ❝♦♥✈❡②s ❛♥ ❡ss❡♥t✐❛❧ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❛♥❞ t❤❡ s✐♠✉❧❛t❡❞

✐♥❞✉❝t❛♥❝❡✮✱ t❤❡ ✐♥♣✉t ❝✉rr❡♥t ❤❛s t♦ ❜❡ ❝❤❛r❛❝t❡r✐s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♠♣❧✐t✉❞❡

♦❢ t❤❡ ❞r✐✈✐♥❣ ✈♦❧t❛❣❡✳ ❆s t❤❡ ❢❡❡❞❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❞r✐✈❡♥ ❜② t❤❡ ✈♦❧t❛❣❡ ❛t t❤❡

♦✉t♣✉t ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✭❡✐t❤❡r ✇✐t❤ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ♦r ♥♦t✮✱ t❤❡ ❦❡r♥❡❧ r❡❧❛t❡❞

t♦ t❤✐s ✈♦❧t❛❣❡ ✐s ❛❧s♦ ♥❡❝❡ss❛r② ✐♥ ♦r❞❡r t♦ ✐♥❝❧✉❞❡ t❤❡ ♥♦♥✲❧✐♥❡❛r ❡✛❡❝ts ♦❢ t❤❡ ✜rst

❛♠♣❧✐✜❡r✳

❋✐❣✉r❡ ✺✳✻ ❞❡♣✐❝ts ❛ ❧✐♥❡❛r ♠♦❞❡❧ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❆s ✐♥ ❈❤❛♣t❡r ✹✱

❑❱▲ ❛♥❞ ❑❈▲ ❡q✉❛t✐♦♥s ❛r❡ s✉✣❝✐❡♥t t♦ ❛♥❛❧②s❡ t❤❡ ❝✐r❝✉✐t✳ ❚❤❡ ✈♦❧t❛❣❡ v2 ❞r✐✈✐♥❣

t❤❡ ❢❡❡❞❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❡q✉❛❧ t♦

v2(jω1) =
−gm1vin(jω1)

jω1CG + Go − ω2
1CoCoutRout

✭✺✳✶✷✮

❚❤❡ ✶st✲♦r❞❡r ❦❡r♥❡❧ ❞❡s❝r✐❜✐♥❣ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐♥♣✉t ❛♥❞ ♦✉t♣✉t ♦❢ t❤❡

❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ✐♥ ❢❛❝t t❤❡ ✈♦❧t❛❣❡ ❣❛✐♥ ♦❢ t❤❡ ❢♦r✇❛r❞ ♣❛t❤ ✇✐t❤ t❤❡ ❘♦✉t❈♦✉t ♣❤❛s❡

s❤✐❢t❡r

K11(jω1) =
v2(jω1)

vin(jω1)
=

−gm1

jω1CG + Go − ω2
1CoCoutRout

✭✺✳✶✸✮

❚❤❡ ✶st ♦r❞❡r ✐♥♣✉t ❦❡r♥❡❧ r❡♣r❡s❡♥ts t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱

❛♥❞ ❢r♦♠ ❋✐❣✉r❡ ✺✳✻ t❤✐s ❛❞♠✐tt❛♥❝❡ ✐s ❡q✉❛❧ t♦

Kin1(jω1) = gm1 +
−gm2v2(jω1)

vin(jω1)
= gm1 +

gm1gm2

jω1CG + Go − ω2
1CoCoutRout

✭✺✳✶✹✮

✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s ✇✐t❤ t❤❡ r❡s✉❧ts ❢r♦♠ ❈❤❛♣t❡r ✹ ❣✐✈❡♥ ❜② ✭✹✳✷✵✮ ❢♦r Gi ≈ gm1✳

✺✳✹✳✸ ❙❡❝♦♥❞ ♦r❞❡r ❦❡r♥❡❧s

❚❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ r❡s♣♦♥s❡ ✐s ❢♦✉♥❞ ❢r♦♠ t❤❡ ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ♦♥ ❋✐❣✉r❡ ✺✳✼✳ ❆❧❧

t❤❡ ❝♦♥s✐❞❡r❡❞ ✷♥❞ ♦r❞❡r ❡✛❡❝ts ❛r❡ r❡♣r❡s❡♥t❡❞ ❛s ♥♦♥✲❧✐♥❡❛r ❝✉rr❡♥t s♦✉r❝❡s ❝♦♥♥❡❝t❡❞

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

✐s s❤♦rt❡❞✱ ✐♥ t❤✐s ❝❛s❡ s❡tt✐♥❣ vin2 t♦ ③❡r♦✳ ❚❤✐s ✐♥ t✉r♥ ❝❛✉s❡s ❜♦t❤ t❤❡ ♣❛r❛s✐t✐❝

✶✸✷



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

iin

gm1 gm2v2 gm1vin

Rout

Cout

+
v2−

Go Co + Cgvin

❋✐❣✉r❡ ✺✳✻✿ ▲✐♥❡❛r✐s❡❞ ✭✶st✲♦r❞❡r✮ ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

iin2

iNL21
gm1 gm2v22 iNL22

gm1vin2 iNL21

Rout

Cout

+
v22−

Go Co + Cgvin2 = 0

❋✐❣✉r❡ ✺✳✼✿ ✷♥❞✲♦r❞❡r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

❧♦ss② r❡s✐st♦r ♦❢ 1/gm1 ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ❝✉rr❡♥t s♦✉r❝❡ ♦❢ gm1vin2 t♦ ❜❡

❞✐s❝♦♥♥❡❝t❡❞ ❢r♦♠ t❤❡ ❝✐r❝✉✐t✳ ❉❡s♣✐t❡ t❤✐s✱ ❛ ♥♦♥✲❧✐♥❡❛r s♦✉r❝❡ iNL21 r❡♣r❡s❡♥t✐♥❣

❤✐❣❤❡r ♦r❞❡r ❞✐st♦rt✐♦♥ ♦❢ ✜rst tr❛♥s❝♦♥❞✉❝t♦r ✐s ❧❡❢t ✐♥t❛❝t ❜❡❝❛✉s❡ s❤♦rt✐♥❣ ❞♦❡s ♥♦t

❛✛❡❝t t❤❡ ✐❞❡❛❧ ✐♥❞❡♣❡♥❞❡♥t ❝✉rr❡♥t s♦✉r❝❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛s vin2 = 0✱ ♥♦ ✈♦❧t❛❣❡ ❣❛✐♥

♥♦r ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❢♦r t❤✐s ❝✐r❝✉✐t✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ r❡❝♦❣♥✐s❡ t❤❛t t❤❡

s❡❝♦♥❞ ♦r❞❡r ❛♥❞ ❤✐❣❤❡r ❦❡r♥❡❧s r❡♣r❡s❡♥t t❤❡ r❡s♣♦♥s❡ ♦❢ t❤❡ ❝✐r❝✉✐t t♦ t❤❡ ✐♠❛❣✐♥❛r②

st✐♠✉❧✐ r❛t❤❡r t❤❛♥ ❝✉rr❡♥ts ❛♥❞ ✈♦❧t❛❣❡s ✐♥ ❛ ♣❤②s✐❝❛❧ s❡♥s❡✳

❆s ❜❡❢♦r❡✱ t❤❡ ❦❡r♥❡❧ ♦❢ ♦✉t♣✉t ✈♦❧t❛❣❡ v2 ✐s ❢♦✉♥❞ ❜② ❛♥❛❧②s✐♥❣ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡s✱

❤♦✇❡✈❡r ❢♦r t❤❡ r❡❛s♦♥s ❡①♣❧❛✐♥❡❞✱ t❤❡ ❦❡r♥❡❧ ♥♦ ❧♦♥❣❡r r❡♣r❡s❡♥ts t❤❡ ✈♦❧t❛❣❡ ❣❛✐♥ ♦❢ t❤❡

❝✐r❝✉✐t✳ ◆♦t❡ t❤❛t t❤❡ ✷♥❞✲♦r❞❡r ❦❡r♥❡❧ ✐s ❞❡✜♥❡❞ ❢♦r t✇♦ ❢r❡q✉❡♥❝✐❡s ♦❢ ω1 ❛♥❞ ω2✳ ❆s

s✉❣❣❡st❡❞ ❜② ✭✺✳✶✵✮✱ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ ♥t❤✲❞✐♠❡♥s✐♦♥❛❧ ✐♠♣✉❧s❡ r❡s♣♦♥s❡ r❡s✉❧ts

✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ω1, . . . , ωn ❢r❡q✉❡♥❝② ✈❛r✐❛❜❧❡s✳

K12(jω1, jω2) = v22(jω1, jω2) =
−iNL21

j(ω1 + jω2)CG + Go − (ω1 + ω2)2CoCoutRout
✭✺✳✶✺✮

❚❤❡ ✷♥❞✲♦r❞❡r ❦❡r♥❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ❝✐r❝✉✐t r❡s♣♦♥s❡ ❢♦r t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✐s

❡q✉❛❧ t♦ ❛ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ❝✉rr❡♥t iin2 ❛t t❤❡ s❤♦rt❡♥❡❞ ✐♥♣✉t✳ ❋✐❣✉r❡ ✺✳✼ r❡✈❡❛❧s t❤❛t

✶✸✸



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

t❤✐s ❢✉♥❝t✐♦♥ ✐s ❡q✉❛❧ t♦

Kin2(jω1, jω2) = iNL21 − gm2v22(jω1, jω2)− iNL22 =

= iNL21 +
gm2iNL21

j(ω1 + jω2)CG + Go − (ω1 + ω2)2CoCoutRout
− iNL22

✭✺✳✶✻✮

❚❤❡ ❝✉rr❡♥t s♦✉r❝❡s iNL21 ❛♥❞ iNL22 ❛r❡ ❢♦✉♥❞ ✉s✐♥❣ t❤❡ ❦❡r♥❡❧s ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s st❡♣✳

❆s t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ t❤❡ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ ✐♥♣✉t ✈♦❧t❛❣❡ ♦❢ t❤❡

❛❝t✐✈❡ ✐♥❞✉❝t♦r✱ iNL21 ❞❡♣❡♥❞s ♦♥❧② ♦♥ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ♣♦❧②♥♦♠✐❛❧ ❞❡s❝r✐❜✐♥❣

t❤✐s tr❛♥s❝♦♥❞✉❝t❛♥❝❡✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❢❡❡❞❜❛❝❦ ❛♠♣❧✐✜❡r✱ t❤❡ ♥♦♥✲❧✐♥❡❛r r❡s♣♦♥s❡ ✐s

♣r♦♣♦rt✐♦♥❛❧ ♥♦t ♦♥❧② t♦ t❤❡ ❡①♣❛♥s✐♦♥ ♣♦❧②♥♦♠✐❛❧ ❜✉t ❛❧s♦ t♦ t❤❡ ♥♦♥✲❧✐♥❡❛r ✈♦❧t❛❣❡

v22✳ ❚❤✉s✱ t❤❡ ❡①♣r❡ss✐♦♥ ❢♦r iNL22 ✐s ❢♦✉♥❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❚❛❜❧❡ ✺✳✷✳ ❚❤❡ ♣r♦❜✐♥❣

s♦✉r❝❡s ❛r❡ t❤❡r❡❢♦r❡ ❡q✉❛❧ t♦

iNL21 = g21

iNL22 = g22K11(jω1)K11(jω2) =

=
g22gm2

1
(
jω1CG + Go − ω2

1CoCoutRout

) (
jω2CG + Go − ω2

2CoCoutRout

) ✭✺✳✶✼✮

❋✐♥❛❧❧②✱ t❤❡ ✷♥❞✲♦r❞❡r ❦❡r♥❡❧s ❢r♦♠ ✭✺✳✶✺✮ ❛♥❞ ✭✺✳✶✻✮ ❛r❡ ❢♦✉♥❞ t♦ ❜❡

K21(jω1, jω2) =
−g21

j(ω1 + jω2)CG + Go − (ω1 + ω2)2CoCoutRout
✭✺✳✶✽✮

❛♥❞

Kin2(jω1, jω2) = g21 +
gm2g21

j(ω1 + jω2)CG + Go − (ω1 + ω2)2CoCoutRout
+

+
−g22gm2

1
(
jω1CG + Go − ω2

1CoCoutRout

) (
jω2CG + Go − ω2

2CoCoutRout

)

✭✺✳✶✾✮

✺✳✹✳✹ ❚❤✐r❞ ♦r❞❡r ❦❡r♥❡❧s

❚❤❡ ❝✐r❝✉✐t ♥❡❝❡ss❛r② t♦ ❝❛❧❝✉❧❛t❡ t❤❡s❡ ❦❡r♥❡❧s ✐s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s

s❡❝t✐♦♥ ❛♥❞ ✐s ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✺✳✽✳ ❚❤❡ ♥♦♥✲❧✐♥❡❛r s♦✉r❝❡s iNL31 ❛♥❞ iNL32 r❡♣r❡s❡♥t

❛ s♦✉r❝❡s ♦❢ t❤✐r❞ ♦r❞❡r ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ❆s ❜❡❢♦r❡✱ s✐♥❝❡

✶✸✹



✺✳✹ ◆♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

iin3

iNL31
gm1 gm2v23 iNL32

gm1vin3 iNL31

Rout

Cout

+
v23−

Go Co + Cgvin3 = 0

❋✐❣✉r❡ ✺✳✽✿ ✸r❞✲♦r❞❡r ♠♦❞❡❧ ♦❢ ❧♦ss② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

vin3 = 0✱ ❜♦t❤ t❤❡ ❧♦ss r❡s✐st♦r 1/gm1 ❛♥❞ t❤❡ s♦✉r❝❡ gm1vin3 ❝❛♥ ❜❡ s✉♣♣r❡ss❡❞✳ ❚❤❡

✸r❞✲♦r❞❡r ❦❡r♥❡❧ ♦❢ ✈♦❧t❛❣❡ v23 ✐s ❞❡r✐✈❡❞ ❛s

K13(jω1, jω2, jω3) =
−iNL31

j(ω1 + jω2 + jω3)CG + Go − (ω1 + ω2 + jω3)2CoCoutRout

✭✺✳✷✵✮

❚❤❡ ✐♥♣✉t ❦❡r♥❡❧ ✐s ❢♦✉♥❞ ❜② ❛♣♣❧②✐♥❣ ❑❈▲

iin3 = iNL31 − gm2v23(jω1, jω2, jω3)− iNL32 =

= iNL31 +
gm2iNL31

j(ω1 + jω2 + jω3)CG + Go − (ω1 + ω2 + jω3)2CoCoutRout
− iNL32

✭✺✳✷✶✮

❆s ❜❡❢♦r❡ t❤❡ ♣r♦❜✐♥❣ s♦✉r❝❡ iNL31 ✐s ❡q✉❛❧ t♦ t❤❡ t❤✐r❞ ♦r❞❡r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ♣♦❧②✲

♥♦♠✐❛❧ ❛♣♣r♦①✐♠❛t✐♥❣ t❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ t❤❡ ✜rst tr❛♥s❝♦♥❞✉❝t♦r✳ ❙✐♠✐❧❛r❧②✱ iNL32 ✐s

❢♦✉♥❞ ✉s✐♥❣ ❚❛❜❧❡ ✺✳✷✱ ❣✐✈✐♥❣

iNL31 = g31

iNL32 = g31K11(jω1)K11(jω2)K11(jω3)+

+
2

3
g21

[
K11(jω1)K21(jω2, jω3) + K11(jω2)K21(jω3, jω1) +

+ K11(jω3)K21(jω1, jω2)
]

=

= A3 + B3 ✭✺✳✷✷✮

✇❤❡r❡

A3 =
−g31gm3

1
(
jω1CG + Go − ω2

1CoCoutRout

) (
jω2CG + Go − ω2

2CoCoutRout

)×

× 1
(
jω3CG + Go − ω2

3CoCoutRout

) ✭✺✳✷✸✮

✶✸✺



✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❛♥❞

B3 =
2g22gm1g21

3
(
jω1CG + Go − ω2

1CoCoutRout

)×

× 1

j(ω2 + ω3)CG + Go − (ω2 + ω3)2CoCoutRout
+

+
2g22gm1g21

3
(
jω2CG + Go − ω2

2CoCoutRout

)×

× 1

j(ω3 + ω1)CG + Go − (ω3 + ω1)2CoCoutRout
+

+
2g22gm1g21

3
(
jω3CG + Go − ω2

3CoCoutRout

)×

× 1

j(ω1 + ω2)CG + Go − (ω1 + ω2)2CoCoutRout
✭✺✳✷✹✮

❙✉❜st✐t✉t✐♥❣ ✭✺✳✷✸✮ ❛♥❞ ✭✺✳✷✹✮✱ t❤❡ ✸♥❞✲♦r❞❡r ❦❡r♥❡❧s ❞❡s❝r✐❜❡❞ ❜② ✭✺✳✷✶✮ ❛r❡ ❡q✉❛❧ t♦

K13(jω1, jω2, jω3) =
−g31

j(ω1 + jω2 + jω3)CG + Go − (ω1 + ω2 + jω3)2CoCoutRout

✭✺✳✷✺✮

❛♥❞

Kin3(jω1, jω2, jω3) =
gm2g31

j(ω1 + jω2 + jω3)CG + Go − (ω1 + ω2 + jω3)2CoCoutRout
+

+
g31gm3

1

jω1CG + Go − ω2
1CoCoutRout

×

× 1

jω2CG + Go − ω2
2CoCoutRout

×

× 1

jω3CG + Go − ω2
3CoCoutRout

+ g31 + B3 ✭✺✳✷✻✮

✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❚❤❡ ❦❡r♥❡❧s ❞❡s❝r✐❜✐♥❣ t❤❡ ✐♥♣✉t ❝✉rr❡♥t ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛❧❧♦✇ ✉s t♦ ❛♣♣r♦①✲

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

❋r♦♠ ❚❛❜❧❡ ✺✳✶✱ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤✐❣❤❡r ♦r❞❡r ❤❛r♠♦♥✐❝ ❡✛❡❝ts ❝❛♥ ❜❡ ❢♦✉♥❞✳ ❙❡❝♦♥❞

❛♥❞ t❤✐r❞ ♦r❞❡r ❤❛r♠♦♥✐❝s ❛r❡ ♦❜t❛✐♥❡❞ ❜② s✉❜st✐t✉t✐♥❣ ω1, ω2, ω3 ≡ ω0 ✐♥ ✭✺✳✶✹✮✱ ✭✺✳✶✾✮

❛♥❞ ✭✺✳✷✻✮ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❛❞♠✐tt❛♥❝❡ ❡①♣❛♥s✐♦♥✴❝♦♠♣r❡ss✐♦♥ ❞✉❡ t♦ ♦❞❞ ❤❛r♠♦♥✐❝s

❝❛♥ ❜❡ ❛❧s♦ ❢♦✉♥❞ ✐❢ ω1, ω2 ≡ ω0 ❛♥❞ ω3 = −ω0✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ♥♦♥✲③❡r♦ Go ✐s ♥❡❝❡ss❛r②

✶✸✻



✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❢♦r s❡✈❡r❛❧ r❡❛s♦♥s✳ ❋✐rst❧②✱ ✐t ✐s r❡q✉✐r❡❞ t♦ s✐♠✉❧❛t❡ ❝♦rr❡❝t r❡s♣♦♥s❡ ❛t ❧♦✇❡r r❡s♦♥❛♥t

❢r❡q✉❡♥❝✐❡s✱ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✹✳ ❙❡❝♦♥❞❧②✱ ❜❡❝❛✉s❡ ✐♥ ❣❡♥❡r❛❧ t❤❡ ❉❈ ❣❛✐♥ ♦❢

s✉❜♠✐❝r♦♥ ❈▼❖❙ tr❛♥s✐st♦rs ✐s ✜♥✐t❡✱ ♦♠✐tt✐♥❣ G0 ✉s✉❛❧❧② ②✐❡❧❞s ♦✈❡r❡st✐♠❛t❡❞ ❧❛r❣❡

s✐❣♥❛❧ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❋✐♥❛❧❧②✱ ❛s t❤❡ s②♠❜♦❧✐❝ ♠❛t❤❡♠❛t✐❝s t♦♦❧s ❛✈❛✐❧❛❜❧❡

t♦❞❛② ❛❧❧♦✇ ✉s t♦ ✇♦r❦ ❛♥❞ s✐♠♣❧✐❢② ♦t❤❡r✇✐s❡ ❝✉♠❜❡rs♦♠❡ ❢✉♥❝t✐♦♥s✱ t❤❡r❡ ✐s ♥♦t ♠✉❝❤

♠♦r❡ ✇♦r❦❧♦❛❞ r❡q✉✐r❡❞ t♦ ❞❡r✐✈❡ ❛♥❞ t❤❡♥ ♣r♦❝❡ss t❤❡ ❝♦♠♣❧✐❝❛t❡❞ ❢♦r♠✉❧❛s ❛s ♣r❡✲

s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❊①♣r❡ss✐♦♥s ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ ❜② ❞r♦♣♣✐♥❣ t❤❡s❡ t❡r♠s t❤❛t ❡✈❡♥

❢♦r ❧❛r❣❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s ✭✐♥ t❤❡ ❝❛s❡ ♦❢ ❈▼❖❙ ❣②r❛t♦r ✐♥ t❤❡ r❛♥❣❡ ♦❢ ❢❡✇ ❤✉♥❞r❡❞

♠❱✮ ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ ♠✉❝❤ t♦ ♦✈❡r❛❧❧ ❜❡❤❛✈✐♦r✳ ❍♦✇❡✈❡r✱ t❤✐s ❞♦❡s ♥♦t ❛✉t♦♠❛t✐❝❛❧❧②

✐♠♣❧② t❤❛t Go ❝❛♥ ♦r s❤♦✉❧❞ ❜❡ ♦♠✐tt❡❞ ✇❤❡r❡ ♣♦ss✐❜❧❡✳

❚❛❜❧❡ ✺✳✹ ❝♦♥t❛✐♥s t❤❡ ❝❛❧❝✉❧❛t❡❞ ❤✐❣❤❡r ♦r❞❡r r❡s♣♦♥s❡s ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✉s✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ♥♦♥❧✐♥❡❛r ♠♦❞❡❧ ❢r♦♠ ❋✐❣✉r❡ ✺✳✺ ❛♥❞ r❡❧❛t❡❞ ❦❡r♥❡❧s✳ ❇❛s❡❞ ♦♥ t❤✐s✱

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

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

❞✐ss❡rt❛t✐♦♥✳

✺✳✺✳✶ ▲❛r❣❡ s✐❣♥❛❧ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②

❚❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r t❛♥❦ ❝❤❛♥❣❡s ✇✐t❤ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ t❤r♦✉❣❤

t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♥♦♥✲❧✐♥❡❛r tr❛♥s❝♦♥❞✉❝t❛♥❝❡s✳ ▲❛r❣❡ s✐❣♥❛❧ s✇✐♥❣s ❝❛✉s❡ ❢r❡q✉❡♥❝② s❤✐❢ts

t❤❛t ✉s✉❛❧❧② ❛r❡ ✉♥❛❝❝❡♣t❛❜❧❡ ✇❤❡♥ t❤❡ r❡s♦♥❛t♦r ✐s ✉s❡❞ ✐♥ ❛ ✜❧t❡r✳ ■❞❡❛❧❧② t❤✐s ✜❧t❡r

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

♦❢ t❤❡ ❝✐r❝✉✐t✳ ❚❤✉s t❤❡ ❞②♥❛♠✐❝ r❛♥❣❡ ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ✐s ❛❧✇❛②s ♠✉❝❤

♠♦r❡ r❡str✐❝t❡❞ t❤❛♥ t❤❛t ♦❢ ❛ ♣❛ss✐✈❡ r❡s♦♥❛t♦rs ❬✼✱ ✹✻❪✳

■♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r t❤✐s ♣r♦❜❧❡♠ ✐s ♥♦t ❛s s❡✈❡r❡ ❛s t❤❡ ❝✐r❝✉✐t ♣r♦❞✉❝❡s ❛

s✐♥❣❧❡✱ ❝♦♥st❛♥t ❛♠♣❧✐t✉❞❡ s✐❣♥❛❧ ❛t ❛ ❣✐✈❡♥ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❍♦✇❡✈❡r✱ t❤❡ ✐♥st❛♥t❛✲

♥❡♦✉s ❢r❡q✉❡♥❝② st✐❧❧ ✈❛r✐❡s ✇✐t❤ t❤❡ ✐♥♣✉t s✐❣♥❛❧✱ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ♣❛ss✐✈❡ t❛♥❦ ✇✐t❤ ❛

✈❛r❛❝t♦r✳ ❚❤✉s✱ ✇❤❡♥ ❛♥❛❧②s✐♥❣ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❜❛s❡❞

♦s❝✐❧❧❛t♦r✱ t❤✐s ❡✛❡❝t ❝❛♥✬t ❜❡ ♥❡❣❧❡❝t❡❞ ❜❡❝❛✉s❡✱ ❛s s❤♦✇♥ ✐♥ ❈❤❛♣t❡r ✹✱ ❙❡❝t✐♦♥ ✹✳✸✱ ❛

♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ✐s ❛❧s♦ ❛ ❢✉♥❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❢r❡q✉❡♥❝②✳

✶✸✼
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✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❚♦ ✜♥❞ ❤♦✇ ❛ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❝❤❛♥❣❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❛♠♣❧✐t✉❞❡✱ t❤❡ r❡s♣♦♥s❡ ♦❢

t❤❡ ❝✐r❝✉✐t ❛t t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❢r❡q✉❡♥❝② ❤❛s t♦ ❜❡ ✜rst ❢♦✉♥❞✳ ❚❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②

✐s t❤❡ ♦♥❡ ❢♦r ✇❤✐❝❤ t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt ♦❢ t❤❡ r❡s♦♥❛t♦r ❛❞♠✐tt❛♥❝❡ r❡❛❝❤❡s ③❡r♦✱ ❢♦r

❣✐✈❡♥ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❛♥❞ ❛ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳ ❯s✐♥❣ ❚❛❜❧❡ ✺✳✹ t❤✐s ❢r❡q✉❡♥❝② ❝❛♥ ❜❡

❢♦✉♥❞ ❜② s♦❧✈✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣

ω0LndgCT + ℑ
{

iinLin(ω0Lndg)

vin
+

iinComp/Exp(ω0Lndg)

vin

}

= 0 ✭✺✳✷✼✮

✇❤❡r❡ CT ✐s ❛ t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡✱ iinLin(ω0Lndg) ❛♥❞ iinComp/Exp(ω0Lndg) ❛r❡ r❡s♣❡❝✲

t✐✈❡❧②✿ t❤❡ ❧✐♥❡❛r ❛♥❞ ❝♦♠♣r❡ss✐♦♥✴❡①♣❛♥s✐♦♥ ❝✐r❝✉✐t r❡s♣♦♥s❡s ❢r♦♠ ❚❛❜❧❡ ✺✳✹✳ ❊q✉❛t✐♦♥

✭✺✳✷✼✮ ②✐❡❧❞s ❛♥ ✐♠♣❧✐❝✐t ❢✉♥❝t✐♦♥ t❤❛t ❝❛♥✬t ❜❡ ♣r❡s❡♥t❡❞ ✐♥ ❛ s✐♠♣❧❡ ❢♦r♠ ❧✐❦❡ ✭✹✳✶✸✮ ❢♦r

t❤❡ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✹✳ ❍♦✇❡✈❡r✱ ❢♦r ❣✐✈❡♥ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✱ t❤❡ r❡s✉❧t

❝❛♥ ❜❡ ❢♦✉♥❞ ♥✉♠❡r✐❝❛❧❧②✳ ❚❤❡ ♥♦♥✲❧✐♥❡❛r ♣❛r❛♠❡t❡rs ❛r❡ ❛♣♣r♦①✐♠❛t❡❞ ❢r♦♠ ❛ ❝✐r❝✉✐t

s✐♠✉❧❛t♦r✱ ❜② ✜rst ✜♥❞✐♥❣ ❛ I − V ❝✉r✈❡ ❛♥❞ q✉✐❡s❝❡♥t ♣♦✐♥ts ❢♦r ❛ s✐♥❣❧❡ tr❛♥s❝♦♥✲

❞✉❝t♦r ✇✐t❤ ❛♥ ❛❝t✐✈❡ ❧♦❛❞✳ ❚❤✐s ❛♣♣r♦❛❝❤ ❛❧❧♦✇s ✉s t♦ ✜♥❞ t❤❡ s❛t✉r❛t✐♦♥ ❝✉r✈❡s t❤❛t

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

❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ▼❛t❧❛❜ ✭❢✉♥❝t✐♦♥ ❞✐✛✭✮ t❤❛t r❡t✉r♥s ❛ ✈❡❝t♦r ♦❢ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥

❛❞❥❛❝❡♥t ❡❧❡♠❡♥ts ♦❢ t❤❡ ✐♥♣✉t ✈❡❝t♦r I = f(V )✮ ❬✾✻❪✳ ❚❛❜❧❡ ✺✳✺ ♣r❡s❡♥ts t❤❡ ♣❛r❛♠❡t❡r

❢♦r t❤❡ tr❛♥s✐st♦r ✇✐t❤ t❤❡ ❞r❛✇♥ ❧❡♥❣t❤ L ♦❢ ✷✺✵ ♥♠✳

❚❛❜❧❡ ✺✳✺✿ ◆♦♥✲❧✐♥❡❛r ♣❛r❛♠❡t❡rs ♦❢ ❛ s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r ✇✐t❤ ❛❝t✐✈❡ ❧♦❛❞✳

gmi g2i g3i

♠❆✴❱ ♠❆✴❱2 ♠❆✴❱3

✺ ✲✶✼✳✼ ✲✶✼✵

✶✵ ✶✶✳✾ ✲✶✸✵

✶✺ ✲✸✶✳✾ ✲✽✷

◆♦t❡✱ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❡rr♦r ✐♥❝r❡❛s❡s ❢♦r ❞❡r✐✈❛t✐✈❡s ♦❢ ❤✐❣❤❡r ♦r❞❡r ❛♥❞ ❝❛♥ ❜❡ ♠✐♥✲

✐♠✐s❡❞ ❜② ❧❛r❣❡r ♥✉♠❜❡r ♦❢ ❝❛❧❝✉❧❛t✐♦♥ ♣♦✐♥ts ♦❢ I − V ❝✉r✈❡✳ ❚❤❡ ♣r❡s❡♥t❡❞ ✈❛❧✉❡s

s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ❛s ❛♥ ❡①❛♠♣❧❡ ♦♥❧② s✐♥❝❡ t❤❡② ❞❡♣❡♥❞ str♦♥❣❧② ♦♥ ❛♠♣❧✐✜❡r ❛r❝❤✐✲

t❡❝t✉r❡ ❛♥❞ ✐ts ❜✐❛s ❝✐r❝✉✐t✱ ❛♥❞ ❛❧s♦ ♦♥ tr❛♥s✐st♦r ❞✐♠❡♥s✐♦♥s✳ ❯s✐♥❣ t❤❡ s♠❛❧❧ s✐❣♥❛❧

♣❛r❛♠❡t❡rs ❢r♦♠ ❈❤❛♣t❡r ✹ ✭❚❛❜❧❡ ✹✳✺✮✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ ❚❛②❧♦r ❡①♣❛♥✲

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

✶✸✾



✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝✉r✈❡s ❛r❡ ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✺✳✾✳ ❆❧❧ ❝✉r✈❡s ✇❡r❡ ❢♦✉♥❞
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gm=5 mA/V
gm=10 mA/V
gm=15 mA/V

❋✐❣✉r❡ ✺✳✾✿ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳

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

❝♦♠♣❧❡① q✉❛♥t✐t②✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ✐♥❞✉❝t❛♥❝❡

♦♥ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❛♥❞ ❛t ❛ ❝❡rt❛✐♥ ♣♦✐♥t ❡q✉❛t✐♦♥ ✭✺✳✷✼✮ ❞♦❡s ♥♦t ❤❛✈❡ ❛♥② r❡❛❧

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

✐s ✐♥ ❢❛❝t ❛♥ ❛✈❡r❛❣❡ ♦❢ ♣r❡s❡♥t❡❞ ❝✉r✈❡s ❢♦r ❛♥② ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ tr❛♥s❝♦♥❞✉❝t❛♥❝❡

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

t❤r♦✉❣❤ t❤r❡❡ ③❡r♦✲❝r♦ss✐♥❣ ♣♦✐♥ts ❛♥❞ t✇♦ ♣♦✐♥ts ✇❤❡r❡ ✐ts ❛♠♣❧✐t✉❞❡ r❡❛❝❤❡s ❛ ♠❛①✐✲

♠✉♠ ❛❜s♦❧✉t❡ ✈❛❧✉❡✳ ❈❧♦s❡ t♦ t❤❡ ③❡r♦✲❝r♦ss✐♥❣s✱ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s✐❣♥❛❧ ❡q✉❛❧s t❤❡

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

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

t❤r♦✉❣❤ ❛ s✐♥❣❧❡ ♦s❝✐❧❧❛t✐♦♥ ♣❡r✐♦❞ ❧✐❡s ❜❡t✇❡❡♥ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ❛♥❞ t❤❡ ❧❛r❣❡ s✐❣♥❛❧

✈❛❧✉❡s✳ ❚❤✉s ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❜❛s❡❞ ♦s❝✐❧❧❛t♦r✱ ❣❡♥❡r❛t❡s ❛ s✐❣♥❛❧ ❛t ❧♦✇❡r

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

t♦ ❛ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ♦❢ t❤❡ ❣②r❛t♦r ❛♠♣❧✐✜❡rs✳ ▲♦♦❦✐♥❣ ❛t ❋✐❣✉r❡ ✺✳✾✱ ❢♦r t❤❡ ❝♦♥s✐❞❡r❡❞

✶✹✵



✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♣❛r❛♠❡t❡r ✈❛❧✉❡s✱ t❤❡ ❢r❡q✉❡♥❝② ❛✈❡r❛❣❡❞ ♦✈❡r ♦♥❡ ♦s❝✐❧❧❛t✐♦♥ ♣❡r✐♦❞ ✐s ✶✵✪ ❧❡ss t❤❛♥

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

♥♦♥✲❧✐♥❡❛r ❝❛♣❛❝✐t❛♥❝❡ ♦❢ tr❛♥s✐st♦rs t❤❛t✱ ❢♦r s✐♠♣❧✐❝✐t②✱ ❤❛s ♥♦t ❜❡❡♥ ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s

❛♥❛❧②s✐s✳

✺✳✺✳✷ ▲❛r❣❡ s✐❣♥❛❧ ❝♦♥❞✉❝t❛♥❝❡

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

r❡❛❧ ♣❛rt ♦❢ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❤❛s t♦ ❜❡ ❢♦✉♥❞✳ ❆s ♣r❡✈✐✲

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

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

❡✛❡❝t✐✈❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❛ r❡s♦♥❛♥t t❛♥❦ ❛♣♣r♦❛❝❤❡s ③❡r♦✳ ❋♦r t❤✐s ❛♠♣❧✐t✉❞❡✱

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

♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ s❡tt❧❡s✳ ❆s ✐♥❞✐❝❛t❡❞ ♣r❡✈✐♦✉s❧②✱ ❜❡❝❛✉s❡ t❤❡ ♣♦❧②♥♦♠✐❛❧ ❛♣✲

♣r♦①✐♠❛t✐♦♥ ♠❡t❤♦❞s ❢❛✐❧ ❢♦r str♦♥❣ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ✭✐✳❡✳ ✇❤❡♥ t❤❡ ❛♠♣❧✐✜❡r s❛t✉r❛t❡s✮✱

t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ❛s ✐♥❞✐❝❛t✐✈❡ r❛t❤❡r t❤❛♥ ❛s ♣r♦✈✐❞✐♥❣ ❡①❛❝t

✈❛❧✉❡s✳ ❯s✐♥❣ ❚❛❜❧❡s ✺✳✹✱ ✺✳✺ ❛♥❞ ✹✳✻✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❢r❡q✉❡♥❝✐❡s ❝❛❧✲

❝✉❧❛t❡❞ ❢r♦♠ ✭✺✳✷✼✮✱ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ ❛ s❡❧❢ ♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝❛♥ ❜❡

❛♥❛❧②s❡❞✳ ❋✐❣✉r❡ ✺✳✶✵ ❞❡♣✐❝ts t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤✐s ❛❞♠✐tt❛♥❝❡ ❢♦r ℜ{yin} ≤ 0✳

❯s✐♥❣ ❋✐❣✉r❡ ✺✳✶✵ ❛s ❛ r❡❢❡r❡♥❝❡✱ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝❛♥ ❜❡ ❡①✲

♣❧❛✐♥❡❞ ❛s ❢♦❧❧♦✇s✳ ❯♥❞❡r t❤❡ ❧✐♥❡❛r ❝♦♥❞✐t✐♦♥s ❞❡✜♥❡❞ ❜② ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢r♦♠

❈❤❛♣t❡r ✹✱ t❤❡ ❡✛❡❝t✐✈❡ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ✐s ♥❡❣❛t✐✈❡ ❛♥❞ ♦s❝✐❧❧❛t✐♦♥s

st❛rt t♦ ❜✉✐❧❞ ✉♣✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❤♦s❡♥ ❜✐❛s ♣♦✐♥t ✐✳❡✳ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ✐ts

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

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

♣❧✐t✉❞❡ ❣r♦✇t❤✳ ❆♥♦t❤❡r ❝♦♥tr✐❜✉t♦r t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❝✉r✈❡s ✐s t❤❡ ✐♥st❛♥t❛♥❡♦✉s

❢r❡q✉❡♥❝② ✇❤✐❝❤ ❝❤❛♥❣❡s t❤❡ ♥❡❣❛t✐✈❡ t❡r♠ ♦❢ Go − ω2CoCoutRout✳ ❚❤✐s ✐s ♠♦r❡ ♣r♦✲

♥♦✉♥❝❡❞ ❢♦r s♠❛❧❧❡r gm ✈❛❧✉❡s ❜❡❝❛✉s❡✱ ❛s s❤♦✇♥ ♦♥ ❋✐❣✉r❡ ✺✳✾✱ t❤❡ ❢r❡q✉❡♥❝② ❞r♦♣

❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s t❤❡ st❡❡♣❡st ✐♥ t❤❛t ❝❛s❡✳ ■♥ t❤❡ ❝❛s❡ ✇❤❡r❡

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✐s s❡t t♦ t❤❡ ♠❛①✐♠✉♠ ✭✶✺ ♠❆✴❱✮✱ t❤❡ ❡✛❡❝t✐✈❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡

✶✹✶



✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

❞❡❝r❡❛s❡s r❛♣✐❞❧② ❞✉❡ t♦ ❛ r❡❞✉❝❡❞ Go✱ ❛s ❤✐❣❤ ❜✐❛s ❝✉rr❡♥ts ❞❡❝r❡❛s❡ t❤❡ ❉❈ ❣❛✐♥ ♦❢

t❤❡ tr❛♥s✐st♦r ✭❋✐❣✉r❡ ✹✳✶✷✮✳ ❙❡❝♦♥❞❧②✱ t❤❡ r❛t❡ ♦❢ ❝❤❛♥❣❡ ♦❢ gm ✇✐t❤ ✐♥♣✉t s✐❣♥❛❧ ✐s t❤❡

❢❛st❡st ❢♦r ♠❛①✐♠✉♠ tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ✐♥ t❤❡ ❛♠♣❧✐✜❡r ✇✐t❤ t❤❡ ❛❝t✐✈❡ ❧♦❛❞✳ ❚♦ ♣r♦✈❡

t❤✐s✱ ❝♦♥s✐❞❡r ❋✐❣✉r❡ ✺✳✶✶ ✇❤✐❝❤ ♣r❡s❡♥ts t❤❡ ♥♦r♠❛❧✐s❡❞ I − V ❝✉r✈❡s ♦❢ ❛♥ ✐❞❡❛❧ s✐♥❣❧❡

◆▼❖❙ tr❛♥s✐st♦r ✇✐t❤ P▼❖❙ ❝✉rr❡♥t s♦✉r❝❡✱ t♦❣❡t❤❡r ✇✐t❤ ✐ts ❝❛❧❝✉❧❛t❡❞ gm ❢♦r t❤r❡❡

❞✐✛❡r❡♥t ♣❡❛❦ ✈❛❧✉❡s✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❢♦r t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ✶✺ ♠❆✴❱ t❤❡ s❧♦♣❡

♦❢ ❝✉r✈❡ ✐s t❤❡ st❡❡♣❡st✳ ❚❤❡r❡❢♦r❡✱ ❢♦r ❜♦t❤ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ gm✱ t❤❡ ❣❡♥❡r❛t❡❞

s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s s♠❛❧❧❡r ❛t ❜♦t❤ ❡♥❞s ♦❢ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖✳

❆s ❛ r❡s✉❧t✱ r❡❞✉❝❡❞ s✐❣♥❛❧ ♣♦✇❡r ❛♥❞ ❤✐❣❤❡r ♣❤❛s❡ ♥♦✐s❡ ✇✐❧❧ ❜❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡s❡ ❛r❡❛s✳

❆s t❤❡ ❡①♣❡❝t❡❞ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺✵ ♠❱ t♦ ✶✺✵ ♠❱✱ ❛ ❞❡❣❡♥❡r✲

❛t❡❞ ❣②r❛t♦r ❛❧✇❛②s ❤❛s ✭❛s ❛❧❧ ❣②r❛t♦r ❜❛s❡❞ ❝✐r❝✉✐ts✮ ❛♥ ✐♥❢❡r✐♦r ♣❤❛s❡ ♥♦✐s❡ t♦ ❛♥②

❝♦♠♣❛r❛❜❧❡ ♣❛ss✐✈❡ ▲❈ t❛♥❦ ❱❈❖✱ ♥♦t ♦♥❧② ❞✉❡ t♦ ❛ ❣❡♥❡r❛❧❧② ❤✐❣❤❡r ♥♦✐s❡ ❜✉t ❛❧s♦

❞✉❡ t♦ t❤❡ ♥♦♥✲❧✐♥❡❛r ❝❤❛r❛❝t❡r ♦❢ t❤❡ ❛❝t✐✈❡ r❡s♦♥❛t♦r ✇❤✐❝❤ ❧✐♠✐ts ❛✈❛✐❧❛❜❧❡ ♦s❝✐❧❧❛t✐♦♥

❛♠♣❧✐t✉❞❡✳
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✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

Single MOS, L= 250nm
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❋✐❣✉r❡ ✺✳✶✶✿ ◆♦r♠❛❧✐s❡❞ I − V ❛♥❞ gm ❝✉r✈❡s ♦❢ ❛♥ ✐❞❡❛❧✱ s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦r
✇✐t❤ ❛❝t✐✈❡ ❧♦❛❞✳
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✺✳✺ ❍❛r♠♦♥✐❝ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✺✳✺✳✸ ❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ r❡❧❛t✐✈❡ ♠❛❣♥✐t✉❞❡ ♦❢ ❤✐❣❤❡r ❢r❡q✉❡♥❝② ♣r♦❞✉❝ts

t♦ t❤❡ ❧✐♥❡❛r r❡s♣♦♥s❡ ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❯s✐♥❣ ❦❡r♥❡❧s ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❤❛r♠♦♥✐❝

❝♦♠♣♦♥❡♥ts ❢r♦♠ ❚❛❜❧❡ ✺✳✹✱ t❤❡ s✐❣♥❛❧ ❞✐st♦rt✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠ ❛ st❛♥❞❛r❞ ❞❡✜♥✐t✐♦♥

❛s ❬✶✵✸❪
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∣
∣
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∣
∣
∣
∣
∣
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∣
∣
∣
∣
∣
: t❤✐r❞ ♦r❞❡r ❞✐st♦rt✐♦♥ ✭✺✳✷✾✮

❋✐❣✉r❡ ✺✳✶✷ ❞❡♣✐❝ts ❛ ❝❛❧❝✉❧❛t❡❞ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛s ❛

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

t✐♦♥✳ ❘❡❢❡rr✐♥❣ t♦ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧ ❛♥❛❧②s✐s r❡s✉❧ts ❢r♦♠ ❚❛❜❧❡ ✺✳✹✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t

❛❧❧ ♦❢ t❤❡ ❤❛r♠♦♥✐❝ ♣r♦❞✉❝ts ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s✐❣♥❛❧ ❢r❡q✉❡♥❝②✳ ❋♦r t❤✐s

r❡❛s♦♥✱ t❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ✐♥❝r❡❛s❡s ❢❛st❡r ❢♦r ❛ s♠❛❧❧❡r gm ❛s t❤✐s tr❛♥s❝♦♥❞✉❝✲

t❛♥❝❡ s❡ts t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❧♦✇✳ ❲❤❡♥ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ r❡❛❝❤❡s ✈❛❧✉❡s ❢♦r

✇❤✐❝❤ t❤❡ t♦t❛❧ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ✐s ③❡r♦ ✭❋✐❣✉r❡ ✺✳✶✵✮✱ HD2 ❛♥❞ HD3 ♣r♦❞✉❝ts ❞♦

♥♦t ❡①❝❡❡❞ ✶✺✪✳ ❚❤✐s ♣r♦✈❡s t❤❛t ❛❧t❤♦✉❣❤ t❤❡ ❣❡♥❡r❛t❡❞ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s ❛r❡ ♦♥❧② ❛

❢r❛❝t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t s✉♣♣❧② ✈♦❧t❛❣❡ ✭V DD ♦❢ ✶✳✽ ❱ ❢♦r ✶✽✵ ♥♠ ❈▼❖❙ ♣r♦❝❡ss ✐s ✉s❡❞

t❤r♦✉❣❤♦✉t t❤✐s t❤❡s✐s✮ t❤❡ ♥♦♥✲❧✐♥❡❛r ❛❝t✐✈❡ r❡s♦♥❛t♦r ✐♥tr♦❞✉❝❡s ❝♦♥s✐❞❡r❛❜❧❡ s✐❣♥❛❧

❞✐st♦rt✐♦♥✳ ❊✈❡♥ ✐❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s ❞❡s✐❣♥❡❞ s✉❝❤ t❤❛t ✐t ❤❛s ❛ ✇✐❞❡ ✈♦❧t❛❣❡ ❤❡❛❞✲

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

t❤❡ s✐❣♥✐✜❝❛♥t ❢r❡q✉❡♥❝② s❤✐❢ts ❛♥❞ ❞✐st♦rt✐♦♥✮✳ ❖♥❧② ❢❡✇ ♣✉❜❧✐s❤❡❞ ✇♦r❦s r❡❢❡r t♦ t❤✐s

✐ss✉❡✳ ❚❤✐s t❤❡s✐s ❜✉✐❧❞s ♦✛ t❤❡ ✇♦r❦ ♦❢ ❆❜✐❞✐ ❬✹✻❪ ❛♥❞ ❑❛✉♥✐st♦ ❬✼❪ ♦♥ st❛♥❞❛r❞ ❣②r❛t♦r

r❡s♦♥❛t♦rs t♦✱ t❤❡ ♣r❡✈✐♦✉s❧② ✉♥❡①♣❧♦r❡❞✱ ❛r❡❛ ♦❢ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳

❚❤❡ ❧❛st t②♣❡ ♦❢ ❞✐st♦rt✐♦♥ ✐s ❛ ❉❈ s❤✐❢t ❝❛✉s❡❞ ❜② ❡✈❡♥✲♦r❞❡r ❤❛r♠♦♥✐❝s✳ ❋♦r t❤❡

❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❝♦♥s✐❞❡r❡❞ ❤❡r❡✱ t❤❡ ❛✈❡r❛❣❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤✐s s❤✐❢t ❢♦r ❡❛❝❤ tr❛♥s❝♦♥✲

❞✉❝t❛♥❝❡✱ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✪✳ ❚❤✐s t②♣❡ ♦❢

s✐❣♥❛❧ ❞✐st♦rt✐♦♥✱ t♦❣❡t❤❡r ✇✐t❤ ♦t❤❡r ❡✈❡♥✲♦r❞❡r ♣r♦❞✉❝ts ✐✳❡✳ HD2, HD4, ...,HD2n ❝❛♥

❜❡ s✐❣♥✐✜❝❛♥t❧② ♠✐♥✐♠✐s❡❞ ✐❢ ❛ ❞✐✛❡r❡♥t✐❛❧ r❡s♦♥❛t♦r ✐s ✉s❡❞ ❛♥❞ t❤❡ s✐❣♥❛❧ ✐s t❤❡♥ ❝♦♠✲
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✺✳✻ ❱❛❧✐❞❛t✐♦♥ ♦❢ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s

❜✐♥❡❞ ✐♥ ❛ s✐♥❣❧❡ ❡♥❞❡❞ ❜✉✛❡r ❛♠♣❧✐✜❡r✳ ❚❤❡ ❞r❛✇❜❛❝❦ ✐s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♦❞❞✲♦r❞❡r

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

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

✺✳✻ ❱❛❧✐❞❛t✐♦♥ ♦❢ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s

❆s ♠❡♥t✐♦♥❡❞ ♣r❡✈✐♦✉s❧②✱ t❤❡ ♣r❡s❡♥t❡❞ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛ss✉♠❡s t❤❛t

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ❛r❡ t❤❡ ♦♥❧② s♦✉r❝❡ ♦❢ ♥♦♥✲❧✐♥❡❛r✐t②✳ ■♥ ♣r❛❝t✐❝❡✱ tr❛♥s✐st♦r

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

✇♦✉❧❞ ❞r❛♠❛t✐❝❛❧❧② ✐♥❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆❧s♦✱ ♠♦st ♦❢ t❤❡ tr❛♥✲

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

♣❛r❛♠❡t❡rs ❬✶✵✸❪✳ ❆s ❛ r❡s✉❧t✱ ♥♦ ❛♥❛❧②t✐❝❛❧ ♠♦❞❡❧ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐❢ ❝♦♠♣❧❡t❡ ❝♦♠♣♦♥❡♥t

♠♦❞❡❧s ❛r❡ r❡q✉✐r❡❞ t♦ ❜❡ ✉s❡❞✳

❆❧t❤♦✉❣❤ ♦♥❧② q✉❛❧✐t❛t✐✈❡✱ t❤❡ ♣r♦♣♦s❡❞ ♠♦❞❡❧ ✐s ✈❛❧✐❞❛t❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ ❙❡❝t✐♦♥ ✼✳✻✱

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

❝✐r❝✉✐t ❝♦♥s✐sts ♦❢ ❛ s✐♥❣❧❡ tr❛♥s✐st♦r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡r✱ ❜✐❛s❡❞ ✉s✐♥❣ ❝✉rr❡♥t

♠✐rr♦rs ❛♥❞ ✐s t❤❡r❡❢♦r❡ ✇❡❧❧ s✉✐t❡❞ t♦ ❝♦♠♣❛r❡ ✇✐t❤ t❤❡ s✐♠♣❧❡ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♣r❡✲

s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❋✐❣✉r❡s ✼✳✶✼ ❛♥❞ ✼✳✶✽ ♣r❡s❡♥t t❤❡ t♦t❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞

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

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

♠♦❞❡❧✳ ❆s ❝❛❧❝✉❧❛t❡❞✱ t❤❡ s♠❛❧❧❡st ❝♦♠♣r❡ss✐♦♥ r❛t❡ ✐s ♦❜t❛✐♥❡❞ ❢♦r ♠❡❞✐✉♠ ✈❛❧✉❡s ♦❢

gm✱ ❛s ♣r❡❞✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✳ ❚❤❡ ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ❢r♦♠ ❋✐❣✉r❡ ✼✳✶✽ ✉♥❞❡r❣♦❡s

t❤❡ ❡①♣❡❝t❡❞ ❤❛r♠♦♥✐❝ ❡①♣❛♥s✐♦♥ ❛♥❞ r❡❞✉❝❡s t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r

✭❋✐❣✉r❡ ✼✳✶✾✮✳

❚❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t ✇❛s ❛❧s♦ s✐♠✉❧❛t❡❞ ✭❚❛❜❧❡ ✼✳✺✮✳

❆s ♣r❡❞✐❝t❡❞✱ ✇❤❡♥ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡s✱ t♦t❛❧ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ❞❡❝r❡❛s❡s

❞✉❡ t♦ t❤❡ r❡❞✉❝❡❞ HD2 ❛♥❞ HD3 ♣r♦❞✉❝ts ❢♦r ❧❛r❣❡r gm✳ ❚❤✉s✱ ❛❧t❤♦✉❣❤ ♦♥❧② ♦♥❡✲

❞✐♠❡♥s✐♦♥❛❧ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ✇❡r❡ ✉s❡❞ ✐♥ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❞❡r✐✈❡❞ ✐♥ t❤✐s t❤❡s✐s✱

t❤❡ r❡s✉❧ts ♦❢ ❝♦♠♣❛r✐s♦♥ t♦ ❛ ♠♦r❡ s♦♣❤✐st✐❝❛t❡❞ ❈▼❖❙ ❝✐r❝✉✐t ❣✐✈❡ ❛♥ ✐♥❞✐❝❛t✐♦♥ ♦❢

✶✹✺



✺✳✼ ❈❤❛♣t❡r s✉♠♠❛r②

t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ❧❛r❣❡ s✐❣♥❛❧ ♠♦❞❡❧✳

✺✳✼ ❈❤❛♣t❡r s✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥t❡❞ t❤❡ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s✲

♦♥❛t♦r✳ ❋✐rst✱ t❤❡ ❜❛s✐❝ t❤❡♦r② ♦❢ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts ✇❛s ❞✐s❝✉ss❡❞✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡

❢✉♥❞❛♠❡♥t❛❧s ♦❢ ❱♦❧t❡rr❛ ❦❡r♥❡❧s t❡❝❤♥✐q✉❡✳ ❯s✐♥❣ t❤❡ r❡s✉❧ts ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ ❜②

❑❛✉♥✐st♦ ❬✼❪✱ ✐t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ❦❡r♥❡❧ ♠❡t❤♦❞ ✐s s✉✐t❛❜❧❡ t♦ ❞❡s❝r✐❜❡ t❤❡ ❜❡❤❛✈✐♦r

♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳ ❋✐♥❛❧❧②✱ ❛♥ ❡①t❡♥❞❡❞ ♥♦♥✲❧✐♥❡❛r ❛♥❛❧②s✐s ♦❢ t❤❡

♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✇❛s ♣r❡s❡♥t❡❞✱ ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❆ ♥❡✇ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ t❤❡ ❛❝t✐✈❡ r❡s♦♥❛t♦r✳ ❚❤❡ ❝r✉❝✐❛❧ ♠♦❞✐✜❝❛t✐♦♥s ♦✈❡r ❛

st❛♥❞❛r❞ ❣②r❛t♦r ❝✐r❝✉✐t ✐♥❝❧✉❞❡✿ ❛❞❞✐♥❣ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ❛t t❤❡ ♦✉t♣✉t ♥♦❞❡ ❛♥❞

r❡❝♦❣♥✐s✐♥❣ ❛♥ ✐♠♣♦rt❛♥t ♣r♦❜❧❡♠ ♦❢ gm✲❞❡♣❡♥❞❡♥t ✐♥♣✉t ❧♦ss❡s ♦❢ t❤❡ r❡s♦♥❛t♦r✳

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

♠♦❞❡❧ ❛❧❧♦✇s ✉s t♦ ❛♥❛❧②s❡ ❝✐r❝✉✐t ❜❡❤❛✈✐♦r ✉♥❞❡r ❧❛r❣❡ s✐❣♥❛❧ ❡①❝✐t❛t✐♦♥✳

❼ ❆ st❡♣ ❜② st❡♣ ❱♦❧t❡rr❛ ❦❡r♥❡❧ t❡❝❤♥✐q✉❡ ✇❛s ♣r❡s❡♥t❡❞✳ ❚❤♦✉❣❤ t❤❡ ♠❡t❤♦❞ ✐s

✇❡❧❧ ❞♦❝✉♠❡♥t❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❬✶✵✸❪ ✐t ✐s ✉s✉❛❧❧② ❣✐✈❡♥ ✐♥ ♠♦r❡ ❣❡♥❡r✐❝ ❢♦r♠✳ ❚♦

❡①♣❧❛✐♥ ❤♦✇ t❤❡ r❡s✉❧ts ✇❡r❡ ♦❜t❛✐♥❡❞ ✐t ✇❛s ✐♠♣♦rt❛♥t t♦ ❧❡❛❞ t❤❡ r❡❛❞❡r t❤r♦✉❣❤

❡❛❝❤ st❡♣ s❡♣❛r❛t❡❧②✳ ❆s ❛ r❡s✉❧t✱ t❤✐s ❝❤❛♣t❡r ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ r❡❢❡r❡♥❝❡ ✐❢ ♦t❤❡r

t②♣❡ ♦❢ ✇❡❛❦❧② ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐ts✱ ♥♦t ♦♥❧② ❣②r❛t♦rs✱ ❤❛✈❡ t♦ ❜❡ ❛♥❛❧②s❡❞✳

❼ ❚❤❡ ❧❛r❣❡ s✐❣♥❛❧ r❡s♣♦♥s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r✳ ■t ✇❛s s❤♦✇♥ t❤❡

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡ ♣❛ss✐✈❡ ❘❈ s❤✐❢t❡r ✐s ❝♦♠♣r❡ss❡❞ ❞✉❡ t♦

❤❛r♠♦♥✐❝ s✐❣♥❛❧s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ♥♦♥✲❧✐♥❡❛r ❛♠♣❧✐✜❡rs ♦❢ t❤❡ ❣②r❛t♦r✳ ❲❤❡♥ t❤❡

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

✐ts ✈❛❧✉❡ ❡q✉❛❧s t❤❡ ❝✐r❝✉✐t ❧♦ss❡s✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛✉s❡❞ ❜② t❤❡ ✇❡❛❦ ♥♦♥✲

❧✐♥❡❛r✐t② ♦❢ tr❛♥s❝♦♥❞✉❝t♦rs r❛t❤❡r t❤❛♥ t❤❡✐r s❛t✉r❛t✐♦♥ ✭✇❤✐❝❤ t②♣✐❝❛❧❧② r❡q✉✐r❡s

❧❛r❣❡r ❛♠♣❧✐t✉❞❡s✮✳ ❚❤❡ ❤❛r♠♦♥✐❝ ❝♦♠♣r❡ss✐♦♥ ✐s ❛❧s♦ r❡s♣♦♥s✐❜❧❡ ❢♦r ❧♦✇❡r ♦s❝✐❧✲

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

✶✹✻



✺✳✼ ❈❤❛♣t❡r s✉♠♠❛r②

t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ✐s ❧❛r❣❡r✱ s❤✐❢t✐♥❣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❞♦✇♥✳ ❚❤✐s

♣r♦✈❡s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡s❡

❝♦♥❝❧✉s✐♦♥s ✇❡r❡ ❝♦♥✜r♠❡❞ ❜② t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t ✐♥

❈❤❛♣t❡r ✼✳

❼ ❍❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ s✐❣♥❛❧s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s

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

❡r❛t❡❞ ❜② t❤❡ ❝✐r❝✉✐t✳ ■t ✇❛s s❤♦✇♥ t❤❛t ✇❤❡♥ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐♥❝r❡❛s❡s✱ t❤✐s

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

❧♦✇ r❡s♦♥❛♥t ❢r❡q✉❡♥❝✐❡s ❛♥❞ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s✳ ◆♦t❡ t❤❛t t❤❡ ♣r♦♣♦s❡❞

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

t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❢r♦♠ ❈❤❛♣t❡r ✼✳

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

♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳ ❚♦❣❡t❤❡r ✇✐t❤ t❤❡ st✉❞② ♦❢ ♥♦✐s❡ ❢r♦♠ ❈❤❛♣t❡r ✹✱ t❤❡ q✉❛❧✐t❛t✐✈❡ ♦❜s❡r✲

✈❛t✐♦♥s ♦❢ t❤❡ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ❧❡❛❞ t♦ ♣❤❛s❡ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r✳

❚❤❡ ♥❡①t ❝❤❛♣t❡r ✐s ❞❡❞✐❝❛t❡❞ t♦ t❤✐s ✐♠♣♦rt❛♥t ❛s♣❡❝t ♦❢ ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡✳

✶✹✼



❈❤❛♣t❡r ✻

P❤❛s❡ ♥♦✐s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

✻✳✶ ■♥tr♦❞✉❝t✐♦♥

❆s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✷✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st

✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs ❞❡t❡r♠✐♥✐♥❣ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❝✐r❝✉✐t✳ ■t ✇❛s s❤♦✇♥ t❤❛t

♣❤❛s❡ ♥♦✐s❡ ❝❛✉s❡s ❛ r❡❝✐♣r♦❝❛❧ ♠✐①✐♥❣ ✐♥ ❘❋ r❡❝❡✐✈❡rs ❛♥❞ s♣✉r✐♦✉s ❡♠✐ss✐♦♥ ✐♥ r❛❞✐♦

tr❛♥s♠✐tt❡rs✳ ❚♦ ❝r❡❛t❡ ❛ ❝♦♠♣❧❡t❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥✲

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

❣②r❛t♦r✳ ❚❤✐s ❝❤❛♣t❡r ❝♦♥s✐sts ♦❢ t❤r❡❡ ♣❛rts✿

❼ ❙❡❝t✐♦♥ ✻✳✷ ♣r❡s❡♥ts ❛♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♦❢ t❤❡ ❡①✐st✐♥❣ ♣❤❛s❡

♥♦✐s❡ ❛♥❛❧②s✐s ♠❡t❤♦❞s✳ ❇♦t❤ ❧✐♥❡❛r ❛♥❞ ♥♦♥✲❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s ❛r❡ ❞✐s✲

❝✉ss❡❞✳ ❚❤❡ ❧✐♥❡❛r ❛♣♣r♦❛❝❤ ②✐❡❧❞s ✐♥t✉✐t✐✈❡ r❡s✉❧ts✱ ✇❤❡r❡❛s t❤❡ ♥♦♥✲❧✐♥❡❛r ♠❡t❤✲

♦❞s r❡q✉✐r❡ ❧❛r❣❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❡✛♦rt ❛♥❞ ❞♦ ♥♦t ♣r♦✈✐❞❡ ❛♥② ❛♥❛❧②t✐❝❛❧ ❢♦r♠✉✲

❧❛s✳ ❚❤❡ ❧✐♥❡❛r ♠❡t❤♦❞s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ✐♥❝❧✉❞❡ t❤❡ ❢❛♠♦✉s ▲❡❡s♦♥✬s

❡q✉❛t✐♦♥ ❬✶✶✹✱ ✶✶✺❪✱ ❛ st❛♣❧❡ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦rs ❢♦r t❤❡

❧❛st ✜❢t② ②❡❛rs✳ ❆❧s♦✱ ❛ ❧✐♥❡❛r t✐♠❡ ✈❛r✐❛♥t ❛♣♣r♦❛❝❤ ♦❢ ❍❛❥✐♠✐r✐ ❛♥❞ ▲❡❡ ✐s ❞✐s✲

❝✉ss❡❞ ❬✹✺✱ ✶✶✻✕✶✶✽❪✳ ❋✐♥❛❧❧②✱ ❛ ♥♦♥✲❧✐♥❡❛r ❛♣♣r♦❛❝❤ t♦ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧❧✐♥❣

❜❛s❡❞ ♦♥ ❛ ✇❡❧❧ ❡st❛❜❧✐s❤❡❞ ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ ♠❡t❤♦❞ ✐s ♣r❡s❡♥t❡❞✳ ❊❛❝❤ ♦❢ t❤❡

❛❢♦r❡♠❡♥t✐♦♥❡❞ ♠❡t❤♦❞s ✐s ❞❡s❝r✐❜❡❞ ❢♦❝✉s✐♥❣ ♦♥ ✐ts ❛❞✈❛♥t❛❣❡s✱ ✇❡❛❦♥❡ss❡s ❛♥❞
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✻✳✶ ■♥tr♦❞✉❝t✐♦♥

❛❝❝✉r❛❝② ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❡st✐♠❛t✐♦♥✳ ❚❤✐s ♣❛rt ❝♦♥tr✐❜✉t❡s t♦ t❤❡ t❤❡s✐s t❤r♦✉❣❤ ❛

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

❼ ■♥ ❙❡❝t✐♦♥ ✻✳✸ ❛ ♥❡✇ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t

✐s ❞❡r✐✈❡❞✳ ❯s✐♥❣ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ ❘❛③❛✈✐ ❬✷✻❪ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ♣r♦♣♦s❡❞ ♥♦✐s❡

♠♦❞❡❧ ❢♦r ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦rs ❢r♦♠ ❈❤❛♣t❡r ✹✱ ❛ ❝❧♦s❡❞ ❢♦r♠ ❛♥❛❧②t✐❝❛❧

♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r ✐s ♦❜t❛✐♥❡❞✳ ❚❤✐s ✐s t❤❡

♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s ❝❤❛♣t❡r ❛s ♥♦ s✐♠✐❧❛r ♠♦❞❡❧s ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐s❤❡❞ ②❡t✳

❈❛❧❝✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ♥❡✇ ▲❚■ ♠♦❞❡❧ ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts

❢♦r t❤❡ ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t ❢r♦♠ ❈❤❛♣t❡r ✼✳ ❚❤✐s ❝♦♠♣❛r✐s♦♥ s❤♦✇s ♦♥❧② ❛ ❢❡✇ ❞❇

❞✐✛❡r❡♥❝❡ t♦ ❛ ♠♦r❡ ❝♦♠♣❧❡① ♥✉♠❡r✐❝❛❧ ❛♥❞ ♥♦♥✲❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ✉s❡❞ ❜②

❊❧❞♦ ❘❋ s✐♠✉❧❛t♦r✱ ♣r♦✈✐♥❣ ✉s❛❜✐❧✐t② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢

t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r✳

❼ ■♥ ❙❡❝t✐♦♥ ✻✳✹ t❤❡ ♠♦❞❡❧ ❞❡r✐✈❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✐s ❞✐s❝✉ss❡❞✳ ❆❧t❤♦✉❣❤

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

❞❡s✐❣♥ ✐♥s✐❣❤ts ✐♥t♦ t❤❡ ❜❛s✐❝ ❞❡♣❡♥❞❡♥❝✐❡s ❜❡t✇❡❡♥ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❛♥❞ ❛❝t✐✈❡

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

♠❛✐♥ s♦✉r❝❡s ♦❢ t❤❡ ✐♥❢❡r✐♦r ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s✲

♦♥❛t♦r ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❛ st❛♥❞❛r❞ ✐♥t❡❣r❛t❡❞ ▲❈ ♦s❝✐❧❧❛t♦rs ✉s✐♥❣ ♣❛ss✐✈❡ s♣✐r❛❧

✐♥❞✉❝t♦rs✳

❚❤❡ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ t❤r♦✉❣❤♦✉t t❤✐s ❝❤❛♣t❡r r❡q✉✐r❡s s♦♠❡ ❝❧❛r✐✜❝❛t✐♦♥✳ ❚❤❡ t❡r♠

✏♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧✑ ❝♦rr❡s♣♦♥❞s t♦ ❛ st❛♥❞❛r❞ ❞❡✜♥✐t✐♦♥ ✐✳❡✳ ✐t r❡♣r❡s❡♥ts ❛ r❡❧❛t✐✈❡

♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ❣✐✈❡♥ ✐♥ ❞❇❝ ✭❞❇ r❡❧❛t❡❞ t♦ t❤❡ ♣♦✇❡r ♦❢ t❤❡ ❝❛rr✐❡r s✐❣♥❛❧✮ ✐♥ ❛

❜❛♥❞✇✐❞t❤ ♦❢ ✶ ❍③ ❛t s♦♠❡ ♦✛s❡t ❢r❡q✉❡♥❝② ωm ❢r♦♠ t❤❡ ❝❛rr✐❡r t♦ t❤❡ t♦t❛❧ ♣♦✇❡r ♦❢ t❤✐s

❝❛rr✐❡r s✐❣♥❛❧ ❬✷✽❪✳ ❆❧t❤♦✉❣❤ ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s ❞♦ ♥♦t tr❛♥s♠✐t ❛♥② ♣♦✇❡r✱ t❤❡ ♥♦✐s❡

❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡s ❝❛✉s✐♥❣ t❤❡s❡ ✢✉❝t✉❛t✐♦♥s ❞♦✳ ❆s ❛ r❡s✉❧t✱ ♣❤❛s❡ ✉♥❝❡rt❛✐♥t✐❡s

❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ t❤r♦✉❣❤ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ❢✉♥❝t✐♦♥s

r❡❧❛t❡❞ t♦ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♥♦✐s❡ s♦✉r❝❡s✳ ■❢ ♥♦t ♦t❤❡r✇✐s❡ ✐♥❞✐❝❛t❡❞✱ ♥♦✐s❡ s♦✉r❝❡s ❛r❡

❞❡s❝r✐❜❡❞ ✉s✐♥❣ ♣♦✇❡r✱ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❛♥❛❧②s❡s ❢r♦♠ ❈❤❛♣t❡rs ✷✱ ✸ ❛♥❞ ✹✳

✶✹✾



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

✻✳✷✳✶ ▲✐♥❡❛r ♠♦❞❡❧s

✻✳✷✳✶✳✶ ❚✐♠❡ ✐♥✈❛r✐❛♥t ❛♣♣r♦❛❝❤ ✭▲❚■✮ ✕ ▲❡❡s♦♥✬s ♠♦❞❡❧

❚❤✐s ❛♣♣r♦❛❝❤ ❦♥♦✇♥ ❛s ▲❡❡s♦♥✬s ♠♦❞❡❧ ❛❢t❡r ✐t✬s ❛✉t❤♦r ❉✳ ❇✳ ▲❡❡s♦♥✱ ✇❤♦ ♣✉❜❧✐s❤❡❞

✐♥ ❛ ❧❛♥❞♠❛r❦ ♣❛♣❡r ♣r❡s❡♥t✐♥❣ ❛ s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡ ✐♥

✶✾✻✻ ❬✶✶✹❪✳ ❚❤❡ ♠♦❞❡❧ ❝♦♥s✐sts ♦❢ ❛ ❧✐♥❡❛r ❛♠♣❧✐✜❡r ❞❡s❝r✐❜❡❞ ✇✐t❤ ♥♦✐s❡ ✜❣✉r❡ F ✱ ❛♥❞

❛ s✐♠♣❧❡ ▲❈ r❡s♦♥❛t♦r ✇✐t❤ ❛ ✜♥✐t❡ q✉❛❧✐t② ❢❛❝t♦r Q0✱ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✶✳ ▲❡❡s♦♥

s❤♦✇❡❞ t❤❛t ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ▲❈ ♦s❝✐❧❧❛t♦r✱ t❤❡ ✉♥❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ r❡s♦♥❛t♦r

✐s ❛ ❝r✐t✐❝❛❧ ♣❛r❛♠❡t❡r ❞❡t❡r♠✐♥✐♥❣ ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡✳ ■♥ t❤❡ ▲❡❡s♦♥ ♠♦❞❡❧✱ t✇♦

♠❛✐♥ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ❝♦♥s✐❞❡r❡❞✿ ✇❤✐t❡ ♥♦✐s❡ ❛♥❞ ✢✐❝❦❡r ♥♦✐s❡✳ ❇♦t❤ ♥♦✐s❡ s♦✉r❝❡s

♠♦❞✉❧❛t❡ t❤❡ ♦s❝✐❧❧❛t♦r ♣❤❛s❡ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❢r❡q✉❡♥❝② ♦❢ t❤❡ s✐❣♥❛❧

✭❛s t❤❡ ❢r❡q✉❡♥❝② ✐s ❛ ❞❡r✐✈❛t✐✈❡ ♦❢ ♣❤❛s❡✮✳ ❚❤✉s✱ t❤❡ ♦s❝✐❧❧❛t♦r ✉♥❞❡r❣♦❡s ❛ ❆▼✲P▼

♥♦✐s❡ ❝♦♥✈❡rs✐♦♥✳ ❚❤❡ ♣❤❛s❡ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ♠♦❞✉❧❛t❡❞ ✇✐t❤ r❛t❡s ✭ωm✮ ♣r♦♣♦rt✐♦♥❛❧

t♦ t❤❡ ❢r❡q✉❡♥❝② ❝♦♠♣♦♥❡♥ts ♦❢ ❡❛❝❤ ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s✳ ■❢ t❤❛t r❛t❡ ✐s s♠❛❧❧✱ ✢✐❝❦❡r

♥♦✐s❡ ❜❡❝♦♠❡s t❤❡ ♠❛✐♥ ♣❤❛s❡ ♠♦❞✉❧❛t✐♥❣ s♦✉r❝❡ ✇❤❡r❡❛s ✇❤✐t❡ ♥♦✐s❡ s♦✉r❝❡ ❜❡❝♦♠❡s

✰

❆♠♣❧✐✜❡r

❘▲❈ r❡s♦♥❛t♦r

❆❞❞✐t✐✈❡
✇❤✐t❡
♥♦✐s❡

❋❧✐❝❦❡r ✭✶✴❢✮
♣❤❛s❡

♠♦❞✉❧❛t✐♦♥

φoutφin

❋✐❣✉r❡ ✻✳✶✿ ▲❡❡s♦♥✬s ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ❬✹✶❪✳

✶✺✵



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

❞♦♠✐♥❛♥t ❛t ❤✐❣❤❡r ωm✳ ▲❡❡s♦♥ ❡①♣r❡ss❡❞ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡s❡ t✇♦ ♥♦✐s❡ s♦✉r❝❡s

✐♥ t❡r♠s ♦❢ ❛ ❞♦✉❜❧❡ s✐❞❡ ❜❛♥❞ r❡❧❛t✐✈❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ❡①♣r❡ss❡❞ ❛s

S∆φ(ωm) =
2FkT

Ps

(

1 +
ω3

ωm

)

✭✻✳✶✮

✇❤❡r❡ F ✐s ❛ ♥♦✐s❡ ❢❛❝t♦r ♦❢ t❤❡ ❛♠♣❧✐✜❡r✱ k ✐s ❇♦❧t③♠❛♥♥✬s ❝♦♥st❛♥t✱ T ✐s t❤❡ t❡♠♣❡r❛✲

t✉r❡ ✐♥ ❑❡❧✈✐♥s✱ Ps ✐s ❛ ❝❛rr✐❡r s✐❣♥❛❧ ♣♦✇❡r ❛♥❞ ω3 ✐s t❤❡ ❢r❡q✉❡♥❝② ❢♦r ✇❤✐❝❤ t❤❡ ❧❡✈❡❧

♦❢ ❛ ✢✐❝❦❡r ♥♦✐s❡ ✐s ❡q✉❛❧ t♦ t❤❡ ✇❤✐t❡ ♥♦✐s❡ ✭❝❛❧❧❡❞ ❝♦r♥❡r ❢r❡q✉❡♥❝②✮✳ ◆♦✐s❡ ❢❛❝t♦r ♦❢

t❤❡ ❛♠♣❧✐✜❡r ✐s ❞❡✜♥❡❞ ❛s ❛ r❛t✐♦ ♦❢ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦♥ ♦♥ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❛♠♣❧✐✜❡r

t♦ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦♥ ❛t ✐ts ✐♥♣✉t✳ ▲❡❡s♦♥ ♣r♦♣♦s❡❞ t❤❛t ✭✻✳✶✮ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞

❛s ❛ s✐♥❣❧❡ ♥♦✐s❡ s♦✉r❝❡ r❡♣r❡s❡♥t✐♥❣ ❛ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢ ♣❤❛s❡ ✉♥❝❡rt❛✐♥t② ∆φ

♦❢ t❤❡ ▲❈ ♦s❝✐❧❧❛t♦r ❬✶✶✹❪✳ ❚❤❡ ❢❛❝t♦r ♦❢ ✷ ✐♥ ✭✻✳✶✮ ❝♦♠❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ❛♠♣❧✐t✉❞❡

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

♦s❝✐❧❧❛t♦rs ❤❛✈❡ ❛♥ ✐♥❤❡r❡♥t ♠❡❝❤❛♥✐s♠ ♦❢ st❛❜✐❧✐s✐♥❣ ❛♠♣❧✐t✉❞❡ ❛s ❡①♣❧❛✐♥❡❞ ♣r❡✈✐♦✉s❧②

✐♥ ❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡r ✷✱ ❙❡❝t✐♦♥ ✷✳✸✳✶✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ✷ ✐s ❛♥ ❡st✐♠❛t❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡

❡q✉✐♣❛rt✐t✐♦♥ t❤❡♦r❡♠ ❬✸✷❪ ✇❤✐❝❤ st❛t❡s t❤❛t ❛ ♥♦✐s❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ❝❛♥

❜❡ ❡q✉❛❧❧② ❞✐✈✐❞❡❞ ❜❡t✇❡❡♥ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ♣❡rt✉r❜❛t✐♦♥s✳

❆s t❤❡ ▲❈ t❛♥❦ ✐s ❛ ❜❛♥❞♣❛ss ✜❧t❡r✱ ✐t ❛tt❡♥✉❛t❡s s✐❣♥❛❧s t❤❛t ❛r❡ ♦✛s❡t ❢r♦♠ t❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ ❛❝t✐♥❣ ❧✐❦❡ ❛ ❧♦✇ ♣❛ss ✜❧t❡r ❢♦r ❢r❡q✉❡♥❝② ✈❛r✐❛t✐♦♥s ❝❛✉s❡❞ ❜② t❤❡

♥♦✐s❡ s♦✉r❝❡ ✭✻✳✶✮✳ ❚❤❡ ❛tt❡♥✉❛t✐♦♥ ♦❢ t❤✐s ❧♦✇ ♣❛ss ✜❧t❡r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❤❛❧❢

❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ▲❈ r❡s♦♥❛t♦r

βhalf =
ω0

2Q0
✭✻✳✷✮

▲❡❡s♦♥ r❡❝♦❣♥✐s❡❞ t❤❛t ❢♦r ✈❛❧✉❡s ♦❢ ωm ✇✐t❤✐♥ t❤❡ ❤❛❧❢ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ t❛♥❦✱ t❤❡ P❙❉

♦❢ φout ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s ♦♥ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❛♠♣❧✐✜❡r ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠

Sφout
(ωm) =

β2
half

ω2
m

S∆φ(ωm)

∣
∣
∣
∣
∣ωm<βhalf
ωm≪ω0

✭✻✳✸✮

■♥ t❤❡ ❝❛s❡ ♦❢ ωm ❧❛r❣❡r t❤❛♥ t❤❡ r❡s♦♥❛t♦r βhalf ✱ ❢r❡q✉❡♥❝② ✈❛r✐❛t✐♦♥s ❛r❡ s✉❜st❛♥t✐❛❧❧②

❛tt❡♥✉❛t❡❞ ❛♥❞ ❞♦ ♥♦t ♣r♦♣❛❣❛t❡ ❛r♦✉♥❞ t❤❡ ❢❡❡❞❜❛❝❦ ❧♦♦♣ ❬✹✶❪✳ ❍♦✇❡✈❡r✱ t❤❡② ❛r❡ st✐❧❧

♣r❡s❡♥t ❛t t❤❡ ❛♠♣❧✐✜❡r ♦✉t♣✉t ✭✐✳❡✳ t❤❡ ♣♦✐♥t ❜❡t✇❡❡♥ t❤❡ ❛♠♣❧✐✜❡r ❛♥❞ t❤❡ r❡s♦♥❛t♦r✮✳

✶✺✶
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■♥ t❤✐s ❝❛s❡ t❤❡ P❙❉ ♦❢ t❤❡s❡ ♣❤❛s❡ ✈❛r✐❛t✐♦♥s ✐s ❡q✉❛❧ t♦ ✭✻✳✶✮ ❬✶✶✹✱ ✶✶✺❪

Sφout
(ωm) = S∆φ(ωm)

∣
∣
∣
∣
∣
ωm>βhalf

✭✻✳✹✮

❈♦♠❜✐♥✐♥❣ ✭✻✳✶✮ ✇✐t❤ ✭✻✳✹✮ t❤❡ t♦t❛❧ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ♦❢ φout ✐s ❞❡s❝r✐❜❡❞ ❜②

Sφout
(ωm) =

2FkT

Ps

(

1 +
ω3

ωm

)(

1 +
1

4Q0

ω2
0

ω2
m

)

=

=
2FkT

Ps

(

1

ω3
m

ω2
0ω3

4Q0
+

1

ω2
m

ω2
0

4Q0
+

ω3

ωm
+ 1

)

✭✻✳✺✮

❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ P❙❉ ♦❢ φin ✈❛r✐❛t✐♦♥s ❢♦r ❛♥② ✈❛❧✉❡ ♦❢ ωm ❝❛♥ ❜❡ ❢♦✉♥❞ ❬✶✶✺❪

Sφin
(ωm) =

2FkT

Ps

(

1 +
ω3

ωm

)

1

4Q0

ω2
0

ω2
m

✭✻✳✻✮

▲❡❡s♦♥✬s ♠♦❞❡❧ ❢r♦♠ ✭✻✳✺✮ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❢♦✉r ❞✐✛❡r❡♥t ♥♦✐s❡

s♦✉r❝❡s ❬✷✽❪✳ ❚❤❡ ✜rst s♦✉r❝❡ r❡♣r❡s❡♥ts ❛♥ ✉♣✲❝♦♥✈❡rt❡❞ ✢✐❝❦❡r ♥♦✐s❡ ♦❢ t❤❡ ❛♠♣❧✐✜❡r

❛♥❞ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ω−3
m ✳ ❚❤❡ s❡❝♦♥❞ t❡r♠ r❡♣r❡s❡♥ts t❤❡r♠❛❧ ❋▼ ♥♦✐s❡ ❛♥❞ ❞❡❝r❡❛s❡s

✇✐t❤ ω−2
m ✳ ❚❤❡ t❤✐r❞ s♦✉r❝❡ ✐s t❤❡ ✢✐❝❦❡r ♣❤❛s❡ ♥♦✐s❡ ✇❤❡r❡❛s t❤❡ ❧❛st t❡r♠ r❡♣r❡s❡♥ts

t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ✢♦♦r ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❚❤❡s❡ ❢♦✉r s♦✉r❝❡s ❝♦♠❜✐♥❡❞ r❡♣r❡s❡♥t ❛ ❣❡♥❡r✐❝

s♦❧✉t✐♦♥ ❛♥❞ t❤❡r❡❢♦r❡ r❡q✉✐r❡ s♦♠❡ ♣r❛❝t✐❝❛❧ ❛ss✉♠♣t✐♦♥s ❛❜♦✉t ω3 ❛♥❞ Q0 ✈❛❧✉❡s t♦

❡♠✉❧❛t❡ t❤❡ ❛❝t✉❛❧ ❜❡❤❛✈✐♦r ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r✳

■❢ t❤❡ ▲❈ r❡s♦♥❛t♦r ❤❛s ❧♦✇ Q0 ♦r ❧♦✇ ω3✱ t❤❡ ❤❛❧❢✲❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ t❛♥❦ ✐s ❧❛r❣❡r

t❤❛♥ t❤❡ ✢✐❝❦❡r ♥♦✐s❡ ❝♦r♥❡r✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ♦✉t♣✉t ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ❝♦♥s✐sts

♦❢ t❤r❡❡ ❝♦♠♣♦♥❡♥ts ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✷✳ ❆❧❧ t❤❡ ♣❛r❛♠❡t❡rs ✉s❡❞ ❢♦r ❝❛❧❝✉❧❛t✐♦♥

♦❢ ♥♦✐s❡ ❢r♦♠ ✭✻✳✺✮ ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ♣❧♦t✳ ◆♦t❡ t❤❛t t❤❡ ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ωm ✐s

tr❛♥s❢♦r♠❡❞ t♦ ❛ ❢r❡q✉❡♥❝② fm ❢♦r ❝♦♥✈❡♥✐❡♥❝❡✱ ❤♦✇❡✈❡r ✐t ❞♦❡s ♥♦t ❛✛❡❝t ❛♥② ❛s♣❡❝t

♦❢ t❤❡ ▲❡❡s♦♥ ♠♦❞❡❧ ❛♥❛❧②s✐s✳ ❋♦r t❤❡ ❝♦♥s✐❞❡r❡❞ ❝❛s❡✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ✐s ❛

❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛❧❧ ❝♦♠♣♦♥❡♥ts ✐♥❞✐❝❛t❡❞ ❜② ✭✻✳✺✮✳ ❚❤✉s✱ t❤❡ ❝✉r✈❡ f−3
m r❡♣r❡s❡♥ts t❤❡

✉♣✲❝♦♥✈❡rt❡❞ ✢✐❝❦❡r ♥♦✐s❡ ❝♦♠♣♦♥❡♥t✱ f−2
m ✐❧❧✉str❛t❡s t❤❡ t❤❡r♠❛❧ ❋▼ ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥

❛s ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✳ ❋✐❣✉r❡ ✻✳✷ ❞❡♣✐❝ts t❤❡ t②♣✐❝❛❧ s❤❛♣❡ ♦❢ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ❢♦r

❛ t②♣✐❝❛❧ ▲❈ ♦s❝✐❧❧❛t♦r ❜✉✐❧t ✉s✐♥❣ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛♥t t❛♥❦s ✇✐t❤ ❡✐t❤❡r s♣✐r❛❧ ✐♥❞✉❝t♦rs

♦r ❣②r❛t♦rs✳

✶✺✷
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❋✐❣✉r❡ ✻✳✷✿ P❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❢♦r ❧♦✇ Q0 ♦r ❧♦✇ fm ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✳
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Ps= 1mW, F= 2, T= 300K, f
3
= 500Hz, f

0
= 434MHz, Q= 5⋅106
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❋✐❣✉r❡ ✻✳✸✿ P❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❢♦r ❤✐❣❤ Q0 ♦r ❤✐❣❤ fm ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✳
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❲❤❡♥ t❤❡ r❡s♦♥❛♥t t❛♥❦ ❤❛s ❡✐t❤❡r ❤✐❣❤ Q0 ♦r ❤✐❣❤ ω3 ✭fm✮✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝✲

tr✉♠ ✐s s✐♠✐❧❛r t♦ t❤❛t ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✸✳ ❚❤❡ s♣❡❝tr✉♠ ❛❧s♦ ❝♦♥s✐sts ♦❢ t❤r❡❡

❝♦♠♣♦♥❡♥ts✱ ❤♦✇❡✈❡r ♥♦✇ t❤❡ t❤❡r♠❛❧ ❋▼ ♥♦✐s❡ ♦❢ f−2
m ✐s s✉♣❡r✐♠♣♦s❡❞ ❜② t❤❡ r❡♠❛✐♥✲

✐♥❣ s♦✉r❝❡s ❢r♦♠ ✭✻✳✺✮✳ ◆♦t❡ t❤❛t ❛ Q0 ♦❢ 5 · 106 ❝❛♥✬t ❜❡ ♦❜t❛✐♥❡❞ ❜② ❛♥② ♠❡❛♥s ✐♥ ❛♥②

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

✇✐t❤ t❤❡ ❡①tr❡♠❡❧② ❤✐❣❤ q✉❛❧✐t② ❢❛❝t♦r✳

✻✳✷✳✶✳✷ ❙tr❡♥❣t❤s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢ ▲❡❡s♦♥ ♠♦❞❡❧

❚❤❡ ♣r❡s❡♥t❡❞ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t ♠❡t❤♦❞ r❡♣r❡s❡♥ts ❛ ❢✉♥❞❛♠❡♥t❛❧ ♠♦❞❡❧ ♦❢ ♣❤❛s❡

♥♦✐s❡ ✐♥ ♦s❝✐❧❧❛t♦rs✳ ❆ ❝❧♦s❡r ❧♦♦❦ ❛t ✭✻✳✺✮ r❡✈❡❛❧s ✇❛②s t♦ ♠✐♥✐♠✐s❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❛♥

▲❈ ♦s❝✐❧❧❛t♦r ❬✹✶❪✿

❼ ❲❤✐t❡ ♥♦✐s❡ s♣❡❝tr❛❧ ❞❡♥s✐t② ❤❛s t♦ ❜❡ s♠❛❧❧✳ ❚❤✐s r❡q✉✐r❡♠❡♥t ❡♥s✉r❡s ❛ s♠❛❧❧ ❋▼

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

❚❤✐s ❛❧s♦ ♠✐♥✐♠✐s❡s t❤❡ ♥♦✐s❡ ✢♦♦r ♦❢ t❤❡ s②st❡♠ ❜❡❝❛✉s❡ ❛t ❧❛r❣❡ ❢r❡q✉❡♥❝② ♦✛✲

s❡ts ωm ♠✐♥✐♠✐s✐♥❣ ❡✛❡❝ts ♦❢ r❡❝✐♣r♦❝❛❧ ♠✐①✐♥❣✳ ❆s t❤❡ ♠❛❥♦r✐t② ♦❢ ♥♦✐s❡ ✐♥ t❤❡

♦s❝✐❧❧❛t♦r ♦r✐❣✐♥❛t❡s ❢r♦♠ t❤❡ ❛♠♣❧✐✜❡r✱ ✐t ✐s ❝r✉❝✐❛❧ t♦ ✉s❡ ❛❝t✐✈❡ ❝✐r❝✉✐ts ✇✐t❤ t❤❡

❧♦✇❡st ♥♦✐s❡ ✜❣✉r❡ ♣♦ss✐❜❧❡✳

❼ ❖s❝✐❧❧❛t♦r s✐❣♥❛❧ ♣♦✇❡r Ps s❤♦✉❧❞ ❜❡ ❧❛r❣❡✳ ■❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ✐s ❧❛r❣❡

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

✐s s♠❛❧❧❡r ❜❡❝❛✉s❡ ✐t r❡♣r❡s❡♥ts ❛ r❡❧❛t✐✈❡ ♠❡❛s✉r❡ ♦❢ ♥♦✐s❡ ♣♦✇❡r t♦ t❤❡ ♣♦✇❡r

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

✐♥❞❡✜♥✐t❡❧② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✳ ❆t ❛ ❝❡rt❛✐♥ ♣♦✐♥t t❤❡ ❝✐r❝✉✐t ❝❛♥✬t

❡①❝❡❡❞ t❤❡ ♠❛①✐♠✉♠ s✐❣♥❛❧ ❧❡✈❡❧ ✭❞✉❡ t♦ ❜r❡❛❦❞♦✇♥ ✈♦❧t❛❣❡ ♦❢ tr❛♥s✐st♦rs ♦r t❤❡

♠❛①✐♠✉♠ ❝✉rr❡♥t s♣❡❝✐✜❝❛t✐♦♥✮✳ ❚❤❡ ❛tt❡♠♣ts t♦ ❢✉rt❤❡r ✐♥❝r❡❛s❡ ✐t ✉s✉❛❧❧② ❜♦♦st

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

❼ ❘❡s♦♥❛t♦r Q0 s❤♦✉❧❞ ❜❡ ❧❛r❣❡✳ ▲❛r❣❡ q✉❛❧✐t② ❢❛❝t♦r ❞❡❝r❡❛s❡s ❤❛❧❢✲❜❛♥❞✇✐❞t❤ ♦❢

t❤❡ r❡s♦♥❛t♦r✱ ✐♠♣r♦✈✐♥❣ ❛tt❡♥✉❛t✐♦♥ ♦❢ ♥♦✐s❡ ❛t s♠❛❧❧ ❢r❡q✉❡♥❝② ♦✛s❡ts ωm ❢r♦♠

t❤❡ ❝❛rr✐❡r✳ ❍♦✇❡✈❡r ❛s s❤♦✇♥ ✐♥ ❈❤❛♣t❡rs ✷ ❛♥❞ ✸ t❤✐s r❡q✉✐r❡♠❡♥t ✐s ✈❛❧✐❞ ♦♥❧②

✶✺✹



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

❢♦r t❤❡ t❛♥❦s ✉s✐♥❣ ♣❛ss✐✈❡ ✐♥❞✉❝t♦rs✳ ❲❤❡♥ ❣②r❛t♦rs ❛r❡ ❡♠♣❧♦②❡❞ ♣❤❛s❡ ♥♦✐s❡

❜❡❝♦♠❡s ♣r♦♣♦rt✐♦♥❛❧ t♦ Q0 ❬✹✼❪ ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ t❤❡ ▲❡❡s♦♥ ♠♦❞❡❧ ❝❛♥✬t ❜❡

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

❼ ❋❧✐❝❦❡r ❝♦r♥❡r ❢r❡q✉❡♥❝② ω3 s❤♦✉❧❞ ❜❡ s♠❛❧❧✳ ❚❤✐s ✐s ❛♥ ✐♥❞✐❝❛t✐♦♥ t❤❛t t❤❡ ❝✐r❝✉✐t

s❤♦✉❧❞ ❝♦♥t❛✐♥ ❛ r❡❧❛t✐✈❡❧② ❧♦✇ ✢✐❝❦❡r ♥♦✐s❡ ❝♦♠♣♦♥❡♥t✳ ❙♠❛❧❧❡r ✢✐❝❦❡r ♥♦✐s❡ ❢r❡✲

q✉❡♥❝② r❡❞✉❝❡s ♥♦✐s❡ ❢r♦♠ ω−3
m ❛♥❞ ω−1

m r❡❣✐♦♥s ♦❢ ✭✻✳✺✮✳ ❆s ❛ r❡s✉❧t✱ ♣❤❛s❡ ♥♦✐s❡

❝❧♦s❡ t♦ t❤❡ ❝❛rr✐❡r ✐s r❡❞✉❝❡❞✱ t❤❛t ✐♠♣r♦✈✐♥❣ s✐❣♥✐✜❝❛♥t❧② t❤❡ s♣❡❝tr❛❧ ♣✉r✐t② ♦❢

t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳

❼ ■❢ ♣❤❛s❡ ♥♦✐s❡ ❛t ❧❛r❣❡ ωm ✐s ✐♠♣♦rt❛♥t✱ t❤❡ ♦s❝✐❧❧❛t♦r ♦✉t♣✉t s❤♦✉❧❞ ❜❡ t❛❦❡♥

❢r♦♠ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ r❡s♦♥❛t♦r ✭φin ❢r♦♠ ❋✐❣✉r❡ ✻✳✶✮ t♦ t❛❦❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡

❡①tr❛ ✜❧t❡r✐♥❣ ✐♥ t❤❡ r❡s♦♥❛t♦r ❛s s✉❣❣❡st❡❞ ❜② ✭✻✳✻✮✳ ❍♦✇❡✈❡r✱ ♣♦st✲♦s❝✐❧❧❛t♦r

❝✐r❝✉✐ts ✭❡✳❣✳ ❜✉✛❡r ❛♠♣❧✐✜❡rs✱ ❢r❡q✉❡♥❝② ♠✉❧t✐♣❧✐❡rs✱ ❢r❡q✉❡♥❝② ❞✐✈✐❞❡rs ♦r ♣❤❛s❡✲

♥♦✐s❡ ❛♥❛❧②s❡rs✮ ❝❛♥ ❝♦♥tr✐❜✉t❡ ✢✐❝❦❡r ♦r ✇❤✐t❡ ♥♦✐s❡ ❧❡✈❡❧s s✉✣❝✐❡♥t t♦ ♠❛s❦ t❤✐s

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

♣r♦♣❡r ❝❤♦✐❝❡ ♦❢ ♦s❝✐❧❧❛t♦r ♦✉t♣✉t ♥♦❞❡✳

❙♦♠❡ s❤♦rt❝♦♠✐♥❣s ♦❢ t❤❡ ▲❡❡s♦♥ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞✳ ❋✐rst❧②✱ t❤❡

s✐❣♥❛❧ ♣♦✇❡r Ps✱ ❝♦r♥❡r ❢r❡q✉❡♥❝② ω3 ❛♥❞ ♥♦✐s❡ ❢❛❝t♦r F ♣❛r❛♠❡t❡rs ❤❛✈❡ t♦ ❜❡ ❦♥♦✇♥

♣r✐♦r t♦ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆s s✉❣❣❡st❡❞ ✐♥ t❤❡ ♦r✐❣✐♥❛❧ ♣❛♣❡r ❬✶✶✹❪✱ t❤❡② ❛r❡ ❢♦✉♥❞

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

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

❞✐r❡❝t❧② ❛♥❞ s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ❛s ❛ q✉❛❧✐t❛t✐✈❡ ❛♥❛❧②s✐s✳ ❙❡❝♦♥❞❧②✱ ▲❡❡s♦♥ ♣r❡s❡♥ts ❛

♠♦❞❡❧ ❜❛s❡❞ ♦♥ ❛ ❧✐♥❡❛r ❛♠♣❧✐✜❡r ✇❤✐❝❤ ✐s ♥♦t tr✉❡ ✐♥ ❣❡♥❡r❛❧✳ ❋♦r ❡①❛♠♣❧❡✱ ❤❛r♠♦♥✐❝

❡✛❡❝ts ❛r❡ ♥♦t ✐♥❝❧✉❞❡❞ ❛♥❞ ❤❡♥❝❡ ♥♦✐s❡ ❡✛❡❝ts r❡❧❛t❡❞ t♦ ❤❛r♠♦♥✐❝s ❛r❡ ♥♦t ✐♥❝❧✉❞❡❞✳

❋✐♥❛❧❧②✱ ❛s t❤❡ ♠♦❞❡❧ ❞❡❛❧s ♦♥❧② ✇✐t❤ t❤❡ ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✐t ❝❛♥✬t ❡①♣❧❛✐♥

t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❜❡❤❛✈✐♦r ♦❢ r✐♥❣ ♦s❝✐❧❧❛t♦rs ❬✹✶✱ ✶✶✾❪✳

✶✺✺



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

✻✳✷✳✶✳✸ ❚✐♠❡ ✈❛r✐❛♥t ❛♣♣r♦❛❝❤ ✭▲❚❱✮ ✕ ❍❛❥✐♠✐r✐✲▲❡❡ ♠♦❞❡❧

❚❤❡ ❜❛s✐❝ s❤♦rt❝♦♠✐♥❣ ♦❢ ▲❡❡s♦♥✬s ❛♣♣r♦❛❝❤ ✐s ❛♥ ❛ss✉♠♣t✐♦♥ ♦❢ st❛t✐♦♥❛r② ❜❡❤❛✈✐♦r

❢♦r ♦s❝✐❧❧❛t♦rs✳ ❲✐t❤ t❤✐s ❛ss✉♠♣t✐♦♥✱ ❛♥ ❛♠♣❧✐✜❡r ✐♥tr♦❞✉❝❡s t❤❡ s❛♠❡ ❛♠♦✉♥t ♦❢ ♥♦✐s❡

❡q✉❛❧❧② ♦✈❡r t❤❡ ♣❡r✐♦❞ ♦❢ ♦s❝✐❧❧❛t✐♦♥s✳ ■♥ ❣❡♥❡r❛❧ t❤✐s ✐s ♥♦t tr✉❡✱ s✐♥❝❡ ✐♥ ❡❛❝❤ ❝②❝❧❡ ❛

st❛♥❞❛r❞ ▲❈ r❡s♦♥❛t♦r r❡❝❡✐✈❡s ❡♥❡r❣② ❢r♦♠ t❤❡ ❛♠♣❧✐✜❡r ✐♥ t❤❡ ❢♦r♠ ♦❢ s❤♦rt ♣✉❧s❡s✳

❚❤❡ ♥♦✐s❡ ✐s ✐♥❥❡❝t❡❞ t♦ t❤❡ t❛♥❦ ❞✉r✐♥❣ t❤✐s s❤♦rt ♣❡r✐♦❞ ♦❢ t✐♠❡ ❛❧s♦✳ ❚❤❡r❡❢♦r❡✱ t❤❡

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

✇❤❡♥ t❤❡ ♥♦✐s❡ ❤❛s ❜❡❡♥ ✐♥tr♦❞✉❝❡❞ t♦ t❤❡ ❝✐r❝✉✐t✳ ❆s ❛ r❡s✉❧t✱ ♦s❝✐❧❧❛t♦r ❜❡❤❛✈✐♦r ✐♥

t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♥♦✐s❡ ✐s t✐♠❡ ✈❛r✐❛♥t ❛s ♦♣♣♦s❡❞ t♦ t❤❡ ▲❡❡s♦♥ ❛♣♣r♦❛❝❤✳

❚❤✐s ♣r♦❜❧❡♠ ✇❛s r❡❝♦❣♥✐③❡❞ ❛♥❞ ❞❡s❝r✐❜❡❞ ❜② ❍❛❥✐♠✐r✐ ❛♥❞ ▲❡❡ ❬✹✺✱ ✶✶✻✕✶✶✽❪✳ ■♥

❣❡♥❡r❛❧✱ ✐❢ ❛ ♣✉❧s❡ ♣❡rt✉r❜❛t✐♦♥ ✭♦r ❛♥② s✐❣♥❛❧ ✐♥❝❧✉❞✐♥❣ ♥♦✐s❡✮ ✐s ✐♥❥❡❝t❡❞ ✐♥t♦ ♦s❝✐❧✲

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

❋✐❣✉r❡ ✻✳✹✳ ■❢ t❤❡ ♣❡rt✉r❜❛t✐♦♥ ♦❝❝✉rs ✇❤❡♥ ❛♥ ♦s❝✐❧❧❛t✐♦♥ r❡❛❝❤❡s t❤❡ ♣❡❛❦ ♠❛❣♥✐t✉❞❡✱

Time
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❋✐❣✉r❡ ✻✳✹✿ ❘❡s♣♦♥s❡ ♦❢ ♦s❝✐❧❧❛t✐♥❣ r❡s♦♥❛t♦r t♦ ✐♥❥❡❝t❡❞ ❝✉rr❡♥t ❞✐st✉r❜❛♥❝❡ ❬✶✶✻❪✳
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✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ s✐❣♥❛❧ ✐s ❝❤❛♥❣❡❞✱ ❤♦✇❡✈❡r t❤❡ ♣❤❛s❡ ✐s ♥♦t ❛✛❡❝t❡❞✳ ❖♥ ❝♦♥tr❛r②✱

✐❢ t❤❡ s❛♠❡ ♣❡rt✉r❜❛t✐♦♥ ✐s ✐♥❥❡❝t❡❞ ❞✉r✐♥❣ t❤❡ ③❡r♦ ❝r♦ss✐♥❣✱ ♣❤❛s❡ ❝❤❛♥❣❡s ✐♥st❛♥t❧②

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

❞❡♣❡♥❞s ♦♥ t❤❡ t✐♠❡ ✐♥st❛♥t ✇❤❡♥ t❤❡ ♥♦✐s❡ ✐s ✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ r❡s♦♥❛t♦r✳ ❍❛❥✐♠✐r✐ ❛♥❞

▲❡❡ ♣r♦♣♦s❡❞ t❤❡ ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ✭ISF ❢♦r s❤♦rt ♦r Γ(x)✮✱ t♦ r❡♣r❡s❡♥t t❤❡

❞❡s❝r✐❜❡❞ ❜❡❤❛✈✐♦r ♦❢ ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s✳ ■t ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss✱ ❛♠♣❧✐t✉❞❡ ✐♥❞❡♣❡♥❞❡♥t

❛♥❞ ♣❡r✐♦❞✐❝ ❢✉♥❝t✐♦♥ ✇✐t❤ ♣❡r✐♦❞ ♦❢ 2π✳ ■t ✐s ♠❡❛s✉r❡❞ ❛s ❛ r❡❧❛t✐✈❡ ♣❤❛s❡ ❝❤❛♥❣❡ t♦ ❛

s✐❣♥❛❧ ♣❡r✐♦❞ ❢♦r ❞✐✛❡r❡♥t ✐♥❥❡❝t✐♦♥ ✐♥st❛♥ts ♦❢ t❤❡ s✐♥❣❧❡ t❡st ♣✉❧s❡ ♦❢ ❦♥♦✇♥ ❛♠♦✉♥t ♦❢

❡❧❡❝tr✐❝❛❧ ❝❤❛r❣❡✳ ❚❤❡ ISF r❡❛❝❤❡s t❤❡ ♠❛①✐♠✉♠ ✇❤❡♥ t❤❡ ♣✉❧s❡ ✐s ✐♥tr♦❞✉❝❡❞ ❞✉r✐♥❣

③❡r♦ ❝r♦ss✐♥❣s ❛♥❞ ❡q✉❛❧s ③❡r♦ ✇❤❡♥ t❤❡ ♣❡rt✉r❜❛t✐♦♥ ✐s ❛♣♣❧✐❡❞ ❛t t❤❡ ♣❡❛❦ ♦❢ ♦s❝✐❧❧❛✲

t✐♦♥s✳ ❖♥❝❡ t❤❡ ISF ✐s ❞❡r✐✈❡❞✱ ✐t ✐s ❡①♣❛♥❞❡❞ ✐♥ t❡r♠s ♦❢ ❛ ❋♦✉r✐❡r s❡r✐❡s ✇✐t❤ r❡❛❧

❝♦❡✣❝✐❡♥ts✳ ❚❤❡s❡ ❝♦❡✣❝✐❡♥ts ❛r❡ t❤❡♥ ✉s❡❞ t♦ ❡①♣r❡ss t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❡q✉❛t✐♦♥ ✐♥ ❛

❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡ ❛s ❬✶✶✻❪

Sφout
(ωm) = 10 log

(

c2
0 · i2n/∆ω

4q2
max

·
ω1/f

ω3
m

+
Γ2

RMS

2q2
max

· i
2
n/∆ω

ω2
m

)

✭✻✳✼✮

✇❤❡r❡ c0 ✐s t❤❡ ✜rst ❝♦❡✣❝✐❡♥t ♦❢ ❋♦✉r✐❡r ❡①♣❛♥s✐♦♥ ♦❢ ISF ✱ qmax ✐s ❛ ♠❛①✐♠✉♠ ❝❤❛r❣❡

st♦r❡❞ ✐♥ ❛ t❛♥❦ ❝❛♣❛❝✐t♦r✱ i2n/∆ω ✐s ❛ ♥♦✐s❡ P❙❉ ♦❢ ❛ s✐♥❣❧❡ s♦✉r❝❡✱ ωm ✐s ❛♥ ♦✛s❡t

❢r❡q✉❡♥❝② ❢r♦♠ t❤❡ ❝❛rr✐❡r✱ ω1/f r❡♣r❡s❡♥ts ❛ ✢✐❝❦❡r ❝♦r♥❡r ❢r❡q✉❡♥❝② ♦❢ ❛♥ ❛♠♣❧✐✜❡r

❛♥❞ ΓRMS ✐s ❛ ❘▼❙ ✈❛❧✉❡ ♦❢ ❛ ♣❡r✐♦❞✐❝ ❢✉♥❝t✐♦♥ Γ(x)✳

❚❤❡ ✉s❡ ♦❢ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❣❡ qmax ❛s ❛ q✉❛♥t✐t② ❝♦♥tr♦❧❧✐♥❣ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✐s ♥♦t

❝♦✐♥❝✐❞❡♥t❛❧✳ ❍❛❥✐♠✐r✐ ❛♥❞ ▲❡❡ ♦❜s❡r✈❡❞ t❤❛t ❛❧t❤♦✉❣❤ ♦s❝✐❧❧❛t♦rs ❛r❡ ♥♦♥✲❧✐♥❡❛r ✐♥ ❛

s❡♥s❡ ♦❢ ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✱ ♣❤❛s❡ ✢✉❝t✉❛t✐♦♥s ❛r❡ ♣r♦♣♦rt✐♦♥❛❧ t♦

t❤❡ ❛♠♦✉♥t ♦❢ ❝❤❛r❣❡ ✐♥❥❡❝t❡❞ ❜② t❤❡ ♥♦✐s❡ s♦✉r❝❡s t♦ t❤❡ r❡s♦♥❛t♦r✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣

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

❝✐r❝✉✐t ❛♥❛❧②s✐s ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡r✐✈❡ ✭✻✳✼✮✳

✻✳✷✳✶✳✹ ❙tr❡♥❣t❤s ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢ ❍❛❥✐♠✐r✐✲▲❡❡ ♠♦❞❡❧

❚❤❡ ♠❛✐♥ str❡♥❣t❤ ♦❢ t❤❡ ❞✐s❝✉ss❡❞ ❛♣♣r♦❛❝❤ ❧✐❡s ✐♥ ✐ts ❛❜✐❧✐t② t♦ ❝❛♣t✉r❡ ♥♦♥✲❧✐♥❡❛r

❡✛❡❝ts t❛❦✐♥❣ ♣❧❛❝❡ ✐♥ ♣r❛❝t✐❝❛❧ ♦s❝✐❧❧❛t♦rs✳ ❆ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ ❛ ❣❡♥❡r❛t❡❞ s✐❣♥❛❧
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✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

♣r♦❞✉❝❡s ❛❧s♦ ❝♦rr❡s♣♦♥❞✐♥❣ ❤❛r♠♦♥✐❝s ♦❢ t❤❡ ISF ❢✉♥❝t✐♦♥✳ ❆s ✭✻✳✼✮ ✐s ❞❡r✐✈❡❞ ✉s✐♥❣

❋♦✉r✐❡r ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥✱ t❤❡ r❡s✉❧t✐♥❣ ♣❤❛s❡ ♥♦✐s❡ ✐♥❝❧✉❞❡s

❡✛❡❝ts ♦❢ ♥♦♥✲❧✐♥❡❛r ❞✐st♦rt✐♦♥ ❝❛✉s❡❞ ✐♥ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❚❤✐s q✉❛❧✐t❛t✐✈❡ ❝♦♥❝❧✉s✐♦♥ ❝❛♥✬t

❜❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ s✐♠♣❧❡ ▲❡❡s♦♥ ♠♦❞❡❧✳

❚❤❡ ♠❛✐♥ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s ❛ t❡❞✐♦✉s ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ISF ✱ ✈❛❧✐❞ ♦♥❧② t♦

t❤❡ ♣❛rt✐❝✉❧❛r ❝✐r❝✉✐t ✉♥❞❡r t❡st ❬✷✽❪✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛s ✐♥❞✐❝❛t❡❞ ❬✶✶✻❪✱ ❛♥ ❡①❛❝t ❛♥❛❧②t✐❝❛❧

❞❡r✐✈❛t✐♦♥ ♦❢ Γ(x) ❝❛♥✬t ❜❡ ❢♦✉♥❞ ❢♦r ❛♥② ❜✉t t❤❡ s✐♠♣❧❡st ♦s❝✐❧❧❛t♦rs ❛♥❞ ❤❡♥❝❡ ❤❛✈❡ t♦

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

❡①♣❧✐❝✐t❧② ❛♥❞ ❛❞❞✐t✐♦♥❛❧ t❡st✐♥❣ ✐s ♥❡❡❞❡❞ t♦ ❡♥s✉r❡ ❧✐♥❡❛r✐t② ❜❡t✇❡❡♥ ❝❤❛r❣❡ ❛♥❞ ♣❤❛s❡

✢✉❝t✉❛t✐♦♥s✳

❚❤❡ ❍❛❥✐♠✐r✐✲▲❡❡ ♠♦❞❡❧ ❞❡❧✐✈❡rs ❛ ❢♦❧❧♦✇✐♥❣ s❡t ♦❢ q✉❛❧✐t❛t✐✈❡ ♦s❝✐❧❧❛t♦r r✉❧❡s✿

❼ ❆❝t✐✈❡ ❝✐r❝✉✐t ♣r♦✈✐❞✐♥❣ ❡♥❡r❣② r❡st♦r❛t✐♦♥ t♦ t❤❡ r❡s♦♥❛t♦r s❤♦✉❧❞ ❜❡ ♦♥ ♦♥❧② ❞✉r✲

✐♥❣ ❛ ③❡r♦ ❝r♦ss✐♥❣s ♦❢ ISF ✳ ❚❤❡s❡ ♣✉❧s❡s s❤♦✉❧❞ ❜❡ r❡❧❛t✐✈❡❧② s❤♦rt ✐♥ ❝♦♠♣❛r✐s♦♥

t♦ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ♣❡r✐♦❞✳

❼ ■❢ ♣♦ss✐❜❧❡ t❤❡ ISF s❤♦✉❧❞ ❜❡ s②♠♠❡tr✐❝❛❧ t♦ r❡❞✉❝❡ ✐ts DC ❝♦♠♣♦♥❡♥t ❛♥❞

❤❡♥❝❡ ❛♥② ✢✐❝❦❡r ♥♦✐s❡ ✉♣✲❝♦♥✈❡rs✐♦♥ ❝❛✉s❡❞ ❜② ✐t✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t

❢♦r t❡❝❤♥♦❧♦❣✐❡s ✇✐t❤ ♣♦♦r 1/f ♣❡r❢♦r♠❛♥❝❡✳

❼ ❚❤❡ ♠❛✐♥ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤❡ t✐♠❡✲✐♥✈❛r✐❛♥t ♠♦❞❡❧ ❛r❡ st✐❧❧ ✈❛❧✐❞✳ Q0 ❛♥❞ s✐❣♥❛❧

❛♠♣❧✐t✉❞❡ s❤♦✉❧❞ ❜❡ ♠❛①✐♠✐s❡❞✱ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ▲❡❡s♦♥ ♠♦❞❡❧✳

❆❧t❤♦✉❣❤ ❡①t❡♥s✐✈❡❧② ❝✐t❡❞✱ t❤❡ ❧✐♥❡❛r t✐♠❡✲✈❛r✐❛♥t ♠❡t❤♦❞ ❜r✐❡✢② ♣r❡s❡♥t❡❞ ❤❡r❡ ✐s

♥♦t ✇✐❞❡❧② ✉s❡❞ ✐♥ ♣r❛❝t✐❝❛❧ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✳ ❋✐rst❧②✱ ♠♦st ♦❢ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♣✉❜❧✐s❤❡❞

❜② ❍❛❥✐♠✐r✐ ❛♥❞ ▲❡❡ ❛r❡ s✉✣❝✐❡♥t t♦ ❡st❛❜❧✐s❤ ❛ s❡t ♦❢ q✉❛❧✐t❛t✐✈❡ ❞❡s✐❣♥ r✉❧❡s ❢♦r ❜♦t❤

▲❈ ❛♥❞ r✐♥❣ ♦s❝✐❧❧❛t♦rs✳ ❆s ISF ✐s ♥♦t ✉s✉❛❧❧② ❣✐✈❡♥ ✐♥ ❛ ❢♦r♠ ♦❢ ❛♥❛❧②t✐❝❛❧ ❢♦r♠✉❧❛

❝♦♥s✐st✐♥❣ ♦❢ ✈❛r✐♦✉s ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✱ ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ♣r❡❞✐❝t ❤♦✇ Γ(x) ❝❤❛♥❣❡s ✇✐t❤

t❤❡s❡ ♣❛r❛♠❡t❡rs✳ ❚❤✉s✱ ✐❢ ♦♥❡ ♦❢ t❤❡s❡ ♣❛r❛♠❡t❡rs ✐s ♠♦❞✐✜❡❞ ✉s✉❛❧❧② ISF ❤❛✈❡ t♦ ❜❡

❞❡r✐✈❡❞ ❛❣❛✐♥ t♦❣❡t❤❡r ✇✐t❤ ✐ts ❋♦✉r✐❡r s❡r✐❡s ❝♦❡✣❝✐❡♥ts✳ ❋♦r t❤✐s r❡❛s♦♥s✱ ❝♦♠♠❡r❝✐❛❧❧②

✶✺✽



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

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

❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥✳

✻✳✷✳✷ ◆♦♥❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ✕ ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ ♠❡t❤♦❞

❚❤❡ ♥♦♥✲❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ r❡q✉✐r❡s s✉❜st❛♥t✐❛❧ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦✇❡r ❛♥❞ ❞♦❡s

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

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

✐♥ t❤❡ t✐♠❡ ♦r ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ❚❤❡ ❧❛tt❡r ❛♣♣r♦❛❝❤ ✐s ♠♦r❡ ❝♦♠♠♦♥✱ s✐♥❝❡ t②♣✐❝❛❧

❧❛r❣❡ s✐❣♥❛❧ ❝✐r❝✉✐ts ❝❛♥ ❜❡ s✉❝❝❡ss❢✉❧❧② s♦❧✈❡❞ ✉s✐♥❣ ❋♦✉r✐❡r s❡r✐❡s✳

❚❤❡ ♣❤❛s❡ ♥♦✐s❡ ❝❛❧❝✉❧❛t✐♦♥ ♠❡t❤♦❞ ✉s✐♥❣ t❤❡ ♥♦♥✲❧✐♥❡❛r ❝✐r❝✉✐t ♠♦❞❡❧ ✐s ❜❛s❡❞ ♦♥

❛ s♦❧✉t✐♦♥ ♦❢ ❑✐r❝❤❤♦✛✬s ❡q✉❛t✐♦♥s ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ♣❡rt✉r❜✐♥❣ s✐❣♥❛❧✳ ■♥✱ ❢❛❝t t❤✐s

✐s ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ st❛♥❞❛r❞ ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ t❡❝❤♥✐q✉❡✱ ♦r HB✱ ✉s❡❞ t♦ s♦❧✈❡

❧❛r❣❡ s✐❣♥❛❧ ♣r♦❜❧❡♠s ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛♥❛❧②s✐s

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

t❤❡r❡❢♦r❡ t❤❡r❡ ❛r❡ ♥♦ ❡①❝✐t❛t✐♦♥ s✐❣♥❛❧s✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s t❤❡r❡❢♦r❡ ♥♦t

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

♦r ❜② ♠♦r❡ ❡❧❛❜♦r❛t❡ ✐t❡r❛t✐✈❡ ❝♦♥t✐♥✉❛t✐♦♥ ♠❡t❤♦❞s ❬✶✶✵❪✳

❚❤❡ ❍❇ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❜r✐❡✢② ❡①♣❧❛✐♥❡❞ ❛s ❢♦❧❧♦✇s✳ ❋✐rst✱ ❧✐♥❡❛r ❛♥❞ ♥♦♥✲❧✐♥❡❛r

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

♥♦♥✲❧✐♥❡❛r s✉❜✲♥❡t✇♦r❦s✳ ❚❤❡s❡ s✉❜✲♥❡t✇♦r❦s ❛r❡ t❤❡♥ ❝♦♥♥❡❝t❡❞ t♦❣❡t❤❡r t❤r♦✉❣❤ ❛

✜♥✐t❡ ♥✉♠❜❡r ♦❢ ♣♦rts ❬✶✶✵❪✳ ❆t t❤✐s st❛❣❡✱ t❤❡ ❝✐r❝✉✐t ✐s ❝♦♥s✐❞❡r❡❞ ♥♦✐s❡❧❡ss✳ ❆ ❧✐♥❡❛r

s✉❜❝✐r❝✉✐t ✐s r❡♣r❡s❡♥t❡❞ ❜② ❛ ◆♦rt♦♥ ❡q✉✐✈❛❧❡♥t ♥❡t✇♦r❦✱ ❞❡s❝r✐❜❡❞ ❜② ❛♥ ❛❞♠✐tt❛♥❝❡

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

❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✇❤❡r❡ t❤❡ r❡s♣♦♥s❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❛❝❤ ♦❢ t❤❡

♣♦rts ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ t❤❡♥ tr❛♥s❢❡rr❡❞ ✐♥t♦ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳ ❚❤❡ t♦t❛❧ r❡s♣♦♥s❡

♦❢ t❤❡ ❝✐r❝✉✐t ✐s ❢♦✉♥❞ ✇❤❡♥ ❢♦r ❡❛❝❤ ✐♥t❡r❝♦♥♥❡❝t✐♥❣ ♣♦rt ❛♥❞ ❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝② t❤❡

❝✉rr❡♥t ♦❢ t❤❡ ❧✐♥❡❛r ♥❡t✇♦r❦ ❡q✉❛❧s t❤❡ ❝✉rr❡♥t ❢r♦♠ t❤❡ ♥♦♥✲❧✐♥❡❛r ❜❧♦❝❦✳

❖♥❝❡ ❢r❡q✉❡♥❝② ❛♥❞ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❛♥❞ ❤❛r♠♦♥✐❝ ❝♦♠♣♦♥❡♥ts ❛r❡

❢♦✉♥❞✱ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❝✐r❝✉✐t ✐♥ t❤❡ ❢♦r♠ ♦❢ ❝✉rr❡♥t ❛♥❞ ✈♦❧t❛❣❡

✶✺✾



✻✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s

❣❡♥❡r❛t♦rs ♣❧❛❝❡❞ ❜❡t✇❡❡♥ ❧✐♥❡❛r ❛♥❞ ♥♦♥✲❧✐♥❡❛r s✉❜✲♥❡t✇♦r❦s✳ ❚❤❡ ♣r❡s❡♥❝❡ ♦❢ ♥♦✐s❡

❞✐st✉r❜s ❛♥ ✐❞❡❛❧ s♦❧✉t✐♦♥✱ ❛♥❞ t❤❡r❡❢♦r❡ ✐t ❤❛s t♦ ❜❡ ♠♦❞✐✜❡❞ t♦ s❛t✐s❢② ❑✐r❝❤❤♦✛✬s ❧❛✇s✳

◆♦✐s❡ s♦✉r❝❡s ❝❧♦s❡ t♦ t❤❡ ❝❛rr✐❡r ♠♦❞✉❧❛t❡ t❤❡ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ♣r♦❞✉❝✐♥❣ s✐❞❡❜❛♥❞s

❛r♦✉♥❞ t❤❡ ❝❛rr✐❡r ❬✷✽❪✳ ❆t ❤✐❣❤❡r ♦✛s❡ts✱ t❤❡ ♦s❝✐❧❧❛t♦r ❛❝ts ❛s ❛ ♠✐①❡r ❝♦♥✈❡rt✐♥❣ ❧♦✇

❢r❡q✉❡♥❝② ♥♦✐s❡ s♦✉r❝❡s ❛r♦✉♥❞ t❤❡ ❤❛r♠♦♥✐❝s ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♥❣ s✐❣♥❛❧ ❬✶✶✵❪✳

❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ♣❤❛s❡ ♥♦✐s❡ ❝❛❧❝✉❧❛t✐♦♥ ♠❡t❤♦❞ ✐s ✐ts ❛❜✐❧✐t② t♦ ❝❛♣t✉r❡

♥♦✐s❡ ❡✛❡❝ts ✐♥ ♥♦♥✲❧✐♥❡❛r ❛✉t♦♥♦♠♦✉s ❝✐r❝✉✐t✱ ♣r♦✈✐❞✐♥❣ t❤❛t ♥♦✐s❡ ♠♦❞❡❧s ❛r❡ ✇❡❧❧ ❝❤❛r✲

❛❝t❡r✐s❡❞ ❛♥❞ ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ❝✐r❝✉✐t ❞❡s✐❣♥❡r✳ ❋♦r t❤✐s r❡❛s♦♥ t❤❡ t❡❝❤♥✐q✉❡ ✐s ✇✐❞❡❧②

✉s❡❞ ✐♥ ❝♦♠♠❡r❝✐❛❧ ❝✐r❝✉✐t s✐♠✉❧❛t♦rs✳ ❚❤❡ ❞✐s❛❞✈❛♥t❛❣❡ ✐s ❛ ❧❛❝❦ ♦❢ ❛♥② ❛♥❛❧②t✐❝❛❧ ✐♥✲

s✐❣❤t ✐♥t♦ ♣❤❛s❡ ♥♦✐s❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❤❛✈❡

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

✻✳✷✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ ♣r❡s❡♥t❡❞ ♠❡t❤♦❞s

❚❛❜❧❡ ✻✳✶ ♣r❡s❡♥ts ❛ s❤♦rt s✉♠♠❛r② ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧❧✐♥❣ ♠❡t❤♦❞s✳

❊❛❝❤ ❛♣♣r♦❛❝❤ ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ✐ts ❝♦♠♣❧❡①✐t②✱ ❛❝❝✉r❛❝② ❛♥❞ ❛❜✐❧✐t② t♦ ♣r♦✈✐❞❡ ❛

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

❧❡❛st ❛❝❝✉r❛t❡✱ ✐t ❛❧❧♦✇s ✉s t♦ ❡st❛❜❧✐s❤ ♣❡r❢♦r♠❛♥❝❡ ❧✐♠✐t❛t✐♦♥s t❤r♦✉❣❤ ♥♦✐s❡ ❛♥❛❧②s✐s

♦❢ ❛ ❧✐♥❡❛r ❝✐r❝✉✐t✳ ❚❤❡ ♠❛✐♥ ♣✉r♣♦s❡ ♦❢ t❤✐s ❝❤❛♣t❡r ✐s t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ ❛ ❝❧♦s❡❞

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

❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ ❡①✐st✐♥❣ ▲❚■ ❛♣♣r♦❛❝❤ ✐s s✉✣❝✐❡♥t✱ ❤♦✇❡✈❡r t❤❡

❛❝❝✉r❛❝② ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❝❛❧❝✉❧❛t✐♦♥ ✐s ❧♦✇ ❛♥❞ s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ❛s q✉❛❧✐t❛t✐✈❡✳

❚❛❜❧❡ ✻✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❡①✐st✐♥❣ ♦s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧s✳

◆❛♠❡ ❚②♣❡ ❈♦♠♣❧❡①✐t② ❈❧♦s❡❞ ❢♦r♠ s♦❧✉t✐♦♥ ❆❝❝✉r❛❝②

▲❡❡s♦♥ ❧✐♥❡❛r✴✐♥✈❛r✐❛♥t ❧♦✇ ②❡s ♣♦♦r

❍❛❥✐♠✐r✐✲▲❡❡ ❧✐♥❡❛r✴✈❛r✐❛♥t ♠❡❞✐✉♠ ✈❡r② ❧✐♠✐t❡❞ ❢❛✐r

❍❛r♠♦♥✐❝
♥♦♥✲❧✐♥❡❛r✴✈❛r✐❛♥t ❤✐❣❤ ♥♦ ✈❡r② ❣♦♦❞

❜❛❧❛♥❝❡

✶✻✵



✻✳✸ Pr♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r

✻✳✸ Pr♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞

❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧ ♦❢

t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r✳ ❋✐rst✱ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ ♠♦❞❡❧ ❞❡r✐✈❛t✐♦♥ ✐s

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

♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❛❧❧ ❝♦♥s✐❞❡r❡❞

♥♦✐s❡ s♦✉r❝❡s✳ ❋✐♥❛❧❧②✱ t❤❡ ♠♦❞❡❧ ✐s ❞✐s❝✉ss❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❛ ♥♦♥✲❧✐♥❡❛r ♥✉♠❡r✐❝

❛❧❣♦r✐t❤♠ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❊❧❞♦ ❘❋ ❬✶✷✵❪✳

✻✳✸✳✶ ▼❡t❤♦❞♦❧♦❣② ❞❡s❝r✐♣t✐♦♥

❚♦ ❝❧❛r✐❢② t❤❡ ✇❛② t❤❡ ♠♦❞❡❧ ✐s ♦❜t❛✐♥❡❞ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✐♥✈❡st✐❣❛t❡ ❡①✐st✐♥❣ ▲❚■

♠♦❞❡❧s ♣✉❜❧✐s❤❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❆s t❤❡ ▲❡❡s♦♥✬s ♠♦❞❡❧ ❞❡s❝r✐❜❡s ♦♥❧② ❛ ♣❤❛s❡ ♥♦✐s❡

♦❢ t❤❡ st❛♥❞❛r❞ ▲❈ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r✱ ❘❛③❛✈✐ ❬✶✷✶❪ ❞❡r✐✈❡❞ t❤❡ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t

♠♦❞❡❧s ♦❢ ✐♥❞✉❝t♦r❧❡ss ❛r❝❤✐t❡❝t✉r❡s ❛s r✐♥❣ ♦r r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦rs✳ ❚❤✐s ♠❡t❤♦❞♦❧♦❣②

✇❛s ✉s❡❞ ❜② ❈r❛♥✐♥❝❦① ❬✹✼❪ t♦ ❞❡s❝r✐❜❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✇✐t❤ ❛ st❛♥❞❛r❞

❛❝t✐✈❡ ✐♥❞✉❝t♦r✱ ❞❡t❛✐❧❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✹✳✸✳ ❚❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧ ✇✐❧❧ ❜❡

❞❡r✐✈❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ ❛♣♣r♦❛❝❤✳

❚❤❡ ♠❡t❤♦❞ ✉s❡s ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✱ ♣r❡✈✐♦✉s❧② ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡rs ✸ ❛♥❞ ✹

t♦ st✉❞② ♥♦✐s❡ ♣r♦♣❡rt✐❡s ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❛♥❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦rs✳ ❘❡❝❛❧❧✲

✐♥❣ ✭✸✳✸✵✮ ❢r♦♠ ❈❤❛♣t❡r ✸ t♦ ❝❛❧❝✉❧❛t❡ ♣❤❛s❡ ♥♦✐s❡ ❛t ❛ ❣✐✈❡♥ ❢r❡q✉❡♥❝② ♦✛s❡t ωm t❤❡

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

❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ω0✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♥♦✐s❡ ✐♥ r❡s♦♥❛t♦rs ❛t ωm ✉s✐♥❣ ❛ ♥♦✐s❡

tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ♥♦t tr✐✈✐❛❧✳ ■♥ ♦s❝✐❧❧❛t✐♥❣ ❝✐r❝✉✐ts✱ ✇❤❡r❡ ❛❧❧ ♦❢ t❤❡ ❧♦ss❡s ❛r❡ ❝♦♠✲

♣❡♥s❛t❡❞✱ t❤❡s❡ ❢✉♥❝t✐♦♥s ❜❡❝♦♠❡ ✐♥✜♥✐t❡✱ ❛s ✐♥❞✐❝❛t❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✸✳✷✳✷✳

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

✐♥❞❡✜♥✐t❡❧② ✐❢ ✐t ✇❛s ♥♦t ❧✐♠✐t❡❞ ❜② t❤❡ ❛♠♣❧✐✜❡r ♥♦♥✲❧✐♥❡❛r✐t②✳ ❚♦ ❝✐r❝✉♠✈❡♥t t❤✐s✱

❘❛③❛✈✐ ♣r♦♣♦s❡❞ ❧✐♥❡❛r✐s❛t✐♦♥ ♦❢ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❛r♦✉♥❞ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✉s✐♥❣

t❤❡ ✜rst t✇♦ t❡r♠s ♦❢ t❤❡ ❚❛②❧♦r s❡r✐❡s✳ ■❢ t❤❡ ♦✛s❡t ❢r❡q✉❡♥❝② ωm ✐s ♠✉❝❤ ❧❡ss t❤❛♥

✶✻✶
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♦s❝✐❧❧❛t♦r

♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ω0✱ t❤❡♥ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✐s ❡st✐♠❛t❡❞ ❜② ❛ t❛♥❣❡♥t ❧✐♥❡

❛♣♣r♦①✐♠❛t✐♦♥ ❢r♦♠

Hn(ωm)

∣
∣
∣
∣
ωm≪ω0

≈ Hn(ω0) + ωm
∂Hn (ω)

∂ω

∣
∣
∣
∣
ω=ω0

✭✻✳✽✮

✇❤❡r❡ Hn(·) ✐s t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥✳ ❚❤✉s ❛❧t❤♦✉❣❤ Hn(ω0) ✐s st✐❧❧ ✐♥✜♥✐t❡ ❛t

r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ t❤❡ s❡❝♦♥❞ t❡r♠ ✐s ♥♦t✳ ◆♦t❡ t❤❛t ✇✐t❤♦✉t ❛❞❞✐t✐♦♥❛❧ ❛♥❛❧②s✐s ✭✻✳✽✮

❝❛♥✬t ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ ✜rst t❡r♠ ✐s ✐♥✜♥✐t❡✳ ❈r❛♥✐♥❝❦① ❬✹✼❪ s✉❣❣❡st❡❞ t❤❛t s✐♥❝❡

✐♥✜♥✐t❡ ✐♠♣❡❞❛♥❝❡ ❝♦rr❡s♣♦♥❞s t♦ ③❡r♦ ❛❞♠✐tt❛♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✉s❡ ❛❞♠✐tt❛♥❝❡ ♥♦✐s❡

tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ✐♥st❡❛❞✱ ❤♦✇❡✈❡r ✇✐t❤♦✉t ❣✐✈✐♥❣ ❛♥② ♣r♦♦❢ t❤❛t s✉❝❤ ❛♥ ❛ss✉♠♣t✐♦♥

✐s ✈❛❧✐❞✳ ❆♥ ♦r✐❣✐♥❛❧ ♣r♦♦❢ ✐s ❞❡r✐✈❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥ t♦ ✈❛❧✐❞❛t❡ t❤✐s st❛t❡♠❡♥t✳

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

❜②

Z (ωm) ≡ 1

Y (ωm)
✭✻✳✾✮

t❤❡♥✱ ❛❝❝♦r❞✐♥❣ t♦ ✭✻✳✽✮ ✐t ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s

Zn(ω0) + ωm
∂Zn (ω)

∂ω

∣
∣
∣
∣
ω=ω0

=
1

Yn(ω0) + ωm

∂Yn (ω)

∂ω

∣
∣
∣
∣
ω=ω0

✭✻✳✶✵✮

●r♦✉♣✐♥❣ t❤❡ ❢✉♥❝t✐♦♥s ♦♥ t❤❡ ❧❡❢t ❤❛♥❞ s✐❞❡ t❤✐s ②✐❡❧❞s t❤❡ ❢♦❧❧♦✇✐♥❣

Zn(ω0)Yn(ω0) + Yn(ω0)ωm
∂Zn (ω)

∂ω
+ Zn(ω0)ωm

∂Yn (ω)

∂ω
+ ω2

m

∂Zn (ω)

∂ω

∂Yn (ω)

∂ω
= 1

✭✻✳✶✶✮

❙✉❜st✐t✉t✐♥❣ ✐♠♣❡❞❛♥❝❡ ✇✐t❤ ❝♦♥❞✉❝t❛♥❝❡ ✭Z = 1/Y ✮✱ ✭✻✳✶✶✮ tr❛♥s❢♦r♠s t♦

1 + Yn(ω0)ωm

∂

( 1

Yn (ω)

)

∂ω
+

ωm

Yn (ω0)

∂Yn (ω)

∂ω
+ ω2

m

∂

( 1

Yn (ω)

)

∂ω

∂Yn (ω)

∂ω
= 1 ✭✻✳✶✷✮

❯s✐♥❣ ❛ r❡❝✐♣r♦❝❛❧ r✉❧❡

−Y 2
n (ω)

∂

( 1

Yn (ω)

)

∂ω
=

∂Yn (ω)

∂ω
✭✻✳✶✸✮
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♦s❝✐❧❧❛t♦r

❡①♣r❡ss✐♦♥ ✭✻✳✶✷✮ s✐♠♣❧✐✜❡s t♦

1− ω2
m

Y 2
n (ω0)

∂Yn (ω)

∂ω

∂Yn (ω)

∂ω
= 1 ✭✻✳✶✹✮

❊q✉❛t✐♦♥ ✭✻✳✶✹✮ ✐s tr✉❡ ♦♥❧② ✐❢ ωm → 0✳ ■♥ ♣r❛❝t✐❝❡✱ ❢♦r ♥♦♥✲③❡r♦ ♦✛s❡t ❢r❡q✉❡♥❝✐❡s ✐♥

t❤❡ r❛♥❣❡ ✉♣ t♦ ❛ ❢❡✇ ▼❍③ ❢r♦♠ ❘❋ ❝❛rr✐❡r✱ t❤❡ r❡♠✐♥❞❡r ♦♥ t❤❡ ❧❡❢t✲❤❛♥❞ s✐❞❡ ♦❢ ✭✻✳✶✹✮

✐s ♥❡❣❧✐❣✐❜❧❡ ❛♥❞ ❜♦t❤ s✐❞❡s ♦❢ ✭✻✳✶✹✮ ❛r❡ st✐❧❧ ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ♥♦✐s❡

tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❝❛♥ ♥♦✇ ❜❡ r❡♣r❡s❡♥t❡❞ ❜② ❛ ❧✐♥❡❛r✐s❡❞ ✈❡rs✐♦♥ ♦❢ ✐ts r❡❝✐♣r♦❝❛❧ ❢r♦♠

✭✻✳✾✮

Zn(ωm)

∣
∣
∣
∣
ωm≪ω0

≈ 1

Yn (ω0) + ωm

∂Yn (ω)

∂ω

≈ 1

ωm

∂Yn (ω)

∂ω

∣
∣
∣
∣
∣
Yn(ω0)=0

✭✻✳✶✺✮

❚❤❡ ♣r♦♣♦s❡❞ ♣r♦♦❢ ❝♦♠♣❧❡t❡s t❤❡ ❞✐s❝✉ss❡❞ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ ♣r❡✈✐♦✉s❧② ❜② ❘❛③❛✈✐ ❬✶✷✶❪

❛♥❞ ❈r❛♥✐♥❝❦① ❬✹✼❪✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ t❤❡ ♥♦✐s❡ tr❛♥s✲

❢❡r ❢✉♥❝t✐♦♥s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❛❝❤ ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ♦❢ t❤❡ ❣②r❛t♦r ❝✐r❝✉✐t ❤❛✈❡ t♦

❜❡ ❢♦✉♥❞ ✜rst✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡rs ✸ ❛♥❞ ✹✱ t❤❡s❡ ❢✉♥❝t✐♦♥s ❤❛✈❡ t②♣✐❝❛❧❧② ❛♥

✐♠♣❡❞❛♥❝❡ ❝❤❛r❛❝t❡r✳ ❆ss✉♠✐♥❣ ωm << ω0✱ ✭✻✳✶✺✮ ❝❛♥ ❜❡ ✉s❡❞ t♦ ✜♥❞ ♥♦✐s❡ tr❛♥s❢❡r

❢✉♥❝t✐♦♥s ❛t t❤❡ ♦✛s❡t ❢r❡q✉❡♥❝②✱ ❞❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ ❛ ❢✉❧❧② ❝♦♠✲

♣❡♥s❛t❡❞ r❡s♦♥❛t♦r ✐s ✐♥✜♥✐t❡✳ ❆❢t❡r t❤❡ ❢✉♥❝t✐♦♥s ❛r❡ ❝❤❛r❛❝t❡r✐s❡❞✱ t❤❡ ♥♦✐s❡ ♣♦✇❡r

❞✉❡ t♦ ♥♦✐s❡ s♦✉r❝❡s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r t❤❡ ❢r❡q✉❡♥❝② ♦❢ ωm✳ ❚❤✐s ♣♦✇❡r ❝♦♠♣❛r❡❞

t♦ t❤❡ ♣♦✇❡r ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ✭t❤❛t ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ♠♦❞❡❧

♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✺✮ r❡s✉❧ts ✐♥ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❛t ❣✐✈❡♥ ♦✛s❡t ❢r❡q✉❡♥❝②✳

✻✳✸✳✷ ◆♦✐s❡ ♠♦❞❡❧ ♦❢ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞ r❡s♦♥❛t♦r ❝✐r❝✉✐t

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

t❤❡ ❢♦❧❧♦✇✐♥❣ ▲❚■ ♠♦❞❡❧ ❢♦r ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❞❡r✐✈❡❞ ✉s✐♥❣ t❤✐s ❛♣♣r♦❛❝❤

✐s ♥♦✈❡❧✳ ❚♦ ✜♥❞ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ♦❢ ❛ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞ r❡s♦♥❛♥t t❛♥❦✱

❝♦♥s✐❞❡r t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛t♦r ♠♦❞❡❧ ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✻✳✺✳ ■♥ ❢❛❝t✱ t❤✐s

✐s t❤❡ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ ❛ ❣❡♥❡r✐❝ ♥♦✐s❡ ♠♦❞❡❧ ❢r♦♠ ❋✐❣✉r❡ ✹✳✶✺ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✱

❙❡❝t✐♦♥ ✹✳✻✳✶✳ ❉✉r✐♥❣ ♦s❝✐❧❧❛t✐♦♥s✱ ❛❧❧ ❝✐r❝✉✐t ❧♦ss❡s✱ ✐♥❝❧✉❞✐♥❣ ❧♦❛❞✱ ❛r❡ ❝♦♠♣❡♥s❛t❡❞ ❜②

✶✻✸
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♦s❝✐❧❧❛t♦r

CT i2ndg

v2

ndg

Lpdg

v2
out

❋✐❣✉r❡ ✻✳✺✿ ❋✉❧❧② ❝♦♠♣❡♥s❛t❡❞ ♥♦✐s② ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r r❡s♦♥❛♥t t❛♥❦✳

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

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

◆♦t❡ t❤❛t ❛❧❧ ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ st✐❧❧ ♣r❡s❡♥t ❛s t❤❡s❡ ❛r❡ ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝♦♠♣❡♥s❛t✐♦♥ ♠❡❝❤❛♥✐s♠✳

❆♣♣❧②✐♥❣ ❑❱▲ t♦ t❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✻✳✺✱ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ ♣r♦❞✉❝❡❞ ❜② ♥♦✐s❡

s♦✉r❝❡s ✐s ❢♦✉♥❞ ❛s

voutFC = indgZndgFC (jω) + vndgAndgFC (jω) ✭✻✳✶✻✮

✇❤❡r❡

ZndgFC (jω) =
jωLpdg

1− ω2LpdgCT
=

1

j

(

ωCT −
1

ωLpdg

)

✭✻✳✶✼✮

AndgFC (jω) =
1

1− ω2LpdgCT
=

ZndgFC (jω)

jωLpdg
✭✻✳✶✽✮

◆♦t❡ t❤❛t ✭✻✳✶✼✮ ❛♥❞ ✭✻✳✶✽✮ ❛r❡ ❡q✉❛❧ t♦ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ✭✹✳✹✺✮ ❛♥❞ ✭✹✳✹✻✮ ❢r♦♠

❈❤❛♣t❡r ✹ ✇❤❡♥ RT →∞ ✐✳❡✳ ✇❤❡♥ t❤❡ t❛♥❦ ✐s ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞✳ ❆s indg ❛♥❞ vndg ❛r❡

❝♦rr❡❧❛t❡❞ t❤r♦✉❣❤ t❤❡ r❡s✐st♦r Rout ❢r♦♠ t❤❡ ♣❤❛s❡ s❤✐❢t❡r✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❡①♣❛♥❞

t❤❡s❡ s♦✉r❝❡s t♦ ✐♥❞❡♣❡♥❞❡♥t ✉♥❝♦rr❡❧❛t❡❞ t❡r♠s✳

❘❡❝❛❧❧✐♥❣ ✭✹✳✹✸✮ ❢r♦♠ ❈❤❛♣t❡r ✹✱ s✉❜st✐t✉t✐♥❣ ✐t ✐♥t♦ ✭✻✳✶✻✮ ❛♥❞ ❣r♦✉♣✐♥❣ t❡r♠s✱ t❤❡

♦✉t♣✉t ✈♦❧t❛❣❡ voutFC ❝♦♥s✐sts ♦❢

voutFC =

(

id2 + vnR

gm2

jωCoutRout + 1

)

ZndgFC (jω)+

+
1

gm1

(

id1 + vnR

jωCout

jωCoutRout + 1

)

AndgFC (jω) ≈

✶✻✹
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♦s❝✐❧❧❛t♦r

≈ id2ZndgFC (jω) +
id1

gm1
AndgFC (jω) +

+ vnR

(
Cout + gm1gm2Lpgd

gm1CoutRout

)

AndgFC (jω)

∣
∣
∣
∣
ω≫1/CoutRout

✭✻✳✶✾✮

❛♥❞ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❡❛❝❤ ♦❢ t❤❡s❡ ♥♦✐s❡ s♦✉r❝❡s ❝❛♥ ♥♦✇ ❜❡ ❛♥❛❧②s❡❞ s❡♣❛r❛t❡❧②✿ id2✱

id1 ❛♥❞ vnR ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r r❡s✐st♦r✳ ◆♦t❡ t❤❛t t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❢r♦♠

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

❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡r ✹✱ ❙❡❝t✐♦♥ ✹✳✻✳

✻✳✸✳✸ ◆♦✐s❡ ❢r♦♠ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs

❍❡r❡ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✸✳✶ ✐s ❛♣♣❧✐❡❞ ✐♥ ♣r❛❝t✐❝❡✳ ❋✐rst✱ t❤❡ ♥♦✐s❡

tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ id2 s♦✉r❝❡ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❢❡❡❞❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❛♥❛❧②s❡❞✳

❚❤❡ r❡❝✐♣r♦❝❛❧ ♦❢ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✻✳✶✼✮ ✐s ❡q✉❛❧ t♦

YndgFC (jω) =
1

ZndgFC (jω)
=

1− ω2LpdgCT

jωLpdg
= j

(

ωCT −
1

ωLpdg

)

✭✻✳✷✵✮

❆s s❤♦✇♥ ❜② ✭✹✳✾✮ ✐♥ ❈❤❛♣t❡r ✹✱ Lpdg ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝②✳ ❚❤✐s ❞❡♣❡♥❞❡♥❝② ❜❡✲

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

✐s ♥♦♥✲③❡r♦✳ ❲❤❡♥ ♦♠✐tt❡❞✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ❝❛♥ ❜❡ ✉♥❞❡r❡st✐♠❛t❡❞ ❜② ❛ ❢❡✇ ❞❇✱

❞❡❝r❡❛s✐♥❣ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❛❧r❡❛❞② s✐♠♣❧✐✜❡❞ ▲❚■ ♠♦❞❡❧✳

❆❝❝♦r❞✐♥❣ t♦ ✭✻✳✶✺✮✱ t♦ ✜♥❞ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ❛t ωm✱ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡

❝♦♥❞✉❝t❛♥❝❡ ❤❛s t♦ ❜❡ ❢♦✉♥❞ ✜rst

∂YndgFC (ω)

∂ω
= j

(

CT +
1

ω2Lpdg
+

1

ωL2
pdg

∂Lpdg

∂ω

)

✭✻✳✷✶✮

❆s t❤❡ ✐♥❞✉❝t❛♥❝❡ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝②✱ ✐ts ❞❡r✐✈❛t✐✈❡ ✐s ❢♦✉♥❞ ✉s✐♥❣ t❤❡ ❛✉①✐❧✐❛r②

♣❛r❛♠❡t❡rs ♦❢ ❛ ♣❛r❛❧❧❡❧ ❞❡❣❡♥❡r❛t❡❞ r❡s♦♥❛t♦r ♠♦❞❡❧ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✺✳ ❯s✐♥❣ ✭✹✳✷✺✮✱

✭✹✳✷✻✮ ❛♥❞ ✭✹✳✷✼✮ t❤✐s ✐s ❝❛❧❝✉❧❛t❡❞ ❛s

∂Lpdg

∂ω
=

2CG

gm1gm2

(
ω

ω2
z2

− ω2
z1

ω3

)

≈ 2CG

gm1gm2

ω

ω2
z2

✭✻✳✷✷✮

✶✻✺



✻✳✸ Pr♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r

❚❤❡ ❝♦♥❞✉❝t❛♥❝❡ YndgFC ❛t ωm ❝❛♥ ❜❡ ❢♦✉♥❞ ❜② s✉❜st✐t✉t✐♥❣ ✭✻✳✷✶✮ ❛♥❞ ✭✻✳✷✷✮ t♦ ✭✻✳✽✮

YndgFC (ωm) ≈ YndgFC (ω0) + ωm
∂YndgFC (ω)

∂ω
= 2jω0CT

(

1 +
CT CG

gm1gm2
·

ω4
0

ω2
z2

)

· ωm

ω0

✭✻✳✷✸✮

❋✐♥❛❧❧②✱ ✉s✐♥❣ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♣r♦♦❢ ✭✻✳✶✺✮✱ t❤❡ ✐♠♣❡❞❛♥❝❡ ♥♦✐s❡ ❢✉♥❝t✐♦♥ ZndgFC (ωm)

♥❡❝❡ss❛r② t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ id2 ✐s ❞❡r✐✈❡❞ ❛s

ZndgFC (ωm) ≈ 1

2jω0CT
· 1

1 +
CT CG

gm1gm2
·

ω4
0

ω2
z2

· ω0

ωm
✭✻✳✷✹✮

❚❤❡ ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❞✐r❡❝t ♣❛t❤ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❞❡r✐✈❡❞ ✐♥ ❛ s✐♠✐✲

❧❛r ❢❛s❤✐♦♥✳ ❚❤❡ r❡❝✐♣r♦❝❛❧ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✻✳✶✽✮ ✐s ✜rst

❝❛❧❝✉❧❛t❡❞

KndgFC (jω) =
1

AndgFC (jω)
= 1− ω2LpdgCT ✭✻✳✷✺✮

❛♥❞ ❛♣♣r♦❛❝❤❡s ③❡r♦ ❛t r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ■♥ t❤❡ ♥❡①t st❡♣ ♦❢ t❤❡ ❛♥❛❧②s✐s ❞❡s❝r✐❜❡❞

✐♥ ❙❡❝t✐♦♥ ✻✳✸✳✶✱ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ KndgFC (jω) ✐s ❢♦✉♥❞

∂KndgFC (ω)

∂ω
= −2ωLpdgCT − ω2CT

∂Lpdg

∂ω
= −2

(

ωLpdgCT +
ω2CT CG

gm1gm2

ω

ω2
z2

)

✭✻✳✷✻✮

◆♦t❡ t❤❛t ❛❣❛✐♥ ✭✻✳✷✷✮ ✇❛s ✉s❡❞✳ ❆s ❛ r❡s✉❧t KndgFC ❛t ωm ✐s t❤❡r❡❢♦r❡ ❡q✉❛❧ t♦

KndgFC (ωm) ≈ −2

(

ω2
0LpdgCT +

ω2
0CT CG

gm1gm2

ω2
0

ω2
z2

)

· ωm

ω0
=

= −2

(

1 +
CT CG

gm1gm2
· ω4

0

ω2
z2

)

· ωm

ω0
✭✻✳✷✼✮

❋✐♥❛❧❧②✱ ❛t ♦✛s❡t ❢r❡q✉❡♥❝② ωm✱ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ t❤❡ id1 ❣❡♥❡r❛t♦r ✐s ❣✐✈❡♥

❜②

AndgFC (ωm) ≈ 1

KndgFC (ωm)
= −1

2
· 1

1 +
CT CG

gm1gm2
·

ω4
0

ω2
z2

· ω0

ωm
✭✻✳✷✽✮

◆♦t❡ t❤❛t ✐♥ ❜♦t❤ ✭✻✳✷✹✮ ❛♥❞ ✭✻✳✷✽✮ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❛r❡ ❞❡r✐✈❡❞ ✐♥ t❡r♠s ♦❢ ω0/ωm

❜② t❤❡ ✉s❡ ♦❢ ❢❛❝t♦r✐s❛t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts ❢♦❧❧♦✇ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ♣❤❛s❡

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

✶✻✻



✻✳✸ Pr♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r

❚❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✻✳✷✹✮✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♥♦✐s❡ s♦✉r❝❡ id2 ♦❢ t❤❡ ❢❡❡❞✲

❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r✱ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ✳ ❚❤✐s ✐s

❡①♣❡❝t❡❞ ❜❡❤❛✈✐♦r s✐♥❝❡✱ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ t❤❡ ♥♦✐s❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢

❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❤❛s kT/CT ❝❤❛r❛❝t❡r✐st✐❝s✳ ❇♦t❤ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ✭✻✳✷✹✮

❛♥❞ ✭✻✳✷✽✮ ❤❛✈❡ t❤❡ ❝♦♠♠♦♥ t❡r♠ t❤❛t s❡❡♠s t♦ ❜❡ str♦♥❣❧② ❛♥❞ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧

t♦ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ❛♥❞ ♣♦ss✐❜❧② ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞ ❢♦r ❧❛r❣❡ ω0✳ ■♥ ♣r❛❝t✐❝❡ ❤♦✇❡✈❡r✱

t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ❛♥❞ ✐t ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❛s ❢♦❧❧♦✇s✳ ❆s t❤❡ ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ♦❢ ❛

❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✐s

Lpdg ∝
CG

gm1gm2
✭✻✳✷✾✮

❛♥❞

ω2
0 ∝

1

LpdgCT
=

gm1gm2

CGCT
✭✻✳✸✵✮

t❤❡♥ t❤❡ ❞❡s❝r✐❜❡❞ t❡r♠ ❝❛♥ ❜❡ r♦✉❣❤❧② ❛♣♣r♦①✐♠❛t❡❞ ❜②

1

1 +
CT CG

gm1gm2
·

ω4
0

ω2
z2

≈ 1

1 +
ω2

0

ω2
z2

✭✻✳✸✶✮

❆t s✉❜✲●❍③ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ✐♥ t❤❡ r❛♥❣❡ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹ ❜②

❚❛❜❧❡s ✹✳✹ ❛♥❞ ✹✳✻✮ r❡s✉❧t ✐♥ t❤❡ r❛t✐♦ ♦❢ ω2
0/ω2

z2 ❜❡t✇❡❡♥ ✵✳✺ ❛♥❞ ✶✳✺✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡

❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦♥ ωz2 ❣✐✈❡♥ ❜② ✭✹✳✶✸✮✳ ❚❤✉s✱ t❤❡ ❞❡♣❡♥❞❡♥❝②

❜❡t✇❡❡♥ ✭✻✳✸✶✮ ❛♥❞ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s ♥♦t str♦♥❣✳

✻✳✸✳✹ ◆♦✐s❡ ❢r♦♠ ♣❤❛s❡ s❤✐❢t❡r

❚❤❡ ❧❛st ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ✉s❡❞ ❢♦r ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

❣❡♥❡r❛t✐♦♥✳ ❆ss✉♠✐♥❣ ❤✐❣❤❡r r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② t❤❛♥ ♦❢ ❛ ✸ ❞❇ ❝♦r♥❡r ♦❢ CoutRout✱

t❤❡ r❡❝✐♣r♦❝❛❧ ♦❢ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ s♦✉r❝❡ vnR ❢r♦♠ ✭✻✳✶✾✮ ✐s

NndgFC (jω) =
gm1CoutRout

(Cout + gm1gm2Lpgd)AndgFC (jω)
=

gm1CoutRout

(
1− ω2LpdgCT

)

Cout + gm1gm2Lpgd

✭✻✳✸✷✮

✶✻✼



✻✳✸ Pr♦♣♦s❡❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r

❯s✐♥❣ t❤❡ q✉♦t✐❡♥t r✉❧❡ ❛♥❞ r❡❞✉❝t✐♦♥ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ ✭✻✳✸✷✮ ✐s ❡q✉❛❧ t♦

∂NndgFC (ω)

∂ω
=

gm1CoutRout




−2ωLpdgCT − ω2CT

∂Lpdg

∂ω






Cout + gm1gm2Lpgd
+

+
gm1CoutRout

(
1− ω2LpdgCT

)
gm1gm2

∂Lpdg

∂ω
(Cout + gm1gm2Lpgd)

2 ✭✻✳✸✸✮

❆t r❡s♦♥❛♥t ❢r❡q✉❡♥❝② s❡❝♦♥❞ t❡r♠ ♦❢ ✭✻✳✸✸✮ ❡q✉❛❧s ③❡r♦✱ ❛♥❞ ❜② s✉❜st✐t✉t✐♥❣ ✭✻✳✷✷✮ ❛♥❞

❢❛❝t♦r✐s✐♥❣ ❢♦r ωm/ω0✱ NndgFC ✐s ❣✐✈❡♥ ❜②

NndgFC (ωm) ≈

−2gm1ω
2
0CT CoutRout




ω2

0LpdgCT +
ω2

0CT CG

gm1gm2
·

ω2
0

ω2
z2






ω2
0CT Cout + gm1gm2

· ωm

ω0
=

=

−2gm1ω
2
0CT CoutRout




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






ω2
0CT Cout + gm1gm2

· ωm

ω0
✭✻✳✸✹✮

❛♥❞ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ ✈♦❧t❛❣❡ s♦✉r❝❡ vnR ❢r♦♠ ♣❤❛s❡ s❤✐❢t❡r ❛t ♦✛s❡t ❢r❡✲

q✉❡♥❝② ✐s ♦❜t❛✐♥❡❞

AnRFC (ωm) ≈ 1

NndgFC (ωm)
= − ω2

0CT Cout + gm1gm2

2gm1ω2
0CT CoutRout




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






· ω0

ωm
=

= −
1 +

gm1gm2

ω2
0CT Cout

2gm1Rout
· 1

1 +
CT CG

gm1gm2
·

ω4
0

ω2
z2

· ω0

ωm
✭✻✳✸✺✮

❆s ✐♥ ✭✻✳✷✹✮ ❛♥❞ ✭✻✳✷✽✮✱ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✻✳✸✺✮ ❝♦♥t❛✐♥s t❤❡ t❡r♠ ❞❡s❝r✐❜❡❞

❜② ✭✻✳✸✶✮ t❤❛t ✐s ♥♦t str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❚❤❡ r❡♠❛✐♥✐♥❣

t❡r♠ ✐s ❝♦♥tr♦❧❧❡❞ ❞✐r❡❝t❧② ❜② t❤❡ ♣❤❛s❡ s❤✐❢t❡r ♣❛r❛♠❡t❡rs Rout ❛♥❞ Cout✳ ❚❤❡ ✜rst

❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t ♥♦✐s❡ ❧❡✈❡❧ ❛t ωm ❝❛♥ ❜❡ ❞❡❝r❡❛s❡❞ ❢♦r ❧❛r❣❡r ✈❛❧✉❡s ♦❢ Rout✳ ❚❤✐s

❜❡❤❛✈✐♦r ❢♦❧❧♦✇s t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ✸ ❞❇ ❝♦r♥❡r ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r

✶✻✽
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♦s❝✐❧❧❛t♦r

✐s ❧♦✇❡r t❤❛♥ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❆s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ ✐♥

t❤✐s ❝❛s❡ ❧❡ss ♥♦✐s❡ ✐s ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ r❡s♦♥❛t♦r ❞✉❡ t♦ t❤❡ ❧♦✇ ♣❛ss ❝❤❛r❛❝t❡r✐st✐❝s

♦❢ t❤❡ ❘❈ ❝✐r❝✉✐t✳ ❚❤✐s ❢❡❛t✉r❡ ❝❛♥✬t ❜❡ ❡①♣❧♦✐t❡❞ ❢♦r ❧❛r❣❡ ✈❛❧✉❡s ♦❢ Rout✳ ■❢ Rout ✐s

❡①❝❡ss✐✈❡✱ t❤❡ ❝✉t✲♦✛ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ✐s t♦♦ ❧♦✇ ❛♥❞ t❤❡r❡ ✐s ♥♦ s✐❣♥❛❧

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

r❡s♦♥❛♥t ❢r❡q✉❡♥❝✐❡s ♠❛② ♥♦t ❜❡ s✉✣❝✐❡♥t t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❝✐r❝✉✐t✳ ❚❤✐s ❜❡❤❛✈✐♦r

❤❛s ❜❡❡♥ ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ ❙❡❝t✐♦♥ ✹✳✺✱ ✇❤❡r❡ t❤❡ ❜❛♥❞✇✐❞t❤ ♦✈❡r ✇❤✐❝❤ t❤❡

♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ❛✈❛✐❧❛❜❧❡ ✇❛s ❛♥❛❧②s❡❞✳ ❆s ✭✻✳✸✺✮ s❤♦✇s✱ t❤❡ ♥♦✐s❡ ❧❡✈❡❧ ❛t ωm ✐s

✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ Cout ❛s ✇❡❧❧✳ ❚❤✐s ❞❡♣❡♥❞❡♥❝❡ ❤❛s t❤❡ s❛♠❡ ❝❤❛r❛❝t❡r ❛s ✐♥ t❤❡

❝❛s❡ ♦❢ Rout ✇✐t❤ ❛❧❧ t❤❡ ❝♦♥s❡q✉❡♥❝❡s ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧② ✐✳❡✳ ❡①❝❡ss✐✈❡ ❝❛♣❛❝✐t❛♥❝❡

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

❣❡♥❡r❛t❡❞ ❛t r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳

❚❤❡ ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ✐s ❛❧s♦ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ gm1 ❛♥❞

t❤❡ t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ✳ ❚❤✉s t♦ r❡❞✉❝❡ t❤❡ ♥♦✐s❡ ❜♦t❤ gm1 ❛♥❞ CT ❤❛✈❡ t♦ ❜❡

✐♥❝r❡❛s❡❞✳ ❆s ♣r❡s❡♥t❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡rs ✸ ❛♥❞ ✹ t❤✐s r❡q✉✐r❡♠❡♥t ❝❛✉s❡s ❧❛r❣❡

♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛t ❛ ❣✐✈❡♥ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❖♥❡ ♠❛② ❛❧s♦ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ♥♦✐s❡

❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❘❈ ❝✐r❝✉✐t ❝❛♥ ❛❧s♦ ❜❡ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ gm1gm2 ♣r♦❞✉❝t✱ ❛s s❤♦✇♥

❜② ✭✻✳✸✺✮✳ ❍♦✇❡✈❡r✱ ❛s ω2
0 ∝ gm1gm2✱ ❝❤❛♥❣❡ ✐♥ t❤❡ t✇♦ tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❝❛✉s❡s ❛

♣r♦♣♦rt✐♦♥❛❧ ❝❤❛♥❣❡ ♦❢ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ω0✱ t❤✉s ♥♦t ❛✛❡❝t✐♥❣ t❤❡ ♥♦✐s❡ tr❛♥s❢❡r

❢✉♥❝t✐♦♥✳

✻✳✸✳✺ ❚♦t❛❧ ♥♦✐s❡ ❛t ♦✛s❡t ❢r❡q✉❡♥❝② ωm

❆❢t❡r t❤❡ r❡s♣❡❝t✐✈❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s ❤❛✈❡ ❜❡❡♥ ❝❛❧❝✉❧❛t❡❞✱ t❤❡ t♦t❛❧ ♦✉t♣✉t

♥♦✐s❡ P❙❉ ❛t ♦✛s❡t ❢r❡q✉❡♥❝② ωm ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝❛♥ ❜❡ ❢♦✉♥❞✳ ❆s t❤❡ ♥♦✐s❡

s♦✉r❝❡s ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs ❛♥❞ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ❛r❡ ✉♥❝♦rr❡❧❛t❡❞ t❤❡ t♦t❛❧ ♥♦✐s❡ ✐s

❢♦✉♥❞ ❢r♦♠

v2
ndgFC (ωm)

∆f
=

i2d2

∆f

∣
∣ZndgFC (ωm)

∣
∣2 +

i2d1

∆f

1

gm2
1

∣
∣AndgFC (ωm)

∣
∣2+

+
v2
nR

∆f

∣
∣AnRFC (ωm)

∣
∣2 ✭✻✳✸✻✮

✶✻✾
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♦s❝✐❧❧❛t♦r

❛♥❞ s✉❜st✐t✉t✐♥❣ ✭✻✳✷✹✮✱ ✭✻✳✷✽✮ ❛♥❞ ✭✻✳✸✺✮✱ ❡q✉❛t✐♦♥ ✭✻✳✸✻✮ ✐s tr❛♥s❢♦r♠❡❞ ✐♥t♦

v2
ndgFC (ωm)

∆f
≈ i2d2

∆f

1

4ω2
0C

2
T




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






2 ·
ω2

0

ω2
m

+

+
i2d1

∆f

1

4gm2
1




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






2 ·
ω2

0

ω2
m

+

+
v2
nR

∆f




1 +

gm1gm2

ω2
0CT Cout






2

4gm2
1R

2
out




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






2 ·
ω2

0

ω2
m

✭✻✳✸✼✮

❆❧❧ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ❛r❡ ❝❤❛r❛❝t❡r✐s❡❞ ❜② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ t❤❡r♠❛❧ ♥♦✐s❡ P❙❉

i2d1

∆f
= 4kTγgm1

i2d2

∆f
= 4kTγgm2

v2
nR

∆f
= 4kTRout ✭✻✳✸✽✮

❲❤❡♥ ❝♦♠♠♦♥ t❡r♠s ❛r❡ ❢♦✉♥❞✱ ✭✻✳✸✼✮ ❜❡❝♦♠❡s

v2
ndgFC (ωm)

∆f
≈

kTγ

[
gm2

ω2
0C

2
T

+
1

gm1
+

1

gm2
1Routγ

(

1 +
gm1gm2

ω2
0CT Cout

)2
]




1 +

CT CG

gm1gm2
·

ω4
0

ω2
z2






2 · ω2
0

ω2
m

✭✻✳✸✾✮

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

P❙❉ ❣✐✈❡♥ ❜② ✭✸✳✸✵✮ ✐✳❡✳ L (ωm) = Sout(ωm)/V 2
out/2✳ ◆♦t❡ t❤❛t ✭✻✳✸✾✮ ❝♦♥t❛✐♥s ❜♦t❤

♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ♥♦✐s❡ ❝♦♥tr✐❜✉t♦rs✳ ❚♦ ❡st✐♠❛t❡ ♦♥❧② t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❝♦♥tr✐❜✉t✐♦♥✱

t❤❡ ❡q✉✐♣❛rt✐t✐♦♥ t❤❡♦r❡♠ ❝❛♥ ❜❡ ✉s❡❞ ✭❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❙❡❝t✐♦♥ ✻✳✷✳✶✳✶✮ ✇❤✐❝❤

r❡❞✉❝❡s t❤❡ ✈❛❧✉❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✻✳✸✾✮ ❜② t❤❡ ❢❛❝t♦r ♦❢ ✷✳

✶✼✵



✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♥♦✐s❡ ♠♦❞❡❧ ❣✐✈❡♥ ❜② ✭✻✳✸✾✮ t♦ t❤❡

s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ♦❢ t❤❡ ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✼✳ ❚❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs

♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✻✳✷❛ ❤❛✈❡ ❜❡❡♥ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ❝✐r❝✉✐t s❝❤❡♠❛t✐❝s ✉s✐♥❣ ❊❧❞♦ ❘❋

❉❈❖P ✭❉❈ ❖♣❡r❛t✐♥❣ P♦✐♥t✮ ❛♥❛❧②s✐s✳ ❆❧❧ t❤❡ ❞❡t❛✐❧s ♦♥ ❝✐r❝✉✐t ❞❡s✐❣♥ ❛♥❞ s✐♠✉❧❛t✐♦♥s

❛r❡ t❤♦r♦✉❣❤❧② ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✳

❚❤❡ ❝✐r❝✉✐t ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ✉s✐♥❣ ❯▼❈ ✶✽✵♥♠ ✶P✻▼ ♣r♦❝❡ss ❧✐❜r❛r✐❡s ✉♥❞❡r t❤❡

❧❛r❣❡ s✐❣♥❛❧ st❡❛❞② st❛t❡ ❝♦♥❞✐t✐♦♥s ✐♥❝❧✉❞✐♥❣ t❤❡ ♥♦✐s❡ ❣❡♥❡r❛t❡❞ ✐♥ ❛❧❧ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡

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

❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❆s t❤❡ ❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝❛♥ ❜❡ t✉♥❡❞ ✈✐❛ t❤❡ ❜✐❛s ❝✉rr❡♥t

♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs✱ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ s✐♠✉❧❛t✐♦♥ ❤❛s ❜❡❡♥ ❝♦♥❞✉❝t❡❞

❢♦r t❤r❡❡ ❞✐✛❡r❡♥t ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥ts✳

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✉s✐♥❣ ✭✻✳✸✾✮✱ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ❤❛s t♦ ❜❡ ❦♥♦✇♥✳

❆t t❤❡ ❞❡s✐❣♥ st❛❣❡✱ t❤❡ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r

❞❡r✐✈❡❞ ✐♥ ❈❤❛♣t❡r ✺ ❝❛♥ ❜❡ ✉s❡❞✳ ■♥ t❤✐s ❡①❛♠♣❧❡✱ ❤♦✇❡✈❡r t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡

♦❜t❛✐♥❡❞ ❢r♦♠ ❊❧❞♦ ❘❋ s✐♠✉❧❛t✐♦♥s ✐s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤✐s ❛♠♣❧✐t✉❞❡✳ ❚❤❡ ❣♦❛❧ ✐s t♦

❝♦♠♣❛r❡ t❤❡ ♣r♦♣♦s❡❞ ♥♦✐s❡ ♠♦❞❡❧ t♦ t❤❡ ❝♦♠♣❧❡① ♥♦♥✲❧✐♥❡❛r ♣❤❛s❡ ♥♦✐s❡ ❝❛❧❝✉❧❛t✐♦♥

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

t❤❡ s❛♠❡✳ ❖♥❝❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♣♦✇❡r ✐s ❢♦✉♥❞ ✉s✐♥❣ ✭✻✳✸✾✮ ✐t ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ sq✉❛r❡

♦❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ❛❝❝♦r❞✐♥❣ t♦ ✭✸✳✸✵✮ ❞✐s❝✉ss❡❞ ♣r❡✈✐♦✉s❧②✳ ❚❤❡ r❡s✉❧ts ❛r❡

♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✻✳✷❜ ✇❤❡r❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ❢♦r

❛ ✶ ▼❍③ ♦✛s❡t ❢r❡q✉❡♥❝② ❢r♦♠ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝❛rr✐❡r✳ ❋✐❣✉r❡ ✻✳✻ ❞❡♣✐❝ts t❤❡ ♣❤❛s❡

♥♦✐s❡ ♣❧♦ts ♦❜t❛✐♥❡❞ ✐♥ ❊❧❞♦ ❘❋ ❢♦r t❤❡ ❝✐r❝✉✐t ✐♥ ❈❤❛♣t❡r ✼✱ ❙❡❝t✐♦♥ ✼✳✼✳✹ ❛♥❞▼❛t❧❛❜

❢♦r t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ♠✉❝❤ ♠♦r❡

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

▲❚■ ❛❝❤✐❡✈❡s ❣♦♦❞ ❛❝❝✉r❛❝②✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❧♦✇❡st r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ ✸✵✵ ▼❍③

t❤❡ ❝❛❧❝✉❧❛t❡❞ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ✐s ✉♥❞❡r❡st✐♠❛t❡❞ ❜② ✼ ❞❇✳ ❚❤✐s ✐s ❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s❡❞

❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧ ❛t t❤✐s ❢r❡q✉❡♥❝② t❤❛t ✐♥ t✉r♥ ✐♥❝r❡❛s❡s ♣❤❛s❡ ♥♦✐s❡

✶✼✶



✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

❚❛❜❧❡ ✻✳✷✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s s✐♠✉❧❛t❡❞ ✐♥ ❊❧❞♦ ❘❋ ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r
❝✐r❝✉✐t ❢r♦♠ ❈❤❛♣t❡r ✼ ❛♥❞ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧✳

✭❛✮ ▼♦❞❡❧ ♣❛r❛♠❡t❡rs

P❛r❛♠❡t❡rs

Rout Cout Cg Co Ci Ct ADC

❦Ω ♣❋ ✕

✸✳✺✷ ✵✳✷∗ ✵✳✷ ✵✳✷✺ ✹ ✸✹

✯✕✜①❡❞ ✶✺✵ ❢❋ ❛♥❞ ✺✵ ❢❋ ♦❢ ◆▼❖❙ ♣❛r❛s✐t✐❝s

✭❜✮ ❘❡s✉❧ts s❤♦✇✐♥❣ ♣❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ♦✛s❡t ❢r♦♠ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②

IB gm1 gm2 f0 ❆♠♣❧✐t✉❞❡ ❙✐♠✉❧❛t❡❞ P◆ ❈❛❧❝✉❧❛t❡❞ P◆

➭❆ ♠❆✴❱ ▼❍③ ♠❱ ❞❇❝✴❍③

✸✵✵ ✺✳✺ ✷✷✻ ✽✵ ✲✾✷✳✺ ✲✾✾✳✸

✾✵✵ ✶✷ ✹✸✵ ✶✵✻ ✲✾✾✳✺ ✲✶✵✶

✶✹✵✵ ✶✺✳✺ ✺✽✵ ✼✻ ✲✾✽✳✹ ✲✾✾

10
6

−120

−115

−110

−105

−100

−95

−90

−85

−80

Offset frequency [Hz]

P
ha

se
 n

oi
se

 [d
B

c/
H

z]

 

 

Simulated I
B
=300uA

Simulated I
B
=900uA

Simulated I
B
=1400uA

Calculated I
B
=300uA

Calculated I
B
=900uA

Calculated I
B
=1400uA

❋✐❣✉r❡ ✻✳✻✿ ●r❛♣❤✐❝❛❧ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s s✐♠✉❧❛t❡❞ ✐♥ ❊❧❞♦ ❘❋ ❢♦r t❤❡
♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ❢r♦♠ ❈❤❛♣t❡r ✼ ❛♥❞ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧✳

✶✼✷



✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

❞✉❡ t♦ ♠✐①✐♥❣ ❡✛❡❝ts ✐♥ ♣r❛❝t✐❝❛❧ ♦s❝✐❧❧❛t♦rs ❬✶✷✶❪✳ ❆s t❤❡ ▲❚■ ♠♦❞❡❧ ❛ss✉♠❡s ❛ ❧✐♥❡❛r

♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r t❤❡s❡ ❡✛❡❝ts ❛r❡ ♥♦t ❝❛♣t✉r❡❞✱ r❡s✉❧t✐♥❣ ✐♥ t❤❡ ❧♦✇❡r ♣❤❛s❡

♥♦✐s❡ ❧❡✈❡❧✳

❚❤❡ ❛❝❝✉r❛❝② ✐♠♣r♦✈❡s ❢♦r t❤❡ ❜✐❛s ❝✉rr❡♥t IB ♦❢ ✾✵✵ ➭❆ ❜❡❝❛✉s❡✱ ❛s ♣r❡s❡♥t❡❞ ✐♥

❈❤❛♣t❡r ✼ ✐♥ ❚❛❜❧❡ ✼✳✺✱ t❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t ✐s r❡❞✉❝❡❞ ❛♣♣r♦①✐♠❛t❡❧②

❜② ❤❛❧❢ ❢♦r t❤✐s ❜✐❛s ❝♦♥❞✐t✐♦♥✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s✐♠✉❧❛t✐♦♥

r❡s✉❧ts ❛♥❞ ▲❚■ ♠♦❞❡❧ ❝❛❧❝✉❧❛t✐♦♥s ✐s ✶✳✺ ❞❇✳ ❚❤❡ s❛♠❡ ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ s❡❡♥ ❛t t❤❡

❤✐❣❤❡st ❝♦♥s✐❞❡r❡❞ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ♦❢ ✺✽✵ ▼❍③✱ ✇❤❡r❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡

♣r♦♣♦s❡❞ ♠♦❞❡❧ ❛♥❞ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s ♦♥❧② ✵✳✻ ❞❇✳ ❆❧t❤♦✉❣❤ t❤❡ ♣r♦♣♦s❡❞ ♠♦❞❡❧ t❡♥❞s

t♦ ✉♥❞❡r❡st✐♠❛t❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❜② ❛ ❢❡✇ ❞❇✱ ✐t ✐s ✉s❡❢✉❧ ❛s ✐t ❛❧❧♦✇s ✉s t♦ ♦❜s❡r✈❡ t❤❡

✐♥✢✉❡♥❝❡ ♦❢ ✈❛r✐♦✉s ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ♦♥ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ♦s❝✐❧❧❛t♦r

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

✻✳✹✳✶ ❉❡s✐❣♥ ✐♥s✐❣❤ts

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

❚❤❡ ❢♦❧❧♦✇✐♥❣ t❛❜❧❡s ♣r❡s❡♥t ♣❤❛s❡ ♥♦✐s❡ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r ✈❛r✐♦✉s ♣❛r❛♠❡t❡r ✈❛❧✉❡s ♦❢ ❛♥

❡①❛♠♣❧❡ ❱❈❖ ❢♦r t❤❡ s✉❜✲●❍③ ❢r❡q✉❡♥❝② ❜❛♥❞✳ ■♥ ❛❧❧ ❞✐s❝✉ss❡❞ ❝❛s❡s✱ ❇❛r❦❤❛✉s❡♥

❝r✐t❡r✐❛ ❛r❡ ♠❡t✱ ❜❛s❡❞ ♦♥ ✭✹✳✸✾✮ ❛♥❞ ✭✹✳✹✵✮ ❢r♦♠ ❈❤❛♣t❡r ✹✳ ❆♥ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡

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

❛♥❞ ❡❛❝❤ ❜✐❛s❡❞ ✇✐t❤ ❛❝t✐✈❡ ❧♦❛❞✳ P❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ r❡s♦♥❛♥t

❢r❡q✉❡♥❝② ♦❢ ❱❈❖✳

■♥ t❤❡ ✜rst ❝❛s❡✱ ❚❛❜❧❡ ✻✳✸❛✱ t❤❡ ❝❤♦s❡♥ ♣❛r❛♠❡t❡rs r❡♣r❡s❡♥t ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡

♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❝❤✐♣ ❛r❡❛✳ ❘❡s✉❧t✐♥❣ ♣❤❛s❡ ♥♦✐s❡ ❛✈❡r❛❣❡s ❛r♦✉♥❞ ✲✶✵✸ ❞❇❝✴❍③

✭❝❛❧❝✉❧❛t❡❞ ❛s ❞❇ ✈❛❧✉❡ ♦❢ ❛r✐t❤♠❡t✐❝ ❛✈❡r❛❣❡ ♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ✐♥ t❤❡ ❧✐♥❡❛r

s❝❛❧❡✮✳ ❆s s✉❣❣❡st❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❛♥❞ ❈❤❛♣t❡r ✹✱ t❤❡ t♦t❛❧ ♥♦✐s❡ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞

❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡s♦♥❛t♦r ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞ ✐❢ t❤❡ t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ✐s ✐♥❝r❡❛s❡❞✳

❚❤❡ s❛♠❡ ❛♣♣❧✐❡s t♦ ♥♦✐s❡ ❛t ♦✛s❡t ❢r❡q✉❡♥❝✐❡s✳ ❚❛❜❧❡ ✻✳✸❜ s❤♦✇s t❤❡ s✐t✉❛t✐♦♥ ✇❤❡r❡

CT ✇❛s ❞♦✉❜❧❡❞ ✭❢r♦♠ ✹✳✷ ♣❋ t♦ ✽✳✹ ♣❋✮ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♣r❡✈✐♦✉s ❝❛s❡✳ ❖♥

❛✈❡r❛❣❡✱ ✺ ❞❇ ♣❤❛s❡ ♥♦✐s❡ ✐♠♣r♦✈❡♠❡♥t ❢♦r ❡❛❝❤ ♦❢ ❝♦♥s✐❞❡r❡❞ r❡s♦♥❛♥t ❢r❡q✉❡♥❝✐❡s ✐s

✶✼✸



✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

♦❜s❡r✈❡❞✳ ❚❤❡ ❝♦st ❛r❡ ❜♦t❤ ✐♥❝r❡❛s❡❞ ❝✐r❝✉✐t s✐③❡ ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳ ❋✐♥❛❧❧②✱

❚❛❜❧❡ ✻✳✸❝ r❡♣r❡s❡♥ts ❛♥ ❛tt❡♠♣t t♦ ❞❡❝r❡❛s❡ ❛ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ✉s✐♥❣ ❧❛r❣❡r ♣❤❛s❡

s❤✐❢t❡r ❝❛♣❛❝✐t♦r ✭Cout ♦❢ ✺✵✵ ❢❋✮ ❛♥❞ ❢♦r ❝♦♥st❛♥t ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳ ■♥ t❤✐s ❝❛s❡

♣❤❛s❡ ♥♦✐s❡ ❞❡t❡r✐♦r❛t❡s ❜② ✶ ❞❇ ❢r♦♠ t❤❡ ♦♥❡ ♦❢ ❧❛r❣❡ CT ✳

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

q✉✐r❡♠❡♥ts ❢♦r ❛ ❤✐❣❤✲♣❡r❢♦r♠❛♥❝❡ ✇✐r❡❧❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥ s②st❡♠ ❧✐❦❡ ●❙▼ ✶✽✵✵ ❢♦r

❡①❛♠♣❧❡✳ ❚❤❡ r❡❛s♦♥ ❢♦r ✐t ✐s ♠♦st❧② ❛ ✈❡r② ❧✐♠✐t❡❞ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ❝❛✉s❡❞ ❜②

♥♦♥✲❧✐♥❡❛r ❡✛❡❝ts ♦❢ ❈▼❖❙ tr❛♥s✐st♦rs✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ✐♥t❡❣r❛t❡❞ ❞❡✲

❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖s ❞♦ ♥♦t ❡①❝❡❡❞ t❤❛t ♦❢ r✐♥❣ ♦s❝✐❧❧❛t♦rs✳ ❆s r✐♥❣ ❱❈❖s

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

♦❢ ❛ ❤✐❣❤ THD ✐♥ t❤❡ ♦✉t♣✉t s✐❣♥❛❧✳ ❚♦ ❛❝❤✐❡✈❡ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❝♦♠♣❛r❛❜❧❡ t♦ ❛

♣❛ss✐✈❡ ▲❈✲♦s❝✐❧❧❛t♦r✱ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❤❛s t♦ ✉s❡ r❡❧❛t✐✈❡❧② ✈❡r② ❧❛r❣❡ ❝❛♣❛❝✐t♦rs

♦r tr❛♥s❝♦♥❞✉❝t♦rs ✇✐t❤ ❤✐❣❤ ❧✐♥❡❛r✐t②✳ ❆ss✉♠✐♥❣ ❛ t❛r❣❡t ♦❢ ✲✶✷✵ ❞❇❝✴❍③ ❛t ✶ ▼❍③

❢r♦♠ ❝❛rr✐❡r ❢r❡q✉❡♥❝✐❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ Ct ❛♣♣r♦❛❝❤❡s

✼✵ ♣❋ ❛♥❞ ✐ts s✐❧✐❝♦♥ ❛r❡❛ ✇♦✉❧❞ ♠❛t❝❤ t❤❡ ♦♥❡ ♦❢ s♣✐r❛❧ ✐♥❞✉❝t♦r✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ❤❛✈❡ t♦ ❜❡ ✐♥❝r❡❛s❡❞ t♦ t❤❡ r❛♥❣❡ ♦❢ ✸✵✲✽✺ ♠❆✴❱✳ ■♥ t❤❡ ❛✈❛✐❧✲

❛❜❧❡ ✶✽✵ ♥♠ ♣r♦❝❡ss✱ t②♣✐❝❛❧❧② ◆▼❖❙ tr❛♥s✐st♦rs ✐♥ str♦♥❣ ✐♥✈❡rs✐♦♥ r❡q✉✐r❡ ♣♦✇❡r ♦❢

❛t ❧❡❛st ✵✳✸✸✲✵✳✺ ♠❲ ♣❡r ✶ ♠❆✴❱ ♦❢ tr❛♥s❝♦♥❞✉❝t❛♥❝❡✳ ❚♦ s❡t gm ❢♦r ❛ ❧♦✇ ♣❤❛s❡ ♥♦✐s❡

♦♣❡r❛t✐♦♥✱ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ✷✺✲✹✵ ♠❲ ♣❡r s✐♥❣❧❡ tr❛♥s✐st♦r ✐s ♥❡❝❡ss❛r②✱ ❛ ✈❛❧✉❡

❢❛r ❜❡②♦♥❞ ❛♥② ♣r❛❝t✐❝❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛t♦r✳ ❙✐♠✐❧❛r ❝♦♥❝❧✉s✐♦♥s

❤❛✈❡ ❜❡❡♥ ❞r❛✇♥ ❜② ❈r❛♥✐♥❝❦① ❬✹✼❪ ✇❤♦ ❛♥❛❧②s❡❞ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ r❡q✉✐r❡♠❡♥ts

❢♦r ❧♦✇ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r✳ ❆s t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t

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

t❤♦r♦✉❣❤ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❞❡r✐✈❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥✳

❚❤❡ s❡❝♦♥❞ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ ✐s ❛ ♠❛①✐♠✐s✐♥❣ ♦✉t♣✉t s✐❣♥❛❧ ❧❡✈❡❧✳ ❋♦r t❤❡ ♣❛r❛♠❡t❡rs

❝♦♥s✐❞❡r❡❞ ❤❡r❡✱ ❛♥ ❛♠♣❧✐t✉❞❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺✵✵ ♠❱ ❛❧❧♦✇s ✐♠♣r♦✈❡♠❡♥t ✐♥ ♣❤❛s❡ ♥♦✐s❡

t♦ t❤❡ r❡q✉✐r❡❞ ✈❛❧✉❡s ✇✐t❤♦✉t ❛♥ ❡①❝❡ss✐✈❡ ✐♥❝r❡❛s❡ ✐♥ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦r ❝✐r❝✉✐t s✐③❡✳

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

s✉❜✲♠✐❝r♦♥ ❛r❝❤✐t❡❝t✉r❡s✳ ❋♦r t❤❡s❡ r❡❛s♦♥s t❤❡ ♣r❡s❡♥t❡❞ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❞ ♣❤❛s❡ ♥♦✐s❡

✶✼✹



✻✳✹ ▼♦❞❡❧ ✈❡r✐✜❝❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ ✐♥s✐❣❤ts

❚❛❜❧❡ ✻✳✸✿ P❤❛s❡ ♥♦✐s❡ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ t❤❡ ♣r♦♣♦s❡❞ ▲❚■ ♠♦❞❡❧ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ ❝✐r❝✉✐t
♣❛r❛♠❡t❡r✳

✭❛✮ P❤❛s❡ ♥♦✐s❡ ❢♦r ♥♦♠✐♥❛❧ ♣❛r❛♠❡t❡r ✈❛❧✉❡s

gm1, gm2
❘❡s♦♥❛♥t ❙✐❣♥❛❧ P❤❛s❡ ♥♦✐s❡
❢r❡q✉❡♥❝② ❛♠♣❧✐t✉❞❡ ❛t ✶ ▼❍③ ♦✛s❡t

♠❆✴❱ ▼❍③ ♠❱ ❞❇❝✴❍③

✺ ✸✻✸ ✺✵ ✲✶✵✵

✶✵ ✺✽✵ ✶✹✵ ✲✶✵✽✳✹

✶✺ ✼✺✻ ✾✵ ✲✶✵✹

CT = 4.2 pF, Cout = 300 fF, Rout = 3 kΩ
Cg = 200 fF, Co = 100 fF, ADC ≈ 30, γ = 2.5

✭❜✮ P❤❛s❡ ♥♦✐s❡ ❢♦r ❞♦✉❜❧❡❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ Ct

gm1, gm2
❘❡s♦♥❛♥t ❙✐❣♥❛❧ P❤❛s❡ ♥♦✐s❡
❢r❡q✉❡♥❝② ❛♠♣❧✐t✉❞❡ ❛t ✶ ▼❍③ ♦✛s❡t

♠❆✴❱ ▼❍③ ♠❱ ❞❇❝✴❍③

✼✳✷ ✸✻✾ ✼✺ ✲✶✵✺✳✼

✶✹ ✺✽✷ ✶✾✵ ✲✶✶✸✳✷

✷✵✳✽ ✼✺✵ ✶✺✵ ✲✶✶✵✳✺

CT = 8.4 pF, Cout = 300 fF, Rout = 3 kΩ
Cg = 200 fF, Co = 100 fF, ADC ≈ 30, γ = 2.5

✭❝✮ P❤❛s❡ ♥♦✐s❡ ❢♦r ✐♥❝r❡❛s❡❞ ♣❤❛s❡ s❤✐❢t❡r ❝❛♣❛❝✐t❛♥❝❡ Cout

gm1, gm2
❘❡s♦♥❛♥t ❙✐❣♥❛❧ P❤❛s❡ ♥♦✐s❡
❢r❡q✉❡♥❝② ❛♠♣❧✐t✉❞❡ ❛t ✶ ▼❍③ ♦✛s❡t

♠❆✴❱ ▼❍③ ♠❱ ❞❇❝✴❍③

✼✳✷ ✸✻✹ ✼✵ ✲✶✵✺✳✻

✶✹ ✺✻✾ ✶✼✵ ✲✶✶✶✳✽

✷✵✳✽ ✼✸✵ ✶✷✵ ✲✶✵✼✳✼

CT = 5.2 pF, Cout = 500 fF, Rout = 3 kΩ
Cg = 200 fF, Co = 100 fF, ADC ≈ 30, γ = 2.5

✶✼✺
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❛♥❛❧②s❡s ♣r♦✈❡ t❤❛t ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝❛♥✬t ❡❛s✐❧② ♦❜t❛✐♥ ❧♦✇ ♣❤❛s❡ ♥♦✐s❡

♦♣❡r❛t✐♦♥✱ ❛t ❧❡❛st ✐♥ ❛♥ ❛✈❛✐❧❛❜❧❡ ♥❛♥♦♠❡t❡r ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳

✻✳✺ ❈❤❛♣t❡r s✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥t❡❞ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s❝✐❧❧❛t♦r✳ ❆s

t❤❡ ❝♦♥❝❡♣t ♦❢ ❛ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❤❛s ♥♦t ❜❡❡♥ r❡s❡❛r❝❤❡❞ ✐♥ t❤❡ ❡①✐st✐♥❣

❧✐t❡r❛t✉r❡✱ t❤❡r❡ ✐s ❛ ♥❡❡❞ t♦ ❛♥❛❧②s❡ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ✐♥ t❡r♠s ♦❢ ♣❤❛s❡ ♥♦✐s❡✳

❋✐rst✱ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❤❛s❡ ♥♦✐s❡ ❛♥❛❧②s✐s ♠❡t❤♦❞s ❤❛✈❡ ❜❡❡♥ ❞❡s❝r✐❜❡❞✱ ✇✐t❤

s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ t❤❡ ❛❝❝✉r❛❝②✱ ❝♦♠♣❧❡①✐t② ❛♥❞ ♣r❛❝t✐❝❛❧✐t②✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❛❧✲

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

t❤❡ ❛♥❛❧②t✐❝❛❧ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❆s t❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢ t❤✐s ❝❤❛♣t❡r ✇❛s

t♦ ❛♥❛❧②s❡ ❤♦✇ ❡❛❝❤ ♦❢ t❤❡ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ♣r♦✲

♣♦s❡❞ ♦s❝✐❧❧❛t♦r✱ t❤❡ ▲❚■ ❛♣♣r♦❛❝❤ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ ♦✈❡r t❤❡ ♠♦r❡ ❝♦♠♣❧❡① ❍❛❥✐♠✐r✐✲▲❡❡

♦r ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ ♠❡t❤♦❞s✱ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥s ✻✳✷✳✶✳✸ ❛♥❞ ✻✳✷✳✷✳

❚❤❡ ♥❡①t ♣❛rt ♦❢ t❤❡ ❝❤❛♣t❡r ❢♦❝✉s❡❞ ♦♥ t❤❡ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ t♦ ❞❡r✐✈❡ ❛ ▲❚■ ♠♦❞❡❧✳

❇❛s❡❞ ♦♥ ♣r❡✈✐♦✉s ✇♦r❦ ♦❢ ❘❛③❛✈✐ ❬✶✷✶❪ ❛♥❞ ❈r❛♥✐♥❝❦① ❬✹✼❪✱ t❤❡ ❞❡s❝r✐❜❡❞ ♠❡t❤♦❞♦❧♦❣②

❤❛s ❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ ❛ ❝❧❡❛r✱ st❡♣ ❜② st❡♣ ♠❛♥♥❡r ✇✐t❤ r✐❣♦r♦✉s ♣r♦♦❢s✳ ■t ✇❛s s❤♦✇♥

t❤❛t t❤❡ ♥♦✐s❡ ❛♥❛❧②s✐s ♦❢ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞ r❡s♦♥❛t♦rs r❡q✉✐r❡s ❛ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤

t❤❛♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♥♦✐s❡ ✐♥ ❛ ❧♦ss② ❝✐r❝✉✐t ❢r♦♠ ❈❤❛♣t❡rs ✸ ❛♥❞ ✹✳ ❋♦r t❤❡ ✜rst

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

♥♦✐s❡ ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ✉s✐♥❣ ❛❞♠✐tt❛♥❝❡ ❛♥❞ ✐♠♣❡❞❛♥❝❡ ♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s

✐♥t❡r❝❤❛♥❣❡❛❜❧②✱ ❛s ❧♦♥❣ ❛s t❤❡ ♦✛s❡t ❢r❡q✉❡♥❝② ωm ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t❤❡ ❝❛rr✐❡r

❢r❡q✉❡♥❝② ω0✳

❇❛s❡❞ ♦♥ t❤❡ ❞❡s❝r✐❜❡❞ ♠❡t❤♦❞♦❧♦❣②✱ ❛ ♥❡✇ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r✲

❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r ❤❛s ❜❡❡♥ ❞❡r✐✈❡❞✳ ❋✐rst✱ ❛❧❧ ♦❢ t❤❡ ♠❛✐♥ ♥♦✐s❡ s♦✉r❝❡s ♦❢

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

♥♦✐s❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥s✳ ❇❛s❡❞ ♦♥ t❤✐s✱ t❤❡ t♦t❛❧ ♥♦✐s❡ ❛t ❛ ❢r❡q✉❡♥❝② ♦✛s❡t ❢r♦♠ t❤❡

❝❛rr✐❡r ❤❛s ❜❡❡♥ ❞❡r✐✈❡❞ ✐♥ ❛ ❝❧♦s❡❞ ❢♦r♠ ❣✐✈❡♥ ❜② ✭✻✳✸✾✮✳

✶✼✻
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❋✐♥❛❧❧②✱ t❤❡ ♣r♦♣♦s❡❞ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞✱ ✉s✐♥❣ t❤❡ s✐♠✉❧❛t✐♦♥

r❡s✉❧ts ♦❢ ❛ ♣r❛❝t✐❝❛❧ ❝✐r❝✉✐t ❞❡s✐❣♥ ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ ❙❡❝t✐♦♥ ✼✳✼✳✹✳ ■t ✇❛s s❤♦✇♥

t❤❛t ❛❝❝✉r❛❝② ♦❢ t❤❡ ❞❡r✐✈❡❞ ▲❚■ ♠♦❞❡❧✱ ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❡①♣❡❝t❡❞ s✐♥❝❡ ❧✐♥❡❛r ♠♦❞❡❧s ❢❛✐❧ t♦ ❝❛♣t✉r❡ ♥♦♥✲

❧✐♥❡❛r ❡✛❡❝ts ✐♥ ♦s❝✐❧❧❛t♦rs✳ ❚❤❡ ❜❡♥❡✜t ❤♦✇❡✈❡r ✐s ❛ ❝❧♦s❡❞ ❢♦r♠ ♣❤❛s❡ ♥♦✐s❡ ❡q✉❛t✐♦♥✱

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

✈❛r✐♦✉s ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✳

❚❤❡ ♣r♦♣♦s❡❞ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❤❛s ❛❧s♦ ❜❡❡♥ ✉s❡❞ t♦ ❢♦r♠✉❧❛t❡ s♦♠❡ ❞❡s✐❣♥ r❡❝✲

♦♠♠❡♥❞❛t✐♦♥s ❢♦r ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦rs✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❢♦r ❛ ❧♦✇

♣❤❛s❡ ♥♦✐s❡ ♦♣❡r❛t✐♦♥✱ t❤❡ ❝✐r❝✉✐t r❡❛❧✐s❡❞ ✐♥ ❈▼❖❙ r❡q✉✐r❡s ❡①❝❡ss✐✈❡ ♣♦✇❡r ❝♦♥s✉♠♣✲

t✐♦♥ ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛♥ ♦s❝✐❧❧❛t♦r ♠❡❡t✐♥❣ ❛ str✐♥❣❡♥t

r❡q✉✐r❡♠❡♥ts ♦❢ ♠♦❞❡r♥ ❞✐❣✐t❛❧ ❝♦♠♠✉♥✐❝❛t✐♦♥s s②st❡♠s✱ s✉❝❤ ❛s ●❙▼ ✶✽✵✵ ❢♦r ❡①❛♠✲

♣❧❡✳ ❚❤✐s ✐s ❤♦✇❡✈❡r ❞✉❡ t♦ t❤❡ ♥❛t✉r❡ ♦❢ ❣②r❛t♦r ❝✐r❝✉✐ts ✐♥ ❣❡♥❡r❛❧ s✐♥❝❡ t❤❡ ♣r♦♣♦s❡❞

❝✐r❝✉✐t ❢♦❧❧♦✇s t❤❡ s❛♠❡ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡ ♣♦✇❡r ❛♥❞ ♣❤❛s❡ ♥♦✐s❡ ❛s st❛♥❞❛r❞ ❛❝t✐✈❡

✐♥❞✉❝t♦r ❝✐r❝✉✐ts✳

❚❤✐s ❝❤❛♣t❡r ❝♦♥❝❧✉❞❡s ❛ t❤❡♦r❡t✐❝❛❧ ❞✐s❝✉ss✐♦♥s ♣r❡s❡♥t❡❞ ❛❧s♦ ✐♥ ❈❤❛♣t❡rs ✹ ❛♥❞

✺✳ ❚❤❡ ♥❡①t ❝❤❛♣t❡r ♦❢ t❤✐s ❞✐ss❡rt❛t✐♦♥ ❧❡❛❞s t♦ t❤❡ ♣r❛❝t✐❝❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r

❢♦❧❧♦✇✐♥❣ t❤❡ s✐♠✐❧❛r ♠❡t❤♦❞♦❧♦❣②✿ ✜rst t❤❡ ❝✐r❝✉✐t ✐s ❞❡s✐❣♥❡❞ ✉s✐♥❣ t❤❡ s♠❛❧❧ s✐❣♥❛❧

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

✶✼✼



❈❤❛♣t❡r ✼

❉❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r ❞❡s✐❣♥

✼✳✶ ■♥tr♦❞✉❝t✐♦♥

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥ts ❛ ❝♦♠♣❧❡t❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡ ❢♦r ❡①♣❡r✐♠❡♥t❛❧ ❈▼❖❙ ❝✐r❝✉✐ts

❜❛s❡❞ ♦♥ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝♦♥❝❡♣t✳ ❚❤❡ ✜rst ❝✐r❝✉✐t✱ ❛ ✹✸✹ ▼❍③

✇✐❞❡❜❛♥❞ ♦s❝✐❧❧❛t♦r ✐s ❞❡s✐❣♥❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ ✐♥ ▼❡♥t♦r ●r❛♣❤✐❝s ■❈ ❙t✉❞✐♦ s♦❢t✇❛r❡

s✉✐t❡ ✉s✐♥❣ ❯▼❈ ✶P✻▼ ✶✽✵ ♥♠ ♣r♦❝❡ss ❧✐❜r❛r✐❡s✳ ❚❤❡ s❡❝♦♥❞ ❝✐r❝✉✐t✱ ❛ ✹✸✹ ▼❍③ ❖❖❑

tr❛♥s♠✐tt❡r✱ ✐s ❞❡s✐❣♥❡❞ ✉s✐♥❣ ❯▼❈ ✶P✾▼ ✾✵ ♥♠ ❘❋ ♣r♦❝❡ss t❤❛t ❜❡❝❛♠❡ r❡❝❡♥t❧②

❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ✹✸✹ ▼❍③ ❜❛♥❞✇✐❞t❤ ✐s ♥♦t ❝♦✐♥❝✐❞❡♥t❛❧✳ ❚❤✐s ✉♥❧✐❝❡♥s❡❞ ❜❛♥❞

✐s ✐♥t❡♥❞❡❞ ❢♦r t❤❡ ✉s❡ ♦❢ ❛ ❧♦✇ ♣♦✇❡r ■❙▼ ✭✐♥❞✉str✐❛❧✱ s❝✐❡♥t✐✜❝ ❛♥❞ ♠❡❞✐❝❛❧✮ s②st❡♠s

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

s♣❡❝tr✉♠✳ ❆s ✐♥❞✐❝❛t❡❞ ✐♥ ❈❤❛♣t❡r ✷✱ t❤❡ ✉s❡ ♦❢ t❤❡ ♠♦❞❡r♥ ❈▼❖❙ ♥❛♥♦s❝❛❧❡ ♣r♦❝❡ss❡s

t♦ r❡❛❧✐s❡ ✐♥t❡❣r❛t❡❞ ❱❈❖ ♦♣❡r❛t✐♥❣ ❛t s✉❜✲●❍③ ❢r❡q✉❡♥❝✐❡s ❝❛♥ ❜❡ ❝❤❛❧❧❡♥❣✐♥❣ ❞✉❡ t♦

t❤❡ ❢♦❧❧♦✇✐♥❣✿

❼ ❈❛♣❛❝✐t♦rs ❛♥❞ ✐♥❞✉❝t♦rs ❛r❡ ♦♣t✐♠✐s❡❞ ❢♦r ♠✉❝❤ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❛t t❤❡ ❝♦st

♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ r❡❞✉❝t✐♦♥ ❛t ❢r❡q✉❡♥❝✐❡s ❧❡ss t❤❛♥ ✶ ●❍③✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥

t❤❡ ❞❡s❝r✐❜❡❞ ✶✽✵ ♥♠ ♣r♦❝❡ss✱ ✐♥❞✉❝t♦rs r❡❛❝❤ t❤❡✐r ♠❛①✐♠✉♠ ◗ ♦❢ ✶✶ ❛t ✺ ●❍③✱

✶✼✽



✼✳✶ ■♥tr♦❞✉❝t✐♦♥

✇❤❡r❡❛s ❛t ✺✵✵ ▼❍③ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ❞r♦♣s ❜② ✽✵✪✳ ❚❤✐s ✐♥ t✉r♥ tr❛♥s❧❛t❡s t♦

♠♦r❡ st❛t✐❝ ♣♦✇❡r ♥❡❝❡ss❛r② t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ r❡s♦♥❛♥t t❛♥❦✳

❼ ❆s t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s s♠❛❧❧✱ t❤❡ r❡q✉✐r❡❞ ✈❛❧✉❡s ♦❢ ▲❈ ❝♦♠♣♦♥❡♥ts ❛r❡

r❡❧❛t✐✈❡❧② ❤✐❣❤✳ ❚❤❡ ❧❛r❣❡st ✐♥❞✉❝t♦r ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ♣r❡s❡♥t❡❞ ✶✽✵ ♥♠ ♣r♦❝❡ss ❤❛s

t❤❡ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✶✹ ♥❍ ❛♥❞ ♦❝❝✉♣✐❡s t❤❡ ❛r❡❛ ♦❢ ✷✺✵ ➭♠ ❜② ✷✺✵ ➭♠✳ ❚♦ ❞❡s✐❣♥

t❤❡ ♦s❝✐❧❧❛t♦r ♦♣❡r❛t✐♥❣ ✉♥❞❡r ✺✵✵ ▼❍③✱ t❤❡ r❡q✉✐r❡❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡ ✐s

❧❛r❣❡r t❤❛♥ ✼ ♣❋✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣❤②s✐❝❛❧ s✐③❡ ♦❢ ✽✺ ➭♠ ❜② ✽✺ ➭♠✳ ❆s

❛ r❡s✉❧t✱ t❤❡ ✐♥t❡❣r❛t❡❞ ▲❈ t❛♥❦ r❡q✉✐r❡s ♥❡❛r❧② ✼✵✵✵✵ ➭♠2 ♦❢ t❤❡ s✐❧✐❝♦♥ ❛r❡❛✳

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

t❤❡ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❣②r❛t♦r ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s✳

❚❤❡ ❝❤❛♣t❡r ❞❡s❝r✐❜❡s ✐♥ ❞❡t❛✐❧ ❛❧❧ ♦❢ t❤❡ ♥❡❝❡ss❛r② ❞❡s✐❣♥ st❡♣s✱ ✐♥❝❧✉❞✐♥❣✿

❼ ❉❈ ❛♥❞ s♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s✳ ❍❡r❡✱ t❤❡ ♣r♦❜❧❡♠s ♦❢ t❤❡ ❝✐r❝✉✐t ❜✐❛s ✐♥ t❤❡ ♣r❡s✲

❡♥❝❡ ♦❢ ❛ r❡❧❛t✐✈❡❧② ❧♦✇ s✉♣♣❧② ✈♦❧t❛❣❡ ❛r❡ ❛❞❞r❡ss❡❞✳ ❱❛r✐♦✉s ❛❝t✐✈❡ ✐♥❞✉❝t♦r

❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ ❞✐s❝✉ss❡❞ ❢♦❝✉s✐♥❣ ♣r✐♠❛r✐❧② ♦♥ t❤❡ ❡❛s❡ ♦❢ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞

t❤❡ ♣r❛❝t✐❝❛❧ ✉s❡ ✐♥ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ❚❤❡ s♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s ✐s

t❤❡♥ ✉s❡❞ t♦ ✜♥❡ t✉♥❡ t❤❡ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡r ✹

❢r♦♠ t❤❡ ♣r♦♣♦s❡❞ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳

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

❛♥❞ t✐♠❡ ❞♦♠❛✐♥✳ ❚❤✐s ♣❛rt ❝♦♥✜r♠s t❤❡ ♣r♦♣♦s❡❞ ❱♦❧t❡rr❛ ❦❡r♥❡❧ ♠♦❞❡❧ ❢r♦♠

❈❤❛♣t❡r ✺✱ ❙❡❝t✐♦♥ ✺✳✺ ❛♥❞ ▲❚■ ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✻✱ ❙❡❝t✐♦♥ ✻✳✸✳

❇♦t❤ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❛r❡ ❞✐s❝✉ss❡❞ ❜❛s❡❞ ♦♥ ❛ st❡❛❞② st❛t❡

❛♥❛❧②s✐s ♦❢ ❛✉t♦♥♦♠♦✉s ❝✐r❝✉✐ts ❛✈❛✐❧❛❜❧❡ ✐♥ ❊❧❞♦ ❘❋ ❝✐r❝✉✐t s✐♠✉❧❛t♦r✳

❼ ❚❤❡ ❞❡s✐❣♥❡❞ ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❝♦♥s✐sts ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ❝♦r❡ ❛♥❞

❛♥ ♦✉t♣✉t ❜✉✛❡r ❛♠♣❧✐✜❡r r❡q✉✐r❡❞ t♦ ❞r✐✈❡ ❛ ❧♦❛❞✳ ❚❤✐s ❛❧❧♦✇s t❤❡ ❛♥❛❧②s✐s

♦❢ t❤❡ ♣♦✇❡r ♦❢ ❘❋ s✐❣♥❛❧ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❝✐r❝✉✐t ❛♥❞ t❤❡ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥

❡①♣❡r✐❡♥❝❡❞ ❜② t❤❡ ❧♦❛❞✳

✶✼✾



✼✳✷ ●②r❛t♦r ❛r❝❤✐t❡❝t✉r❡

❼ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❞✉❡ t♦ t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r♦❝❡ss ✈❛r✐❛t✐♦♥ ✐s

♣r❡s❡♥t❡❞ ❛♥❞ t❤♦r♦✉❣❤❧② ❞✐s❝✉ss❡❞✳ ■♥ ❡❛❝❤ ❝❛s❡✱ t❤❡ ❝✐r❝✉✐t ✐s s✐♠✉❧❛t❡❞ ✐♥ t❡r♠s

♦❢ ❢r❡q✉❡♥❝② r❛♥❣❡✱ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ ♦✉t♣✉t s✐❣♥❛❧ ♣♦✇❡r✳ ❆❧t❤♦✉❣❤ t❤✐s t②♣❡ ♦❢

❛♥❛❧②s✐s ✐s ❝♦♠♠♦♥❧② ♦♠✐tt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✱ ✐t ✐s

♣r❡s❡♥t❡❞ ❤❡r❡ t♦ ❝♦♠♣❧❡t❡ t❤❡ t❤♦r♦✉❣❤ ❞✐s❝✉ss✐♦♥ ♦♥ str❡♥❣t❤s ❛♥❞ ✇❡❛❦♥❡ss❡s

♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳

❚❤❡ ❞❡s❝r✐❜❡❞ ♠❡t❤♦❞♦❧♦❣② ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r r❡♣r❡s❡♥ts ❛ st❛♥❞❛r❞ ✇❛② ❢♦r

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

✐♥❞✉❝t♦r✱ ❱❈❖ ❝✐r❝✉✐t✳ ❋♦r t❤✐s r❡❛s♦♥✱ ♦♥❡ ❝❛♥ ✉s❡ t❤✐s ❝❤❛♣t❡r ❛s ❛♥ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥

❣✉✐❞❡ ✇❤✐❝❤ ✐♥❝r❡❛s❡s ❛♥ ♦✈❡r❛❧❧ ✈❛❧✉❡ ♦❢ t❤✐s ❞♦❝t♦r❛❧ ❞✐ss❡rt❛t✐♦♥✳

❚❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ✉s❡❞ t♦ ❝♦♥✜r♠ t❤❡ ♣r♦♣♦s❡❞ t❤❡♦r② ♦❢ ♣❛ss✐✈❡ ❘❈ ❝♦♠✲

♣❡♥s❛t✐♦♥ ✐s ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ ❜② ❍s✐❛♦ ❡t ❛❧✳ ❬✾✾❪✳ ■♥ t❤❡

♣❛♣❡r t❤❡ ❛✉t❤♦rs ❡♠♣❧♦②❡❞ ❛ s✐♥❣❧❡ r❡s✐st♦r t♦ ✐♠♣r♦✈❡ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ✐♥❞✉❝✲

t♦r✱ r❡❧②✐♥❣ ♦♥❧② ♦♥ ❤✐❣❤❧②✲♥♦♥❧✐♥❡❛r tr❛♥s✐st♦r ❝❛♣❛❝✐t❛♥❝❡s✳ ◆♦ ♥♦✐s❡ ❛♥❞ ❧❛r❣❡ s✐❣♥❛❧

❞❡s✐❣♥ ✐♥s✐❣❤ts ✇❡r❡ ❣✐✈❡♥✳ ■♥ ❢♦❧❧♦✇✐♥❣ ②❡❛rs✱ ❲✉ ❡t ❛❧✳ ❬✶✷✷❪ ❛♥❞ ▼✉❦❤♦♣❛❞❤②❛② ❡t

❛❧✳ ❬✽✵✱ ✶✷✸❪ ❞❡s✐❣♥❡❞ ❛ st❛♥❞❛r❞ ❈▼❖❙ ❱❈❖ ❜❛s❡❞ ♦♥ ❍s✐❛♦ ❝✐r❝✉✐t✳ ❆❧t❤♦✉❣❤ t❤✐s

t✐♠❡ t❤❡ ❛✉t❤♦rs ❛tt❡♠♣t❡❞ t♦ ❛♥❛❧②s❡ ❝✐r❝✉✐t ♥♦✐s❡✱ t❤❡ ❧❛r❣❡ s✐❣♥❛❧ ♣r♦♣❡rt✐❡s ✇❡r❡ ♥♦t

❞✐s❝❧♦s❡❞✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❜♦t❤ ❱❈❖s ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r

♦s❝✐❧❧❛t♦r ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳

✼✳✷ ●②r❛t♦r ❛r❝❤✐t❡❝t✉r❡

❆s s❤♦✇♥ ♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡r ✸✱ ❙❡❝t✐♦♥ ✸✳✷✳✶✱ ❢♦r ♣r♦♣❡r ♦♣❡r❛t✐♦♥✱ ❛♥② ❣②r❛t♦r r❡✲

q✉✐r❡s ♦♥❡ ♥♦♥✲✐♥✈❡rt✐♥❣ ❛♥❞ ♦♥❡ ✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r✳ ❚❤❡r❡❢♦r❡✱ ✉s✐♥❣ ◆▼❖❙ ❛♥❞

P▼❖❙ tr❛♥s✐st♦rs✱ t❤❡r❡ ❛r❡ ❡✐❣❤t ♣♦ss✐❜❧❡ ❛r❝❤✐t❡❝t✉r❡s ♦❢ t✇♦ tr❛♥s✐st♦r ❣②r❛t♦rs ❛✈❛✐❧✲

❛❜❧❡✱ ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✶✳ ■♥ ❛❧❧ ❝❛s❡s t❤❡ ✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r ✐s ❛ ❈❙ ❛♠♣❧✐✜❡r✱

✇❤❡r❡❛s t❤❡ ♥♦♥✲✐♥✈❡rt✐♥❣ st❛❣❡ ✐s ❡✐t❤❡r ❛ ❈❉ ♦r ❈● ❛♠♣❧✐✜❡r✳ ❚♦ ❝❤♦♦s❡ t❤❡ ♣r♦♣❡r

❝♦♥✜❣✉r❛t✐♦♥ ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❝r✐t❡r✐❛ ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✿

✶✽✵



✼✳✷ ●②r❛t♦r ❛r❝❤✐t❡❝t✉r❡

❼ ❱♦❧t❛❣❡s ❢♦r ❣✐✈❡♥ ❈▼❖❙ ♣r♦❝❡ss✿ ❉✉❡ t♦ ♠✐♥✐❛t✉r✐s❛t✐♦♥✱ ❛❧❧ ♠❛①✐♠✉♠ tr❛♥s✐s✲

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

❞✐✛❡r❡♥t ❢♦r ❡✈❡r② ♣r♦❝❡ss✳ ❋♦r ❡①❛♠♣❧❡✱ ❢♦r ❛ ❧♦♥❣ ❝❤❛♥♥❡❧ ✶ ➭♠ ♣r♦❝❡ss✱ t②♣✐❝❛❧

✈❛❧✉❡s ♦❢ ❞r❛✐♥ ❛♥❞ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡s ✇❡r❡ ✺ ❱ ❛♥❞ ✽✵✵ ♠❱ r❡s♣❡❝t✐✈❡❧② ❬✷✼❪✳ ❚❤❡

s❛♠❡ ✈♦❧t❛❣❡s ✐♥ ✶✽✵ ♥♠ ❛r❡ ❡q✉❛❧ t♦ ✶✳✽ ❱ ❛♥❞ ✺✵✵ ♠❱✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❛✈❛✐❧✲

❛❜❧❡ ❤❡❛❞r♦♦♠ t♦ ❦❡❡♣ tr❛♥s✐st♦rs ✐♥ t❤❡ s❛t✉r❛t✐♦♥ r❡❣✐♦♥ ✐s r❡❞✉❝❡❞✳ ❆ s♠❛❧❧❡r

❤❡❛❞r♦♦♠ ❛❧s♦ ❧✐♠✐ts t❤❡ ♥✉♠❜❡r ♦❢ ❞❡✈✐❝❡s t❤❛t ❝❛♥ ❜❡ st❛❝❦❡❞ t♦❣❡t❤❡r ✇❤✐❝❤

❜❡❝♦♠❡s ❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ✐❢ t❤❡ ❝✐r❝✉✐t ♦♣❡r❛t❡s ✐♥ ❛ ❧❛r❣❡ s✐❣♥❛❧ r❡❣✐♠❡✳

❼ ❇✐❛s ❝♦♥✜❣✉r❛t✐♦♥✿ ❙✐♥❝❡ tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ❝♦♥♥❡❝t❡❞ ✐♥ ❛ ❢❡❡❞❜❛❝❦ ❧♦♦♣✱ ❞❡✲

♣❡♥❞✐♥❣ ♦♥ ❝♦♥✜❣✉r❛t✐♦♥ ✉s❡❞✱ ❡❛❝❤ st❛❣❡ ❝❛♥ ♣r♦✈✐❞❡ ❉❈ ❜✐❛s ❢♦r ♦t❤❡r ❛♠♣❧✐✜❡rs

❛t t❤❡ s❛♠❡ t✐♠❡✳ Pr♦♣❡r ❝❤♦✐❝❡ ♦❢ t❤❡ q✉✐❡s❝❡♥t ♣♦✐♥t ♥♦t ♦♥❧② ❛❧❧♦✇s t♦ ❝♦♥tr♦❧

❛ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡ ❜✉t ❛❧s♦ ❡♥s✉r❡s s✉✣❝✐❡♥t ❤❡❛❞r♦♦♠ ❢♦r ❛ ❧❛r❣❡ s✐❣♥❛❧

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

❛♥❞ ❉❈ ❜❧♦❝❦✐♥❣ ❝❛♣❛❝✐t♦rs✱ t❤❡ ❝✐r❝✉✐t s✐③❡ ✐♥❡✈✐t❛❜❧② ✐♥❝r❡❛s❡s✳

❉✉❡ t♦ t❤❡ ❧♦✇ ✈♦❧t❛❣❡ ♣♦✇❡r s✉♣♣❧② ✐♥ ♦✉r ❝❤♦s❡♥ s✉❜♠✐❝r♦♥ ♣r♦❝❡ss❡s✱ t❤❡ ❈❙✲❈● ❝✐r✲

❝✉✐ts ❢r♦♠ ❋✐❣✉r❡s ✼✳✶❡ ❛♥❞ ✼✳✶❢ ❝❛♥ s✉✛❡r ❢r♦♠ ❛ r❡❞✉❝❡❞ ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠✳ ❆❧t❤♦✉❣❤

♦s❝✐❧❧❛t♦rs ✉s✐♥❣ t❤❡s❡ ❝✐r❝✉✐ts ✇❡r❡ r❡♣♦rt❡❞ ♣r❡✈✐♦✉s❧②✱ t❤❡② ✉s❡❞ ❡✐t❤❡r ❛ ❧❛r❣❡ s✉♣♣❧②

✈♦❧t❛❣❡ ❬✺✸❪ ♦r ❡①❝❡ss✐✈❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❬✽✷❪ t♦ ❛❝❤✐❡✈❡ ❧♦✇❡r ♣❤❛s❡ ♥♦✐s❡ ❛t t❤❡

❝♦st ♦❢ ❛ s❡✈❡r❡❧② ❞✐st♦rt❡❞ ♦✉t♣✉t s✐❣♥❛❧✳ ■♥ ❛❞❞✐t✐♦♥✱ st❛❝❦❡❞ ❞❡✈✐❝❡s r❡❞✉❝❡ ❛✈❛✐❧❛❜❧❡

tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ❞✉❡ t♦ r❡❞✉❝❡❞ ❞r❛✐♥ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡ ♦♥ ❡❛❝❤ ♦❢ ❞❡✈✐❝❡s✳ ❚❤❡

♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❝✐r❝✉✐ts ❢r♦♠ ❋✐❣✉r❡s ✼✳✶❡ ❛♥❞ ✼✳✶❢ ✐s ❝✉rr❡♥t r❡✉s❡✳ ❚❤✐s ❛❧❧♦✇s

t❤❡ ✉s❡ ♦❢ ❛ s✐♥❣❧❡ s♦✉r❝❡ t♦ ❜✐❛s ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs✳

◆♦t ❛❧❧ ♦❢ t❤❡ ♣r❡s❡♥t❡❞ ❝✐r❝✉✐ts ❛r❡ s✉✐t❛❜❧❡ ❢♦r t❤❡ ♠✉t✉❛❧ ❜✐❛s s❝❤❡♠❡✳ ❋♦r ❡①❛♠♣❧❡✱

t❤❡ ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✼✳✶❝ r❡q✉✐r❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❜✐❛s ❝♦♥❞✐t✐♦♥s

VGS2 = VSD1 ✭✼✳✶✮

VSG1 = VGS2 − VDS2 > 0 ✭✼✳✷✮

✶✽✶



✼✳✷ ●②r❛t♦r ❛r❝❤✐t❡❝t✉r❡

I1

I2

zin

MN1

MN2

✭❛✮ ◆✲◆✱ ❈❙✲❈❉

I2

I1

zin

MP2

MP1

✭❜✮ P✲P✱ ❈❙✲❈❉

I1

I2

zin

MP1

MN2

✭❝✮ ◆✲P✱ ❈❙✲❈❉

I2

I1

zin

MP2

MN1

✭❞✮ P✲◆✱ ❈❙✲❈❉

I1 + I2

zin

MN1

MN2

Vb

✭❡✮ ◆✲◆✱ ❈❙✲❈●

I1 + I2

zin

MP2

MP1

Vb

✭❢✮ P✲P✱ ❈❙✲❈●

I1

I1 + I2

zinMP1

MN2

Vb

✭❣✮ ◆✲P✱ ❈❙✲❈●

I1 + I2

I1

zin

MP2

MN1

Vb

✭❤✮ P✲◆✱ ❈❙✲❈●

❋✐❣✉r❡ ✼✳✶✿ P♦ss✐❜❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t✇♦ tr❛♥s✐st♦r ❈▼❖❙ ❣②r❛t♦rs✳

✶✽✷



✼✳✸ ●②r❛t♦r ❜✐❛s

❆s ❛ r❡s✉❧t tr❛♥s✐st♦r M2 ✐s ❜✐❛s❡❞ ❝❧♦s❡ t♦ t❤❡ ❜♦✉♥❞❛r② ❜❡t✇❡❡♥ ❧✐♥❡❛r ❛♥❞ s❛t✉r❛t✐♦♥

r❡❣✐♠❡s t❤❛t ♠❛② t❤❡♥ r❡s✉❧t ✐♥ s♠❛❧❧ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡s ❛♥❞ ✐♥❝r❡❛s❡❞ ❤❛r♠♦♥✐❝

❞✐st♦rt✐♦♥✳ ❚❤❡ s❛♠❡ r✉❧❡s ❛♣♣❧② t♦ t❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✼✳✶❞✳ ❚❤❡ s❛♠❡ ❛♥❛❧②s✐s

❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❈❙✲❈● ❝✐r❝✉✐ts ❢r♦♠ ❋✐❣✉r❡s ✼✳✶❡ ❛♥❞ ✼✳✶❢✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❢♦r

t❤❡s❡ ◆▼❖❙✲♦♥❧② ♦r P▼❖❙✲♦♥❧② ❝♦♥✜❣✉r❛t✐♦♥s✱ t❤❡ ❝♦♠♠♦♥ s♦✉r❝❡ ❛♠♣❧✐✜❡r ❤❛s t♦

❜❡ ❜✐❛s❡❞ ✇✐t❤ ❣❛t❡ ✈♦❧t❛❣❡ ♦❢ VGS = VDS1 + VDS2 ✇❤✐❝❤ ❝❛♥ s❤✐❢t tr❛♥s✐st♦r M1 ❝❧♦s❡

t♦ t❤❡ tr✐♦❞❡ r❡❣✐♦♥ ❜♦✉♥❞❛r②✳

❆♠♦♥❣ t❤❡ ♣r❡s❡♥t❡❞ ❝✐r❝✉✐ts✱ t❤❡ ◆▼❖❙ ❛♥❞ P▼❖❙ ❝♦♥✜❣✉r❛t✐♦♥s ❢r♦♠ ❋✐❣✲

✉r❡s ✼✳✶❛ ❛♥❞ ✼✳✶❜ ❛r❡ ❝♦♥✈❡♥✐❡♥t ❢♦r ♠✉t✉❛❧ ❜✐❛s t♦❣❡t❤❡r ✇✐t❤ ❛♥ ❛❞❡q✉❛t❡ ❤❡❛❞r♦♦♠

❢♦r ♦s❝✐❧❧❛t✐♦♥ ♣✉r♣♦s❡s✳ ❋♦r t❤❡ r❡♠✐♥❞❡r ♦❢ t❤❡ ❞✐s❝✉ss✐♦♥✱ t❤❡ ❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✼✳✶❛

✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❛ ◆▼❖❙ ❣②r❛t♦r ✇❤✐❧st t❤❡ t❡r♠ P▼❖❙ ❣②r❛t♦r ✇✐❧❧ ❛♣♣❧② t♦ t❤❡

❝✐r❝✉✐t ❢r♦♠ ❋✐❣✉r❡ ✼✳✶❜✳ ❚❤❡ ❝❤♦✐❝❡ ❜❡t✇❡❡♥ tr❛♥s✐st♦r t②♣❡ ❞❡♣❡♥❞s ♦♥ t✇♦ ❢❛❝t♦rs✿

♣❛r❛s✐t✐❝s ❛♥❞ ♥♦✐s❡✳ ❋♦r t❤❡ s❛♠❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡✱ ♦✈❡r❞r✐✈❡ ✈♦❧t❛❣❡ ❛♥❞ ❞r❛✐♥ ❝✉r✲

r❡♥t✱ t❤❡ ✇✐❞t❤ ♦❢ ❛ P▼❖❙ tr❛♥s✐st♦r ✐s t②♣✐❝❛❧❧② ❛t ❧❡❛st t✇♦ t✐♠❡s ❧❛r❣❡r t❤❛♥ t❤❛t ♦❢ ❛♥

◆▼❖❙ ❝♦✉♥t❡r♣❛rt✳ ❚❤✐s ✐♥ t✉r♥ ✐♥❝r❡❛s❡s Cgs ❛♥❞ Cgd ❛♥❞ ❛✛❡❝ts ❜♦t❤ t❤❡ ♠❛①✐♠✉♠

❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ✇❤❡♥ ✉s❡❞ ✐♥

❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝✐r❝✉✐t✳ ■❢ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ◆ ❛♥❞ P ❞❡✈✐❝❡s ❛r❡ t❤❡ s❛♠❡✱

P▼❖❙ ❛♠♣❧✐✜❡rs ♣r♦❞✉❝❡ s♠❛❧❧❡r gm✱ ❧❡❛❞✐♥❣ t♦ ✐♥❝r❡❛s❡❞ ✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡ ❢♦r t❤❡ ❛❝✲

t✐✈❡ ✐♥❞✉❝t♦r✳ ❚♦ ❦❡❡♣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❝♦♥st❛♥t✱ t❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ❤❛s t♦ ❜❡

♠❛❞❡ s♠❛❧❧❡r t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛♥ ◆▼❖❙ ❣②r❛t♦r✳ ❚❤✉s✱ ❛❧t❤♦✉❣❤ P▼❖❙ tr❛♥s✐st♦rs

♣r♦❞✉❝❡ s♠❛❧❧❡r t❤❡r♠❛❧ ♥♦✐s❡ t❤❛♥ ◆▼❖❙ ❞❡✈✐❝❡s ✭❞✉❡ t♦ r❡❞✉❝❡❞ gm✮✱ t❤✐s ❞♦❡s ♥♦t

❛✉t♦♠❛t✐❝❛❧❧② tr❛♥s❧❛t❡ t♦ ❛ ❧♦✇❡r ♣❤❛s❡ ♥♦✐s❡ ♦❢ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s❝✐❧❧❛t♦r✳

✼✳✸ ●②r❛t♦r ❜✐❛s

❚♦ ♣r♦✈✐❞❡ ❛ s✉✣❝✐❡♥t ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠ ❢♦r ❜♦t❤ ❛♠♣❧✐✜❡rs ✉s✐♥❣ t❤❡ ♠✉t✉❛❧ ❜✐❛s

❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✱ t❤❡ ❜✐❛s ✈♦❧t❛❣❡s ♦❢ ❛♥ ◆▼❖❙ ❣②r❛t♦r ❛r❡ ❝❤♦s❡♥ ❛s s❤♦✇♥ ♦♥

❋✐❣✉r❡ ✼✳✷✳ ❚❤✐s s❝❤❡♠❡ s✉♣♣❧✐❡s ❡q✉❛❧ ✈♦❧t❛❣❡s t♦ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs✳ ◆♦t❡ t❤❛t

t❤❡ ✈♦❧t❛❣❡s ♦♥ t❤❡ ❝✉rr❡♥t s✐♥❦ ❛♥❞ s♦✉r❝❡ ❛r❡ ❛❧s♦ ❡q✉❛❧✳ ❚❤❡ ♣r♦♣♦s❡❞ ❜✐❛s✐♥❣ ❛r✲
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r❛♥❣❡♠❡♥t ❝❛♥ ❜❡ ✜♥❡✲t✉♥❡❞ t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ❜♦❞② ❡✛❡❝t ♦❢ t❤❡ ♥♦♥✲✐♥✈❡rt✐♥❣

tr❛♥s❝♦♥❞✉❝t♦r✳ ❆s t❤❡ ❜✉❧❦ ♦❢ t❤❡ ◆▼❖❙ tr❛♥s✐st♦r ♦❢ ❛ ❈❉ ❛♠♣❧✐✜❡r ❤❛s ❛ ❞✐✛❡r❡♥t

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

s❡❝♦♥❞ tr❛♥s✐st♦r✳ ❆s ❛ r❡s✉❧t✱ ❢♦r t❤❡ s❛♠❡ ❣❛t❡ ✈♦❧t❛❣❡ t❤❡ ♥♦♥✲✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r

❝♦♥❞✉❝ts ❧❡ss ❝✉rr❡♥t t❤❛♥ t❤❡ ❝♦♠♠♦♥ s♦✉r❝❡ tr❛♥s❝♦♥❞✉❝t♦r✳ ❚♦ ❝♦♠♣❡♥s❛t❡✱ ❡✐t❤❡r

❛ ✇✐❞❡r ❈❉ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ✉s❡❞ ❦❡❡♣✐♥❣ ❛ ❜✐❛s ❝♦♥st❛♥t ♦r ❛ ❧❛r❣❡r ♦✈❡r❞r✐✈❡ ❤❛s t♦ ❜❡

s✉♣♣❧✐❡❞ ❛t t❤❡ ❝♦st ♦❢ ❛ r❡❞✉❝❡❞ ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠ ♦♥ ♦♥❡ ♦❢ t❤❡ ❝✉rr❡♥t s♦✉r❝❡s✳ ❚②♣✲

✐❝❛❧❧② ❛ ❝❤❛♥❣❡ ♦❢ ❣❛t❡ ♣♦t❡♥t✐❛❧ ✉♣ ♦r ❞♦✇♥ ✇✐t❤✐♥ ✶✺✪ ♦❢ ❛♥ ♦r✐❣✐♥❛❧ ✈♦❧t❛❣❡ ❞✐✈✐s✐♦♥

r❛t✐♦ ❢r♦♠ ❋✐❣✉r❡ ✼✳✷ ✐s s✉✣❝✐❡♥t ❢♦r t❤❡ ❞❡s❝r✐❜❡❞ ❜✐❛s ✜♥❡✲t✉♥✐♥❣✳ ❚❤❡ ❛❝t✉❛❧ ❜✐❛s

✈♦❧t❛❣❡s ❛r❡ ♣r❡s❡♥t❡❞ ❧❛t❡r ✐♥ t❤✐s ❝❤❛♣t❡r✳

I1

I2

MN1

MN2

VDD✴✸

VDD/3

VDD/3

2/3 VDD

2/3 VDD

VDD

VDD

❋✐❣✉r❡ ✼✳✷✿ ❇✐❛s s❝❤❡♠❡ ♦❢ ❈❙✲❈❉ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

✼✳✹ ❉❈ ❛♥❛❧②s✐s

❚❤❡ ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② ❢♦r t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r st❛rts ❢r♦♠ ❛♥

❛♥❛❧②s✐s ♦❢ ❛ st❛♥❞❛r❞ ❣②r❛t♦r ✜rst ✐✳❡✳ ✇✐t❤♦✉t t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r✳ ❚❤✐s ✐s ♣♦ss✐❜❧❡

✐❢ ♦♥❡ ❛ss✉♠❡s t❤❛t t❤❡ ❘❈ ❝✐r❝✉✐t ❞♦❡s ♥♦t ❛✛❡❝t ❉❈ ❜✐❛s ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ❝♦♠♣❧❡t❡

❝✐r❝✉✐t✳ ❚❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ tr❛♥s✐st♦rs ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s r❡✲

q✉✐r❡❞ ❢♦r t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ❛ ❢❡✇ t❡♥s ♦❢ ♥❍✳ ❆s ❞❡s❝r✐❜❡❞

♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡rs ✹ ❛♥❞ ✻✱ t❤❡ ❝❤♦✐❝❡ ♦❢ gm ✈❛❧✉❡s ✐s ❛❧s♦ ❣♦✈❡r♥❡❞ ❜② t❤❡ tr❛❞❡✲♦✛

❜❡t✇❡❡♥ ❝✐r❝✉✐t ♣❛r❛s✐t✐❝s✱ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ♥♦✐s❡✿ ❛ s♠❛❧❧ gm ❛❧❧♦✇s t❤❡ ✉s❡ ♦❢
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s♠❛❧❧❡r tr❛♥s✐st♦rs ❛♥❞ ❧❡ss ♣♦✇❡r✱ ❤♦✇❡✈❡r ✐t ✐♥❝r❡❛s❡s t❤❡ ♥♦✐s❡ ♦❢ t❤❡ r❡s♦♥❛t♦r✳ ❖♥

t❤❡ ❝♦♥tr❛r②✱ ❛ ❧❛r❣❡ gm ✐♠♣♦s❡s ♣r♦♣♦rt✐♦♥❛❧❧② ❧❛r❣❡r tr❛♥s✐st♦rs ❛♥❞ ♣♦✇❡r ❝♦♥s✉♠♣✲

t✐♦♥ ❜✉t ❝❛♥ ✐♠♣r♦✈❡ t❤❡ ♥♦✐s❡ ♦❢ t❤❡ t❛♥❦✳ ❋♦r t❤❡ s✉❜✲●❍③ ❢r❡q✉❡♥❝② ❜❛♥❞ ❝♦♥s✐❞❡r❡❞

✐♥ t❤✐s ❝❤❛♣t❡r✱ ❛ ♠❛①✐♠✉♠ gm ✈❛❧✉❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✺ ♠❆✴❱ ✇❛s ❝❤♦s❡♥ ❛s ❛ ♣r❛❝t✐❝❛❧

tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♣♦✇❡r✱ ❝✐r❝✉✐t s✐③❡ ❛♥❞ ♥♦✐s❡✳

❋♦r t❤❡ ✶✽✵ ♥♠ ♣r♦❝❡ss ✉s❡❞ ✐♥ t❤❡ t❤❡s✐s✱ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ Vth ♦❢ ◆▼❖❙

❞❡✈✐❝❡s ✇✐t❤♦✉t t❤❡ ❜♦❞② ❡✛❡❝t ✐s ❛♣♣r♦①✐♠❛t❡❧② ✹✼✵ ♠❱ ❛♥❞ ❛ ♠❛①✐♠✉♠ ❞r❛✐♥ t♦

s♦✉r❝❡ ✈♦❧t❛❣❡ VDSmax ✐s ✶✳✽ ❱✳ ❆ss✉♠✐♥❣ t❤❡ ✈♦❧t❛❣❡ ❞✐✈✐s✐♦♥ ❢r♦♠ ❋✐❣✉r❡ ✼✳✷✱ ❜♦t❤

tr❛♥s❝♦♥❞✉❝t♦rs ❛r❡ ❜✐❛s❡❞ s✉❝❤ t❤❛t t❤❡✐r ❣❛t❡ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡ VGS ✐s ✻✵✵ ♠❱ ❛♥❞

t❤❡ ❞r❛✐♥ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡ VDS ✐s ✶✳✷ ❱✳ ❚❤✉s✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ s❡t t❤❡ ♦✈❡r❞r✐✈❡ ✈♦❧t❛❣❡

✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✸✵ ♠❱ ❢♦r ❡❛❝❤ ◆▼❖❙ ❞❡✈✐❝❡ ❛♥❞ st✐❧❧ ♣r♦✈✐❞❡ s✉✣❝✐❡♥t ❤❡❛❞r♦♦♠ ❢♦r

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

❞♦ ♥♦t ❞❡s❝r✐❜❡ ✇❡❧❧ t❤❡ ❜❡❤❛✈✐♦r ♦❢ s✉❜✲♠✐❝r♦♥ ❞❡✈✐❝❡s✱ t❤❡② ❝❛♥ ❜❡ st✐❧❧ ✉s❡❞ ❛s ❛

✜rst ♦r❞❡r ❝❛❧❝✉❧❛t✐♦♥✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡s ❝❛♥ t❤❡♥ ❜❡ ❢✉rt❤❡r ♦♣t✐♠✐s❡❞ ✐♥ ❛ ❝✐r❝✉✐t

s✐♠✉❧❛t♦r ❢♦r ❛ ❣✐✈❡♥ ♣❡r❢♦r♠❛♥❝❡✳

✼✳✹✳✶ ❚r❛♥s❝♦♥❞✉❝t♦rs

❚❤❡ ❞r❛✐♥ ❝✉rr❡♥t ♦❢ t❤❡ ❈❙ ❛♠♣❧✐✜❡r✱ ♥❡❝❡ss❛r② t♦ ♣r♦✈✐❞❡ ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ✶✺ ♠❆✴❱

❢♦r t❤❡ ♦✈❡r❞r✐✈❡ ✈♦❧t❛❣❡ ♦❢ ✶✸✵ ♠❱ ✐s ❢♦✉♥❞ ❢r♦♠

ID =
gm · VOV −CS

2
=

15 mA/V · 130 mV

2
= 975 µA ✭✼✳✸✮

❚❤❡ ♣r♦❝❡ss tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♣❛r❛♠❡t❡r✱ k′ = µoCox ❬✾✼❪ ❢♦r ◆▼❖❙ ❞❡✈✐❝❡ ✐♥ t❤❡ ❞❡✲

s❝r✐❜❡❞ ♣r♦❝❡ss ✐s ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦ ✸✵✵ ➭❆✴❱✷✳ ❆s ❞✐s❝✉ss❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❙❡❝✲

t✐♦♥ ✹✳✺✳✷✱ t♦ ✐♥❝r❡❛s❡ t❤❡ ❉❈ ❣❛✐♥ ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦r t❤❡ ❞r❛✇♥ ❧❡♥❣t❤ ♦❢ t❤❡ ❞❡✈✐❝❡

L ✐s ✐♥❝r❡❛s❡❞ t♦ ✷✺✵ ♥♠ ❢r♦♠ t❤❡ ♠✐♥✐♠✉♠ ♦❢ ✶✽✵ ♥♠ ❣✐✈❡♥ ❜② t❤❡ t❡❝❤♥♦❧♦❣②✳ ❚❤❡

✈❛❧✉❡ ♦❢ ✷✺✵ ♥♠ ❛❧❧♦✇s ✉s t♦ ♦❜t❛✐♥ ❛ ❉❈ ❣❛✐♥ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✸✵ ✇❤✐❧❡ ❦❡❡♣✐♥❣ ❛ r❡❧✲

❛t✐✈❡❧② s♠❛❧❧ ❛r❡❛ ♦❢ ◆▼❖❙ ❞❡✈✐❝❡s✳ ❋♦r t❤❡ ❞r❛✐♥ ❝✉rr❡♥t ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ✭✼✳✸✮✱ t❤❡

✶✽✺



✼✳✹ ❉❈ ❛♥❛❧②s✐s

❡st✐♠❛t❡❞ tr❛♥s✐st♦r ✇✐❞t❤ W ✐s ❡q✉❛❧ t♦

ID =
k′

2

W

L
V 2

OV −CS =⇒W = L
2ID

k′V 2
OV −CS

≈ 96 µm ✭✼✳✹✮

❚♦ ✐♠♣r♦✈❡ ❣❛t❡ r❡s✐st❛♥❝❡ ❛♥❞ t♦ ✉s❡ s✐❧✐❝♦♥ ❛r❡❛ ♠♦r❡ ❡✛❡❝t✐✈❡❧② t❤r♦✉❣❤ ❞r❛✐♥✲s♦✉r❝❡

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

♠✉❧t✐♣❧❡ ❣❛t❡ ✜♥❣❡rs ❬✷✻✱ ✶✷✹❪✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ✇✐❞t❤ ♦❢ ✾✻ ➭♠ ❤❛s ❜❡❡♥ ❞✐✈✐❞❡❞

✐♥t♦ ✹ ♣❛r❛❧❧❡❧ tr❛♥s✐st♦rs ✇✐t❤ ✻ ✜♥❣❡rs ♦❢ ✹ ➭♠ ❣❛t❡ ✇✐❞t❤ ❡❛❝❤✳ ❯s✐♥❣ t❤❡ ❉❈❖P

✭❉❈ ❖♣❡r❛t✐♥❣ P♦✐♥t✮ s✐♠✉❧❛t✐♦♥ ✐♥ ❊❧❞♦ ❘❋✱ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✶❛ ✇❡r❡

♦❜t❛✐♥❡❞✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤♦✉❣❤ t❤❡ r❡q✉✐r❡❞ ❞r❛✐♥ ❝✉rr❡♥t ✐s ✸✵✪ ❧❛r❣❡r t❤❛♥

✐♥✐t✐❛❧❧② ❛ss✉♠❡❞✱ t❤❡ tr❛♥s✐st♦r ❞❡❧✐✈❡rs t❤❡ ❝❤♦s❡♥ gm ✈❛❧✉❡✳

❚❤❡ s✐③❡ ♦❢ t❤❡ ❝♦♠♠♦♥ ❞r❛✐♥ ✭❈❉✮ ❞❡✈✐❝❡ ❝❛♥ ❜❡ ❢♦✉♥❞ t❤r♦✉❣❤ ❛ ❉❈❖P s✐♠✉❧❛t✐♦♥

✉s✐♥❣ ✭✼✳✹✮ t♦ ❡st✐♠❛t❡ ❛ ♣r♦♣❡r s✐③❡ ♦❢ t❤❡ tr❛♥s✐st♦r✳ ❉✉❡ t♦ t❤❡ ❜♦❞② ❡✛❡❝t ❞❡s❝r✐❜❡❞

♣r❡✈✐♦✉s❧②✱ t❤❡ ❣❛t❡ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ tr❛♥s✐st♦r ❤❛s t♦ ❜❡ ❧❛r❣❡r t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢

❈❙ tr❛♥s❝♦♥❞✉❝t♦r t♦ ❦❡❡♣ VOV −CD ❝♦♥st❛♥t✳ ❆s ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✷✱ VGS−CD =

VDS−CS −VGS−CS ❛♥❞ ❤❡♥❝❡ ❞r❛✐♥ t♦ s♦✉r❝❡ ✈♦❧t❛❣❡ ♦❢ ❈❙ ❛♠♣❧✐✜❡r ❤❛s t♦ ✐♥❝r❡❛s❡ ❜②

❛♣♣r♦①✐♠❛t❡❧② ✶✵✵ ♠❱ t♦ ♣r♦✈✐❞❡ ♣r♦♣❡r ❣❛t❡ ♣♦t❡♥t✐❛❧✳ ❙✐♠✉❧❛t❡❞ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞

✐♥ ❚❛❜❧❡ ✼✳✶✳

❋✐❣✉r❡ ✼✳✸ ♣r❡s❡♥ts t❤❡ ❝✐r❝✉✐t s❝❤❡♠❛t✐❝s ✉s❡❞ ❢♦r ❛ ❉❈❖P ❛♥❛❧②s✐s ✇❤❡r❡❛s t❤❡

t❡st ❜❡♥❝❤ ❝✐r❝✉✐t ✐s ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✹✳

❚❛❜❧❡ ✼✳✶✿ ❙✐♠✉❧❛t❡❞ s♠❛❧❧ s✐❣♥❛❧ ♣❛r❛♠❡t❡rs ♦❢ ❛♠♣❧✐✜❡rs✳

✭❛✮ ■♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r✳

P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t

VGS−CS ✻✵✵ ♠❱

VDS−CS ✶✳✷ ❱

Vth−CS ✹✽✺✳✸ ♠❱

VOV −CS ✶✶✹✳✼ ♠❱

ID−CS ✶✳✸ ♠❆

gmCS ✶✺✳✷ ♠❆✴❱

✭❜✮ ◆♦♥✲✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r✳

P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t

VGS−CD ✼✵✵ ♠❱

VDS−CD ✶✳✷ ❱

Vth−CD ✺✽✶✳✺ ♠❱

VOV −CD ✶✶✽✳✺ ♠❱

ID−CD ✶✳✸✻ ♠❆

gmCD ✶✺✳✹✾ ♠❆✴❱

✶✽✻



✼✳✹ ❉❈ ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✸✿ ●②r❛t♦r ❝✐r❝✉✐t ❝♦♥✜❣✉r❡❞ t♦ ❉❈ s✐♠✉❧❛t✐♦♥✳

❋✐❣✉r❡ ✼✳✹✿ ❉❈ t❡st ❜❡♥❝❤ ❝✐r❝✉✐t ✉s✐♥❣ ✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡s✳

✶✽✼



✼✳✹ ❉❈ ❛♥❛❧②s✐s

✼✳✹✳✷ ❈✉rr❡♥t s♦✉r❝❡ ❛♥❞ s✐♥❦

■♥ ♣r❛❝t✐❝❛❧ ❣②r❛t♦rs✱ ✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡s ❛r❡ ❛♣♣r♦①✐♠❛t❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❝✉rr❡♥t

♠✐rr♦rs✳ ❲✐t❤✐♥ s♣❡❝✐✜❡❞ ✈♦❧t❛❣❡ r❛♥❣❡✱ t❤❡ ❝✉rr❡♥t ♠✐rr♦r ✐s ❛❜❧❡ t♦ ❦❡❡♣ t❤❡ ❉❈

❝✉rr❡♥t ✭s✉♣♣❧✐❡❞ t♦ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs✮ ❝♦♥st❛♥t ❢♦r t❤❡ ✈❛r②✐♥❣ ✈♦❧t❛❣❡ ♦♥ ✐ts ♦✉t♣✉t✳

❍❡♥❝❡✱ t❤❡ ❝✉rr❡♥t ♠✐rr♦r ♠✐♠✐❝s t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ ❛♥ ✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡✳

■♥✐t✐❛❧❧② t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ ❡❛❝❤ ♦❢ t❤❡ tr❛♥s✐st♦rs ✉s❡❞ ❛s ❛ ❝✉rr❡♥t s♦✉r❝❡ ♦r s✐♥❦

❝❛♥ ❜❡ ♠❛❞❡ ❡q✉❛❧ t♦ ♦♥❡ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ tr❛♥s❝♦♥❞✉❝t♦rs✳ ❍♦✇❡✈❡r✱ ❛s s❤♦✇♥

♦♥ ❋✐❣✉r❡ ✼✳✷ t❤❡ ❛✈❛✐❧❛❜❧❡ VDS ❢♦r t❤❡s❡ tr❛♥s✐st♦r ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❞r❛✐♥ t♦ s♦✉r❝❡

✈♦❧t❛❣❡ r❡s❡r✈❡❞ ❢♦r t❤❡ ❛♠♣❧✐✜❡rs✳ ❚❤✉s t❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ t❤❡s❡ ❞❡✈✐❝❡s r❡q✉✐r❡ ❢✉rt❤❡r

❝♦rr❡❝t✐♦♥s✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❜✐❛s ❝✐r❝✉✐t ✐s ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♥♦✐s❡✱

♣❛r❛s✐t✐❝s ❛♥❞ t❤❡ ❛✈❛✐❧❛❜❧❡ ✈♦❧t❛❣❡ r❛♥❣❡✳ ❲✐❞❡r tr❛♥s✐st♦rs ❜❡tt❡r s✉✐t r❡❞✉❝❡❞ ✈♦❧t❛❣❡

❤❡❛❞r♦♦♠ ❜❡❝❛✉s❡✱ ❢♦r ❛ ❣✐✈❡♥ ❝✉rr❡♥t✱ t❤❡② r❡q✉✐r❡ ❛ s♠❛❧❧❡r ♦✈❡r❞r✐✈❡✳ ❆s ❛ r❡s✉❧t

t❤❡② ❛r❡ ❜✐❛s❡❞ ❢✉rt❤❡r ❛✇❛② ❢r♦♠ ❛ tr✐♦❞❡ r❡❣✐♦♥✳ ❋❧✐❝❦❡r ♥♦✐s❡ ✐s ❛❧s♦ s♠❛❧❧❡r ❞✉❡

t♦ ✐ts ✐♥✈❡rs❡ ♣r♦♣♦rt✐♦♥❛❧✐t② t♦ W · L ♣r♦❞✉❝t ❬✷✻✱ ✹✹❪✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♥❛rr♦✇

tr❛♥s✐st♦rs r❡q✉✐r❡ ❧❛r❣❡r ♦✈❡r❞r✐✈❡ ❛♥❞ ❤❡♥❝❡ ❤❛✈❡ s♠❛❧❧❡r gm✱ ❣❡♥❡r❛t✐♥❣ ❧❡ss t❤❡r♠❛❧

♥♦✐s❡ ❝✉rr❡♥t✳

■♥ t❤❡ ❝✐r❝✉✐t ♦❢ ❋✐❣✉r❡ ✼✳✷✱ t❤❡ ❈❙ ❛♠♣❧✐✜❡r ✐s ❜✐❛s❡❞ t❤r♦✉❣❤ t❤❡ P▼❖❙ ❝✉rr❡♥t

s♦✉r❝❡ ✇✐t❤ ❛✈❛✐❧❛❜❧❡ s♦✉r❝❡ t♦ ❞r❛✐♥ ✈♦❧t❛❣❡ VSD−P ♦❢ ✺✷✵ ♠❱ ❛♥❞ ❛ ❞r❛✐♥ ❝✉rr❡♥t

♦❢ ✶✳✸ ♠❆✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❈❉ ❛♠♣❧✐✜❡r ❛ ◆▼❖❙ s✐♥❦ ✐s ✉s❡❞✳ ❆ ❞r❛✐♥ t♦ s♦✉r❝❡

✈♦❧t❛❣❡ VDS−N ♦❢ ✻✵✵ ♠❱ ❛♥❞ ❛ ❝✉rr❡♥t ♦❢ ✶✳✸✻ ♠❆ ❛r❡ r❡q✉✐r❡❞✳ ❚❤❡ ✇✐❞t❤ ♦❢ t❤❡

◆▼❖❙ s✐♥❦ ❝♦✉❧❞ ❜❡ r❡❞✉❝❡❞ ❜② ❤❛❧❢ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ tr❛♥s❝♦♥❞✉❝t♦r ❞✉❡ t♦ ❛

s✉✣❝✐❡♥t ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠ ❢r♦♠ ❛ ♠✐♥✐♠✉♠ s❛t✉r❛t✐♦♥ ✈♦❧t❛❣❡✱ VSAT−N ✳ ❚❤❡ r❡s✉❧ts

♦❢ t❤❡ ❉❈❖P ❛♥❛❧②s✐s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✷ ❛♥❞ t❤❡ ❝♦♠♣❧❡t❡ ❣②r❛t♦r ❝✐r❝✉✐t ✐s

❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✺

✼✳✹✳✸ ❚r❛♥s❝♦♥❞✉❝t❛♥❝❡ t✉♥✐♥❣

❚❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❜♦t❤ ❛♠♣❧✐✜❡rs ✐s ❝♦♥tr♦❧❧❡❞ ❜② ❢❡❡❞✐♥❣ ❛ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t

IB t♦ ❜♦t❤ ♠✐rr♦rs✳ ■♥ t❤❡ ♣r❡s❡♥t❡❞ ❝♦♥✜❣✉r❛t✐♦♥s✱ t❤❡ ♠✐rr♦rs ❛r❡ r❡❢❡r❡♥❝❡❞ t♦

✶✽✽



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

❚❛❜❧❡ ✼✳✷✿ P❛r❛♠❡t❡rs ♦❢ P▼❖❙ s♦✉r❝❡ ❛♥❞ ◆▼❖❙ s✐♥❦✳

P▼❖❙ ◆▼❖❙

P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t P❛r❛♠❡t❡r ❱❛❧✉❡ ❯♥✐t

VSG−P ✽✸✵ ♠❱ VGS−N ✻✾✺ ♠❱

VSD−P ✺✷✵ ♠❱ VDS−N ✺✾✽ ♠❱

VSAT−P ✸✵✾✳✼ ♠❱ VSAT−N ✶✾✺✳✷ ♠❱

Vth−P ✺✸✻✳✽ ♠❱ Vth−N ✺✵✵ ♠❱

VOV −P ✷✾✸✳✷ ♠❱ VOV −N ✶✾✺ ♠❱

ID−P ✶✳✸ ♠❆ ID−N ✶✳✸✻ ♠❆

gmP ✼✳✷ ♠❆✴❱ gmN ✶✵✳✼✷ ♠❆✴❱

WP ✾✻ ➭♠ WN ✹✽ ➭♠

❞✐✛❡r❡♥t s✉♣♣❧② ♣♦t❡♥t✐❛❧s ✭t❤❡ ◆▼❖❙ s✐♥❦ t♦ t❤❡ ❣r♦✉♥❞ ❛♥❞ t❤❡ P▼❖❙ s♦✉r❝❡ t♦

V DD✮✳ ■♥ ♣r❛❝t✐❝❡ IB ✐s ❞❡❧✐✈❡r❡❞ ❢r♦♠ ❛ ❝✐r❝✉✐t ❛❜❧❡ t♦ s✐♥❦ ❛♥❞ s♦✉r❝❡ t❤❡ r❡❢❡r❡♥❝❡

❝✉rr❡♥t ❝♦♥❝✉rr❡♥t❧② ❛s ❛ ❜❛♥❞ ❣❛♣ ❝✐r❝✉✐t✳ ❆ss✉♠✐♥❣ t❤❛t IB ❝❛♥ ❜❡ s✉♣♣❧✐❡❞ t♦ ❜♦t❤

❛♠♣❧✐✜❡rs✱ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✐s ❝♦♥tr♦❧❧❡❞ s✐♠✉❧t❛♥❡♦✉s❧②✱ ❛s s❤♦✇♥ ♦♥ ❋✐❣✉r❡ ✼✳✻✳ ■t

❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ gm ♦❢ t❤❡ ❈❉ ❛♥❞ ❈❙ tr❛♥s❝♦♥❞✉❝t♦rs ❝❛♥ ❜❡ t✉♥❡❞ ✇✐t❤ ♠✐s♠❛t❝❤

❧❡ss t❤❛♥ ✸✪✳ ❚❤❡ s❤❛♣❡ ♦❢ t❤❡ ❝✉r✈❡ ❢♦❧❧♦✇s ❛ t②♣✐❝❛❧ ♣❛tt❡r♥ ❢♦r s✉❜✲♠✐❝r♦♥ ❞❡✈✐❝❡s✱

❞❡✈✐❛t✐♥❣ ❢r♦♠ t❤❡ q✉❛❞r❛t✐❝ ❜❡❤❛✈✐♦r ♦❢ ❧♦♥❣ ❝❤❛♥♥❡❧ tr❛♥s✐st♦rs✳ ❋♦r V DD❂✶✳✽ ❱✱ t❤❡

st❛t✐❝ ♣♦✇❡r r❡q✉✐r❡❞ t♦ ❞❡❧✐✈❡r tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ✶✺ ♠❆✴❱ ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✸ ♠❲✳

❋♦r t❤❡ ❝✉rr❡♥ts s♠❛❧❧❡r t❤❛♥ ✷✺✵ ➭❆✱ t❤❡ ❛♠♣❧✐✜❡rs ♠♦✈❡ t♦ ❛ s✉❜tr❡s❤♦❧❞ r❡❣✐♠❡ t❤❛t

✐s ♥♦t s✉✐t❛❜❧❡ ❢♦r ❧❛r❣❡ s✐❣♥❛❧ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝✐r❝✉✐t✳

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

♣r❡✈✐♦✉s❧②✱ ❢r♦♠ ❛ ❜✐❛s ♣❡rs♣❡❝t✐✈❡ t❤❡r❡ ✐s ♥♦ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ st❛♥❞❛r❞ ❛♥❞

❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛s t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ❞♦❡s ♥♦t ❛✛❡❝t ❉❈ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t✳

✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

❇❡❢♦r❡ t❤❡ ❘❈ s❤✐❢t❡r ✇✐❧❧ ❜❡ ❝♦♥♥❡❝t❡❞✱ t❤❡ st❛♥❞❛r❞ ❣②r❛t♦r ✐s ❛♥❛❧②s❡❞ ❢♦r ❆❈ s✐❣♥❛❧ t♦

❡♥s✉r❡ t❤❛t t❤❡ ❝✐r❝✉✐t ♦♣❡r❛t❡s ❜❡❧♦✇ ✐ts s❡❧❢ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ❆s t❤❡ s❡❧❢ r❡s♦♥❛♥❝❡

❞❡♣❡♥❞s ♦♥ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ✐t ✐s ❤❛r❞ t♦ ❝♦♥tr♦❧ ❞✉❡ t♦ ♣r♦❝❡ss ✈❛r✐❛t✐♦♥s✳ ❆❢t❡r

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

✶✽✾



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✺✿ ❈♦♠♣❧❡t❡ ❣②r❛t♦r ❝✐r❝✉✐t ❝♦♥✜❣✉r❡❞ ❢♦r ❉❈ s✐♠✉❧❛t✐♦♥✳

✶✾✵



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

♦r❞❡r t♦ ✈❡r✐❢② t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐❛ ❢♦r ♦s❝✐❧❧❛t✐♦♥✳ ❆❧❧ ♦❢ t❤❡ r❡s✉❧ts ❤❛✈❡ ❜❡❡♥

♦❜t❛✐♥❡❞ ✐♥ ❊❧❞♦ ❘❋ ✉s✐♥❣ ❛♥ ❆❈ s♠❛❧❧ s✐❣♥❛❧ s✐♠✉❧❛t♦r✳

✼✳✺✳✶ ●②r❛t♦r ✇✐t❤♦✉t ❘❈ ♣❤❛s❡ s❤✐❢t❡r

❚❤❡ ❝✐r❝✉✐t ✐s ❛♥❛❧②s❡❞ ❢♦r t❤r❡❡ IB ✈❛❧✉❡s✿ ✸✵✵ ➭❆✱ ✼✺✵ ➭❆ ❛♥❞ ✶✺✵✵ ➭❆✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤✐s ❛❧❧♦✇s ✉s t♦ ♦❜s❡r✈❡ t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r❝✉✐t ❢♦r ❞✐✛❡r❡♥t gm ✈❛❧✉❡s✳ ❋✐❣✉r❡ ✼✳✼

♣r❡s❡♥ts t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐t ✇❤❡r❡ t❤❡ ❣❛t❡ ♦❢ t❤❡ ♥♦♥✲✐♥✈❡rt✐♥❣ tr❛♥s❝♦♥❞✉❝t♦r

❤❛s ❜❡❡♥ ❞✐s❝♦♥♥❡❝t❡❞ ❢r♦♠ t❤❡ ♦✉t♣✉t ♦❢ ❈❙ ❛♠♣❧✐✜❡r✳ ■❢ ❛ s❤♦rt ❝✐r❝✉✐t ✐s ❝♦♥♥❡❝t❡❞

❜❡t✇❡❡♥ CD❴G t♦ gyr❴out ♥♦❞❡s✱ t❤❡ ❣②r❛t♦r ♦♣❡r❛t❡s ❛s ❛ st❛♥❞❛r❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ t❤❡ s❤♦rt ❝✐r❝✉✐t ✐s s✉❜st✐t✉t❡❞ ❜② ❛♥ ❘❈ s❤✐❢t❡r✳

❚❤❡ s♠❛❧❧ s✐❣♥❛❧ s✐♠✉❧❛t✐♦♥ ❤❛s ❜❡❡♥ s❡t ❛s ❢♦❧❧♦✇s✳ ❆♥ ❆❈ t❡st s✐❣♥❛❧ ❣❡♥❡r❛t♦r

❤❛s ❜❡❡♥ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ✐♥✈❡rt✐♥❣ ❛♠♣❧✐✜❡r ✐♥♣✉t✳ ❆ ❢r❡q✉❡♥❝② s✇❡❡♣ ❤❛s ❜❡❡♥ s❡t

❢r♦♠ ✶✵✵ ▼❍③ t♦ ✶✵✵✵ ▼❍③✳ ❚❤❡ r❡s✉❧t ♦❢ t❤✐s s✐♠✉❧❛t✐♦♥ ❛❧❧♦✇s t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡

✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ✭♦r ✐♠♣❡❞❛♥❝❡✮✱ ❛ss✉♠✐♥❣ ❧✐♥❡❛r ❜❡❤❛✈✐♦r ❛r♦✉♥❞ t❤❡ ❉❈ q✉✐❡s❝❡♥t
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❋✐❣✉r❡ ✼✳✻✿ ❚r❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❣②r❛t♦r ❛♠♣❧✐✜❡rs ❛s ❢✉♥❝t✐♦♥s ♦❢ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t
IB✳

✶✾✶



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

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

✐♠❛❣✐♥❛r② ♣❛rts ♦❢ ❛ ❝♦♠♣❧❡① ✐♠♠✐t❛♥❝❡ ♦❢ t❤❡ t❡st❡❞ ❝✐r❝✉✐t s❡♣❛r❛t❡❧②✳ ❋✐❣✉r❡ ✼✳✽

❞❡♣✐❝ts t❤❡ t❡st ❜❡♥❝❤ ❝✐r❝✉✐t ♦❢ ❛ ❣②r❛t♦r ❢r♦♠ ❋✐❣✉r❡ ✼✳✼✳ ❈❛♣❛❝✐t♦r Cg r❡♣r❡s❡♥ts

t❤❡ ❣②r❛t❡❞ ❝❛♣❛❝✐t❛♥❝❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ Rout ❛♥❞ Cout

❛❧❧♦✇ ❝♦♥tr♦❧ ♦❢ t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠✳

❋✐rst✱ t❤❡ ❝✐r❝✉✐t ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ❢♦r Rout ♦❢ ✵ Ω✱ Cout ♦❢ ✵✳✶✺ ♣❋ ❛♥❞ Cg ♦❢ ✵✳✷ ♣❋✳

■♥ t❤✐s ❝❛s❡ ❛ st❛♥❞❛r❞ ❣②r❛t♦r ✐s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ t♦t❛❧ ❧♦❛❞ ❝❛♣❛❝✐t❛♥❝❡ ♣r♦✈✐❞❡❞ ❜②

▼❖❙ ♣❛r❛s✐t✐❝s✱ Cg ❛♥❞ Cout✳ ■❢ t❤❡ ❝❛♣❛❝✐t♦rs ❛r❡ t♦♦ s♠❛❧❧✱ t❤❡♥ t❤❡ ❝✐r❝✉✐t ♣❛r❛s✐t✐❝s

❞♦♠✐♥❛t❡ ✇❤✐❝❤ ✐♥ t✉r♥ ✐♥❝r❡❛s❡s ❝✐r❝✉✐t s❡♥s✐t✐✈✐t② ❢♦r ♣r♦❝❡ss ✈❛r✐❛t✐♦♥s✳ ❲❤❡♥ Cg

❛♥❞ Cout ❛r❡ ❧❛r❣❡✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ✐♥❝r❡❛s❡s✱ t②♣✐❝❛❧❧② ❛❧s♦ ❞❡❝r❡❛s✐♥❣ t❤❡ s❡❧❢

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❚❤❡ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ ❙❡❝t✐♦♥ ✹✳✺✱

s❤♦✇s t❤❛t ❢♦r ♦♣❡r❛t✐♦♥ ✐♥ s✉❜✲●❍③ ❢r❡q✉❡♥❝✐❡s ❜♦t❤ ❝❛♣❛❝✐t♦rs ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠

✵✳✷ ♣❋ t♦ ✵✳✺ ♣❋✳ ▼♦r❡ ❞❡t❛✐❧s ❛❜♦✉t ❛ ❝❤♦✐❝❡ ♦❢ Cout ✈❛❧✉❡s ❛r❡ ❞✐s❝✉ss❡❞ ❧❛t❡r ✐♥ t❤✐s

s❡❝t✐♦♥✳

❋✐❣✉r❡ ✼✳✾ ✐❧❧✉str❛t❡s r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ♣❛rts ♦❢ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡✱ t♦❣❡t❤❡r ✇✐t❤

t❤❡ ❝❛❧❝✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s✐❣♥❛❧ ❢r❡q✉❡♥❝②✳ ❚♦ ❡①♣❧❛✐♥ t❤❡ ❜❡❤❛✈✐♦r

♦❢ t❤❡ ❝✐r❝✉✐t✱ ♦♥❡ ❤❛s t♦ ❝♦♥s✐❞❡r ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝② r❛♥❣❡s✳ ❆t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ t❤❡

❝✐r❝✉✐t ❧♦ss❡s ✐♥❝r❡❛s❡ ❞r❛♠❛t✐❝❛❧❧② ❞✉❡ t♦ ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ t❤❛t

✐♥ t✉r♥ ❝❛✉s❡s ❧♦✇ ✉♥❧♦❛❞❡❞ Q✳ ❚❤✐s ✐s ♠♦st s❡✈❡r❡ ❢♦r ❤✐❣❤ tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ❜❡❝❛✉s❡

✐♥❞✉❝t❛♥❝❡ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ sq✉❛r❡ r♦♦t ♦❢ gm✳ ❚❤✐s ✐ss✉❡ ❝❛♥ ❜❡ ✐♠♣r♦✈❡❞

✉s✐♥❣ ❛ ❧❛r❣❡r ❣②r❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡ t❤❛t s❤✐❢ts t❤❡ ♣❡❛❦ ♦❢ r❡s✐st✐✈❡ ❧♦ss❡s ✐♥t♦ ❧♦✇❡r

❢r❡q✉❡♥❝✐❡s ❛t t❤❡ ❝♦st ♦❢ r❡❞✉❝❡❞ t✉♥✐♥❣ r❛♥❣❡ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❆t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s

t❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ r❡❛❝❤❡s ✐ts ❧✐♠✐t ♦❢ 1/gm ❞✉❡ t♦ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ❣②r❛t♦r✱

❛s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✹✳

✼✳✺✳✷ ❈♦♠♣❧❡t❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝✐r❝✉✐t

■♥ t❤✐s s❡❝t✐♦♥ t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❝✐r❝✉✐t✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❞❡✲

❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✐s ♦❜t❛✐♥❡❞ ❛♥❞ ❛ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s ❣❡♥❡r❛t❡❞✳ ❚♦ ❢✉❧❧② ❛♥❛❧②s❡

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

✶✾✷



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✼✿ ●②r❛t♦r ❝✐r❝✉✐t ❢♦r ❆❈ s✐♠✉❧❛t✐♦♥✳

❋✐❣✉r❡ ✼✳✽✿ ❚❡st ❜❡♥❝❤ ❝✐r❝✉✐t✳

✶✾✸



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

100 200 300 400 500 600 700 800 900 1000
0

50

100

150

200

250

T
ot

al
 in

pu
t c

on
du

ct
an

ce
 [m

S
]

Frequency [MHz]

 

 
I
B
=1400uA

I
B
=750uA

I
B
=300uA

100 200 300 400 500 600 700 800 900 1000
−200

−150

−100

−50

0

In
pu

t s
us

ce
pt

an
ce

 [m
S

]

Frequency [MHz]

 

 

I
B
=1400uA

I
B
=750uA

I
B
=300uA

100 200 300 400 500 600 700 800 900 1000
0

10

20

30

40

50

P
ar

al
le

l i
nd

uc
ta

nc
e 

[n
H

]

Frequency [MHz]

 

 
I
B
=1400uA

I
B
=750uA

I
B
=300uA

❋✐❣✉r❡ ✼✳✾✿ ❙✐♠✉❧❛t❡❞ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤♦✉t ❘❈ ♣❤❛s❡ s❤✐❢t❡r✳

✶✾✹



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ❝♦♠♣♦♥❡♥ts✳ ❋✐♥❛❧❧②✱ t❤❡ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

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

❞❡s❝r✐❜❡❞ ✐♥ ❞❡t❛✐❧ ❧❛t❡r ✐♥ t❤✐s s❡❝t✐♦♥✳

✼✳✺✳✷✳✶ ■♥♣✉t ❝♦♥❞✉❝t❛♥❝❡

❋✐rst✱ t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ s❤✐❢t❡r

r❡s✐st❛♥❝❡ Rout ✐s ❛♥❛❧②s❡❞✳ ❆s ♣r❡✈✐♦✉s❧②✱ t❤r❡❡ ❜✐❛s ❝✉rr❡♥t ✈❛❧✉❡s ❛r❡ ❝♦♥s✐❞❡r❡❞✳

❋✐❣✉r❡ ✼✳✶✵ ♣r❡s❡♥ts t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ♦✈❡r ❛♥ ✐♥❝r❡❛s✐♥❣ r❡s✐st❛♥❝❡

♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r✳ ❋♦r Rout ♦❢ ✶ ❦Ω✱ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ✐s ❣❡♥❡r❛t❡❞ ♦♥❧② ❢♦r t✇♦ ♦❢

t❤❡ ❝♦♥s✐❞❡r❡❞ ❜✐❛s ❝✉rr❡♥ts✳ ❆❧s♦✱ ❝✐r❝✉✐t ❧♦ss❡s ❛r❡ ❝❛♥❝❡❧❧❡❞ ♦♥❧② ❢♦r t❤❡ ❢r❡q✉❡♥❝✐❡s

♦✈❡r ✺✵✵ ▼❍③✳ ❲❤❡♥ Rout ✐♥❝r❡❛s❡s✱ t❤❡ ♣❤❛s❡ s❤✐❢t ❜❡t✇❡❡♥ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ ♦❢

t❤❡ ❈❙ ❛♠♣❧✐✜❡r ❛♥❞ ✐♥♣✉t ✈♦❧t❛❣❡ ♦❢ ❈❉ st❛❣❡ ✐♥❝r❡❛s❡s✳ ❆s ❛ r❡s✉❧t✱ ♠♦r❡ ♥❡❣❛t✐✈❡

❝♦♥❞✉❝t❛♥❝❡ ✐s ♣r♦❞✉❝❡❞✳

❚❤❡ ❢r❡q✉❡♥❝② ❜❛♥❞✇✐❞t❤ ♦✈❡r ✇❤✐❝❤ ❛ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ✐s ❣❡♥❡r❛t❡❞ ✐s ✐♥✈❡rs❡❧②

♣r♦♣♦rt✐♦♥❛❧ t♦ Rout✳ ❚❤✐s ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ✭✹✳✹✷✮✱ t❤❡ ❡q✉❛t✐♦♥ ❞❡✜♥✐♥❣

t❤❡ ❞❡s❝r✐❜❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ✐♥ t❡r♠s ♦❢ ωRnegL ❛♥❞ ωRnegH ✱ t❤❡ ❢r❡q✉❡♥❝✐❡s ❞❡✜♥✐♥❣

t❤❡ ❧♦✇ ❛♥❞ t❤❡ ❤✐❣❤ ❧✐♠✐ts ♦❢ t❤❡ ❞❡s❝r✐❜❡❞ ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❚❤❡ r❛t✐♦ ♦❢ t❤❡ t✇♦

❢r❡q✉❡♥❝✐❡s ❤❛s t❤❡ ❢♦r♠ ♦❢

ωRnegH

ωRnegL
=

f (Rout) + g (Rout)

f (Rout)− g (Rout)
✭✼✳✺✮

❛♥❞ ❝❧♦s❡r ❛♥❛❧②s✐s r❡✈❡❛❧s t❤❛t ✇❤❡♥ ❛❧❧ t❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs ❛r❡ ❝♦♥st❛♥t✱ f (Rout)✱

g (Rout) ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ r❡s✐st❛♥❝❡ ♦❢ Rout✳ ❆s ❛ r❡s✉❧t ❜♦t❤ ωRnegL

❛♥❞ ωRnegH ❞❡❝r❡❛s❡ ❛s ✇❡❧❧ ❛s t❤❡✐r r❛t✐♦✱ r❡❞✉❝✐♥❣ t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♥❡❣❛t✐✈❡

❝♦♥❞✉❝t❛♥❝❡✳

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

Rout ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✸✳✺ ❦Ω r❡♣r❡s❡♥ts t❤❡ ❜❡st tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡ ❜❛♥❞✇✐❞t❤ ❛♥❞

❛♠♦✉♥t ♦❢ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ r❡q✉✐r❡❞ ❢♦r ❝♦♠♣❡♥s❛t✐♦♥ ♦❢ t❤❡ r❡s♦♥❛t♦r✳

❚❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ✐s ❛❧s♦ ❝♦♥tr♦❧❧❡❞ ❜② Cout✳ ❋♦r t❤❡ ❝❤♦s❡♥ Rout✱ t❤❡ ❝✐r❝✉✐t

❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ❢♦r t❤r❡❡ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡s✿ ✵✳✶✺ ♣❋✱ ✵✳✷✻ ♣❋ ❛♥❞ ✵✳✹ ♣❋ ❛s ❞❡♣✐❝t❡❞
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✼✳✺✳✷✳✷ ❙✉s❝❡♣t❛♥❝❡

❆s ✐♥❞✐❝❛t❡❞ ♣r❡✈✐♦✉s❧②✱ t❤❡ ❆❈ ❛♥❛❧②s✐s ❛❧❧♦✇s ✉s t♦ ❛♥❛❧②s❡ t❤❡ ❝✐r❝✉✐t s✉s❝❡♣t❛♥❝❡

s❡♣❛r❛t❡❧② ❢r♦♠ t❤❡ ❝♦♥❞✉❝t❛♥❝❡✳ ❆s ❛ r❡s✉❧t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜s❡r✈❡ ❤♦✇ t❤❡ ✐♥❞✉❝t✐✈❡

✐♠♣❡❞❛♥❝❡ ❝❤❛♥❣❡s ✇✐t❤ ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ❝✐r❝✉✐t ♣❛r❛♠❡t❡rs✳ ❋✐❣✉r❡ ✼✳✶✷ ✐❧❧✉str❛t❡s

❛ s✐♠✉❧❛t❡❞ s✉s❝❡♣t❛♥❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝②✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❝✐r❝✉✐t

❣❡♥❡r❛t❡s ❛♥ ✐♥❞✉❝t✐✈❡ s✉s❝❡♣t❛♥❝❡ ✇✐t❤✐♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❢r❡q✉❡♥❝② ❜❛♥❞✳ ❆s ✐♥ t❤❡ ❝❛s❡

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

t❤❡r❡❢♦r❡ gm ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs✳ ❚❤✉s✱ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t✐♦♥ t❡❝❤♥✐q✉❡ ❛❧❧♦✇s

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

♣r❡❞✐❝t❡❞ ✐♥ ❈❤❛♣t❡r ✹✳ ❚❤❡ ✐♥❝r❡❛s❡ ♦❢ Rout ❝❛✉s❡s ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ s✉s❝❡♣t❛♥❝❡ ❛♥❞

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

t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝✐r❝✉✐t✳ ■♥ t❤✐s ❝❛s❡✱ Rout ♦❢ ✸✳✺ ❦Ω ♣r❡✈❡♥ts ❡①❝❡ss✐✈❡

✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ✭❋✐❣✉r❡ ✼✳✶✹✮✱ ❡s♣❡❝✐❛❧❧② ❢♦r s♠❛❧❧ gm ✈❛❧✉❡s✳ ❚❤✐s ✐♥ t✉r♥✱ ❛❧❧♦✇s

t❤❡ ✉s❡ ♦❢ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ♣❋ ❛t s✉❜✲●❍③ ❢r❡q✉❡♥❝✐❡s ❛♥❞ t❤❡r❡❢♦r❡

✐♠♣r♦✈❡ t❤❡ ♥♦✐s❡ ♣r♦❞✉❝❡❞ ❜② t❤❡ r❡s♦♥❛t♦r ✭❈❤❛♣t❡r ✹✮✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ Cout ♦♥ t❤❡

❝✐r❝✉✐t s✉s❝❡♣t❛♥❝❡ ❤❛s ❜❡❡♥ ❛❧s♦ ❛♥❛❧②s❡❞✱ ❛s ❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✶✸✳ ❚❤❡ ♦❜s❡r✈❡❞

❜❡❤❛✈✐♦r ✐s t❤❡ s❛♠❡ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ❛ ❝❤❛♥❣✐♥❣ Rout✱ s❤✐❢t✐♥❣ t❤❡ s❡❧❢✲r❡s♦♥❛♥❝❡

❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝✐r❝✉✐t ❞♦✇♥ ❢♦r ❛♥ ✐♥❝r❡❛s✐♥❣ ✈❛❧✉❡ ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ❝❛♣❛❝✐t❛♥❝❡✳

■♥ t❤❡ ♣r❡s❡♥t❡❞ ❞❡s✐❣♥✱ ❛ ✈❛❧✉❡ ♦❢ ✵✳✶✺ ♣❋ ❤❛s ❜❡❡♥ ❝❤♦s❡♥ t♦ ❛✈♦✐❞ ❡①❝❡ss✐✈❡ ✐♥❞✉❝t❛♥❝❡

❛t t❤❡ ❢r❡q✉❡♥❝✐❡s ♦❢ ✐♥t❡r❡st ❢♦r ❛❧❧ t❤❡ ❜✐❛s ❝✉rr❡♥ts ✉s❡❞✳

✼✳✺✳✷✳✸ ❆❈ ❜❡❤❛✈✐♦r ✈❡r✐✜❝❛t✐♦♥

❚❤❡ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♣❧♦ts ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡s ✼✳✶✵ ❛♥❞ ✼✳✶✶ ❛r❡ ❝♦♠♣❛r❡❞ t♦ ❋✐❣✲

✉r❡ ✹✳✶✸✳ ■♥ t❤❡ ❝❛s❡ ♦❢ Rout ❡q✉❛❧ t♦ ✸✳✺ ❦Ω ❛♥❞ Cout ♦❢ ✶✺✵ ❢❋✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡

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

❝✉✐t ❝♦rr❡s♣♦♥❞ t♦ t❤❡s❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✹✳ ■♥ t❤❡

❛❝t✉❛❧ ❝✐r❝✉✐t✱ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ✇❤❡r❡ t❤❡ r❡s♦♥❛t♦r ✐s ❢✉❧❧② ❝♦♠♣❡♥s❛t❡❞ ✐s r❡❞✉❝❡❞

❜② ❛❜♦✉t ✷✵✪ ❞✉❡ t♦ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ t❤❡ tr❛♥s✐st♦rs ❛♥❞ ❝✉rr❡♥t ♠✐rr♦rs✳
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✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s

◆♦t❡ t❤❛t t❤❡ s✐♠✉❧❛t❡❞ ❧♦✇❡r ❧✐♠✐t ♦❢ t❤✐s ❢r❡q✉❡♥❝② ❜❛♥❞✱ ✐s ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦

✷✵✵ ▼❍③✱ ❛s ❝❛❧❝✉❧❛t❡❞ ♣r❡✈✐♦✉s❧② ✐♥ ❈❤❛♣t❡r ✹✳ ❚❤✐s ♣r♦✈❡s t❤❛t t❤❡ ❣②r❛t♦r ❧♦ss❡s

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

❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❛♥❞ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✾✳

■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✹✱ t❤❡ ❈▼❖❙

❣②r❛t♦r ❢♦❧❧♦✇s t❤❡ ❜❡❤❛✈✐♦r ♦❢ ❛ ❣❡♥❡r✐❝ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ ❙❡❝t✐♦♥ ✹✳✷✳✶✳✷✱ ❋✐❣✲

✉r❡s ✹✳✹ ❛♥❞ ✹✳✻✳ ■t ❝❛♥ ❜❡ s❡❡♥✱ t❤❛t t❤❡ ♣r♦♣♦s❡❞ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ♣r❡❞✐❝ts ❝♦rr❡❝t❧②

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

❞✉❝t❛♥❝❡ ✭r❡❢❡r t♦ t❤❡ ❝❛s❡ ❢♦r Rout ♦❢ ✶ ❦Ω✮ ✐ts ✐♥❝r❡❛s❡ ✇✐t❤ ❢r❡q✉❡♥❝② ❛♥❞ ✐♥✈❡rs❡

♣r♦♣♦rt✐♦♥❛❧✐t② t♦ gm✳

◆♦t❡ t❤❛t ✐♥ t❤❡ ♣r❛❝t✐❝❛❧ ♦s❝✐❧❧❛t♦r✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r Cout ❤❛s ❜❡❡♥

❤❛❧✈❡❞ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✹✱ ❚❛❜❧❡ ✹✳✻✳ ❚❤✐s

✐s ❞✉❡ t♦ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ t❤❡ ❈❉ ❛♠♣❧✐✜❡r ❛♥❞ t❤❡ ❝✉rr❡♥t ♠✐rr♦r t❤❛t

❛r❡ r❡♣r❡s❡♥t❡❞ ❜② s✐♥❣❧❡ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✳ ▼♦r❡ ❞❡t❛✐❧s ♦♥ t❤❡

✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♣❛r❛s✐t✐❝s ♦♥ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝✐r❝✉✐t ❛r❡ ♣r❡s❡♥t❡❞ ❜② ❙③❝③❡♣❦♦✇s❦✐

❡t ❛❧✳ ❬✶✷✺❪✳ ❆❧t❤♦✉❣❤✱ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝✐r❝✉✐t ✐s ❢❛r ❢r♦♠ ✐❞❡❛❧ ❛♥❞ ❞♦❡s ❤❛✈❡ ♠♦r❡

❝♦♠♣❧❡① ♣❛r❛s✐t✐❝ str✉❝t✉r❡ t❤❛♥ ✐♥✐t✐❛❧❧② ❛ss✉♠❡❞✱ t❤❡ ♦✈❡r❛❧❧ ❆❈ ❜❡❤❛✈✐♦r ❢♦❧❧♦✇s t❤❡

♦♥❡ ♣r❡❞✐❝t❡❞ ♠❛t❤❡♠❛t✐❝❛❧❧② ❢r♦♠ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ♠♦❞❡❧✳

✼✳✺✳✸ ❘❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛♥❞ ❝❤♦✐❝❡ ♦❢ ❛ t❛♥❦

❝❛♣❛❝✐t♦r ✈❛❧✉❡

❚♦ ❝r❡❛t❡ t❤❡ ❝♦♥❞✐t✐♦♥s ❢♦r ✐♥st❛❜✐❧✐t②✱ t❤❡ ❝✐r❝✉✐t ❤❛s t♦ ❜❡ ✐♥ r❡s♦♥❛♥❝❡ ✇❤✐❧❡ ♥❡❣✲

❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ❢✉❧❧② ❝♦♠♣❡♥s❛t❡s t❤❡ r❡s♦♥❛t♦r ❧♦ss❡s✳ Pr♦♣❡r ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② t❤❡r❡❢♦r❡ r❡q✉✐r❡s ❛ t❤♦r♦✉❣❤ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❝✐r✲

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

✐s ♣r♦♣♦s❡❞✳ ❚❤❡ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❛s ❢♦❧❧♦✇s✳ ❋✐rst✱ ♣❧♦ts ♦❢ t❤❡ r❡❛❧ ❛♥❞

✐♠❛❣✐♥❛r② ♣❛rts ♦❢ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡ ❢r♦♠ ❋✐❣✉r❡ ✼✳✶✵ ❛♥❞ ✼✳✶✷ ❝❛♥ ❜❡ ❞✐s♣❧❛②❡❞ ♦♥ ❛

s✐♥❣❧❡ s❤❡❡t✳ ❋✐❣✉r❡ ✼✳✶✺ ♣r❡s❡♥ts ❜♦t❤ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r Rout ❛♥❞ Cout ♦❢ ✸✳✺ ❦Ω ❛♥❞

✷✵✷



✼✳✺ ❙♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

✵✳✶✺ ♣❋✱ r❡s♣❡❝t✐✈❡❧②✳ ❆s t❤❡ ❝✐r❝✉✐t s✐♠✉❧❛t❡s ❛ ♣❛r❛❧❧❡❧ r❡s♦♥❛t♦r✱ t❤❡ t❛♥❦ ❝❛♣❛❝✐✲

t❛♥❝❡ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ s✉s❝❡♣t❛♥❝❡ jBC = jωCt t❤❛t ❛❞❞s ❞✐r❡❝t❧② t♦ t❤❡ ✐♥♣✉t

s✉s❝❡♣t❛♥❝❡ ♦❢ t❤❡ ❣②r❛t♦r✳ ❲❤❡♥ t❤❡ s✉♠ ✐s ③❡r♦ ✐♥ t♦t❛❧✱ t❤❡ t❛♥❦ ✐s ❛t r❡s♦♥❛♥❝❡

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

r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ BC ❝❛♥ ❜❡ ♣r♦❥❡❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✶✺ ❛s ❛ −BC ✱ r❡♣r❡s❡♥t❡❞ ❤❡r❡ ❛s

❛ ❞❛s❤❡❞ ❧✐♥❡✳ ❚❤❡ ♣♦✐♥ts ✇❤❡r❡ t❤✐s ❧✐♥❡ ✐♥t❡rs❡❝ts t❤❡ ❣②r❛t♦r s✉s❝❡♣t❛♥❝❡ ❝✉r✈❡s ❢♦r

❞✐✛❡r❡♥t IB✱ ✐♥❞✐❝❛t❡s t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✳ ■❢ ❛t t❤❡ s❛♠❡ t✐♠❡✱ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ✐s

❣❡♥❡r❛t❡❞✱ t❤❡ ❝✐r❝✉✐t ✇✐❧❧ ❜❡❝♦♠❡ ✉♥st❛❜❧❡✳ ◆♦t❡ t❤❛t t❤❡ ❞❡s❝r✐❜❡❞ ❣r❛♣❤✐❝❛❧ ♠❡t❤♦❞

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

♣❧♦ts ❛r❡ ❛✈❛✐❧❛❜❧❡✳

❙❡tt✐♥❣ BC t♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s✱ ❝❤❛♥❣❡s t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❧✐♥❡✱ ♠❛❦✐♥❣ ✐t st❡❡♣❡r

❢♦r ❧❛r❣❡r t❛♥❦ ❝❛♣❛❝✐t♦r ✈❛❧✉❡s✳ ■♥ ❋✐❣✉r❡ ✼✳✶✺✱ Ct = ✹ ♣❋ ❤❛s ❜❡❡♥ ✉s❡❞✳ ❋♦r t❤❡

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

❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✸✳ ❚❤❡ ❛✈❛✐❧❛❜❧❡ t♦t❛❧ t✉♥✐♥❣ r❛♥❣❡ ♦❢ ✸✶✵ ▼❍③ ❛r♦✉♥❞ t❤❡

❝❡♥tr❡ ❢r❡q✉❡♥❝② ♦❢ ✹✽✵ ▼❍③ r❡s✉❧ts ✐♥ ❛ r❡❧❛t✐✈❡❧② ✇✐❞❡ ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤ ♦❢ ❛❜♦✉t

✻✹✪✱ ❛ r❡s✉❧t ❜❡②♦♥❞ t❤❡ ❝❛♣❛❜✐❧✐t✐❡s ♦❢ ❛♥ ♦s❝✐❧❧❛t♦r ✉s✐♥❣ ❛ s✐♥❣❧❡ ♣❛ss✐✈❡ ▲❈ t❛♥❦✳

✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❧❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♥❣ ❝✐r❝✉✐t✳ ❆s ❛♥ ♦s❝✐❧❧❛t♦r

✐s ♥♦♥✲❧✐♥❡❛r ❛♥❞ ♦♣❡r❛t❡s ✇✐t❤ ❛ ♣❡r✐♦❞✐❝ s✐❣♥❛❧✱ ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ ♠❡t❤♦❞s ❛r❡ ✉s❡❞

t♦ ✜♥❞ ❛ st❡❛❞② st❛t❡ s♦❧✉t✐♦♥✳ ❖♥❡ ♦❢ t❤❡ ❜❡st ❦♥♦✇♥ ❤❛r♠♦♥✐❝ ❜❛❧❛♥❝❡ ❛♣♣r♦❛❝❤❡s

✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❝✐r❝✉✐t s✐♠✉❧❛t♦rs ❧✐❦❡ ❊❧❞♦ ❘❋ ✐s t❤❡ ♣r♦❜❡ ♠❡t❤♦❞ ❬✶✷✻❪✳

❚❤❡ ❝✐r❝✉✐t s✐♠✉❧❛t♦r ✐♥tr♦❞✉❝❡s ❛ ❤❛r♠♦♥✐❝ s♦✉r❝❡ ✭s❡r✐❡s ✈♦❧t❛❣❡ ♦r ♣❛r❛❧❧❡❧ ❝✉rr❡♥t✮

❜❡t✇❡❡♥ ♥♦❞❡s ❢♦r ✇❤✐❝❤ ♦s❝✐❧❧❛t♦r② ❜❡❤❛✈✐♦r ✐s s✉s♣❡❝t❡❞✳ ❚❤❡ ♣r♦❜❡ ✐s ❞❡✜♥❡❞ ❜②

❛♠♣❧✐t✉❞❡ ❛♥❞ ❢r❡q✉❡♥❝②✱ ✇❤❡r❡ t❤❡ ❧❛tt❡r ❝❛♥ ❜❡ s❡t ❛s ❛♥ ✐♥✐t✐❛❧ ❣✉❡ss✱ ❝❧♦s❡ t♦ t❤❡

❡①♣❡❝t❡❞✱ t❤❡♦r❡t✐❝❛❧ ✈❛❧✉❡✳ ❉✉r✐♥❣ s✐♠✉❧❛t✐♦♥✱ t❤❡ ♣r♦❜❡ ♣❛r❛♠❡t❡rs ❛r❡ ✈❛r✐❡❞ ✉♥t✐❧

t❤❡✐r ✈❛❧✉❡s ❛❧❧♦✇ ✉s t♦ r❡❛❝❤ ❛ ❝♦♥✈❡r❣✐♥❣ s♦❧✉t✐♦♥ ✇✐t❤✐♥ ❛ s♣❡❝✐✜❡❞ ❡rr♦r✳ ❚❤❡ st❡❛❞②✲

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

✷✵✹



✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❢r❡q✉❡♥❝②✳ ❚❤❡ ❙❙❚ ✭st❡❛❞② st❛t❡✮ s✐♠✉❧❛t♦r ✐♥ ❊❧❞♦ ❘❋ ❛❧❧♦✇s ♦♥❡ t♦ ✜♥❞ t❤❡ ❧❛r❣❡

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

❋✐❣✉r❡ ✼✳✶✻ ✐❧❧✉str❛t❡s t❤❡ t❡st ❜❡♥❝❤ ❝✐r❝✉✐t ✉s❡❞ ❢♦r t❤✐s s✐♠✉❧❛t✐♦♥✳ ❚❤❡ t❛♥❦ ❝❛♣❛❝✐t♦r

❛♥❞ ♣❤❛s❡ s❤✐❢t❡r ❛r❡ ❞❡s✐❣♥❡❞ ✉s✐♥❣ ▼■▼ ❝❛♣❛❝✐t♦rs✳ ❚❤❡ r❡s✐st♦r Rout ❡♠♣❧♦②s ❛ ❤✐❣❤

r❡s✐st❛♥❝❡ ❞❡✈✐❝❡ ♦♣t✐♠✐s❡❞ ❢♦r ❘❋ ❢r❡q✉❡♥❝✐❡s ✇✐t❤ ❛ ♥♦♥✲s❛❧✐❝✐❞❡ ♣♦❧②s✐❧✐❝♦♥ ❝♦♥❞✉❝t✐✈❡

♣❛t❤✳ ❚❤❡ r❡❧❛t❡❞ ❞❡s✐❣♥ ♣❛r❛♠❡t❡rs ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❚❛❜❧❡ ✼✳✹✳ ❖♥❝❡ t❤❡ s✐♠✉❧❛t✐♦♥ ✐s

s❡t✱ t❤❡ ♣r♦❜❡ ✐s ♣❧❛❝❡❞ ❛✉t♦♠❛t✐❝❛❧❧② ❜❡t✇❡❡♥ t❤❡ ♥♦❞❡s gyr❴in ❛♥❞ V SS✱ t❤❛t ✐s ❛t

t❤❡ ❣②r❛t♦r ✐♥♣✉t✳

✼✳✻✳✶ ▲❛r❣❡ s✐❣♥❛❧ ✐♥♣✉t ❛❞♠✐tt❛♥❝❡

❆s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ❆❈ ♠♦❞❡❧ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✐s

♥♦t s✉✣❝✐❡♥t t♦ ❞❡s❝r✐❜❡ ✐ts ❜❡❤❛✈✐♦r ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♦s❝✐❧❧❛t✐♦♥s✳ ■t ✇❛s s❤♦✇♥

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

❝❤❛♥❣❡s t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❞✉❡ t♦ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡✳ ❚♦ ❝♦♥✜r♠ t❤✐s

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

❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✐♥♣✉t s✐❣♥❛❧ ❛♣♣❧✐❡❞ ❜❡t✇❡❡♥ t❤❡ ♥♦❞❡s gyr❴in ❛♥❞ V SS✳ ❚❤❡ r❡s✉❧ts✱

✐♥ ❛ ❢♦r♠ ♦❢ t❤❡ t♦t❛❧ ✐♥♣✉t ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ♣❛r❛❧❧❡❧ ✐♥❞✉❝t❛♥❝❡ ❛r❡ ✐❧❧✉str❛t❡❞ ♦♥

❋✐❣✉r❡s ✼✳✶✼ ❛♥❞ ✼✳✶✽✱ r❡s♣❡❝t✐✈❡❧②✳ ❆t t❤✐s st❛❣❡ t❤❡ ❝✐r❝✉✐t ✐s ❛♥❛❧②s❡❞ ❛s ❜❡✐♥❣ ❞r✐✈❡♥

❜② ❛♥ ❡①t❡r♥❛❧ s✐❣♥❛❧ s♦✉r❝❡✱ ❞❡✜♥❡❞ ❜② ❢r❡q✉❡♥❝② ❛♥❞ ❛♠♣❧✐t✉❞❡✳ ❚❤✉s✱ ❢♦r t❤❡ ♣✉r♣♦s❡

♦❢ t❤✐s ♣❛rt✐❝✉❧❛r s✐♠✉❧❛t✐♦♥ ✐t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✐s ♥♦t ❝♦♥s✐❞❡r❡❞

❛♥ ❛✉t♦♥♦♠♦✉s ❝✐r❝✉✐t✳

❲❤❡♥ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s r❡❧❛t✐✈❡❧② s♠❛❧❧✱ ❧❡ss t❤❛♥ ✶ ♠❱✱ t❤❡ ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞

t♦ t❤❡ ♦♥❡s ❢♦✉♥❞ ✉s✐♥❣ t❤❡ ❆❈ s✐❣♥❛❧ ❛♥❛❧②s✐s ✐♥ ❙❡❝t✐♦♥ ✼✳✺✱ ❚❛❜❧❡ ✼✳✸✳ ❲❤❡♥ t❤❡ s✐❣♥❛❧

❛♠♣❧✐t✉❞❡ ✐♥❝r❡❛s❡s✱ t❤❡ ❝✐r❝✉✐t ❜❡❤❛✈❡s ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♣r♦♣♦s❡❞ ❱♦❧t❡rr❛ ❦❡r♥❡❧

♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✺✱ ❚❛❜❧❡ ✺✳✹✳ ◆♦t❡✱ t❤❛t ❛❧t❤♦✉❣❤ t❤❡ ♣r♦♣♦s❡❞ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ✐s

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

♣r❡✈✐♦✉s❧② ♦♥ ❋✐❣✉r❡ ✺✳✶✵✳ ❚❤❡ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ st❛rts t♦ ❞❡❝r❡❛s❡ ✉♥t✐❧ ✐ts ✈❛❧✉❡

r❡❛❝❤❡s ③❡r♦✳ ❆t t❤✐s ♣♦✐♥t ♦s❝✐❧❧❛t✐♦♥s s❤♦✉❧❞ s❡tt❧❡ ❤♦✇❡✈❡r t❤❡ ♣r❡s❡♥t❡❞ ❛♠♣❧✐t✉❞❡

✈❛❧✉❡s s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ♦♥❧② ❛s q✉❛❧✐t❛t✐✈❡✳ ❉✉❡ t♦ t❤❡ ♥❛t✉r❡ ♦❢ s✐♠✉❧❛t✐♦♥ s❡t✉♣ ✐♥
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✶✻✿ ❚❡st ❜❡♥❝❤ ❝✐r❝✉✐t ❢♦r ❙❙❚ ❛♥❞ t✐♠❡ ❞♦♠❛✐♥ s✐♠✉❧❛t✐♦♥s✳

❚❛❜❧❡ ✼✳✹✿ ❉❡s✐❣♥ ♣❛r❛♠❡t❡rs ♦❢ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥ts

❈♦♠♣♦♥❡♥t ▼♦❞❡❧ ❱❛❧✉❡ ❯♥✐t ❲ ▲ ❯♥✐t

Rout ❘◆❍❘❴❘❋ ✸✳✺✷✸ ❦Ω ✽✳✺ ✷✳✺
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❊❧❞♦ ❘❋ ✐t ✇❛s ❛ss✉♠❡❞ t❤❛t t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✇❛s ❝♦♥st❛♥t ❢♦r ❡❛❝❤ ❝✉r✈❡ ❛♥❞

❡q✉❛❧ t♦ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ✈❛❧✉❡ ❢r♦♠ ❚❛❜❧❡ ✼✳✸✳ ■♥ ❣❡♥❡r❛❧✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❞❡t❛✐❧ ✐♥

❙❡❝t✐♦♥s ✺✳✺✳✶ ❛♥❞ ✺✳✺✳✷✱ s✉❝❤ ❛♥ ❛ss✉♠♣t✐♦♥ ✐s ❢❛❧s❡✱ ❛s ❞✉❡ t♦ t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡

✐♥❞✉❝t❛♥❝❡ ✭♣r♦✈❡❞ ❜② ❋✐❣✉r❡ ✼✳✶✽✮✱ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣

❛♠♣❧✐t✉❞❡✳ ❍♦✇❡✈❡r✱ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❡❛❝❤ ♣♦✐♥t ❛t t❤❡ ♣r❡s❡♥t❡❞ ♣❧♦ts✱ ✇♦✉❧❞ r❡q✉✐r❡

❛ s❡♣❛r❛t❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♥❞ r❡❝✉rs✐✈❡ s✐♠✉❧❛t✐♦♥ ✐♥ ❊❧❞♦ ❘❋✳

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

♣r❡✈✐♦✉s❧②✱ ❤♦✇❡✈❡r ✐♥ t❤✐s ❝❛s❡ ♦♥❡ ❝❛♥✬t ♦❜t❛✐♥ t❤❡ ♣❧♦ts ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡s ✼✳✶✼ ❛♥❞

✼✳✶✽✳ ❚❤✉s✱ t❤❡s❡ ♣❧♦ts s❤♦✉❧❞ ❜❡ tr❡❛t❡❞ ♦♥❧② ❛s ✐❧❧✉str❛t✐✈❡✳ ■t ✇✐❧❧ ❜❡ s❤♦✇❡❞ ❧❛t❡r

t❤❛t t❤❡ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❙❙❚ s✐♠✉❧❛t✐♦♥ ❛r❡ ♠✉❝❤ ❝❧♦s❡r t♦ t❤❡

❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ❢r♦♠ ❈❤❛♣t❡r ✺✳

✼✳✻✳✷ ❚✉♥✐♥❣ r❛♥❣❡

❋✐❣✉r❡ ✼✳✶✾ ❞❡♣✐❝ts t❤❡ t✉♥✐♥❣ ❝✉r✈❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❊❛❝❤ ♣♦✐♥t r❡♣r❡s❡♥ts t❤❡ ♦s❝✐❧✲

❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❢♦r IB ❜❡t✇❡❡♥ ✸✵✵ ➭❆ ❛♥❞ ✶✹✵✵ ➭❆ ✇✐t❤ ❛ ✶✵✵ ➭❆ st❡♣✳ ■t ❝❛♥ ❜❡

s❡❡♥ t❤❛t ❙❙❚ s✐♠✉❧❛t♦r ✇❛s ❛❜❧❡ t♦ ✜♥❞ ✐♥st❛❜✐❧✐t② ❧❡❛❞✐♥❣ t♦ ♦s❝✐❧❧❛t✐♦♥s ❢♦r ❛❧❧ ♦❢ t❤❡

❝♦♥s✐❞❡r❡❞ ❜✐❛s ❝♦♥❞✐t✐♦♥s✳ ❚❤✉s✱ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❣❡♥❡r❛t❡s ❛ s✐❣♥❛❧ ✇✐t❤♦✉t

❛♥② ❡①t❡r♥❛❧ ❝♦♠♣❡♥s❛t✐♦♥ ❝✐r❝✉✐t✱ ❛s ♣r❡❞✐❝t❡❞ ✐♥ s♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s✳

❚❤❡ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❛♣♣r♦①✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❣r❛♣❤✐❝❛❧

♠❡t❤♦❞ ❛♥❞ t❤❡ s♠❛❧❧ s✐❣♥❛❧ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✳ ❖♥❡ ♦❜s❡r✈❛t✐♦♥ ♠❛❞❡ ✐s t❤❛t t❤❡ s✐❣♥❛❧

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

❚❤✐s ✐s ❝❛✉s❡❞ ❜② t✇♦ ❢❛❝t♦rs✳ ❋✐rst✱ ❛s ♣r❡❞✐❝t❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ ❚❛❜❧❡ ✺✳✹ ❛♥❞ s❤♦✇♥ ♦♥

❋✐❣✉r❡ ✼✳✶✽✱ ❞✉❡ t♦ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ♦❢ ❛♥ ✐♥❝r❡❛s✐♥❣ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡✱ t❤❡ s✐♠✉❧❛t❡❞

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

♦✈❡r ♦♥❡ ♦s❝✐❧❧❛t✐♦♥ ❝②❝❧❡ ✐s s♦♠❡✇❤❛t ❧❛r❣❡r t❤❛♥ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ✈❛❧✉❡ ❞❡t❡r♠✐♥❡❞

❢r♦♠ t❤❡ ❆❈ ♠♦❞❡❧✳ ❙❡❝♦♥❞❧②✱ ❛❧❧ ♦❢ t❤❡ tr❛♥s✐st♦r ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s ❛r❡ ✈♦❧t❛❣❡

❞❡♣❡♥❞❡♥t ❛♥❞ ✈❛r② ✇✐t❤ ♦s❝✐❧❧❛t✐♦♥ s✐❣♥❛❧✳

❚❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❢♦✉♥❞ ✉s✐♥❣ t❤❡ ❙❙❚ ❛♥❛❧②s✐s ✐s ❡q✉❛❧ t♦ ✸✺✹ ▼❍③✱

s♣❛♥♥✐♥❣ ❢r♦♠ ✷✷✻ ▼❍③ t♦ ✺✽✵ ▼❍③✳ ❆ss✉♠✐♥❣ t❤❡ ❝❡♥tr❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r

✷✵✽
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AC analysis
SST analysis

❋✐❣✉r❡ ✼✳✶✾✿ ❚✉♥✐♥❣ ❝✉r✈❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

❛t ✹✸✹ ▼❍③ ❢♦r IB ♦❢ ✾✵✵ ➭❆✱ t❤✐s ✈❛❧✉❡ r❡s✉❧ts ✐♥ ❛ r❡❧❛t✐✈❡❧② ✇✐❞❡✱ ❢r❛❝t✐♦♥❛❧ t✉♥✐♥❣

r❛♥❣❡ ♦❢ ✽✶✳✺✪✳ ◆♦ s✇✐t❝❤❡❞ ❝❛♣❛❝✐t♦rs ❛♥❞ ✈❛r❛❝t♦rs ❛r❡ ✉s❡❞✳ ■t ✐s ❛❧s♦ ✇♦rt❤ ♥♦t✐♥❣

t❤❛t t❤❡ t✉♥✐♥❣ ❝✉r✈❡ ✐s ❧❡ss ❞✐st♦rt❡❞ t❤❛♥ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❝✐r❝✉✐ts t✉♥❡❞ ❜② ✈❛r❛❝t♦r

❞✐♦❞❡s✳

❆s t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❜✐❛s ❝✉rr❡♥t✱ t❤❡ t✉♥✐♥❣ ❝♦♥st❛♥t ✐s

❡①♣r❡ss❡❞ ✐♥ ❍③✴❆✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ t❤❡ t✉♥✐♥❣ ❝♦♥st❛♥t ❢♦r t❤❡ ❝✐r❝✉✐t ✐s ❡q✉❛❧ t♦

✸✷✵ ❦❍③✴➭❆✳

✼✳✻✳✸ ❙♣❡❝tr❛❧ ❛♥❞ tr❛♥s✐❡♥t s✐♠✉❧❛t✐♦♥ ♦❢ ♦✉t♣✉t s✐❣♥❛❧

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ s♣❡❝tr❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ♦✉t♣✉t s✐❣♥❛❧ ❛s ❛ ❢✉♥❝t✐♦♥

♦❢ ❜✐❛s ❝✉rr❡♥t✳ ❚❤❡ r❡s✉❧t ❤❛s ❜❡❡♥ ❡①tr❛❝t❡❞ ❢r♦♠ ❙❙❚ s✐♠✉❧❛t✐♦♥ ❢♦r ✜✈❡ ❞✐✛❡r❡♥t IB

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

❢r♦♠ ❡✐t❤❡r t❤❡ gyr❴in ♦r t❤❡ gyr❴out ♥♦❞❡s ✭r❡❢❡r t♦ ❋✐❣✉r❡ ✼✳✶✻✮✳ ❚❤❡ ♣r❛❝t✐❝❛❧

❝❤♦✐❝❡ ♦❢ t❤❡ ♦✉t♣✉t ✐s ❞✐❝t❛t❡❞ ❜② t❤❡ t②♣❡ ♦❢ ❧♦❛❞✱ r❡q✉✐r❡❞ ♦✉t♣✉t s✐❣♥❛❧ ♣♦✇❡r ❛♥❞

t❤❡ ❜✉✛❡r ❛♠♣❧✐✜❡r ❛r❝❤✐t❡❝t✉r❡✳ ▼♦r❡ ❞❡t❛✐❧s ✇✐❧❧ ❜❡ ❣✐✈❡♥ ✐♥ s✉❜s❡q✉❡♥t s❡❝t✐♦♥s✳

✷✵✾
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❚❛❜❧❡ ✼✳✺✿ ❖✉t♣✉t s✐❣♥❛❧ s♣❡❝tr✉♠ ❢♦r ✜✈❡ ❞✐✛❡r❡♥t r❡❢❡r❡♥❝❡ ❝✉rr❡♥ts✳

✭❛✮ IB =✸✵✵ ➭❆✳

f0 =✷✷✻ ▼❍③

❖✉t♣✉t gyr❴in gyr❴out

❈♦♠♣♦♥❡♥t
❆♠♣❧✐t✉❞❡

♠❱

DC ✹✾✵ ✽✾✶

f0 ✽✵ ✹✹✼

2f0 ✷✽ ✶✸✵

3f0 ✾ ✹✽

4f0 ✷✳✷ ✶✾

5f0 ✵✳✽ ✼

THD (%) ✸✼ ✸✶

✭❜✮ IB =✼✺✵ ➭❆✳

f0 =✸✽✵ ▼❍③

❖✉t♣✉t gyr❴in gyr❴out

❈♦♠♣♦♥❡♥t
❆♠♣❧✐t✉❞❡

♠❱

DC ✺✸✷ ✶✵✸✼

f0 ✶✵✾ ✻✽✸

2f0 ✷✾ ✶✸✺

3f0 ✹ ✸✾

4f0 ✵✳✻✽ ✶✼

5f0 ✵✳✹✽ ✻

THD (%) ✷✼ ✷✶

✭❝✮ IB =✾✵✵ ➭❆✳

f0 =✹✸✹ ▼❍③

❖✉t♣✉t gyr❴in gyr❴out

❈♦♠♣♦♥❡♥t
❆♠♣❧✐t✉❞❡

♠❱

DC ✺✹✹ ✶✶✵✵

f0 ✶✵✻ ✻✺✸

2f0 ✷✶ ✾✺

3f0 ✶✳✷ ✸✷

4f0 ✵✳✾ ✶✷

5f0 ✵✳✶✹ ✶✳✼

THD (%) ✷✵ ✶✻

✭❞✮ IB =✶✷✵✵ ➭❆✳

f0 =✺✸✵ ▼❍③

❖✉t♣✉t gyr❴in gyr❴out

❈♦♠♣♦♥❡♥t
❆♠♣❧✐t✉❞❡

♠❱

DC ✺✻✽ ✶✷✵✵

f0 ✾✷ ✺✺✽

2f0 ✾ ✹✻

3f0 ✵✳✽ ✷✷

4f0 ✵✳✷✻ ✹

5f0 ✵✳✵✸ ✷

THD (%) ✶✵ ✾

✭❡✮ IB =✶✹✵✵ ➭❆✳

f0 =✺✽✵ ▼❍③

❖✉t♣✉t gyr❴in gyr❴out

❈♦♠♣♦♥❡♥t
❆♠♣❧✐t✉❞❡

♠❱

DC ✺✽✹ ✶✷✺✵

f0 ✼✻ ✹✼✼

2f0 ✹ ✸✷

3f0 ✵✳✻✷ ✶✺

4f0 ✵✳✵✾ ✷✳✽

5f0 ✵✳✵✷ ✶✳✽

THD (%) ✺✳✸ ✼✳✸

✷✶✵



✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❚❛❜❧❡ ✼✳✺ ♣r❡s❡♥ts t❤❡ s✐♠✉❧❛t❡❞ r❡s✉❧ts ♦❢ ❙❙❚ s✐♠✉❧❛t✐♦♥ ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥✳

❊❛❝❤ s✉❜✲t❛❜❧❡ ❝♦♥t❛✐♥s t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s ❛t t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ❛♥❞ t❤❡ ❝♦r✲

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

gyr❴in ❛♥❞ t❤❡ gyr❴out ♥♦❞❡s✳ ❚❤❡ ❛✈❛✐❧❛❜❧❡ ❛♠♣❧✐t✉❞❡s ♦♥ t❤❡ gyr❴in ♥♦❞❡ ❝♦rr❡✲

s♣♦♥❞ t♦ t❤❡ r❡s✉❧ts ♦❢ t❤❡♦r❡t✐❝❛❧ ❞❡r✐✈❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ ✐♥ ❋✐❣✉r❡ ✺✳✶✵✱

♣r♦✈✐♥❣ t❤❛t t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧s ♠❡t❤♦❞ ❛♣♣❧✐❡❞ ❢♦r ❛ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r✲

❛t❡❞ ❣②r❛t♦r ❝❛♥ ♣r❡❞✐❝t ❝♦rr❡❝t ❧❛r❣❡ s✐❣♥❛❧ ❜❡❤❛✈✐♦r✳ ◆♦t❡ t❤❛t t❤❡ ♦✉t♣✉t ❛♠♣❧✐t✉❞❡s

❢r♦♠ gyr❴out ✇❡r❡ ♥♦t ❛♥❛❧②s❡❞ ❜② t❤❡ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧✳ ❚❤❡✐r ❧❡✈❡❧s ❛r❡ s✐❣♥✐✜❝❛♥t❧②

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

♦❢ t❤❡ ❈❙ ❛♥❞ ❈❉ ❛♠♣❧✐✜❡rs✳ ■♥ ❛❞❞✐t✐♦♥✱ ♥♦t❡ t❤❛t t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ❜❡❝♦♠❡s ❧❡ss

❞✐st♦rt❡❞ ❢♦r t❤❡ ✐♥❝r❡❛s✐♥❣ ❜✐❛s ❝✉rr❡♥t ✭✐✳❡✳ ✐♥❝r❡❛s✐♥❣ gm✮✳ ❚❤✐s ❜❡❤❛✈✐♦r ❤❛s ❜❡❡♥

♣r❡❞✐❝t❡❞ ❜② t❤❡ ♣r♦♣♦s❡❞ ❧❛r❣❡ s✐❣♥❛❧ ♠♦❞❡❧ ✭✐♥❞✐❝❛t❡❞ ❜② ❋✐❣✉r❡ ✺✳✶✷✮ ❛♥❞ ❛❧s♦ t❤♦r✲

♦✉❣❤❧② ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✺✳ ▲❛r❣❡ THD ❢♦r t❤❡ ❧♦✇ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✈❛❧✉❡s ❝❛♥

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

❚❤✐s ❛♣♣r♦❛❝❤ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧ ❧❛t❡r ✐♥ t❤❡ ❝❤❛♣t❡r✳

❚❤❡ t✐♠❡ ❞♦♠❛✐♥ ❜❡❤❛✈✐♦r ❤❛s ❛❧s♦ ❜❡❡♥ ❛♥❛❧②s❡❞✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ t✐♠❡ ✇❛s s❡t

t♦ ✸✵✵ ♥s ✭✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ✶✸✵ ♣❡r✐♦❞s ♦❢ ✹✸✹ ▼❍③ s✐♥✉s♦✐❞✮ ✇✐t❤ ❛♣♣r♦①✐♠❛t❡❧②

✾✵ ♣♦✐♥ts ♣❡r ♣❡r✐♦❞ ❢♦r ❛❝❝✉r❛❝② ❛♥❞ s✐♠✉❧❛t✐♦♥ s♣❡❡❞✳ ❋✐❣✉r❡s ✼✳✷✵ ❛♥❞ ✼✳✷✶ s❤♦✇ ❛

✹✸✹ ▼❍③ s✐❣♥❛❧ ❛t gyr❴in ❛♥❞ gyr❴out ♥♦❞❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❊❛❝❤ ✜❣✉r❡ ♣r❡s❡♥ts t❤r❡❡

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

t✐♠❡✳ ❚❤❡ t♦♣ ♣❧♦t ❞❡♣✐❝ts t❤❡ tr❛♥s✐❡♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳ ◆♦t❡ t❤❛t t❤❡

♦s❝✐❧❧❛t♦r st❛rt✲✉♣ t✐♠❡ ✐s ♥♦t r❡♣r❡s❡♥t❛t✐✈❡ ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ❛♥ ❛❧✇❛②s✲♦♥ ✐❞❡❛❧ ❉❈

s♦✉r❝❡ ❛s t❤❡ ♣♦✇❡r s✉♣♣❧② ✈♦❧t❛❣❡ V DD✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❝✐r❝✉✐t s✐♠✉❧❛t♦r r❡q✉✐r❡s

♠♦r❡ ✐t❡r❛t✐♦♥s ❜❡❢♦r❡ r❡❛❝❤✐♥❣ st❛❜❧❡ s♦❧✉t✐♦♥✳ ■♥ ♣r❛❝t✐❝❡✱ ♦s❝✐❧❧❛t♦rs ❛r❡ tr✐❣❣❡r❡❞ ❜②

t❤❡ r❡❧❛t✐✈❡❧② ❛❜r✉♣t s✇✐t❝❤ ♦♥ ♦❢ ❛ ♣♦✇❡r s✉♣♣❧② ✇❤✐❝❤ ✐♥ t✉r♥ ❝❛✉s❡s ❢❛st❡r ♦s❝✐❧❧❛t✐♦♥

❜✉✐❧❞✉♣✳ ❋♦r t❤❡ ❜❛s✐❝ s❡t✉♣ ♦❢ ❙❙❚ s✐♠✉❧❛t✐♦♥ ✐♥ ❊❧❞♦ ❘❋✱ t❤❡ ✉s❡ ♦❢ ❛ ♣✉❧s❡❞ ❉❈

s♦✉r❝❡s t♦ s✐♠✉❧❛t❡ t❤✐s st❛t❡ ✐s ♥♦t ❛❧❧♦✇❡❞ ❜② t❤❡ ♣r♦❣r❛♠✳ ❋✐❣✉r❡s ✼✳✷✵ ❛♥❞ ✼✳✷✶

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

t❤❡ st❡❛❞② st❛t❡✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛♠♣❧✐t✉❞❡s ♣r❡❞✐❝t❡❞ ❞✉r✐♥❣ ❙❙❚ s✐♠✉❧❛t✐♦♥

✷✶✶



✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s
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❋✐❣✉r❡ ✼✳✷✵✿ ●❡♥❡r❛t❡❞ ✹✸✹ ▼❍③ s✐❣♥❛❧ ❛t gyr❴in ♥♦❞❡✳
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s
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❋✐❣✉r❡ ✼✳✷✶✿ ●❡♥❡r❛t❡❞ ✹✸✹ ▼❍③ s✐❣♥❛❧ ❛t gyr❴out ♥♦❞❡✳
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✼✳✻ ▲❛r❣❡ s✐❣♥❛❧ ❛♥❛❧②s✐s

❢♦r IB = ✾✵✵ ➭♠ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✺ ❛r❡ ❡q✉❛❧ t♦ t❤♦s❡ ❢♦✉♥❞ ❢r♦♠ t✐♠❡ ❞♦♠❛✐♥

s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ ❢r❡q✉❡♥❝② ♦❢ ❛ st❡❛❞② st❛t❡ ✈♦❧t❛❣❡ ✐s ❡q✉❛❧ t♦ ✹✸✹✳✼✽✸ ▼❍③✳

✼✳✻✳✹ ❖s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡

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

❜❡t✇❡❡♥ ✸✵ ❦❍③ t♦ ✸ ▼❍③✳ ❚❤❡ ❊❧❞♦ ❘❋ ❛❧❣♦r✐t❤♠ ❝♦♠♣✉t❡s ♣❤❛s❡ ♥♦✐s❡ ❛❝❝♦r❞✐♥❣

t♦ ❬✶✷✵❪

SphiEldoRF
=

Sω0+∆ωm + Sω0−∆ωm − 2ℜ{Scorre
2jφSS}

V 2
SS

✭✼✳✻✮

Sω0+∆ωm ❛♥❞ Sω0−∆ωm r❡♣r❡s❡♥t t❤❡ P❙❉ ♦❢ ♥♦✐s❡ ❛t +ωm ❛♥❞ −ωm ♦✛s❡ts ❢r♦♠ t❤❡

❝❛rr✐❡r✱ r❡s♣❡❝t✐✈❡❧②✳ Scorr ✐s ❛ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♥♦✐s❡ ❝♦♠♣♦♥❡♥ts ❛t ω0 + ωm

❛♥❞ ω0−ωm ✱ ✇❤❡r❡❛s φSS ❛♥❞ VSS ❛r❡ s✐❣♥❛❧ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡

st❡❛❞② st❛t❡ ❧❛r❣❡ s✐❣♥❛❧ s✐♠✉❧❛t✐♦♥ ❬✶✷✵❪✳ ❚❤❡ ❝✐r❝✉✐t s✐♠✉❧❛t♦r ✐♥s❡rts ❛ ♣❤❛s❡ ♥♦✐s❡

♣r♦❜❡ ❜❡t✇❡❡♥ t✇♦ ♥♦❞❡s ♦❢ t❤❡ ❝✐r❝✉✐t✳ ■♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝❛s❡✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❤❛s

❜❡❡♥ ❡①tr❛❝t❡❞ ❜❡t✇❡❡♥ gyr❴in ❛♥❞ t❤❡ ❣r♦✉♥❞ ♥♦❞❡s ✜rst ❛♥❞ t❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡

♣❤❛s❡ ♥♦✐s❡ s✐♠✉❧❛t❡❞ ❜❡t✇❡❡♥ gyr❴out ❛♥❞ t❤❡ ❣r♦✉♥❞✳ ❆s ✐♥❞✐❝❛t❡❞ ♣r❡✈✐♦✉s❧②✱ ❛♥

♦s❝✐❧❧❛t♦r ❧♦❛❞ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ gyr❴in ♦r gyr❴out ❛♥❞ t❤❡r❡❢♦r❡ ✐t ✐s ✐♠♣♦rt❛♥t

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

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

♥♦✐s❡ ♣❡rs♣❡❝t✐✈❡✱ ♦♥❡ ♣♦✐♥t ✐s ♥♦t ♣r❡❢❡rr❡❞ ♦✈❡r t❤❡ ♦t❤❡r t♦ ♣r♦✈✐❞❡ t❤❡ ♦✉t♣✉t s✐❣♥❛❧✳

❋✐❣✉r❡ ✼✳✷✷ ♣r❡s❡♥ts ❛ s✐♥❣❧❡ s✐❞❡❜❛♥❞ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ❢♦r t❤❡ ✜✈❡ ❝♦♥s✐❞❡r❡❞ IB

✈❛❧✉❡s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ gyr❴out ♥♦❞❡✳ ❚❤❡ ❧♦✇❡st ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ❛♣♣r♦①✐♠❛t❡❧②

♦❢ ✲✶✵✵ ❞❇❝✴❍③ ❤❛s ❜❡❡♥ ♦❜t❛✐♥❡❞ ❢♦r ✼✺✵ ➭❆ ❛♥❞ ✾✵✵ ➭❆ ❜✐❛s ❝✉rr❡♥ts✳ ❆t ❧❛r❣❡r

❝✉rr❡♥ts✱ ♣❤❛s❡ ♥♦✐s❡ ❞❡t❡r✐♦r❛t❡s ❞✉❡ t♦ ✐♥❝r❡❛s❡❞ s✐❣♥❛❧ ❢r❡q✉❡♥❝② ❛♥❞ r❡❞✉❝❡❞ s✐❣♥❛❧

❛♠♣❧✐t✉❞❡✳ ❆t ✸✵✵ ➭❆✱ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s t❤❡ s♠❛❧❧❡st ✐♥ ❝♦♥♥❡❝t✐♦♥ ✇✐t❤ ❛ ❤✐❣❤

❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥✳ ❚❤✐s r❡s✉❧ts ✐♥ t❤❡ ❤✐❣❤❡st ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧✳ ❚❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢

♣❤❛s❡ ♥♦✐s❡ ✐♥❝r❡❛s❡ ❞✉❡ t♦ ❤❛r♠♦♥✐❝s ❤❛s ❜❡❡♥ st✉❞✐❡❞ ❜② ❘❛③❛✈✐ ❬✶✶✾❪✱ ❛♥❞ ❍❛❥✐♠✐r✐
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✼✳✼ ❖✉t♣✉t s✐❣♥❛❧ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r
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❋✐❣✉r❡ ✼✳✷✷✿ ❙✐♠✉❧❛t❡❞ s✐♥❣❧❡ s✐❞❡❜❛♥❞ ♣❤❛s❡ ♥♦✐s❡ s♣❡❝tr✉♠ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ IB✳

❛♥❞ ▲❡❡ ❬✶✶✻❪ ✇❤❡r❡ ✐t ✐s s❤♦✇♥ t❤❛t ❤✐❣❤ ♦r❞❡r ❞✐st♦rt✐♦♥ ❝♦♠♣♦♥❡♥ts ❢♦❧❞ ✭❛❧✐❛s✮ ♥♦✐s❡

❝♦♠♣♦♥❡♥ts ❢r♦♠ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ✐♥t♦ t❤❡ ❜❛♥❞✇✐❞t❤ ❝❧♦s❡ t♦ t❤❡ ❝❛rr✐❡r✳

■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t s✐♠✉❧❛t❡❞ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ✐s ♦♥ ❛✈❡r❛❣❡ ❛ ❢❡✇ ❞❇ ❤✐❣❤❡r ✐♥

❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♣r♦♣♦s❡❞ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ ❈❤❛♣t❡r ✻✳ ❚❤❡ r❡s✉❧ts ♦❢ ❝♦♠✲

♣❛r✐s♦♥ ❛r❡ s✉♠♠❛r✐s❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✹✱ ✐♥ ❚❛❜❧❡ ✻✳✷ ❛♥❞ ❋✐❣✉r❡ ✻✳✻✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❝♦♠❡s

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

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

✐♥❥❡❝t❡❞ ❜② ♥♦♥✲✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡s ❛♥❞ t✐♠❡ ✈❛r✐❛♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ◆❡✈❡rt❤❡❧❡ss✱

t❤❡ s✐♠♣❧❡ ❧✐♥❡❛r ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ✐♥ ❈❤❛♣t❡r ✻ ✐s s✉✣❝✐❡♥t t♦ ♣r❡❞✐❝t ❝♦rr❡❝t ♦r❞❡rs ♦❢

♣❤❛s❡ ♥♦✐s❡ ♠❛❣♥✐t✉❞❡s ❢♦r ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s❝✐❧❧❛t♦rs✳

✼✳✼ ❖✉t♣✉t s✐❣♥❛❧ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r

❆s ✐♥❞✐❝❛t❡❞ ❜❡❢♦r❡✱ ❛ s✐❣♥❛❧ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ ♦s❝✐❧❧❛t♦r ❢r♦♠ t✇♦ ♥♦❞❡s✿

gyr❴in ♦r gyr❴out✳ ■♥ ♣r❛❝t✐❝❡✱ ❛♥ ♦s❝✐❧❧❛t♦r ✐s ✉s❡❞ t♦ ❞r✐✈❡ ❛ ♠✐①❡r ❛♥❞ t❤❡r❡❢♦r❡ t❤❡
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✼✳✼ ❖✉t♣✉t s✐❣♥❛❧ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r

❧♦❛❞ ✐s t②♣✐❝❛❧❧② ❝❛♣❛❝✐t✐✈❡✳ ■♥ ♦t❤❡r ❛♣♣❧✐❝❛t✐♦♥s✱ ❢♦r ❡①❛♠♣❧❡ ❝♦♥t✐♥✉♦✉s ✇❛✈❡ ✭❈❲✮

tr❛♥s♠✐tt❡rs✱ t❤❡ ❧♦❛❞ ❝❛♥ ❜❡ r❡s✐st✐✈❡ ✭❛♥t❡♥♥❛ ❛♥❞ ♠❛t❝❤✐♥❣ ❝✐r❝✉✐ts✮✳ ❚②♣✐❝❛❧❧②✱ t❤❡

♦✉t♣✉t ♣♦✇❡r ♦❢ ❘❋ ❛♠♣❧✐✜❡r ✐s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ❛ ✺✵ Ω t❡r♠✐♥❛t✐♦♥✳ ❚❤✐s ❧♦❛❞ ❝❛♥✬t

❜❡ ❝♦♥♥❡❝t❡❞ ❞✐r❡❝t❧② t♦ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❢♦r t✇♦ r❡❛s♦♥s✳ ❋✐rst✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢

t❤❡ ❧♦❛❞ ❤❛s t♦ ❜❡ ♠✐♥✐♠✐s❡❞ t♦ ❛✈♦✐❞ ❡①❝❡ss✐✈❡ ❢r❡q✉❡♥❝② ♣✉❧❧✐♥❣✳ ❙❡❝♦♥❞❧②✱ r❡s✐st❛♥❝❡

✐♥ t❤❡ r❛♥❣❡ ✺✵ Ω r❡♣r❡s❡♥ts s✐❣♥✐✜❝❛♥t ❧♦ss❡s t❤❛t ✇♦✉❧❞ r❡q✉✐r❡ ♠✉❝❤ ♠♦r❡ ♣♦✇❡r t♦

❝♦♠♣❡♥s❛t❡✳ ❚❤✉s ❛♥ ♦✉t♣✉t ❜✉✛❡r ❤❛s t♦ ❜❡ ✉s❡❞✳

✼✳✼✳✶ ❈❤♦♦s✐♥❣ ♦s❝✐❧❧❛t♦r ♦✉t♣✉t ❛♥❞ ❜✉✛❡r ❛♠♣❧✐✜❡r

■♥ ❣❡♥❡r❛❧✱ t❤❡ ❜✉✛❡r ❛♠♣❧✐✜❡r ❝❛♥ ❤❛✈❡ ❛♥② ❦♥♦✇♥ ❝♦♥✜❣✉r❛t✐♦♥ ❛s ❧♦♥❣ ❛s ✐ts ✐♥✢✉❡♥❝❡

♦♥ t❤❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✐s ✇❡❧❧ ❝❤❛r❛❝t❡r✐s❡❞✳ ■❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ✐s t♦♦ s♠❛❧❧ ✐t ❝❛♥ ❜❡

❜♦♦st❡❞ t❤r♦✉❣❤ ❛ ❈❙ ❛♠♣❧✐✜❡r✳ ■❢ ❛ s✐♠♣❧❡ ♦♥❡ tr❛♥s✐st♦r ❛♠♣❧✐✜❡r ✐s ❡♠♣❧♦②❡❞✱ ❛ ▼✐❧❧❡r

❝❛♣❛❝✐t❛♥❝❡ ✇✐❧❧ ✐♥tr♦❞✉❝❡ s✐❣♥✐✜❝❛♥t ❝❛♣❛❝✐t✐✈❡ ❧♦❛❞✳ ❚❤✐s ❡✛❡❝t ❝❛♥ ❜❡ ♠✐♥✐♠✐s❡❞

❜② ✉s✐♥❣ ❛ t✇♦ tr❛♥s✐st♦r ❝❛s❝♦❞❡✳ ❖❜s❡r✈✐♥❣ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧s ❞❡♣✐❝t❡❞ ♣r❡✈✐♦✉s❧② ✐♥

❋✐❣✉r❡s ✼✳✷✵ ❛♥❞ ✼✳✷✶✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t gyr❴in ♥♦❞❡ ❞❡❧✐✈❡rs ✺ t♦ ✻ t✐♠❡s s♠❛❧❧❡r

❛♠♣❧✐t✉❞❡ t❤❛♥ t❤❡ gyr❴out ♣♦rt✳ ❚❤✐s ❛s②♠♠❡tr② ❝♦♠❡s ❢r♦♠ t❤❡ ❢❛❝t t❤❛t ❜♦t❤

tr❛♥s❝♦♥❞✉❝t♦rs ❤❛✈❡ t❤❡ s❛♠❡ gm ❤♦✇❡✈❡r t❤❡ ❝❛♣❛❝✐t❛♥❝❡s ❛t ❣②r❛t♦r ♣♦rts ❛r❡ ♥♦t

❡q✉❛❧✳ ❆s s❤♦✇♥ ✐♥ ❈❤❛♣t❡r ✹✱ t❤❡ ❘❈ s❤✐❢t❡r ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡

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

t♦t❛❧ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ✳ ❚❤✉s✱ t❤❡ ✈♦❧t❛❣❡ ♣r♦❞✉❝❡❞ ❛t t❤❡ gyr❴out ♣♦rt ✐s ❧❛r❣❡r

t❤❛♥ t❤❛t ♦❢ t❤❡ gyr❴in ♥♦❞❡✳

■❢ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ❧♦❛❞❡❞ ❢r♦♠ t❤❡ gyr❴in ♣♦rt✱ t❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ❛♣♣r♦❛❝❤

✐s t❤❛t ❛♥② ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❜✉✛❡r ✐♥♣✉t ✐s ❝♦♥♥❡❝t❡❞ ✐♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ t♦t❛❧

t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ CT ✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❜✉✛❡r ♣❛r❛s✐t✐❝s ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♥❡❣❛t✐✈❡

r❡s✐st❛♥❝❡ ❣❡♥❡r❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✳ ❚❤❡ ❞♦✇♥s✐❞❡ ✐s t❤❛t t❤❡

s✐❣♥❛❧ ❢r♦♠ t❤❡ gyr❴in ♥♦❞❡ ❤❛s ♠✉❝❤ s♠❛❧❧❡r ❛♠♣❧✐t✉❞❡ ❛♥❞ r❡q✉✐r❡s ❛❞❞✐t✐♦♥❛❧ ❣❛✐♥✳

❖♥ t❤❡ ❝♦♥tr❛r②✱ ✐❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ✐s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ gyr❴out ♣♦rt✱ t❤❡♥ ❛

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

❛t ❛❧❧✳ ❚❤❡ ♣❛r❛s✐t✐❝ ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❜✉✛❡r ✐s ♥♦✇ ✐♥ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❣②r❛t✐♦♥

✷✶✻



✼✳✼ ❖✉t♣✉t s✐❣♥❛❧ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r

❝❛♣❛❝✐t♦r Cg ❛♥❞ t❤❡r❡❢♦r❡ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❧♦ss ❝♦♠♣❡♥s❛t✐♦♥ ♠❡❝❤❛♥✐s♠s ❛s ✇❡❧❧ ❛s

s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡✳ ❚❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ❧❡❛❞ t♦ ❛ s♦✉r❝❡ ❢♦❧❧♦✇❡r ✭❈❉✮ ❝♦♥✜❣✉r❛t✐♦♥

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

✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡✮ ❛♥❞ ✐s s✉✐t❛❜❧❡ t♦ ❞✐r❡❝t❧② ❞r✐✈❡ ❤✐❣❤ ❧♦❛❞s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺✵ Ω ✇✐t❤

✵ ❞❇ ✈♦❧t❛❣❡ ❣❛✐♥✳ ❈❛r❡ ❤❛s t♦ ❜❡ t❛❦❡♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❝❛♣❛❝✐t✐✈❡ ❧♦❛❞s✱ ❜❡❝❛✉s❡

t❤❡② ❝❛♥ ❢♦r♠ ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ ♥❡t✇♦r❦ t♦❣❡t❤❡r ✇✐t❤ t❤❡ tr❛♥s✐st♦r ❣❛t❡ t♦ s♦✉r❝❡

❝❛♣❛❝✐t❛♥❝❡ ❬✸✷❪✳ ■♥ ❡①tr❡♠❡ ❝❛s❡s t❤✐s ❝❛♥ r❡s✉❧t ✐♥ ✉♥✐♥t❡♥❞❡❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡

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

❈❤❛♣t❡r ✷✳

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❞❡s❝r✐❜❡❞ r❡q✉✐r❡♠❡♥ts✱ t❤❡ ❣❛✐♥✲❜❛♥❞✇✐❞t❤ ♣r♦❞✉❝t ♦❢ t❤❡ ❛♠♣❧✐✲

✜❡r s❤♦✉❧❞ ❛❧s♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳ ❆s t❤❡ ♦s❝✐❧❧❛t♦r ❜❛♥❞✇✐❞t❤ ✐s ❝❡♥t❡r❡❞ ❛r♦✉♥❞ ✹✸✹ ▼❍③

❛♥❞ s♣❛♥s ❢r♦♠ ✷✷✻ ▼❍③ t♦ ✺✽✵ ▼❍③ ✐t ✐s ♥♦t ♥❡❝❡ss❛r② t♦ ♣r♦✈✐❞❡ s✉❜st❛♥t✐❛❧ ❜✉✛❡r

❣❛✐♥ ❜❡②♦♥❞ t❤✐s ❢r❡q✉❡♥❝② r❛♥❣❡✳ ❚❤✉s✱ ❛♥ ♦✉t♣✉t ❜✉✛❡r ❝❛♥ ❜❡ r❡❛❧✐s❡❞ ✉s✐♥❣ ❛ t✉♥❡❞

❛♠♣❧✐✜❡r ✐✳❡✳ ❧♦❛❞❡❞ ✇✐t❤ ❛ r❡s♦♥❛♥t t❛♥❦ t✉♥❡❞ t♦ t❤❡ ❝❡♥t❡r ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❝♦♥✲

s✐❞❡r❡❞ ❜❛♥❞✇✐❞t❤✳ ❚❤❡ ❞r❛✇❜❛❝❦ ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ✐s t❤❡ ✉s❡ ♦❢ ❛ s❡❝♦♥❞ r❡s♦♥❛t♦r

❤♦✇❡✈❡r ❞✉❡ t♦ t❤❡ ✉s❡ ♦❢ ❛ ✐♥❞✉❝t♦r ✐♥ t❤❡ ❧♦❛❞✱ ▼❖❙ tr❛♥s✐st♦r ❝❛♥ ❜❡ ❜✐❛s❡❞ ✇✐t❤

VDS = VDD✱ t❤❡ ♠❛①✐♠✉♠ ❛✈❛✐❧❛❜❧❡ ❤❡❛❞r♦♦♠✳

❚❤❡ ✉s❡ ♦❢ ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣❛ss✐✈❡ ▲❈ t❛♥❦ ♣♦t❡♥t✐❛❧❧② ❞❡str♦②s t❤❡ ❜❡♥❡✜t ♦❢ t❤❡

♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r✱ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ❝❤✐♣ ❛r❡❛✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ✐s ♥♦t tr✉❡✳ ❚♦ ♦❜t❛✐♥ ❛

❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ♦✉t♣✉t ❜✉✛❡r ✭❝r✉❝✐❛❧ ❛t ❘❋ ❢r❡q✉❡♥❝✐❡s✮ ♦♣❡r❛t✐♥❣ ✇✐t❤ ❧♦✇ s✉♣♣❧②

✈♦❧t❛❣❡ t❤❡ ✉s❡ ♦❢ ✐♥❞✉❝t♦rs ✐s ❢✉♥❞❛♠❡♥t❛❧✱ r❡❣❛r❞❧❡ss ♦❢ t❤❡ ❛r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ▲❈

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

❧❛r❣❡ ♣❛ss✐✈❡ ▲❈ t❛♥❦ ✐♥ t❤❡ ❜✉✛❡r✱ t❤❡ ♦s❝✐❧❧❛t♦r ❛r❡❛ ❝❛♥ ❜❡ st✐❧❧ r❡❞✉❝❡❞ ❜② t❤❡ ✉s❡

♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r✳

❆t t❤❡ s❛♠❡ t✐♠❡✱ t❤❡ q✉❡st✐♦♥ ❛r✐s❡s ✐❢ ✐♥st❡❛❞ ♦❢ ❛ s♣✐r❛❧ ✐♥❞✉❝t♦r✱ ❛ ❣②r❛t♦r ❝❛♥

❜❡ ✉s❡❞ ✐♥ t❤❡ ❜✉✛❡r✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤✐s ❝❛♥✬t ❜❡ ❞♦♥❡ ✇✐t❤♦✉t ❛ s❡r✐♦✉s ❝♦♠♣r♦♠✐s❡

♦❢ t❤❡ ❛♠♣❧✐✜❡r ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ ❛ s♣✐r❛❧ ✐♥❞✉❝t♦r ✐s ✐ts ③❡r♦ ❉❈

✈♦❧t❛❣❡ ❞r♦♣ t❤❛t ✐♥ t✉r♥ s♣❛r❡s t❤❡ ✈♦❧t❛❣❡ ❤❡❛❞r♦♦♠ ❧❡❢t ❢♦r t❤❡ ❜✉✛❡r tr❛♥s✐st♦r✳ ❆s

s❤♦✇♥ ✐♥ t❤✐s t❤❡s✐s✱ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r r❡q✉✐r❡s ❉❈ ♣♦✇❡r t♦ ♦♣❡r❛t❡ ❛♥❞ ✇♦✉❧❞ r❡❞✉❝❡

✷✶✼



✼✳✼ ❖✉t♣✉t s✐❣♥❛❧ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r

❋✐❣✉r❡ ✼✳✷✸✿ ❚✉♥❡❞ ❜✉✛❡r ❛♠♣❧✐✜❡r ❝✐r❝✉✐t ✇✐t❤ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r✳

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

❤✐❣❤❧② ♥♦♥✲❧✐♥❡❛r ✉♥❞❡r ❧❛r❣❡ s✐❣♥❛❧ ♦♣❡r❛t✐♦♥✱ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❛♣♣r♦❛❝❤ ✉s✐♥❣ ❛

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

✐♥❞✉❝t♦r ✐s ♥♦t ♣r❛❝t✐❝❛❧ ❢♦r t❤❡ ❜✉✛❡r ❛♣♣❧✐❝❛t✐♦♥✳

❋✐❣✉r❡ ✼✳✷✸ ✐❧❧✉str❛t❡s ❛ t✉♥❡❞ s♦✉r❝❡ ❢♦❧❧♦✇❡r ❡♠♣❧♦②✐♥❣ ❛♥ ✐♥t❡❣r❛t❡❞ r❡s♦♥❛t♦r

✇✐t❤ s♣✐r❛❧ ✐♥❞✉❝t♦r ❛♥❞ ▼■▼ ❝❛♣❛❝✐t♦rs✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ tr❛♥s✐st♦r ✐s s❡t s✉❝❤ ❢♦r

t❤❡ ❝♦♥s✐❞❡r❡❞ ❜✐❛s ♣♦✐♥t ♦❢ Vgs =✶✳✶ ❱ ❛♥❞ Vds =✶✳✽ ❱✱ ❞❡✈✐❝❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✐s

❡q✉❛❧ t♦ ✷✵ ♠❆✴❱✳ ❆s t❤❡ ♦✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ t❤❡ s♦✉r❝❡ ❢♦❧❧♦✇❡r ✐s ❡q✉❛❧ t♦ 1/gm✱

t❤✐s ❛❧❧♦✇s ✉s t♦ ♠❛t❝❤ t❤❡ ❛♠♣❧✐✜❡r t♦ t❤❡ ✺✵ Ω ❧♦❛❞✳ ❚❤❡ ❝♦st ❤♦✇❡✈❡r ✐s ✐♥❝r❡❛s❡❞

♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✶✻ ♠❲ ❜❡❝❛✉s❡ t❤❡ ❛♠♣❧✐✜❡r ♦♣❡r❛t❡s ❛s ❛ ❝❧❛ss✲❆

❝✐r❝✉✐t ✭✐✳❡✳ ❧♦✇ ❡✣❝✐❡♥❝② ❜✉t ❤✐❣❤ ❧✐♥❡❛r✐t②✮✳ ❚❤❡ ❛♠♣❧✐✜❡r ✐s ❜✐❛s❡❞ s❡♣❛r❛t❡❧② ❢r♦♠

t❤❡ ♦s❝✐❧❧❛t♦r t❤r♦✉❣❤ ❛ ❧❛r❣❡ r❡s✐st♦r t♦ ♣r❡✈❡♥t ❡①❝❡ss✐✈❡ ❧♦❛❞✐♥❣ ♦❢ t❤❡ ❝♦r❡✳ ❆❧s♦✱ ❛

✶ ♣❋ ❜❧♦❝❦✐♥❣ ❝❛♣❛❝✐t♦r ✐s ✉s❡❞ t♦ s❡♣❛r❛t❡ ❜♦t❤ ❝✐r❝✉✐ts ❛t ❧♦✇ ❢r❡q✉❡♥❝✐❡s✳ ❆s ❜❡❢♦r❡✱

t♦ ❡①♣❧♦✐t t❤❡ ❧❛r❣❡r ❉❈ ❣❛✐♥ ♦❢ t❤❡ tr❛♥s✐st♦r✱ t❤❡ ❞r❛✇♥ ❧❡♥❣t❤ L ♦❢ t❤❡ ◆▼❖❙ ❞❡✈✐❝❡

❤❛s ❜❡❡♥ s❡t t♦ ✷✺✵ ♥♠✳ ❚❤❡ t♦t❛❧ ✇✐❞t❤ ♦❢ t❤❡ tr❛♥s✐st♦r ❡q✉❛❧s ✹✽ ➭♠ ✉s✐♥❣ ✸ ♣❛r❛❧❧❡❧

❞❡✈✐❝❡s ✇✐t❤ ✹ ✜♥❣❡rs ❛♥❞ ✹ ➭♠ ✇✐❞t❤ ♣❡r s✐♥❣❧❡ ✜♥❣❡r✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✐♥❞✉❝t♦r

✐s ❡q✉❛❧ t♦ ✺✵✵ ➭♠ ✇✐t❤ ✺✳✺ t✉r♥s ♦❢ ✷✵ ➭♠ ♠❡t❛❧ ❝♦♥❞✉❝t♦r ❛♥❞ ✐♥❞✉❝t❛♥❝❡ ♦❢ ✶✹ ♥❍✳
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❋✐❣✉r❡ ✼✳✷✹✿ ❈♦♠♣❧❡t❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✇✐t❤ ♦✉t♣✉t ❜✉✛❡r✳

❚❤❡ r❡s♦♥❛t♦r ❝❛♣❛❝✐t❛♥❝❡ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ✺ ♣❋ ❝❛♣❛❝✐t♦rs ✐♥ ♣❛r❛❧❧❡❧✱ ❡❛❝❤ ❜❡✐♥❣ ❛

✼✵ ➭♠ ♣❡r ✼✵ ➭♠ sq✉❛r❡✳ ▲♦❛❞❡❞ Q ♦❢ t❤✐s r❡s♦♥❛t♦r ✐s ❛♣♣r♦①✐♠❛t❡❧② ❡q✉❛❧ t♦ ✶ ✇❤✐❝❤

❡♥s✉r❡s ❛ ✇✐❞❡ ❜❛♥❞ ♦♣❡r❛t✐♦♥ ❛r♦✉♥❞ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝②✳

❋✐❣✉r❡ ✼✳✷✺ ♣r❡s❡♥ts ❤♦✇ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝❤❛♥❣❡s ❛s ❛ r❡s✉❧t ♦❢ ✺✵ Ω

❧♦❛❞✳ ❆s ❜❡❢♦r❡✱ ❛ ❙❙❚ s✐♠✉❧❛t✐♦♥ ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ ❜✐❛s ❝✉rr❡♥t

IB✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❝♦♥♥❡❝t✐♥❣ t❤❡ ❜✉✛❡r ❛t t❤❡ gyr❴out ♥♦❞❡ ❛✛❡❝ts t❤❡ ❧♦✇❡r

❜♦✉♥❞❛r② ♦❢ t❤❡ t✉♥✐♥❣ r❛♥❣❡✳ ❚❤✐s ✐s ❞✉❡ t♦ ❛❞❞✐t✐♦♥❛❧ ❘❈ ❝♦♠♣♦♥❡♥ts ✐♥tr♦❞✉❝❡❞ ❜②

t❤❡ ❛♠♣❧✐✜❡r✳ ❚♦ ✐♥❝r❡❛s❡ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ♠❛①✐♠✉♠ IB ❤❛s

❜❡❡♥ ✐♥❝r❡❛s❡❞ ❢r♦♠ ✶✹✵✵ ➭❆ t♦ ✶✻✵✵ ➭❆✳ ❆s ❛ r❡s✉❧t✱ t❤❡ t✉♥✐♥❣ ❝♦♥st❛♥t ✐s s♠❛❧❧❡r

t❤❛♥ ✐♥ t❤❡ ✉♥❧♦❛❞❡❞ ❝❛s❡✱ ❛♣♣r♦①✐♠❛t❡❧② ✷✺✵ ❦❍③✴➭❆✳

❚❤❡ ♥❡①t ♣❧♦t ✭❋✐❣✉r❡ ✼✳✷✻✮ ❞❡♣✐❝ts ❛ tr❛♥s✐❡♥t s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ♦❢ ✹✸✹ ▼❍③ ♦✉t♣✉t

s✐❣♥❛❧ ❢♦r IB = ✾✷✵ ➭❆✳ ❚❤❡ ❉❈ ❝♦♠♣♦♥❡♥t ♦❢ ✶✵ ♠❱ ✐s ❛ r❡s✉❧t ♦❢ r❡s✐st✐✈❡ ❧♦ss❡s ♦❢ ❛

s♣✐r❛❧ ✐♥❞✉❝t♦r ❢r♦♠ t❤❡ ❜✉✛❡r ❛♥❞ ❡✈❡♥ ♦r❞❡r ❤❛r♠♦♥✐❝s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧✳
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Unloaded oscillator
50 Ω load through buffer

❋✐❣✉r❡ ✼✳✷✺✿ ❚✉♥✐♥❣ ❝✉r✈❡ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r✳

❆ s♣❡❝tr❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t✳ ❆s ❢♦r t❤❡ ✉♥❧♦❛❞❡❞

♦s❝✐❧❧❛t♦r✱ t❤❡ r❡s✉❧ts ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✼✳✻✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥ ❝♦♠♣❛r✐s♦♥ t♦

t❤❡ r❡s✉❧ts ❢r♦♠ ❚❛❜❧❡ ✼✳✺✱ t❤❡ t✉♥❡❞ ❜✉✛❡r r❡❞✉❝❡s THD ♦❢ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ❜② ✺✵ ✪

❞❡s♣✐t❡ t❤❡ r❡❧❛t✐✈❡❧② ♣♦♦r Q ❢❛❝t♦r ♦❢ t❤❡ ♣❛ss✐✈❡ ✐♥❞✉❝t♦r ✉s❡❞✳ ❆❧s♦✱ t❤❡ ❛♠♣❧✐t✉❞❡

✐s r❡❞✉❝❡❞ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ✉♥❧♦❛❞❡❞ gyr❴out ♦✉t♣✉t✳ ❚❤❡ ❛tt❡♥✉❛t✐♦♥ ❝♦♠❡s ❢r♦♠

t❤❡ ❛♠♣❧✐✜❡r ♦✉t♣✉t r❡s✐st❛♥❝❡ ♦❢ ✺✵ Ω ❛♥❞ t❤❡r❡❢♦r❡ ♦♥❧② ❤❛❧❢ ♦❢ t❤❡ ✐♥♣✉t ✈♦❧t❛❣❡ ✐s

❛✈❛✐❧❛❜❧❡ ❢♦r t❤❡ ❧♦❛❞ r❡s✐st♦r✳

✼✳✼✳✷ ❖✉t♣✉t ♣♦✇❡r

❋✐♥❛❧❧②✱ t❤❡ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡s ❛t f0 ❛r❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♦✉t♣✉t ❘❋ ♣♦✇❡r ♦❢ t❤❡

♦s❝✐❧❧❛t♦r ✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛ ❢♦r ❛ r❡❛❧ ♣♦✇❡r ♦❢ ❛ s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧
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❆t ✺✵ Ω ❧♦❛❞ r❡s✐st❛♥❝❡✱ ✭✼✳✼✮ ②✐❡❧❞s t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✼✳
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❚❛❜❧❡ ✼✳✼✿ ❘❋ ♣♦✇❡r ❛t ✺✵ Ω ❧♦❛❞ r❡s✐st♦r
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✼✳✼✳✸ P♦✇❡r ❝♦♥s✉♠♣t✐♦♥

❚❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❞❡♣❡♥❞s ♦♥ t✇♦ ❢❛❝t♦rs✿ ❉❈ ❝✉rr❡♥t ♥❡❝❡ss❛r② t♦ ❜✐❛s t❤❡

❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛♥❞ t❤❡ ❡♥❡r❣② r❡q✉✐r❡❞ ❢♦r ♣r♦♣❡r ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♦✉t♣✉t ❜✉✛❡r✳

❲❤❡♥ t❤❡ ❝✐r❝✉✐t ✐s t✉♥❡❞✱ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡ ❝❤❛♥❣❡s ❛s ✐t

❞❡♣❡♥❞s ♦♥ t❤❡ ❜✐❛s ❝✉rr❡♥t IB s✉♣♣❧✐❡❞ t♦ ❜♦t❤ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs t❤r♦✉❣❤

t❤❡ ❝✉rr❡♥t ♠✐rr♦rs✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❜✉✛❡r ❛♠♣❧✐✜❡r✱ ✐ts ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ r❡♠❛✐♥s

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

❚♦ t✉♥❡ t❤❡ ♦s❝✐❧❧❛t♦r t♦ ✻✵✵ ▼❍③✱ ❛ ❜✐❛s ❝✉rr❡♥t ♦❢ ✶✻✵✵ ➭❆ ✐s r❡q✉✐r❡❞✳ ❋♦r t❤❡

s✉♣♣❧② ✈♦❧t❛❣❡ VDD ♦❢ ✶✳✽ ❱ t❤✐s r❡s✉❧ts ✐♥ t❤❡ t♦t❛❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ✷✻✳✼✷ ♠❲ ❢♦r

t❤❡ ❝♦♠♣❧❡t❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ❚❤✐s ✐♥❝❧✉❞❡s ✺✳✼✻ ♠❲ ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡✱ ✺✳✼✻ ♠❲

❢♦r ❜✐❛s ♠✐rr♦rs ❛♥❞ ✶✺✳✷ ♠❲ ❞✐ss✐♣❛t❡❞ ❜② t❤❡ ❜✉✛❡r✳ ❆t ✹✸✹ ▼❍③✱ t❤❡ t♦t❛❧ ♣♦✇❡r

r❡❞✉❝❡s t♦ ✷✶✳✼ ♠❲ ❛s IB ✐s ❞❡❝r❡❛s❡❞✳ ◆♦t❡ t❤❛t ❛t t❤✐s ❢r❡q✉❡♥❝② t❤❡ ♦✉t♣✉t ❛♠♣❧✐✜❡r

❝♦♥s✉♠❡s ✼✵✪ ♦❢ t❤❡ t♦t❛❧ ♣♦✇❡r ❞✉❡ t♦ ✐ts r❡q✉✐r❡❞ ❧♦✇ ♦✉t♣✉t ✐♠♣❡❞❛♥❝❡ ♦❢ ✺✵ Ω✳

❋✐♥❛❧❧②✱ t❤❡ ♠✐♥✐♠✉♠ ♣♦✇❡r r❡q✉✐r❡❞ ❢♦r t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❧❡t❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t

✐s ❡q✉❛❧ t♦ ✶✽✳✶ ♠❲✳

❚❤❡ ♣r❡s❡♥t❡❞ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♣❡r❢♦r♠❛♥❝❡ ✐s ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ♦s❝✐❧❧❛t♦r ❝✐r✲

❝✉✐ts ❧❛t❡r ✐♥ t❤✐s ❝❤❛♣t❡r✳

✼✳✼✳✹ P❤❛s❡ ♥♦✐s❡ ♦❢ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r

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

✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ✉♥❧♦❛❞❡❞ ❝❛s❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✷✷✳ ❖♥ ❛✈❡r❛❣❡✱ ❢♦r ❝♦♥s✐❞❡r❡❞

IB ✈❛❧✉❡s ❜❡t✇❡❡♥ ✹✵✵ ➭❆ ❛♥❞ ✶✻✵✵ ➭❆✱ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ❞♦❡s ♥♦t ✐♥❝r❡❛s❡ ♠♦r❡

✷✷✸



✼✳✽ Pr♦❝❡ss ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s

t❤❛♥ ✵✳✺ ❞❇✳ ❍♦✇❡✈❡r✱ ❢♦r IB = ✸✵✵ ➭❆ ♣❤❛s❡ ♥♦✐s❡ ❤❛s ✐♥❝r❡❛s❡❞ ❜② ✹ ❞❇✱ ♠♦st❧② ❞✉❡

t♦ s♠❛❧❧❡r ❛♠♣❧✐t✉❞❡ ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ❝♦r❡✳ ❚❤❡ ♣❤❛s❡ ♥♦✐s❡ ❡①tr❛❝t✐♦♥ ♣r♦❜❡ ❤❛s

❜❡❡♥ ❝♦♥♥❡❝t❡❞ ❜❡t✇❡❡♥ t❤❡ ❣r♦✉♥❞ ❛♥❞ Vout ♥♦❞❡s ✭❋✐❣✉r❡ ✼✳✷✹✮✳

✼✳✽ Pr♦❝❡ss ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s

❚❤❡ ❧❛st s❡❝t✐♦♥ ♦❢ ❝✐r❝✉✐t ❛♥❛❧②s✐s s❤♦✇s ❤♦✇ t❤❡ ❧♦❛❞❡❞ ♦s❝✐❧❧❛t♦r ❜❡❤❛✈❡s ✇❤❡♥ ❞❡s✐❣♥

♣❛r❛♠❡t❡rs ❞✐✛❡r ❢r♦♠ t❤❡✐r ♥♦♠✐♥❛❧ ✈❛❧✉❡s✳ ❚❤r❡❡ t②♣✐❝❛❧ s❝❡♥❛r✐♦s ❛r❡ ❝♦♥s✐❞❡r❡❞✿

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

✼✳✽✳✶ ❚❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s

■♥❞✉str② st❛♥❞❛r❞ t❡♠♣❡r❛t✉r❡s ❢♦r ❝♦♥s✉♠❡r ♣r♦❞✉❝ts ❛r❡✿ ✲✹✵◦❈✱ ✷✼◦❈ ✭r♦♦♠ t❡♠♣❡r✲

❛t✉r❡✮ ❛♥❞ ✽✺◦❈✳ ❋✐rst ❛ t✉♥✐♥❣ r❛♥❣❡ ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ❛s ✐❧❧✉str❛t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✷✼✳

❚❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t❡♠♣❡r❛t✉r❡✳ ❚❤✐s
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❋✐❣✉r❡ ✼✳✷✼✿ ❙✐♠✉❧❛t❡❞ t✉♥✐♥❣ r❛♥❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❡♠♣❡r❛t✉r❡✳
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✼✳✽ Pr♦❝❡ss ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s

❚❛❜❧❡ ✼✳✽✿ P❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ♦✛s❡t ❛♥❞ ♦✉t♣✉t ♣♦✇❡r ❛s ❢✉♥❝t✐♦♥s ♦❢ t❡♠♣❡r❛t✉r❡✳

IB
✲✹✵◦ ✷✼◦ ✽✺◦

PN PRF PN PRF PN PRF

➭❆ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠

✹✵✵ ✲✾✹ ✲✻✳✶ ✲✾✷✳✺ ✲✽✳✹ ✲✾✵ ✲✶✶

✾✵✵ ✲✾✾ ✲✷✳✼✻ ✲✾✾✳✺ ✲✷✳✼✺ ✲✾✾✳✹ ✲✸✳✷✸

✶✻✵✵ ✲✾✼✳✹ ✲✽✳✹ ✲✾✽✳✹ ✲✼✳✻✺ ✲✾✾ ✲✼✳✻✸

f0

✲✾✾ ✲✷✳✹✷ ✲✾✾✳✻ ✲✷✳✼✾ ✲✾✾✳✼ ✲✸✳✸✽▼❍③
✹✸✹

✐s ❛ r❡s✉❧t ♦❢ t❤❡ ✐♥✈❡rs❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ t❤❡ tr❛♥s✐st♦r t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡ Vth

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

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

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

❞❡❝r❡❛s❡s✳ ❆s ❛ r❡s✉❧t✱ gm ❜❡❝♦♠❡s ❧❛r❣❡r ❢♦r t❤❡ ✜①❡❞ ✈❛❧✉❡ ♦❢ ❜✐❛s ❝✉rr❡♥t✳ ❙✐♥❝❡

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ gm✱ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♠✉st ❞❡❝r❡❛s❡✳

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

❝✐r❝✉✐t s❡♥s✐t✐✈✐t② ❛r♦✉♥❞ t❤❡ ♥♦♠✐♥❛❧ ❢r❡q✉❡♥❝② ♦❢ ✹✸✹ ▼❍③✳ ❋♦r IB = ✾✷✵ ➭❆✱ t❤❡

t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡ ❢r♦♠ r♦♦♠ t❡♠♣❡r❛t✉r❡ t♦ ✲✹✵◦❈ ✐♥❝r❡❛s❡s t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②

❜② ✹✺ ▼❍③✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ♥❡❣❛t✐✈❡ t❡♠♣❡r❛t✉r❡ ❝♦❡✣❝✐❡♥t ♦❢ ✻✼✷ ❦❍③✴◦❈✳ ❆ss✉♠✲

✐♥❣ t❤❡ t✉♥✐♥❣ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛t ✸✷✵ ❦❍③✴➭❆✱ IB ❤❛s t♦ ❜❡ ❞❡❝r❡❛s❡❞ ❜②

❛♣♣r♦①✐♠❛t❡❧② ✶✹✵ ➭❆ t♦ ❝❤❛♥❣❡ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ❜❛❝❦ t♦ ✹✸✹ ▼❍③✳

❚❛❜❧❡ ✼✳✽ ♣r❡s❡♥ts ❤♦✇ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ s✐❣♥❛❧ ♣♦✇❡r ❝❤❛♥❣❡ ✇✐t❤ t❡♠♣❡r❛t✉r❡✳

❚❤r❡❡ ❜✐❛s ❝✉rr❡♥ts ❛r❡ ❝♦♥s✐❞❡r❡❞✱ ❢♦r ❜♦t❤ ❡♥❞s ♦❢ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ❛♥❞ t❤❡ ❝❡♥t❡r

❢r❡q✉❡♥❝②✳ P❤❛s❡ ♥♦✐s❡ ✐s ♠❡❛s✉r❡❞ ❛t ✶ ▼❍③ ♦✛s❡t ❛♥❞ ❘❋ ♣♦✇❡r ✐s ❣✐✈❡♥ ✐♥ ❞❇♠✳

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛t ✹✸✹ ▼❍③ ✐s ♣r❡s❡♥t❡❞ s❡♣❛r❛t❡❧②✳

■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ♣❤❛s❡ ♥♦✐s❡ ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❡♠♣❡r❛t✉r❡ ✐s ❝♦♠♣❧❡①✳ ❋♦r t❤❡

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

r❡❧❛t✐✈❡❧② s♠❛❧❧ s✐❣♥❛❧ ♣♦✇❡r ❛♥❞ ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥✳ ❋♦r IB = ✾✵✵ ➭❆ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞

♦✉t♣✉t ♣♦✇❡r ❞♦ ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧②✳ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡s✱ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②

✐♥❝r❡❛s❡s ✇❤✐❝❤✱ ✐♥ t❤❡♦r②✱ s❤♦✉❧❞ r❡s✉❧t ✐♥ ❤✐❣❤❡r ♣❤❛s❡ ♥♦✐s❡✳ ❆t t❤❡ s❛♠❡ t✐♠❡ ❤♦✇✲

✷✷✺
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❡✈❡r✱ t❤❡ ❝✐r❝✉✐t ♣r♦❞✉❝❡s ❧❡ss ♥♦✐s❡ ❛s ♣❤❛s❡ ♥♦✐s❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t❡♠♣❡r❛t✉r❡✳

❆t t❤❡ ❤✐❣❤ ❡♥❞ ♦❢ t❤❡ t✉♥✐♥❣ r❛♥❣❡✱ t❤❡ ❢r❡q✉❡♥❝② ❞r♦♣ ❞✉❡ t♦ t❤❡ t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡s

✐s t❤❡ ❤✐❣❤❡st ❤♦✇❡✈❡r ❛t t❤❡ s❛♠❡ t✐♠❡ t❤❡ ♦✉t♣✉t s✐❣♥❛❧ ❤❛s t❤❡ s♠❛❧❧❡st ❞✐st♦rt✐♦♥✳

■♥ t❤✐s ❝❛s❡✱ ♥♦ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ✇❡r❡ ♦❜s❡r✈❡❞✳ ❙✐♠✐❧❛r❧②✱

❛t t❤❡ ❢r❡q✉❡♥❝② ♦❢ ✹✸✹ ▼❍③✱ ♣❤❛s❡ ❛♥❞ ♥♦✐s❡ ♣♦✇❡r ❛r❡ ♥♦t str♦♥❣❧② ❛✛❡❝t❡❞ ❜② t❤❡

t❡♠♣❡r❛t✉r❡✳

✼✳✽✳✷ ❘❡s✐st❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ ✈❛r✐❛t✐♦♥s

❋✐♥✐t❡ ♠❛s❦ t♦❧❡r❛♥❝❡s✱ ❞♦♣✐♥❣ ❛♥❞ ♦①✐❞❡ t❤✐❝❦♥❡ss ✈❛r✐❛t✐♦♥s ❝❛✉s❡ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥ts

t♦ ❤❛✈❡ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡r ✈❛❧✉❡s ✇❤❡♥ ♠❛♥✉❢❛❝t✉r❡❞ t❤❛♥ ✇❤❡♥ ❞❡s✐❣♥❡❞✳ ❋♦r t❤❡

❯▼❈ ✶✽✵ ♥♠ ♣r♦❝❡ss ❞❡s❝r✐❜❡❞ ❤❡r❡✱ r❡s✐st❛♥❝❡ ❝❛♥ ✈❛r② ✇✐t❤✐♥ ±✷✹✳✺✪ ❛r♦✉♥❞ ♥♦♠✲

✐♥❛❧ ✈❛❧✉❡s✱ ✇❤❡r❡❛s ❛❧❧ ▼■▼ ❝❛♣❛❝✐t❛♥❝❡s ❝❤❛♥❣❡ ✇✐t❤✐♥ ±✶✹✳✺✪✳ ❚❤❡ ♠♦st ♣r♦❜❛❜❧❡

s❝❡♥❛r✐♦ ❛ss✉♠❡s ❘ ❛♥❞ ❈ ❝❤❛♥❣❡ ✐♥ t❤❡ s❛♠❡ ❞✐r❡❝t✐♦♥ ✐✳❡✳ ❜♦t❤ ✈❛❧✉❡s ❛r❡ ❡q✉❛❧ t♦

♠❛①✐♠✉♠ ♦r ♠✐♥✐♠✉♠ ❛t t❤❡ s❛♠❡ t✐♠❡✳

❋✐❣✉r❡ ✼✳✷✽ ❞❡♣✐❝ts t✉♥✐♥❣ ❝✉r✈❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✇✐t❤ ❝♦♥s✐❞❡r❡❞ ❘❈ ✈❛r✐❛t✐♦♥s✳

❚❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ❆❈ ❛♥❛❧②s✐s ♣r❡s❡♥t❡❞ ✐♥

❙❡❝t✐♦♥ ✼✳✺✳✷✳ ❆s r❡s✐st❛♥❝❡ Rout ❞❡❝r❡❛s❡s✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ❜❡❝♦♠❡s s♠❛❧❧❡r✱

s❤✐❢t✐♥❣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ✉♣✇❛r❞s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ t❤❡ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡

❞❡❝r❡❛s❡s✱ ❛♥❞ ✐♥ ❡①tr❡♠❡ s✐t✉❛t✐♦♥s ❝❛♥ ❜❡❝♦♠❡ s♠❛❧❧❡r t❤❛♥ ❝✐r❝✉✐t ❧♦ss❡s✳ ■♥ t❤❡

♣r❡s❡♥t❡❞ ❝❛s❡✱ ♦s❝✐❧❧❛t✐♦♥s ❞♦ ♥♦t ❜✉✐❧❞ ✉♣ ❢♦r ❝✉rr❡♥ts ❧❡ss t❤❡♥ ✺✵✵ ➭❆✳ ❲❤❡♥ ❘❈

❝♦♠♣♦♥❡♥ts ❛r❡ ❛t ❛ ♠❛①✐♠✉♠✱ t❤❡ t✉♥✐♥❣ ❝✉r✈❡ ♠♦✈❡s ❞♦✇♥ ❛♥❞ t❤❡ ♥❡❣❛t✐✈❡ ❝♦♥✲

❞✉❝t❛♥❝❡ ❜❡❝♦♠❡s ❧❛r❣❡r✳ ❉❡s♣✐t❡ t❤✐s✱ t❤❡ ❝✐r❝✉✐t st✐❧❧ ♦s❝✐❧❧❛t❡s ❢♦r ❛❧❧ ❝♦♥s✐❞❡r❡❞ ❜✐❛s

❝✉rr❡♥t ✈❛❧✉❡s✳ ❆s ♣r❡✈✐♦✉s❧②✱ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ❛♥❛❧②s❡ ❤♦✇ t❤❡s❡ ♣r♦❝❡ss ✈❛r✐❛t✐♦♥s

❛✛❡❝t t❤❡ ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡ r❡s✉❧ts ♦❢ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ ♦✉t♣✉t ♣♦✇❡r s✐♠✉❧❛✲

t✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✾✳ ◆♦t❡✱ t❤❛t t❤❡ ❧♦✇❡st ❜✐❛s ❝✉rr❡♥t ✭IB ♦❢ ✺✵✵ ➭❆✮ ❤❛s

❜❡❡♥ ❝❤♦s❡♥ ✐♥ r❡s♣❡❝t ♦❢ t❤❡ ❧♦✇❡r ❡♥❞ ♦❢ t✉♥✐♥❣ r❛♥❣❡ ✇❤❡♥ ❘❈ ✐s ♠✐♥✐♠✉♠ ❛s ✐♥ t❤❛t

❝❛s❡ t❤❡ ❝✐r❝✉✐t ❞♦❡s ♥♦t ♦s❝✐❧❧❛t❡ ❢♦r s♠❛❧❧❡r ❝✉rr❡♥ts✳

❚❤❡ ♠✐♥✐♠✉♠ ❘❈ ❝✐r❝✉✐t ❜♦✉♥❞s ♦s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡✱ ❜♦t❤ ✐♥ t❡r♠s ♦❢ ♦✉t♣✉t

♣♦✇❡r ❛♥❞ ♣❤❛s❡ ♥♦✐s❡✳ ❘❡❞✉❝❡❞ ❘❋ s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ ✐s ❛ r❡s✉❧t ♦❢ s♠❛❧❧ ♥❡❣❛t✐✈❡

✷✷✻
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Nominal RC
Minimum RC
Maximum RC

❋✐❣✉r❡ ✼✳✷✽✿ ❙✐♠✉❧❛t❡❞ t✉♥✐♥❣ r❛♥❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❘❈ ✈❛r✐❛t✐♦♥s✳

❚❛❜❧❡ ✼✳✾✿ P❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ♦✛s❡t ❛♥❞ ♦✉t♣✉t ♣♦✇❡r ❛s ❢✉♥❝t✐♦♥s ♦❢ ❘❈ ✈❛r✐❛t✐♦♥s✳

IB
▼✐♥✐♠✉♠ RC ◆♦♠✐♥❛❧ ▼❛①✐♠✉♠ ❘❈
PN PRF PN PRF PN PRF

➭❆ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠

✺✵✵ ✲✾✶✳✷ ✲✽✳✻ ✲✾✹✳✾ ✲✺✳✻✺ ✲✾✼✳✻ ✲✹✳✹✸

✾✵✵ ✲✾✼✳✸ ✲✸✳✼✸ ✲✾✾✳✺ ✲✷✳✼✺ ✲✶✵✵✳✽ ✲✷✳✺✶

✶✻✵✵ ✲✾✼✳✼ ✲✼✳✺✹ ✲✾✽✳✹ ✲✼✳✻✺ ✲✾✽✳✻ ✲✽✳✷✽

f0

✲✾✷✳✸ ✲✻✳✷✼ ✲✾✾✳✺ ✲✷✳✼✺ ✲✶✵✵✳✽ ✲✸✳✹✽▼❍③
✹✸✹

❝♦♥❞✉❝t❛♥❝❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ ❝✐r❝✉✐t✳ ❍✐❣❤ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ✸ ❞❇

❢r❡q✉❡♥❝② ♦❢ t❤❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ♠♦✈❡❞ ✐♥t♦ ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❛♥❞ t❤❡r❡❢♦r❡ ✐s ✐♥✲

❥❡❝t✐♥❣ ♠♦r❡ t❤❡r♠❛❧ ♥♦✐s❡ ✐♥t♦ t❤❡ r❡s♦♥❛t♦r✳ ❚❤❡ ♦♣♣♦s✐t❡ ❛♣♣❧✐❡s ✇❤❡♥ ❘❈ ✐s ❧❛r❣❡✳

❚❤✐s ❜❡❤❛✈✐♦r ❝❛♥ ❜❡ s❡❡♥ ♠♦r❡ ❝❧❡❛r❧② ✇❤❡♥ t❤❡ ♦s❝✐❧❧❛t♦r ✐s t✉♥❡❞ t♦ ✹✸✹ ▼❍③✳ ❚❤❡

♠❛①✐♠✉♠ ❘❈ ✈❛r✐❛t✐♦♥ ②✐❡❧❞s s♠❛❧❧❡r s✐❣♥❛❧ ❛♠♣❧✐t✉❞❡ t❤❛♥ t❤❡ ♥♦♠✐♥❛❧ ❝❛s❡✱ ❤♦✇✲

❡✈❡r ❜❡❝❛✉s❡ t❤❡ ✸ ❞❇ ❝♦r♥❡r ❢r❡q✉❡♥❝② ♦❢ t❤❡ s❤✐❢t❡r ✐s ♥♦✇ ♠♦✈❡❞ ❞♦✇♥✱ ❧❡ss ♥♦✐s❡ ✐s

✐♥❥❡❝t❡❞✱ ❛s ♣r❡❞✐❝t❡❞ ✐♥ ❈❤❛♣t❡r ✹✳
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❋✐❣✉r❡ ✼✳✷✾✿ ❙✐♠✉❧❛t❡❞ t✉♥✐♥❣ r❛♥❣❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♣r♦❝❡ss ❝♦r♥❡rs✳

✼✳✽✳✸ ❈▼❖❙ ♣r♦❝❡ss ✈❛r✐❛t✐♦♥s

Pr♦❝❡ss ❝♦r♥❡rs ❞❡s❝r✐❜❡ ♣♦ss✐❜❧❡ ❞❡✈✐❛t✐♦♥s ♦❢ tr❛♥s✐st♦r ♣❛r❛♠❡t❡rs✳ ❋♦✉r ❝❛s❡s ❛r❡ ♣♦s✲

s✐❜❧❡✿ ❢❛st✲❢❛st ✭❋❋✮✱ s❧♦✇✲s❧♦✇ ✭❙❙✮✱ ❢❛st✲◆✲s❧♦✇✲P ✭❋◆❙P✮ ❛♥❞ s❧♦✇✲◆✲❢❛st✲P ✭❙◆❋P✮✳

❋❛st tr❛♥s✐st♦rs ❛r❡ ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❞❡❝r❡❛s❡❞ ❣❛t❡ ♦①✐❞❡ t❤✐❝❦♥❡ss ❛♥❞ t❤r❡s❤♦❧❞ ✈♦❧t✲

❛❣❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s❧♦✇ tr❛♥s✐st♦rs ❤❛✈❡ t❤✐❝❦❡r ♦①✐❞❡ ❛♥❞ ❧❛r❣❡r Vth✳ ❆s ◆▼❖❙

❛♥❞ P▼❖❙ tr❛♥s✐st♦rs ❛r❡ ✉s❡❞✱ t❤✐s r❡s✉❧ts ✐♥ t❤❡ ❢♦✉r ♣♦ss✐❜❧❡ ✈❛r✐❛t✐♦♥s✳

❋✐❣✉r❡ ✼✳✷✾ ♣r❡s❡♥ts t✉♥✐♥❣ ❝✉r✈❡s ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳ ❙②♠❜♦❧ ❚❚ r❡♣r❡s❡♥ts ❛ t②♣✐❝❛❧✲

t②♣✐❝❛❧ s❝❡♥❛r✐♦ ✇❤✐❝❤ s❡ts tr❛♥s✐st♦r ♣❛r❛♠❡t❡rs ❛t ✐ts ♥♦♠✐♥❛❧ ✈❛❧✉❡s✳ ❚❤❡ ❝✐r❝✉✐t

r❡s♣♦♥❞s r❡❧❛t✐✈❡❧② ✇❡❧❧ ❢♦r t❤❡ ❞✐✛❡r❡♥t ♣r♦❝❡ss ❝♦r♥❡rs✱ ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ♦s❝✐❧❧❛t♦r

♦♣❡r❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ ❛❝t✐✈❡ ❝✐r❝✉✐ts ❛♥❞ ♣❛rt✐❛❧❧② ♦♥ t❤❡✐r ♣❛r❛s✐t✐❝ ❡❧❡♠❡♥ts✳ ❆s t❤❡

❝✐r❝✉✐t ❤❛s ❜❡❡♥ ❞❡s✐❣♥❡❞ t♦ ✇♦r❦ ❛r♦✉♥❞ t❤❡ ❝❡♥t❡r ❢r❡q✉❡♥❝② ♦❢ ✹✸✹ ▼❍③✱ t❤❡ s✐♠✉❧❛t❡❞

♣r♦❝❡ss ❝♦r♥❡rs ❞♦ ♥♦t ❛✛❡❝t t✉♥✐♥❣ r❛♥❣❡ s✐❣♥✐✜❝❛♥t❧②✳ ◆♦t❡ t❤❛t ❛t ❜♦t❤ ❡♥❞s ♦❢

❢r❡q✉❡♥❝② ❜❛♥❞✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❋❋ ❛♥❞ ❙❙ ❝♦r♥❡rs ❛✈❡r❛❣❡s ❛t ✷✸ ▼❍③ ✇❤✐❝❤

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

✷✷✽



✼✳✾ ❖s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡ ❜❡♥❝❤♠❛r❦

❚❛❜❧❡ ✼✳✶✵✿ P❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ♦✛s❡t ❛♥❞ ♦✉t♣✉t ♣♦✇❡r ❛s ❢✉♥❝t✐♦♥s ♣r♦❝❡ss ❝♦r♥❡rs✳

IB
SS FF FNSP SNFP

PN PRF PN PRF PN PRF PN PRF

➭❆ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠ ❞❇❝✴❍③ ❞❇♠

✹✵✵ ✲✾✸✳✸ ✲✾✳✶✼ ✲✾✷✳✸ ✲✼✳✼✾ ✲✾✷✳✹ ✲✽✳✷ ✲✾✷✳✽ ✲✽✳✻✹

✾✵✵ ✲✾✾✳✸ ✲✺✳✷✾ ✲✾✾✳✾ ✲✶✳✷✺ ✲✾✾✳✺ ✲✷✳✵✹ ✲✾✾✳✺ ✲✸✳✼✷

✶✻✵✵ ✲✾✶✳✻ ✲✶✼✳✻ ✲✾✾✳✽ ✲✹✳✶✽ ✲✾✾✳✶ ✲✺✳✾✾ ✲✾✼✳✶ ✲✶✵✳✷✷

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

❝❤❛♥❣❡ ❛r♦✉♥❞ ✹✸✹ ▼❍③✱ t❤❡ ❞❛t❛ ❡①tr❛❝t❡❞ ❢♦r IB = ✾✵✵➭❆ ❛r❡ s✉✣❝✐❡♥t t♦ ❞❡s❝r✐❜❡

❝✐r❝✉✐t ❜❡❤❛✈✐♦r ❛r♦✉♥❞ t❤❡ ♥♦♠✐♥❛❧ ❢r❡q✉❡♥❝②✳ ❚❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✼✳✶✵✳

❙❧♦✇ tr❛♥s✐st♦rs ❝❛✉s❡ s❡r✐♦✉s ❞❡t❡r✐♦r❛t✐♦♥ ♦❢ ♦✉t♣✉t ♣♦✇❡r ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❜✐❛s ❝✉rr❡♥t✱

✐♥ t❤❡ ❡①tr❡♠❡ ❝❛s❡ r❡❞✉❝✐♥❣ ✐t ❜② ✶✵ ❞❇ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ♠❛✐♥ s♦✉r❝❡ ♦❢ t❤✐s

❜❡❤❛✈✐♦r ❝♦♠❡s ❢r♦♠ s❧♦✇ ◆▼❖❙ ❞❡✈✐❝❡s ❛s t❤❡s❡ ❛r❡ ✉s❡❞ ❛s tr❛♥s❝♦♥❞✉❝t♦rs ❛♥❞ ❢♦r

t❤❡ ❝✉rr❡♥t ♠✐rr♦r✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❢♦r t❤❡ ❙❙ ❝♦r♥❡r✱ t❤❡ ♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡ ♦❢ ❡❛❝❤

tr❛♥s✐st♦r ✐♥❝r❡❛s❡s ❜② ❛ ❢❛❝t♦r ♦❢ ✶✳✺ ♦✈❡r t②♣✐❝❛❧ ✈❛❧✉❡s✳ ❚❤✐s ✐♥❝r❡❛s❡s r❡s✐st✐✈❡ ❧♦ss❡s

❛t ❜♦t❤ ♣♦rts ♦❢ t❤❡ ❣②r❛t♦r✱ ❡✛❡❝t✐✈❡❧② r❡❞✉❝✐♥❣ ♥❡❣❛t✐✈❡ ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ t❤❡ r❛♥❣❡ ♦❢

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

❧✐♠✐t❡❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛♥ ❋❋ ❝♦r♥❡r ✐♠♣r♦✈❡s ♦✉t♣✉t ♣♦✇❡r ❞✉❡ t♦ t❤❡ r❡❞✉❝❡❞

❝♦♥❞✉❝t❛♥❝❡✳ ❆s ❧♦♥❣ ❛s ❢❛st ◆▼❖❙ ❛r❡ ❝♦♥s✐❞❡r❡❞✱ s❧♦✇ P▼❖❙ tr❛♥s✐st♦rs ❞♦ ♥♦t

❞❡❝r❡❛s❡ ♦✉t♣✉t ♣♦✇❡r ❛s t❤❡② ❛r❡ ❡♠♣❧♦②❡❞ ✐♥ t❤❡ ❝✉rr❡♥t ♠✐rr♦r ♦♥❧②✳ ❆t t❤❡ ❝❡♥t❡r

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

✼✳✾ ❖s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡ ❜❡♥❝❤♠❛r❦

❚♦ ❝♦♠♣❛r❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r t♦ t❤❡ ❡①✐st✐♥❣ ❝✐r❝✉✐ts ❛ ♥♦r✲

♠❛❧✐③❡❞ ✜❣✉r❡ ♦❢ ♠❡r✐t ✇✐t❤ t✉♥✐♥❣ r❛♥❣❡ ✭ FOMT ✮ ✐s ✉s❡❞✳ ❚❤✐s ❢✉♥❝t✐♦♥ ❛❧❧♦✇s ❢❛✐r

❜❡♥❝❤♠❛r❦ ♦❢ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ♦s❝✐❧❧❛t♦rs ✇♦r❦✐♥❣ ❛t ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝✐❡s ❛♥❞ ✐♥❝❧✉❞❡s ❛❞✲

❞✐t✐♦♥❛❧ q✉❛♥t✐t✐❡s s✉❝❤ ❛s ❉❈ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❝♦r❡ ❛♥❞ ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤✳

❖♥❡ ❣❡♥❡r❛❧❧② ❛❝❝❡♣t❡❞ FOMT ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠ ❬✶✷✼✱ ✶✷✽❪

FOMT = L(ωm)− 20log

(
ω0

ωm

FBW

10

)

+ 10log (PmWcore) ✭✼✳✽✮

✷✷✾



✼✳✾ ❖s❝✐❧❧❛t♦r ♣❡r❢♦r♠❛♥❝❡ ❜❡♥❝❤♠❛r❦

✇❤❡r❡ L(ωm) ✐s ♣❤❛s❡ ♥♦✐s❡ ❛t ❢r❡q✉❡♥❝② ♦✛s❡t ♦❢ ωm✱ ω0 ✐s r❡s♦♥❛♥t ❢r❡q✉❡♥❝②✱ FBW

✐s ❛ ❢r❛❝t✐♦♥❛❧ ❜❛♥❞✇✐❞t❤ ❛♥❞ PmWcore ✐s ♠❛①✐♠✉♠ ❉❈ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❝♦r❡✳

❚❤❡ ♠❛✐♥ ✐ss✉❡ r❡❧❛t❡❞ t♦ ✭✼✳✽✮ ✐s t❤❛t ✐t ♣r♦♠♦t❡s ❧♦✇ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦s❝✐❧❧❛t♦rs

♦♥❧② ✇✐t❤♦✉t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ♣♦✇❡r ❡✣❝✐❡♥❝② ♦❢ t❤❡ ♦✈❡r❛❧❧ ❝✐r❝✉✐t✳ ■♥ ♦t❤❡r

✇♦r❞s✱ FOMT ✐♥ t❤❡ ♣r❡s❡♥t❡❞ ❢♦r♠ ❞♦❡s ♥♦t ❝♦♥✈❡② ❛♥② ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❤♦✇ ♠✉❝❤

❉❈ ❡♥❡r❣② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡ ✐s s✉♣♣❧✐❡❞ t♦ t❤❡ ❧♦❛❞✳ ■t ✐s s❤♦✇♥ t❤❛t ❛❧t❤♦✉❣❤ ♠❛♥②

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

♦✉t♣✉t ♣♦✇❡r ❧❡✈❡❧s ❛t ❜✉✛❡r❡❞ ❧♦❛❞s ❛r❡ t♦♦ s♠❛❧❧ t♦ ❞r✐✈❡ ❛♥② ♦t❤❡r ❝✐r❝✉✐t✳ ❚♦ ✐♥❝❧✉❞❡

❘❋ s✐❣♥❛❧ ♣♦✇❡r✱ t❤❡ ♥❡✇ ✜❣✉r❡ ♦❢ ♠❡r✐t ❝❛♥ ❜❡ ❣✐✈❡♥ ❜② t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥

FOMTP = L(ωm)− 20log

(
ω0

ωm

FBW

10

)

+ 10log (PmWcore)− PRFdBm ✭✼✳✾✮

✇❤❡r❡ PRFdBm ✐s ❘❋ ♦✉t♣✉t ♣♦✇❡r ✈❛❧✉❡ ❛t r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ❣✐✈❡♥ ✐♥ ❞❇♠✳ ❋✉♥❝✲

t✐♦♥ ✭✼✳✾✮ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ FOM ❡q✉❛t✐♦♥s ❬✶✷✽✱ ✶✷✾❪ ❤♦✇❡✈❡r✱

❢♦r ✉♥❦♥♦✇♥ r❡❛s♦♥s✱ t❤❡ ❛✉t❤♦rs ❞✐❞ ♥♦t ✐♥❝❧✉❞❡ t❤❡ ❢r❛❝t✐♦♥❛❧ t✉♥✐♥❣ r❛♥❣❡✳

❇♦t❤ ✭✼✳✽✮ ❛♥❞ ✭✼✳✾✮ ②✐❡❧❞ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✱ ❡①♣r❡ss❡❞ ✐♥ ❞❇❝✴❍③✳ ❚❤❡ s♠❛❧❧❡r t❤❡

✈❛❧✉❡ t❤❡ ❜❡tt❡r t❤❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ✐✳❡✳ st❛t❡ ♦❢ t❤❡ ❛rt ❛r❝❤✐t❡❝t✉r❡s r❡❛❝❤ ❧♦✇ ♣❤❛s❡

♥♦✐s❡✱ ✇✐❞❡ t✉♥✐♥❣ r❛♥❣❡s ✇✐t❤ s♠❛❧❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❤✐❣❤ ❡✣❝✐❡♥❝②✳ ◆♦t❡ t❤❛t

t❤❡ FOMT ❢✉♥❝t✐♦♥s ✉s❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ❢r♦♠ t❤❡ r❛♥❣❡ ✇❤❡r❡ ✐t ❢❛❧❧s ❜② ✷✵ ❞❇✴❞❡❝❛❞❡

♦r ✻ ❞❇✴♦❝t❛✈❡ ✭s❡❡ ❈❤❛♣t❡r ✻ ❢♦r ♠♦r❡ ❞❡t❛✐❧s✮✳ ❚❤✉s✱ ❛s ❛✉t❤♦rs ❝✐t❡ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s

❛t ❞✐✛❡r❡♥t ♦✛s❡t ❢r❡q✉❡♥❝✐❡s✱ t❤❡s❡ ❝❛♥ ❜❡ ❡❛s✐❧② r❡❝❛❧❝✉❧❛t❡❞ t♦ ✶ ▼❍③ t♦ ♥♦r♠❛❧✐s❡ t❤❡

r❡s✉❧ts✳ ❚❛❜❧❡ ✼✳✶✶ ♣r❡s❡♥ts ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦rs ♣✉❜❧✐s❤❡❞ ♦✈❡r

t❤❡ ❧❛st ❞❡❝❛❞❡✳ P❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧s ❛r❡ ❣✐✈❡♥ ❢♦r t❤❡ ❝❡♥t❡r ❢r❡q✉❡♥❝② ♦❢ ❡❛❝❤ ❝✐r❝✉✐t✳

◆♦t❡ t❤❛t ❞✉r✐♥❣ t❤❡s✐s ♣r❡♣❛r❛t✐♦♥✱ ♥♦ ♦t❤❡r ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r ♦♣❡r❛t✐♥❣ ❛t

✹✸✹ ▼❍③ ✇❛s ❢♦✉♥❞ ✐♥ t❤❡ ❛✈❛✐❧❛❜❧❡ ❧✐t❡r❛t✉r❡✳ ❚❤❡ ♦s❝✐❧❧❛t♦rs ❝❤♦s❡♥ ❢♦r ♣❡r❢♦r♠❛♥❝❡

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

♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ t❡r♠ ✐s ❝♦♠♣❡♥s❛t❡❞ ❜② ❤✐❣❤❡r ❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥s ❛♥❞ ✐♥ ♠❛♥②

❝❛s❡s ✇✐❞❡ t✉♥✐♥❣ r❛♥❣❡✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♠♦st ♦❢ t❤❡ ❝✐r❝✉✐ts ❢r♦♠ ❚❛❜❧❡ ✼✳✶✶✱ t❤❡

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

❝❛✉s❡❞ ❜② ❛ r❡❧❛t✐✈❡❧② ❤✐❣❤ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ ❧♦✇ ❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥✳ ▼♦st ♦s❝✐❧❧❛t♦rs

✷✸✵
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❤♦✇❡✈❡r ❤❛✈❡ ♠✉❝❤ ❧❛r❣❡r t✉♥✐♥❣ r❛♥❣❡s ✇❤✐❝❤ tr❛♥s❧❛t❡ t♦ ❜❡tt❡r ✭✐✳❡✳ s♠❛❧❧❡r✮ FOMT ✳

■♥ t❤❡ ❝❛s❡ ♦❢ FOMTP ✱ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❛❝❤✐❡✈❡s ♠✉❝❤ ❜❡tt❡r ❡✣❝✐❡♥❝②

t❤❛♥ t✇♦ t❤✐r❞s ♦❢ t❤❡ ❧✐st❡❞ ❝✐r❝✉✐ts✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❘❋ ♣♦✇❡r

✇❤✐❝❤ ✇❛s ❡①tr❛❝t❡❞ ✇✐t❤ ❛ ✸ ❞❇ ❧♦ss ✐♥ t❤❡ ♦✉t♣✉t ❜✉✛❡r✳ ◆♦t❡✱ t❤❛t ♥♦♥❡ ♦❢ t❤❡

❝✐t❡❞ ♣❛♣❡rs r❡✈❡❛❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❜✉✛❡r str✉❝t✉r❡s ♦r ❣❛✐♥s t❤❡r❡❢♦r❡ ✐♥ s♦♠❡ ❝❛s❡s

t❤❡ ❛❝t✉❛❧ ♦✉t♣✉t ♣♦✇❡r ♠❛② ❜❡ ♦❜t❛✐♥❡❞ ❜② t❤❡ ✉s❡ ♦❢ ♣♦✇❡r ❤✉♥❣r② ❣❛✐♥ st❛❣❡s✳ ■♥

❛❞❞✐t✐♦♥✱ t❤❡ ❛✉t❤♦rs ❞♦ ♥♦t ♣r♦✈✐❞❡ ❛♥② ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r♦❝❡ss

✈❛r✐❛t✐♦♥s ❛♥❞ t❤❡r❡❢♦r❡ ♦♥❡ ❝❛♥✬t ❜❡ s✉r❡ ❛❜♦✉t t❤❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡s❡ ❝✐r❝✉✐ts ✉♥❞❡r

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

❜❡ ❜❡tt❡r s✐♥❝❡✱ ❛s s❤♦✇♥ ✐♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ♣r♦❝❡ss ❝♦r♥❡rs ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s

❛r❡ ♥♦t ❛✛❡❝t✐♥❣ ♣❤❛s❡ ♥♦✐s❡✱ ♣♦✇❡r ❛♥❞ t✉♥✐♥❣ r❛♥❣❡ s✐❣♥✐✜❝❛♥t❧②✳

✼✳✶✵ ✹✸✹ ▼❍③ ✾✵ ♥♠ ◆▼❖❙ ❖❖❑ tr❛♥s♠✐tt❡r

❚❤❡ ❡✛❡❝t ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❣❡♥❡r❛t✐♦♥ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s t❤❡s✐s ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢

t❤❡ ❣✐✈❡♥ ❈▼❖❙ ♣r♦❝❡ss✳ ❆t t❤❡ t✐♠❡ ♦❢ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ t❤❡s✐s✱ t❤❡ ❯▼❈ ✾✵ ♥♠

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

♦♣❡r❛t❡ ❢♦r ❛ ❧♦✇ s✉♣♣❧② ✈♦❧t❛❣❡ ♦❢ ✶ ❱ ❛♥❞ ✐♥❝r❡❛s❡❞ r❡s✐st✐✈❡ ❧♦ss❡s ♦❢ t❤❡ tr❛♥s✐st♦rs✳

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts ❛ ❝♦♠♣❧❡t❡ ❖❖❑ ✭❖♥✲❖✛ ❑❡②✐♥❣✮ tr❛♥s♠✐tt❡r ❛r❝❤✐t❡❝t✉r❡ ❛❜❧❡

t♦ ❛❝❤✐❡✈❡ ❢❛st s✇✐t❝❤✐♥❣ s♣❡❡❞s✳ ❚❤❡ ❖❖❑ ✐s ❤✐st♦r✐❝❛❧❧② t❤❡ ♦❧❞❡st t②♣❡ ♦❢ ❡❧❡❝tr♦♥✐❝

♠♦❞✉❧❛t✐♦♥✱ ❞❛t✐♥❣ ❜❛❝❦ t♦ t❤❡ ♥✐♥❡t❡❡♥t❤ ❝❡♥t✉r② ❛♥❞ ✇✐r❡ t❡❧❡❣r❛♣❤②✳ ❆❧t❤♦✉❣❤

s✐♠♣❧❡✱ ❖❖❑ ❛❧❧♦✇s tr❛♥s♠✐ss✐♦♥ ♦❢ ❞✐❣✐t❛❧ s✐❣♥❛❧s ✇✐t❤ r❡❧❛t✐✈❡ ❡❛s❡ t❤✉s ✐t ❤❛s ❜❡❝♦♠❡

❛ ♣♦♣✉❧❛r ❝❤♦✐❝❡ ❢♦r ♠❛♥② ❛♣♣❧✐❝❛t✐♦♥s ✇❤❡r❡ r❡❧✐❛❜✐❧✐t② ❛♥❞ s✐♠♣❧✐❝✐t② ❛r❡ r❡q✉✐r❡❞✱ ❢♦r

❡①❛♠♣❧❡ ❜✐♦♠❡❞✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❬✶✸✼✕✶✸✾❪✳ ❚❤❡ ✉s❡ ♦❢ ❛ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡ ✐♥❞✉❝t♦r

♦s❝✐❧❧❛t♦r ❛s t❤❡ ❢❛st ❖❖❑ tr❛♥s♠✐tt❡r ✐s ♣♦ss✐❜❧❡ ❜❡❝❛✉s❡ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s

♦❢ tr❛♥s✐st♦rs ❛r❡ r❡❧❛t✐✈❡❧② s♠❛❧❧✳ ❆s ❛ r❡s✉❧t✱ t❤❡ t✐♠❡ ♥❡❝❡ss❛r② t♦ ❝❤❛r❣❡ t❤❡s❡

❝❛♣❛❝✐t♦rs ✐s r❡❧❛t✐✈❡❧② s❤♦rt✳ ❚❤✉s✱ ✐❢ t❤❡ ♣♦✇❡r s✉♣♣❧② ✐s s✇✐t❝❤❡❞ ♦♥ t❤❡ ❝✐r❝✉✐t

r❡❛❝❤❡s ✐ts st❡❛❞② st❛t❡ r❡❧❛t✐✈❡❧② ❢❛st✳ ❚❤✐s ✐♥ t✉r♥ ❛❧❧♦✇s ✉s t♦ s✐❣♥✐✜❝❛♥t❧② ✐♥❝r❡❛s❡

t❤❡ ♠♦❞✉❧❛t✐♦♥ s♣❡❡❞s✳
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CW

SW

D

❋✐❣✉r❡ ✼✳✸✵✿ ●❡♥❡r✐❝ ❛r❝❤✐t❡❝t✉r❡ ♦❢ ❖❖❑ tr❛♥s♠✐tt❡r✳

❋✐❣✉r❡ ✼✳✸✵ ♣r❡s❡♥ts ❛ ❣❡♥❡r✐❝ ♠♦❞❡❧ ♦❢ s✉❝❤ ❛ tr❛♥s♠✐tt❡r✱ ✇❤❡r❡ t❤❡ ❝♦♥t✐♥✉♦✉s

✇❛✈❡ ❢r♦♠ ❛ s✐❣♥❛❧ ❣❡♥❡r❛t♦r ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❛♥t❡♥♥❛ t❤r♦✉❣❤ ❛ ❞✐❣✐t❛❧❧② ❝♦♥tr♦❧❧❡❞

s✇✐t❝❤✳ ❚❤❡ ✐♥❢♦r♠❛t✐♦♥ ✐s ❡♥❝♦❞❡❞ ✐♥ ❛ ❢♦r♠ ♦❢ ♣✉❧s❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ ❛t

t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝②✳ ❚♦ ♠✐♥✐♠✐s❡ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥✱ t❤❡ ❖❖❑ tr❛♥s♠✐tt❡r s❤♦✉❧❞ ♥♦t

❝♦♥s✉♠❡ ❛♥② ❡♥❡r❣② ❞✉r✐♥❣ t❤❡ ♦✛ st❛t❡✱ ✇❤✐❝❤ ✐♥ t✉r♥✱ r❡q✉✐r❡s ❢❛st tr❛♥s✐t✐♦♥ t✐♠❡s

t♦ s✉♣♣♦rt ♠♦❞✉❧❛t✐♦♥ ✇✐t❤ ❤✐❣❤ ❞❛t❛ r❛t❡s✳

✼✳✶✵✳✶ ❚r❛♥s♠✐tt❡r ❛r❝❤✐t❡❝t✉r❡

❋✐❣✉r❡ ✼✳✸✶ ❞❡♣✐❝ts t❤❡ ♣r♦♣♦s❡❞ ❝♦♥❝❡♣t ♦❢ t❤❡ ❖❖❑ tr❛♥s♠✐tt❡r ❞❡s✐❣♥❡❞ ✉s✐♥❣ ❯▼❈

✾✵ ♥♠ ♣r♦❝❡ss ❧✐❜r❛r✐❡s ❛♥❞ t❤❡ ◆▼❖❙ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❝✐r❝✉✐t✳ ❚❤❡ ❝✐r❝✉✐t ❝♦♥s✐sts

♦❢ t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✿ ❜✐❛s ♥❡t✇♦r❦ ✇✐t❤ s✇✐t❝❤❡s❀ ♦s❝✐❧❧❛t♦r ❝♦r❡❀ ❛♥❞ ❛ ❜✉✛❡r

❛♠♣❧✐✜❡r ✇✐t❤ ✺✵ Ω ❧♦❛❞✳ ❆s ♣r❡✈✐♦✉s❧②✱ ♠♦st ♦❢ t❤❡ tr❛♥s✐st♦rs ✉s❡❞ ❛r❡ ♥♦t ♠✐♥✐♠✉♠

s✐③❡ ❞❡✈✐❝❡s ❞✉❡ t♦ t❤❡ r❡❧❛t✐✈❡❧② ♣♦♦r ADC ♦❢ ✾✵ ♥♠ ❞❡✈✐❝❡s✳

✼✳✶✵✳✶✳✶ ❙✇✐t❝❤❡❞ ❜✐❛s ♥❡t✇♦r❦

❚❤❡ s✇✐t❝❤❡❞ ❜✐❛s ♥❡t✇♦r❦ ❛❧❧♦✇s ✉s t♦ t✉r♥ ♦♥ ❛♥❞ ♦✛ t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡ ❛♥❞ t❤❡ ♦✉t♣✉t

❜✉✛❡r✳ ❚❤❡ tr❛♥s♠✐tt❡r ✐s ♠♦❞✉❧❛t❡❞ ✉s✐♥❣ ❛ ❜✐♥❛r② s✐❣♥❛❧ ❛♥❞ ✐ts ✐♥✈❡rt❡❞ ✈❡rs✐♦♥

t❤r♦✉❣❤ t❤❡ ✐♥♣✉ts D ❛♥❞ D✱ r❡s♣❡❝t✐✈❡❧②✳ ❆ st❛♥❞❛r❞ ✶✿✶ ❝✉rr❡♥t ♠✐rr♦r t♦♣♦❧♦❣②

♣r♦✈✐❞❡s ❛ ❝♦♥st❛♥t ❜✐❛s ❝✉rr❡♥t t♦ t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡✳ ❚r❛♥s✐st♦rs M8✱ M9✱ M11 ❛♥❞

M12 ❛r❡ ✉s❡❞ ❛s tr❛♥s♠✐ss✐♦♥ ❣❛t❡s t❤❛t ❞❡❧✐✈❡r ❉❈ ✈♦❧t❛❣❡ ❢♦r M3 ❛♥❞ M6 ❝✉rr❡♥t

s♦✉r❝❡s✱ r❡s♣❡❝t✐✈❡❧②✳ M7 ❛♥❞ M10 ❡❧✐♠✐♥❛t❡ ❝❤❛r❣❡ st♦r❡❞ ✐♥ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s
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❋✐❣✉r❡ ✼✳✸✶✿ ❈♦♠♣❧❡t❡ s❝❤❡♠❛t✐❝s ♦❢ ❖❖❑ tr❛♥s♠✐tt❡r✳
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❞✉r✐♥❣ t❤❡ ♦✛ ♣❡r✐♦❞✳ ❙✇✐t❝❤❡s M14 ❛♥❞ M15 ❛❝t ❛s ❛❝t✐✈❡ ❧♦❛❞s ❢♦r t❤❡ ❛♠♣❧✐✜❡rs✱

✇❤❡r❡❛s M18 ❛♥❞ M19 ❢♦r♠ ❛ s✇✐t❝❤❛❜❧❡ ❜✐❛s✐♥❣ ♥❡t✇♦r❦✳

✼✳✶✵✳✶✳✷ ❖✉t♣✉t ❜✉✛❡r

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

t❤❡ ❝❛s❡ ♦❢ t❤❡ ✶✽✵ ♥♠ ❝✐r❝✉✐t ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✳ ❚❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ t❤❡r❡❢♦r❡ ❤❛s

t♦ ❜❡ ❛♠♣❧✐✜❡❞✳ ❚❤❡ ❜✉✛❡r ❝♦♥s✐sts ♦❢ t❤r❡❡✱ ❝❧❛ss✲❆ st❛❣❡s ❢♦r ✐♠♣r♦✈❡❞ ❧✐♥❡❛r✐t②✳ ❉❈

❜❧♦❝❦✐♥❣ ❝❛♣❛❝✐t♦rs ♦❢ ✶ ♣❋ ✇❡r❡ ❝❤♦s❡♥ t♦ ♠✐♥✐♠✐s❡ t✐♠❡ ❝♦♥st❛♥ts ❞✉r✐♥❣ s✇✐t❝❤✐♥❣✱

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

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

t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡✳ ❙✇✐t❝❤ M14 ❛❝ts ❛s ❛ ❧✐♥❡❛r r❡s✐st♦r ❞✉r✐♥❣ t❤❡ ❖♥ st❛t❡✱ ✇❤✐❧❡ t❤❡

s❡❝♦♥❞ st❛❣❡ ❝♦♠♣❡♥s❛t❡s ❢♦r ❧♦ss❡s ✐♥ t❤❡ ♥♦♥✲✐❞❡❛❧ s♦✉r❝❡ ❢♦❧❧♦✇❡rs✳ ❚❤✐s ✐s ❛ ❝♦♠♠♦♥

s♦✉r❝❡ ❛♠♣❧✐✜❡r ✇✐t❤ ❛ s✇✐t❝❤❡❞ P▼❖❙ ❧✐♥❡❛r r❡s✐st♦r ❛s ❛ ❧♦❛❞✳ ❋✐♥❛❧❧②✱ t❤❡ ♦✉t♣✉t

st❛❣❡ ✐s ❛ t✉♥❡❞ ✈♦❧t❛❣❡ ❢♦❧❧♦✇❡r ✇✐t❤ ♣❛ss✐✈❡ ▲❈ t❛♥❦ t♦ ♠❛①✐♠✐s❡ ✈♦❧t❛❣❡ s✇✐♥❣ ♦♥ ❛

❧♦❛❞ r❡s✐st♦r ♦❢ ✺✵ Ω✳ ❚♦ ❛✈♦✐❞ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥ ❞✉❡ t♦ ❛ ❧♦ss② ✐♥❞✉❝t♦r✱ ✐ts Q ❢❛❝t♦r

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

♣❡rs♣❡❝t✐✈❡✳ ❚❤❡ ♣❛rt✐❝✉❧❛r ✈❛❧✉❡s ♦❢ t❤❡ ▲❈ t❛♥❦ ❝♦♠♣♦♥❡♥ts r❡♣r❡s❡♥t ❛♥ ♦♣t✐♠✐s❡❞

tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ ♣❡❛❦✐♥❣ ❞✉❡ t♦ ❛ r❛♣✐❞ s✇✐t❝❤✐♥❣✱ s✐❣♥❛❧ ❞✐st♦rt✐♦♥ ❛♥❞ r❡s♣♦♥s❡ t✐♠❡✳

❚❤❡ t♦t❛❧ ✈♦❧t❛❣❡ ❣❛✐♥ ♦❢ t❤❡ ❛♠♣❧✐✜❡r ✐♥ t❤✐s ❡①❛♠♣❧❡ ✐s s❡t t♦ ✵ ❞❇ t♦ ❛✈♦✐❞ ❡①❝❡ss✐✈❡

❞✐st♦rt✐♦♥ ❞✉❡ t♦ ❧❛r❣❡ s✐❣♥❛❧ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

✼✳✶✵✳✷ ❙✐♠✉❧❛t✐♦♥ r❡s✉❧ts

❆s ♣r❡✈✐♦✉s❧②✱ t❤❡ ❝✐r❝✉✐t ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ✐♥ ❊❧❞♦ ❘❋ ✉s✐♥❣ tr❛♥s✐❡♥t ❛♥❞ ❢r❡q✉❡♥❝②

st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ♥♦✐s❡✳ ❚❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡ ❤❛s ❜❡❡♥ ❛♥❛❧②s❡❞ ✐♥ t❡r♠s

♦❢ t②♣✐❝❛❧ ♣❛r❛♠❡t❡rs✿ ❝❛rr✐❡r ❢r❡q✉❡♥❝②✱ t✉♥✐♥❣ r❛♥❣❡ ❛♥❞ ♣❤❛s❡ ♥♦✐s❡✳ ❋♦r t❤❡ ❜✐❛s

❝✉rr❡♥ts ♦❢ ✼✵✵ ➭❆ ❞❡❧✐✈❡r❡❞ t♦ ❡❛❝❤ ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t♦rs✱ t❤❡ ❝♦r❡ ♣r♦❞✉❝❡s s✐♥✉s♦✐❞❛❧

♦s❝✐❧❧❛t✐♦♥s ❛t ✹✸✸✳✼ ▼❍③ ✇✐t❤ ❛♥ ❛♠♣❧✐t✉❞❡ ♦❢ ✷✵✵ ♠❱✱ ❛♥❞ ❛♥ ❛✈❡r❛❣❡ st❛rt✲✉♣ t✐♠❡ ♦❢

✸ ♥s✳ ■❢ ♥❡❝❡ss❛r②✱ t❤❡ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ t✉♥❡❞ ❢r♦♠ ✸✽✷ ▼❍③ t♦ ✹✾✺ ▼❍③✳ ■♥ ❝♦♠♣❛r✐s♦♥

✷✸✺
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❋✐❣✉r❡ ✼✳✸✷✿ ❙✐♠✉❧❛t❡❞ ♦✉t♣✉t ✈♦❧t❛❣❡ ❢♦r ✷✵ ▼❜♣s ❛♥❞ ✶✵✵ ▼❜♣s ♠♦❞✉❧❛t✐♦♥ s♣❡❡❞s✳

t♦ t❤❡ ✶✽✵ ♥♠ ❝✐r❝✉✐t✱ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ✐s s♠❛❧❧❡r ❞✉❡ t♦ t❤❡ ❧❛r❣❡r ♠✐rr♦rs✱ s✇✐t❝❤✐♥❣

❝✐r❝✉✐tr② ❛♥❞ t❤❡ r❡❞✉❝❡❞ ADC ♦❢ ✾✵ ♥♠ tr❛♥s✐st♦rs✳

❚❤❡ ♣❤❛s❡ ♥♦✐s❡ ❛t ✶ ▼❍③ ♦✛s❡t ❢r♦♠ ✹✸✹ ▼❍③ s✐❣♥❛❧ r❡❛❝❤❡s ✲✾✻ ❞❇❝✴❍③✳ ❚❤❡

♦✉t♣✉t ❛♠♣❧✐✜❡r ❛❧❧♦✇s ❞❡❧✐✈❡r② ♦❢ ✲✹ ❞❇♠ ♦❢ ❘❋ ♣♦✇❡r t♦ ❛ ✺✵ Ω ❧♦❛❞✳ ❋✐❣✉r❡ ✼✳✸✷

♣r❡s❡♥ts t❤❡ ❝✐r❝✉✐t r❡s♣♦♥s❡ ❢♦r sq✉❛r❡ ✇❛✈❡ ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧ ✇✐t❤ ✺✵✪ ❞✉t② ❝②❝❧❡✳

❚✇♦ ♠♦❞✉❧❛t✐♦♥ s♣❡❡❞s ✇❡r❡ ❛♥❛❧②s❡❞✿ ✷✵ ▼❜♣s ❛♥❞ ✶✵✵ ▼❜♣s✳ P♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢

t❤❡ tr❛♥s♠✐tt❡r ❝❛♥ ❜❡ ❜r♦❦❡♥ ❞♦✇♥ ✐♥t♦ t❤❡ ❢♦❧❧♦✇✐♥❣✿ ✼✳✾✻ ♠❲ ❢♦r t❤❡ ♦✉t♣✉t✱ ❝❧❛ss

❆ ❛♠♣❧✐✜❡r✱ ✶✳✹ ♠❲ ❢♦r t❤❡ ❜✐❛s ♥❡t✇♦r❦ ❛♥❞ ✶✳✹ ♠❲ ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r ❝♦r❡ ❢r♦♠ ❛ ✶ ❱

♣♦✇❡r s✉♣♣❧②✳ ◆♦t❡ t❤❛t ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ❝♦r❡ ✐s ♦♥❧② ✶✸✪ ♦❢ t❤❡ t♦t❛❧ ❉❈

♣♦✇❡r ♥❡❝❡ss❛r② t♦ ♦♣❡r❛t❡ t❤❡ ✇❤♦❧❡ tr❛♥s♠✐tt❡r✳

✼✳✶✵✳✸ P❡r❢♦r♠❛♥❝❡ ❝♦♠♣❛r✐s♦♥

❆t t❤❡ t✐♠❡ ♦❢ t❤❡ t❤❡s✐s ♣r❡♣❛r❛t✐♦♥ ♥♦ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❜❛s❡❞ ❖❖❑ tr❛♥s♠✐tt❡r ❤❛s

❜❡❡♥ ❢♦✉♥❞ ✐♥ t❤❡ ❛✈❛✐❧❛❜❧❡ ❧✐t❡r❛t✉r❡✳ ❚❤✉s✱ t❤❡ ❝✐r❝✉✐t ♣❡r❢♦r♠❛♥❝❡ ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡

✷✸✻
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tr❛♥s♠✐tt❡rs ✉s✐♥❣ ♣❛ss✐✈❡ ▲❈ r❡s♦♥❛t♦rs ❛♥❞ ♦♣❡r❛t✐♥❣ ❛t r❡❧❛t✐✈❡❧② ❧♦✇ ❘❋ ❢r❡q✉❡♥❝✐❡s✳

❚♦ ❛❝❤✐❡✈❡ t❤❛t✱ t❤❡ ✜❣✉r❡ ♦❢ ♠❡r✐t ❢✉♥❝t✐♦♥ ✐s ✉s❡❞✱ ❤♦✇❡✈❡r ♥♦✇ ❢♦❝✉s✐♥❣ ♦♥ ❛♥ ❛✈❡r❛❣❡

❡♥❡r❣② ♣❡r tr❛♥s♠✐tt❡❞ ❜✐t r❛t❤❡r t❤❛♥ t✉♥✐♥❣ r❛♥❣❡ ♦r ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ✉s❡❞✳

❚❤✐s ❢✉♥❝t✐♦♥ ✐s ❣✐✈❡♥ ❜② ❬✶✹✵❪

FOMOOK =
PDC

Drate · PRF
✭✼✳✶✵✮

✇❤❡r❡ PDC ✐s t❤❡ ❉❈ ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥✱ Drate ✐s t❤❡ ❞❛t❛ r❛t❡ ❛♥❞ PRF ✐s t❤❡ ♦✉t♣✉t

♣♦✇❡r ♦❢ ❘❋ s✐❣♥❛❧ ❢r♦♠ t❤❡ tr❛♥s♠✐tt❡r✳ ❋♦r PDC ❛♥❞ PRF ❡①♣r❡ss❡❞ ✐♥ ♠❲✱ ❛♥❞

Drate ✐s ❣✐✈❡♥ ✐♥ ▼❜♣s✱ ✭✼✳✶✵✮ ❤❛s ✉♥✐ts ♦❢ ♥❏✴❜✐t✴♠❲✳ ❙♦♠❡ ❛✉t❤♦rs ❛❧s♦ ♣r❡s❡♥t t❤❡

❡♥❡r❣② ❡✣❝✐❡♥❝② ♦❢ t❤❡ ❖❖❑ tr❛♥s♠✐tt❡r ✐♥ ♣❏✴❜✐t ✇✐t❤♦✉t ❛ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧

♣♦✇❡r✳ ❚❛❜❧❡ ✼✳✶✷ ♣r❡s❡♥ts ❛ ❝♦♠♣❛r❛t✐✈❡ st✉❞② ♦❢ ❈▼❖❙ ❖❖❑ tr❛♥s♠✐tt❡rs ❢♦✉♥❞ ✐♥

r❡❝❡♥t ♣✉❜❧✐❝❛t✐♦♥s✳

■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t✱ ❛❧t❤♦✉❣❤ t❤❡ ♣r❡s❡♥t❡❞ tr❛♥s♠✐tt❡r ❝✐r❝✉✐t ❝♦♥s✉♠❡s ♠♦r❡

♣♦✇❡r t❤❛♥ t❤❡ ❛r❝❤✐t❡❝t✉r❡s ✉s✐♥❣ ♣❛ss✐✈❡ r❡s♦♥❛t♦rs✱ t❤❡ ♦❜t❛✐♥❡❞ ❡♥❡r❣② ❡✣❝✐❡♥❝②

♦❢ ✶✵✽ ♣❏✴❜✐t ✐s ✐♥ t❤❡ s❛♠❡ r❛♥❣❡✳ ❲❤❡♥ t❤❡ s✐❣♥❛❧ ♣♦✇❡r ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✱ t❤❡

r❡s✉❧t✐♥❣ ✜❣✉r❡ ♦❢ ♠❡r✐t ♦❢ ✵✳✷✼ ♥❏✴❜✐t✴♠❲ ♠❛❦❡s t❤❡ ♣r❡s❡♥t❡❞ ❝✐r❝✉✐t ❛♥ ❛ttr❛❝t✐✈❡

❛❧t❡r♥❛t✐✈❡ t♦ ❧❛r❣❡ s✐③❡ ❛r❡❛ ♣❛ss✐✈❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥s✳

❆s ❛♥ ❡①❛♠♣❧❡✱ ❝♦♥s✐❞❡r t❤❡ t✇♦ ♣r❡✈✐♦✉s❧② ♣✉❜❧✐s❤❡❞ ❖❖❑ tr❛♥s♠✐tt❡rs ♦♣❡r❛t✐♥❣

❛t ✹✸✹ ▼❍③✳ ❚❤❡ ✜rst ❝✐r❝✉✐t ♦❢ ❘❛❥❛ ❡t ❛❧✳ ❬✶✹✵❪ ✉t✐❧✐s❡s ❛♥ ♦♥✲❝❤✐♣ ❙❆❲✲❜❛s❡❞ ▲❈

t❛♥❦ ♦s❝✐❧❧❛t♦r ❛♥❞ ✐♥t❡❣r❛t❡❞ ❜✉✛❡r ✇✐t❤ ♦✛✲❝❤✐♣ r❡s♦♥❛♥t ♥❡t✇♦r❦✳ ❚❤❡ ❛✉t❤♦rs r❡♣♦rt

❛❝t✐✈❡ ❛r❡❛ ✭✇✐t❤♦✉t ❘❋ ♣❛❞s ❛♥❞ r♦✉t✐♥❣✮ ♦❢ ✶✺✼✳✺·✶✵−3 ♠♠2 ✭✺✷✺ ➭♠ ❜② ✸✵✵ ➭♠✮✳ ❚❤❡

s❡❝♦♥❞ ❝✐r❝✉✐t ♦❢ ❘②✉ ❡t ❛❧✳ ❬✶✸✽❪ ❡♠♣❧♦②s ❛♥ ♦✛✲❝❤✐♣ ✹✵ ♥❍ ✐♥❞✉❝t♦r✳ ❚❤❡ r❡♣♦rt❡❞ ❝❤✐♣

❛r❡ ✐♥❝❧✉❞❡s ♣❛❞s ❛♥❞ r♦✉t✐♥❣❀ ❤♦✇❡✈❡r t❤❡ ♣r♦✈✐❞❡❞ ❤✐❣❤ q✉❛❧✐t② ♣❤♦t♦❣r❛♣❤② ❛❧❧♦✇s

✉s t♦ ❡st✐♠❛t❡ t❤❡ ❛❝t✐✈❡ ❛r❡❛ ♦❢ t❤❡ ❝❤✐♣ ❛s ✶✻✵·✶✵−3 ♠♠2 ✭✹✵✵ ➭♠ ❜② ✹✵✵ ➭♠✮✳ ■♥ t❤❡

❝❛s❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r tr❛♥s♠✐tt❡r✱ t❤❡ ❛❝t✐✈❡ ❛r❡❛ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞

❢r♦♠ ❋✐❣✉r❡ ✼✳✸✶✳ ❚♦ ❛❧❧♦✇ ✉s ❛ ❢❛✐r ❝♦♠♣❛r✐s♦♥✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ ✇✐r✐♥❣ ❜❡t✇❡❡♥

❝♦♠♣♦♥❡♥ts ✐♥❝r❡❛s❡s t♦t❛❧ ❛❝t✐✈❡ ❛r❡❛ ❜② ✺✵✪✳ ❆ ♣❛ss✐✈❡ ▲❈ t❛♥❦ ✉s❡❞ ❜② t❤❡ ❜✉✛❡r ✐s

❝♦♥s✐❞❡r❡❞ ♦✛✲❝❤✐♣✱ ❛s ✐♥ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ♣✉❜❧✐❝❛t✐♦♥s✳ ❚❤✉s✱ t❤❡ ❡st✐♠❛t❡❞ ❛❝t✐✈❡

s✐③❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❖❖❑ tr❛♥s♠✐tt❡r ✐s ❡q✉❛❧ t♦ ✶✶✳✺·✶✵−3 ♠♠2 ✭✶✵✼ ➭♠ ❜② ✶✵✼ ➭♠✮✳
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■t ❝❛♥ ❜❡ s❡❡♥✱ t❤❛t t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ✇✐t❤ ✐♥t❡❣r❛t❡❞ ❜✉✛❡r ♦❝❝✉♣✐❡s ❧❡ss t❤❛♥

✼✳✺✪ ♦❢ t❤❡ ❛❝t✐✈❡ ❛r❡❛ ♦❢ t❤❡ ❛❧t❡r♥❛t✐✈❡ tr❛♥s♠✐tt❡rs ♦♣❡r❛t✐♥❣ ❛t t❤❡ s❛♠❡ ❢r❡q✉❡♥❝②✱

❛♥❞ ✉s✐♥❣ ♣❛ss✐✈❡ ▲❈ r❡s♦♥❛t♦rs✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❛❝t✐✈❡

✐♥❞✉❝t♦r ❖❖❑ tr❛♥s♠✐tt❡r ✐s t❤❡ ❢r❛❝t✐♦♥❛❧ t✉♥✐♥❣ ❜❛♥❞✇✐❞t❤ ♦❢ ✷✻✪✱ t②♣✐❝❛❧❧② ❧❛r❣❡r

t❤❛♥ t❤❛t ♦❢ t❤❡ ♠♦st ❝✐r❝✉✐ts ❢r♦♠ ❚❛❜❧❡ ✼✳✶✷✳

✼✳✶✶ ❈❤❛♣t❡r s✉♠♠❛r②

❚❤✐s ❝❤❛♣t❡r ♣r❡s❡♥t❡❞ ❛ ❝♦♠♣❧❡t❡ ❞❡s✐❣♥ ♦❢ ✇✐❞❡❜❛♥❞ ❈▼❖❙ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♦s✲

❝✐❧❧❛t♦r✳ ❚❤❡ r❡s✉❧ts ❛❧❧♦✇ ✉s t♦ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ❛r❝❤✐t❡❝t✉r❡ ❜❡❤❛✈❡s

❛s ♣r❡❞✐❝t❡❞ ♠❛t❤❡♠❛t✐❝❛❧❧② ✐♥ ❈❤❛♣t❡rs ✹✲ ✻✳ ❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ ❝❤❛♣t❡r

✐♥ r❡❧❛t✐♦♥ ✇✐t❤ t❤❡ ♣r❛❝t✐❝❛❧ ♦s❝✐❧❧❛t♦r ❞❡s✐❣♥ ❛s ❢♦❧❧♦✇s✿

❼ ❚❤❡ ❝♦♠♣❧❡t❡ ❞❡s✐❣♥ ♠❡t❤♦❞♦❧♦❣② ♦❢ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ♦s❝✐❧❧❛t♦r✳ ❚❤❡ ❞❡s✐❣♥

♠❡t❤♦❞ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❛ ❝❧❡❛r✱ st❡♣ ❜② st❡♣ ♠❛♥♥❡r ❛♥❞ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ ❛♥②

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

st❛rts ❢r♦♠ ❛ s♠❛❧❧ s✐❣♥❛❧ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ ❛ r❡s♦♥❛t♦r✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡

❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r✱ t❤❡ ✜rst st❡♣ ✐s t❤❡ ❞❡❝✐s✐♦♥ ♦♥ t❤❡ ❉❈ ❜✐❛s ❝✐r❝✉✐t✳ ❚❤❡

♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❛r❝❤✐t❡❝t✉r❡ ✐s ❜❛s❡❞ ♦♥ ❛ ✇❡❧❧ ❦♥♦✇♥ ❈❙✲❈❉ ❣②r❛t♦r ❝✐r❝✉✐t

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

❛♥❞ ❝✉rr❡♥t ♠✐rr♦rs✳ ❆❢t❡r ❉❈ s✐♠✉❧❛t✐♦♥s✱ t❤❡ ♠❡t❤♦❞♦❧♦❣② ❢♦❧❧♦✇s t❤❡ ❝✐r❝✉✐t

❛♥❛❧②s✐s ✉♥❞❡r s♠❛❧❧ ❛♥❞ ❧❛r❣❡ s✐❣♥❛❧ ❝♦♥❞✐t✐♦♥s t♦❣❡t❤❡r ✇✐t❤ t❤❡ ♣r♦❝❡ss ❛♥❞

t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s✳

❼ ❚❤❡ s♠❛❧❧ s✐❣♥❛❧ ✭❆❈✮ ❛♥❛❧②s✐s ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t t♦ ❝❤❛r❛❝t❡r✐s❡ t❤❡ ❛❝t✐✈❡

✐♥❞✉❝t♦r ❝✐r❝✉✐t✳ ❆s ♣r❡❞✐❝t❡❞ ✐♥ ❈❤❛♣t❡r ✹✱ t❤❡ ✉s❡ ♦❢ ❛ s✐♥❣❧❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r

✐s s✉✣❝✐❡♥t t♦ ❣❡♥❡r❛t❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❤✐❣❤ ❡♥♦✉❣❤ t♦ st❛rt ♦s❝✐❧❧❛t✐♦♥s✳ ❆❧✲

t❤♦✉❣❤ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝✐r❝✉✐t ❤❛❞ ❛ ♠♦r❡ ❝♦♠♣❧❡① ♣❛r❛s✐t✐❝ str✉❝t✉r❡ t❤❛♥ ✐♥✐t✐❛❧❧②

❛ss✉♠❡❞✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♦❜t❛✐♥❡❞ ♣❧♦ts ❝♦♥✜r♠s t❤❡ ♠❛✐♥ ♠❡❝❤❛♥✐s♠s ✇❡r❡ ❝❛♣✲

t✉r❡❞ ❜② t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧s✳ ■♥ t❤✐s s❡❝t✐♦♥ ❛ s✐♠♣❧❡ ❛♥❞ ✐♥t✉✐t✐✈❡ ♠❡t❤♦❞

✷✸✾
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♦❢ ❞❡t❡r♠✐♥✐♥❣ t❤❡ r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ t❛♥❦ ✇❛s ♣r♦♣♦s❡❞ ❛♥❞ ❛♣♣❧✐❡❞ ✐♥

♣r❛❝t✐❝❡✳

❼ ❚❤❡ ❧❛r❣❡ s✐❣♥❛❧ ✭❙❙❚✮ ❛♥❛❧②s✐s ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❝♦♥✜r♠ t❤❡ ♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦r ♦❢

t❤❡ ❝✐r❝✉✐t✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❤❛r♠♦♥✐❝ ❞✐st♦rt✐♦♥ ❞✉❡ t♦ ❛ s✐❣♥❛❧ ❜✉✐❧❞ ✉♣✱ ❧✐♠✐ts

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

t♦ t❤❡s❡ ❡✛❡❝ts✱ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ✐s ❡①♣❛♥❞❡❞ ✇❤✐❝❤ ❝❛✉s❡s t❤❡ ❞r♦♣ ♦❢ t❤❡

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

❛♣♣❧②✐♥❣ t❤❡ ❱♦❧t❡rr❛ ❦❡r♥❡❧s t❡❝❤♥✐q✉❡ t♦ t❤❡ s✐♠♣❧❡ ♥♦♥✲❧✐♥❡❛r ♠❛t❤❡♠❛t✐❝❛❧

♠♦❞❡❧ ♦❢ t❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ❢r♦♠ ❈❤❛♣t❡r ✺✳

❼ ❚❤❡ ♥♦✐s❡ s✐♠✉❧❛t✐♦♥ ❝♦♥❞✉❝t❡❞ ❞✉r✐♥❣ t❤❡ ❙❙❚ ❛♥❛❧②s✐s ✐❧❧✉str❛t❡s t❤❛t t❤❡ ▲❚■

♠♦❞❡❧ ♣r♦♣♦s❡❞ ✐♥ ❈❤❛♣t❡r ✻ ♣r❡❞✐❝ts ❛ ❝♦rr❡❝t ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢ ♣❤❛s❡ ♥♦✐s❡

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

♥♦✐s❡ ✐♥ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ❤❛s ❛ r❡❧❛t✐✈❡❧② ❧♦✇ ❛❝❝✉r❛❝②✱ ✐t ❛❧❧♦✇s ♦♥❡ t♦ ♦❜t❛✐♥ ❛

❝❧♦s❡❞ ❢♦r♠ s♦❧✉t✐♦♥ ✐♥❞✐❝❛t✐♥❣ ❝r✉❝✐❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❞ t❤❡✐r ❝♦♥tr✐✲

❜✉t✐♦♥ t♦ t❤❡ t♦t❛❧ ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

❼ ❚❤❡ ❝❤❛♣t❡r ♣r❡s❡♥ts ❛♥ ❛♥❛❧②s✐s ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣r♦❝❡ss ❛♥❞ t❡♠♣❡r❛t✉r❡

✈❛r✐❛t✐♦♥s ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ■t ✇❛s s❤♦✇♥ t❤❛t

♠♦st t②♣✐❝❛❧ s❝❡♥❛r✐♦s ❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞ t❤r♦✉❣❤ t❤❡ ❜✐❛s ❝✉rr❡♥t ✢♦✇✐♥❣ t♦ t❤❡

♦s❝✐❧❧❛t♦r ❝♦r❡✳ ❚❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t r❡s♣♦♥❞s ✇❡❧❧ t♦ tr❛♥s✐st♦r ♣r♦❝❡ss ❝♦r♥❡rs

❜✉t ❝❛♥ ❜❡ ♣r♦♥❡ t♦ t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥t ✈❛r✐❛t✐♦♥s✳ ■♥ t❤❡ ✇♦rst

❝❛s❡✱ ✇❤❡r❡ ❘❈ ❝♦♠♣♦♥❡♥ts ❤❛✈❡ s♠❛❧❧❡r ✈❛❧✉❡s t❤❛♥ t❤❡ ♥♦♠✐♥❛❧✱ t❤❡ ❝✐r❝✉✐t

❝❛♥ st♦♣ ♦s❝✐❧❧❛t✐♥❣ ❢♦r s♠❛❧❧❡r ❜✐❛s ❝✉rr❡♥ts✳ ❚❤✐s s❤♦✇s ❤♦✇ ✐♠♣♦rt❛♥t t❤❡

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

❝♦♥s✐❞❡r❡❞✳ ❯♥❢♦rt✉♥❛t❡❧② t❤✐s t②♣❡ ♦❢ ❛♥❛❧②s✐s ✐s r❛r❡❧② ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡

♦♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✱ ❤♦✇❡✈❡r t❤✐s ❞✐ss❡rt❛t✐♦♥ ❝♦✈❡rs ✐t t❤♦r♦✉❣❤❧②✳

❼ ❆t ✜rst✱ t❤❡ ♣r❡s❡♥t❡❞ ❝✐r❝✉✐t t❤❡♦r② ✇❛s ❝♦♥✜r♠❡❞ ✉s✐♥❣ ✶✽✵ ♥♠ ♣r♦❝❡ss ❧✐❜r❛r✐❡s✳

❚❤❡ ♦❜t❛✐♥❡❞ ♦s❝✐❧❧❛t♦r ❛❝❤✐❡✈❡s ❛ t②♣✐❝❛❧ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ t✉♥✐♥❣ r❛♥❣❡ ♣❡r❢♦r✲
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✼✳✶✶ ❈❤❛♣t❡r s✉♠♠❛r②

♠❛♥❝❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❱❈❖ ✇❤✐❝❤ ✇❛s ❝♦♥✜r♠❡❞ ❜② t❤❡ ❛♥❛❧②s✐s ♦❢ ✜❣✉r❡ ♦❢

♠❡r✐t ❢✉♥❝t✐♦♥s ❢♦r ✈❛r✐♦✉s st❛t❡ ♦❢ t❤❡ ❛rt✱ ❣②r❛t♦r✲❜❛s❡❞ ❛r❝❤✐t❡❝t✉r❡s✳

❼ ■t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ s❛♠❡ ❣②r❛t♦r

❝✐r❝✉✐t ❞❡s✐❣♥❡❞ ✉s✐♥❣ ✾✵ ♥♠ ❈▼❖❙ ♣r♦❝❡ss ❛s ✇❡❧❧✳ ❆s t❤❡ ♣r❡s❡♥t❡❞ ❝✐r❝✉✐t

❤❛s s♠❛❧❧ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t❛♥❝❡s✱ t❤❡ ♦s❝✐❧❧❛t♦r s✐❣♥❛❧ s❡tt❧❡s r❡❧❛t✐✈❡❧② ❢❛st ❛❢t❡r

t❤❡ ♣♦✇❡r s✉♣♣❧② ✐s s✇✐t❝❤❡❞ ♦♥✳ ❆s ❛ r❡s✉❧t✱ ✐t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ❞❡❣❡♥❡r❛t❡❞

♦s❝✐❧❧❛t♦r ✐s s✉✐t❛❜❧❡ t♦ ♦♣❡r❛t❡ ❛s ❛♥ ❖❖❑ tr❛♥s♠✐tt❡r ✇✐t❤ ❛ ❤✐❣❤ ❞❛t❛ r❛t❡

♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧✳ ■♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ st❛t❡ ♦❢ t❤❡ ❛rt ❈▼❖❙ ❖❖❑ tr❛♥s♠✐tt❡rs

t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ✐s ❛s ❡✣❝✐❡♥t ❤♦✇❡✈❡r ❝♦♥s✉♠❡s ✸ t♦ ✶✵ t✐♠❡s ♠♦r❡ ❉❈ ♣♦✇❡r✳

❚❤❡ ❛❞✈❛♥t❛❣❡ ❤♦✇❡✈❡r ✐s ✐ts ❝♦♠♣❛❝t s✐③❡ ✭♠♦r❡ t❤❛♥ ✾✵✪ r❡❞✉❝t✐♦♥ ♦❢ ❛❝t✐✈❡

❛r❡❛✮ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ♦s❝✐❧❧❛t♦rs ✉s✐♥❣ ❙❆❲ ❛♥❞ ❋❇❆❘ r❡s♦♥❛t♦rs✳
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❈❤❛♣t❡r ✽

❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❢✉t✉r❡ ✇♦r❦

✽✳✵✳✶ ❈♦♥❝❧✉s✐♦♥s

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

t♦ t❤❡ r❛♣✐❞ ❞❡✈❡❧♦♣♠❡♥ts ♦❢ ✈❛r✐♦✉s s②st❡♠s ♦♣❡r❛t✐♥❣ ❛t ❞✐✛❡r❡♥t ❢r❡q✉❡♥❝✐❡s✱ ✐t ✐s

✐♠♣♦rt❛♥t t❤❛t ❛ s✐♥❣❧❡ ♦s❝✐❧❧❛t♦r ✐s ❛❜❧❡ t♦ t✉♥❡ t♦ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❝❛rr✐❡r ❢r❡q✉❡♥❝✐❡s✳

❆t t❤❡ s❛♠❡ t✐♠❡ t❤❡ ♦s❝✐❧❧❛t♦r ❤❛s t♦ ❤❛✈❡ ❧♦✇ ♣❤❛s❡ ♥♦✐s❡✱ s♠❛❧❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥

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

r❡q✉✐r❡♠❡♥ts ✐♥❤❡r❡♥t❧② ❝♦♥tr❛❞✐❝t ❡❛❝❤ ♦t❤❡r ❛♥❞ ❢♦r t❤✐s r❡❛s♦♥ ✐t ✐s ✐♠♣♦rt❛♥t t♦

st✉❞② ✈❛r✐♦✉s s♦❧✉t✐♦♥s ❧❡❛❞✐♥❣ t♦ t❤❡ r♦❜✉st ❛♥❞ ✈❡rs❛t✐❧❡ ❞❡s✐❣♥ ♦❢ ❤❛r♠♦♥✐❝ ♦s❝✐❧❧❛t♦rs✳

❖♥❡ s✉❝❤ t❡❝❤♥✐q✉❡ ✐♥✈♦❧✈❡s t❤❡ ✉s❡ ♦❢ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs t❤❛t ❛❧t❤♦✉❣❤ ❤❛✈❡ ❧✐♠✐t❡❞

♣❡r❢♦r♠❛♥❝❡ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ♣❛ss✐✈❡ ▲❈ ❜❛s❡❞ ❱❈❖s✱ ❛❧❧♦✇ ❢♦r ❛ ❤✐❣❤ ❞❡❣r❡❡ ♦❢ ❝✐r❝✉✐t

✐♥t❡❣r❛t✐♦♥✳

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

t❤❛t r❡❞✉❝❡s t❤❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t t♦ t❤❡ s✐♥❣❧❡ r❡s♦♥❛♥t t❛♥❦ ❛♥❞ ❞♦❡s ♥♦t r❡q✉✐r❡ ❛♥②

❡①t❡r♥❛❧ ❝✐r❝✉✐tr② t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❝✐r❝✉✐t ❧♦ss❡s✳ ❚❤✐s ✇❛s ❛❝❤✐❡✈❡❞ ❜② t❤❡ ✉s❡ ♦❢ ❛

s✐♠♣❧❡ ♣❛ss✐✈❡ ❘❈ ♥❡t✇♦r❦ t❤❛t ✇❤❡♥ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ st❛♥❞❛r❞ ❣②r❛t♦r ❝✐r❝✉✐t✱ ❛❧❧♦✇s

✉s t♦ ❣❡♥❡r❛t❡ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡✳ ❆❧t❤♦✉❣❤ ♦✈❡r t❤❡ ②❡❛rs✱ s♦♠❡ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs ✇✐t❤

✐♥t❡r♥❛❧❧② ❣❡♥❡r❛t❡❞ ♥❡❣❛t✐✈❡ r❡s✐st❛♥❝❡ ❤❛✈❡ ❜❡❡♥ ♣✉❜❧✐s❤❡❞✱ ❧✐tt❧❡ ❤❛s ❜❡❡♥ ❞♦♥❡ t♦

❡①♣❧♦r❡ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡s❡ ❝✐r❝✉✐ts✳ ❇❡❢♦r❡ t❤✐s t❤❡s✐s t❤❡r❡ ✇❡r❡ ♥♦

✷✹✷



❦♥♦✇♥ ❛tt❡♠♣ts t♦ ✉t✐❧✐s❡ t❤✐s t❡❝❤♥✐q✉❡ t♦ ♦❜t❛✐♥ ❛ ✇✐❞❡❜❛♥❞ ✐♥t❡❣r❛t❡❞ ❱❈❖✳ ❲❡ ❛❧s♦

♣r♦✈✐❞❡ t❤❡ r❡❛❞❡r ✇✐t❤ ❛ t❤♦r♦✉❣❤ ❡①♣❧❛♥❛t✐♦♥ ♦❢ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ❜❡❤❛✈✐♦r ❛♥❞ ♥♦✐s❡✱

♥♦♥✲❧✐♥❡❛r ♣r♦♣❡rt✐❡s ❛♥❞ ♣❤❛s❡ ♥♦✐s❡ ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❚❤✐s ❞✐ss❡rt❛t✐♦♥ ❛❞❞r❡ss❡s t❤❡s❡

✐ss✉❡s ❛s ❢♦❧❧♦✇s✿

✶✳ ❚❤❡ ♠✐♥✐♠✉♠ ♥✉♠❜❡r ♦❢ ♣❤❛s❡ s❤✐❢t❡rs r❡q✉✐r❡❞ ❢♦r ♦s❝✐❧❧❛t✐♦♥s ✐♥ ❛♥

❛❝t✐✈❡ ✐♥❞✉❝t♦r✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❛ s✐♥❣❧❡ ❘❈ ♣❤❛s❡ s❤✐❢t❡r ✐s s✉✣❝✐❡♥t t♦

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

♣r♦✈❡♥ t❤❛t ❝♦♥♥❡❝t✐♥❣ t❤✐s ♥❡t✇♦r❦ ❛t t❤❡ ✐♥♣✉t ♦❢ t❤❡ ❢❡❡❞❜❛❝❦ tr❛♥s❝♦♥❞✉❝t♦r

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

r❡s♦♥❛♥t ❢r❡q✉❡♥❝② ❤✐❣❤✳

✷✳ ❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t ✇❛s st✉❞✐❡❞✳ ■♥ ❣❡♥❡r❛❧✱ t❤✐s t♦♣✐❝

✐s ❝♦♠♠♦♥❧② ♦♠✐tt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♦♥ ❛♥② ❛❝t✐✈❡ ✐♥❞✉❝t♦r ❝✐r❝✉✐ts✱ ❤❡♥❝❡ t❤❡

❝♦♥❞✉❝t❡❞ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ✐s ❛ ✈❛❧✉❛❜❧❡ ❝♦♥tr✐❜✉t✐♦♥✳ ■t ✇❛s s❤♦✇♥ t❤❛t t❤❡

✜♥✐t❡ t♦❧❡r❛♥❝❡s ♦❢ ✐♥t❡❣r❛t❡❞ ❘❈ ♥❡t✇♦r❦s ❝❛✉s❡ t❤❡ ♦s❝✐❧❧❛t♦r t♦ ♦♣❡r❛t❡ ❛t ❛

❞✐✛❡r❡♥t ❢r❡q✉❡♥❝② t❤❛♥ ❞❡s✐❣♥❡❞ ❢♦r ❤♦✇❡✈❡r t❤✐s ❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ❜② ✜♥❡✲

t✉♥✐♥❣ ♦❢ tr❛♥s❝♦♥❞✉❝t❛♥❝❡s ♦❢ t❤❡ ❣②r❛t♦r ❛♠♣❧✐✜❡rs✳

✸✳ ❚❤❡ ❡✛❡❝t ♦❢ tr❛♥s✐st♦r ❧♦ss❡s ✇❛s ❞✐s❝✉ss❡❞✳ ■t ✇❛s ✐❧❧✉str❛t❡❞ ❤♦✇ t❤❡ ✜♥✐t❡

♦✉t♣✉t ❝♦♥❞✉❝t❛♥❝❡s ♦❢ ▼❖❙ ❞❡✈✐❝❡s r❡❞✉❝❡ t❤❡ t✉♥✐♥❣ r❛♥❣❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞

♦s❝✐❧❧❛t♦r✳ ❋♦r t❤✐s r❡❛s♦♥ ✐t ✐s ✐♠♣♦rt❛♥t t♦ ✉s❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs ✇✐t❤

❤✐❣❤ gm t♦ gout r❛t✐♦ ✭❉❈ ❣❛✐♥✮✳ ■♥ t❤❡ ❝❛s❡ ♦❢ s✐♥❣❧❡ ▼❖❙ tr❛♥s❝♦♥❞✉❝t♦rs✱

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

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

♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳

✹✳ ❚❤❡ ♣r♦♣♦s❡❞ ❧✐♥❡❛r ♠♦❞❡❧ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛❧❧♦✇s ✉s t♦ ❝♦♥✜r♠ t❤❡ ♦s❝✐❧✲

❧❛t✐♦♥ ❝r✐t❡r✐❛ ✉s✐♥❣ ❛ s❡t ♦❢ s✐♠♣❧❡ ❢♦r♠✉❧❛❡✳ ❚❤❡ ❡①♣r❡ss✐♦♥s ❢♦r t❤❡ ♥❡❣❛t✐✈❡

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

r❛♥❣❡ ♦❢ ✼✵✪✳

✺✳ ❚❤❡ ♥♦✐s❡ ♦❢ ❛♥ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇✐t❤ ❛ ❘❈ s❤✐❢t❡r ❤❛s ❜❡❡♥ ❛♥❛❧②s❡❞✳

❆ ♥❡✇ s❡t ♦❢ ❢♦r♠✉❧❛❡ ❞❡s❝r✐❜✐♥❣ t❤❡ ♥♦✐s❡ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r❝✉✐t ❝♦♥✜r♠❡❞ t❤❛t

✐ts ♥♦✐s❡ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❧♦❛❞❡❞ q✉❛❧✐t② ❢❛❝t♦r ♦❢ t❤❡ ❣②r❛t♦r ❜❛s❡❞

r❡s♦♥❛t♦r✳ ❚❤❡ ♣r❡s❡♥t❡❞ ❛♥❛❧②s✐s s❤♦✇s t❤❛t ❧♦✇✲♣❛ss ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❘❈

❝✐r❝✉✐t ❛❧❧♦✇s ✉s t♦ ❞❡❝r❡❛s❡ t❤❡ ❛♠♦✉♥t ♦❢ ♥♦✐s❡ ✐t ✐♥❥❡❝ts ✐♥t♦ t❤❡ r❡s♦♥❛t♦r✳

✻✳ ❚❤❡s✐s ♣r❡s❡♥t❡❞ ❛ ♥❡✇ ♥♦♥✲❧✐♥❡❛r ♠♦❞❡❧ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t✱ ❞❡r✐✈❡❞

✉s✐♥❣ t❤❡ ❦♥♦✇♥ ♠❡t❤♦❞ ♦❢ ❱♦❧t❡rr❛ ❦❡r♥❡❧s✳ ■t ✇❛s s❤♦✇♥ t❤❛t ❞✉❡ t♦ t❤❡ ♥♦♥✲

❧✐♥❡❛r ❝❤❛r❛❝t❡r ♦❢ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ❛♠♣❧✐✜❡rs✱ t❤❡ r❡s✉❧t✐♥❣ ❤❛r♠♦♥✐❝s ❛r❡

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

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

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

❢♦r t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ t❤❡ s✐♠✉❧❛t❡❞ ✐♥❞✉❝t❛♥❝❡ ❛♥❞ ❝❛✉s❡ t❤❡ ♦s❝✐❧❧❛t♦r t♦ ♦♣❡r❛t❡

❛t ❛ ❧♦✇❡r ❛♠♣❧✐t✉❞❡ t❤❛♥ ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡ s♠❛❧❧ s✐❣♥❛❧ ♠♦❞❡❧✳

✼✳ ❆ ♥❡✇ ❧✐♥❡❛r✱ t✐♠❡ ✐♥✈❛r✐❛♥t ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❝✐r❝✉✐t

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

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

❝✐r❝✉✐t✳

✽✳ ❚❤❡ ♣r❛❝t✐❝❛❧ ❈▼❖❙ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❛❝t✐✈❡ ✐♥❞✉❝t♦r ✇❛s ❞❡s✐❣♥❡❞ ❛♥❞

s✐♠✉❧❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ♣r♦❝❡ss ❛♥❞ t❡♠♣❡r❛t✉r❡ ✈❛r✐❛t✐♦♥s✳ ❆❧❧ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧

✜♥❞✐♥❣s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❞✐ss❡rt❛t✐♦♥ ✇❡r❡ ❝♦♥✜r♠❡❞✱ ♣r♦✈✐♥❣ t❤❡✐r ✈❛❧✐❞✐t②✳

✾✳ ❆ ♥❡✇ ❢✉❧❧② ✐♥t❡❣r❛t❡❞ ✹✸✹ ▼❍③ ❖❖❑ tr❛♥s♠✐tt❡r ❝✐r❝✉✐t ✉s✐♥❣ t❤❡

♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ✇❛s ❞❡s✐❣♥❡❞✳ ❚❤❡ ❝✐r❝✉✐t s✉♣♣♦rts ❞✐❣✐t❛❧ ♠♦❞✉❧❛t✐♦♥

s♣❡❡❞s ✉♣ t♦ ✶✵✵ ▼❜♣s ✇✐t❤ ❡♥❡r❣② ❡✣❝✐❡♥❝② ❝♦♠♣❛r❛❜❧❡ t♦ t❤❛t ♦❢ ❛ st❛♥❞❛r❞

♣❛ss✐✈❡ ▲❈ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✱ ❜✉t ♦❝❝✉♣②✐♥❣ ♦♥❧② ❛ ❢r❛❝t✐♦♥ ✭✼✳✺✪✮ ♦❢ ✐ts ♣❛ss✐✈❡

❛r❡❛✱ ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❛ ✸✲✺ ♠♦r❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳
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✽✳✵✳✷ ❋✉t✉r❡ ✇♦r❦

❚❤❡ ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♣r❡s❡♥t❡❞ t❡❝❤♥✐q✉❡ r❡q✉✐r❡s ❛♥ ♦♣❡r❛t✐♥❣ ♣r♦t♦t②♣❡

t❤❛t ❛❧❧♦✇s ✉s t♦ ♦❜t❛✐♥ ❡♠♣✐r✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts✳ ❘❡❝❡♥t❧②✱ ▼❡❞❥❛❤❞✐ ❛♥❞ ❈❛❧♠♦♥ ❬✶✹✻❪

♣r❡s❡♥t❡❞ ❛ ✵✳✷✺ ➭♠ ❈▼❖❙ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ s❡❧❢✲♦s❝✐❧❧❛t✐♥❣ ❝✐r❝✉✐t ♦❢ ❙③❝③❡♣❦♦✇s❦✐

❡t ❛❧✳ ❬✶✷✺❪✱ s❤♦✇✐♥❣ ♣♦st✲❧❛②♦✉t s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✱ ♠❛t❝❤✐♥❣ t❤❡ t❤❡♦r② ♣r❡s❡♥t❡❞ ✐♥

t❤✐s t❤❡s✐s✳ ❆✉t❤♦rs r❡♣♦rt❡❞ t❤❡ ❢r❛❝t✐♦♥❛❧ t✉♥✐♥❣ r❛♥❣❡ ♦❢ ✻✵✪✱ ✇✐t❤ ❝♦r❡ ♣♦✇❡r

❝♦♥s✉♠♣t✐♦♥ ♦❢ ✶✸ ♠❲ ❛♥❞ ♣❤❛s❡ ♥♦✐s❡ ❧❡✈❡❧ ♦❢ ✲✾✸ ❞❇❝✴❍③ ❛t ✶ ▼❍③ ♦✛s❡t ❢r♦♠ t❤❡

❝❛rr✐❡r✳ ❙✐❧✐❝♦♥ ♣r♦t♦t②♣❡s ❛r❡ ❡①♣❡❝t❡❞ ❢♦r ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ❢r♦♠ t❤✐s ✇♦r❦✳

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t ❝♦✉❧❞ ❜❡ ❢✉rt❤❡r ✐♠♣r♦✈❡❞ ✐❢ ❧❡ss

♥♦✐s❡ ✇❛s ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ tr❛♥s✐st♦rs✳ ❚❤✐s ✐♥ t✉r♥ ✐♠♣❧✐❡s t❤❡ ✉s❡ ♦❢ ❜✐♣♦❧❛r tr❛♥s✐s✲

t♦rs✳ ■♥ r❡❝❡♥t ♣✉❜❧✐❝❛t✐♦♥ ♦❢ ❘♦❤❞❡ ❛♥❞ P♦❞❞❛r ❬✶✹✼❪ ♣r❡s❡♥t❡❞ ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢

❛ ✺ ●❍③ st❛♥❞❛r❞✱ t✇♦ tr❛♥s✐st♦r ❛❝t✐✈❡ ✐♥❞✉❝t♦r ♦s❝✐❧❧❛t♦r ✉s✐♥❣ ❞✐s❝r❡t❡ ❇❏❚ ❞❡✈✐❝❡s✳

❚❤❡ ♠❡❛s✉r❡❞ ♣❤❛s❡ ♥♦✐s❡ ✐s ❜❡tt❡r t❤❛♥ ✶✵✺ ❞❇❝✴❍③ ❛t ✶✵✵ ❦❍③ ♦✛s❡t ❢r♦♠ t❤❡ ❝❛rr✐❡r

❢r❡q✉❡♥❝② ❢♦r♠ ❢r♦♠ ✸ ❱ ♣♦✇❡r s✉♣♣❧②✱ t❤✉s ♠❛t❝❤✐♥❣ t❤❛t ♦❢ ❢✉❧❧② ✐♥t❡❣r❛t❡❞ ♦s❝✐❧❧❛✲

t♦rs ✇✐t❤ s♣✐r❛❧ ❛❝t✐✈❡ ✐♥❞✉❝t♦rs✳ ❚❤✐s ✇♦✉❧❞ s✉❣❣❡st ❛ ♣r♦✜t❛❜❧❡ ❛✈❡♥✉❡ ❢♦r ❢✉rt❤❡r

❞❡✈❡❧♦♣♠❡♥t ❢♦r ♦✉r ❝✐r❝✉✐t ❛r❝❤✐t❡❝t✉r❡✳

✷✹✺



❆♣♣❡♥❞✐①

✽✽✲✶✵✽ ▼❍③ ✐♥t❡❣r❛t❡❞ ❱❈❖

❆✳✶ ■♥tr♦❞✉❝t✐♦♥

❚♦ s❤♦✇ t❤❛t P▼❖❙ tr❛♥s✐st♦rs ❝❛♥ ❜❡ ❛❧s♦ ❡♠♣❧♦②❡❞✱ ❛ ❱❈❖ ❢♦r ❛ ✽✽ ▼❍③✲✶✵✽ ▼❍③

r❛❞✐♦ ❜r♦❛❞❝❛st s②st❡♠ ✐s ♣r❡s❡♥t❡❞✳ ❆t t❤❡s❡ ❢r❡q✉❡♥❝✐❡s✱ ❛ s✐♥✉s♦✐❞❛❧ ♦s❝✐❧❧❛t♦r ✇✐t❤

♣❛ss✐✈❡ ▲❈ t❛♥❦ ✐s ♥♦t ♣r❛❝t✐❝❛❧ ❞✉❡ t♦ ✐ts s✐③❡✳ ❆ss✉♠✐♥❣ ❛ ❝❡♥t❡r ❢r❡q✉❡♥❝② ♦❢ ✾✽ ▼❍③

❛♥❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵ ♣❋✱ ✐♥❞✉❝t❛♥❝❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✷✼✵ ♥❍ ✐s

r❡q✉✐r❡❞✳ ❚❤✐s ✐s ✷✵ t✐♠❡s ♠♦r❡ t❤❛♥ t❤❡ ❧❛r❣❡st s♣✐r❛❧ ✐♥❞✉❝t♦r ✐♥ ✶✽✵ ♥♠ ♣r♦❝❡ss ❝❛♥

♣r♦✈✐❞❡✳ ❚♦ s❛✈❡ s♣❛❝❡✱ ❛ ♣❛ss✐✈❡ ▲❈ ♦s❝✐❧❧❛t♦r ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝② ✇❤❡r❡

▲❈ ✈❛❧✉❡s ❝❛♥ ❜❡ ✐♥t❡❣r❛t❡❞✳ ❚❤❡ ❢r❡q✉❡♥❝② ✐s t❤❡♥ ❞❡❝r❡❛s❡❞ ✉s✐♥❣ ❛ ❝❛s❝❛❞❡ ♦❢ ♣♦✇❡r

❤✉♥❣r② ❢r❡q✉❡♥❝② ❞✐✈✐❞❡rs✳ ❉❡s✐❣♥✐♥❣ ♦s❝✐❧❧❛t♦r ❛t ✶ ●❍③✱ ❛ ❞✐✈✐s✐♦♥ r❛t✐♦ ♦❢ ✶✵ ✇♦✉❧❞

❜❡ r❡q✉✐r❡❞✳ ❚❤❡ ❞r❛✇❜❛❝❦ ✐s ❛ s✐❣♥✐✜❝❛♥t ♣♦✇❡r ❞✐ss✐♣❛t✐♦♥✳

❚❤❡ ❞❡❣❡♥❡r❛t❡❞ ❣②r❛t♦r ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❝♦♠❜✐♥❡s ❛ ❝♦♠♣❛❝t s✐③❡ ✇✐t❤ ❛

r❡❧❛t✐✈❡❧② s♠❛❧❧ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ✐ts s✉✐t❛❜❧❡ ❢♦r ❧♦✇ ✈♦❧t❛❣❡ ❞❡s✐❣♥✳ ❋✐❣✉r❡ ❆✳✶

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

♠✐rr♦rs✱ ♦✉t♣✉t ❛♠♣❧✐✜❡r ❛♥❞ ✐♥t❡❣r❛t❡❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡✳ ❊❛❝❤ ❜❧♦❝❦ ✐s ❞❡s❝r✐❜❡❞ ✐♥

♠♦r❡ ❞❡t❛✐❧ ✐♥ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥s✳ ❚❤❡ ❝✐r❝✉✐t ✐s ❛♥♦t❤❡r ✈❡rs✐♦♥ ♦❢ t❤❡ ❜❛s✐❝ ♦s❝✐❧❧❛t♦r

❞❡♣✐❝t❡❞ ♦♥ ❋✐❣✉r❡ ✼✳✷✹✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ♠♦❞✐✜❝❛t✐♦♥s ✇❡r❡ ♠❛❞❡✿

❼ ❆❧❧ tr❛♥s✐st♦rs ✇❡r❡ ❝❤❛♥❣❡❞ t♦ t❤❡✐r ❝♦♠♣❧❡♠❡♥t❛r② ❞❡✈✐❝❡s✳ ❚❤❡ s❛♠❡ ✈♦❧t❛❣❡

❜✐❛s s❝❤❡♠❡ ✭❋✐❣✉r❡ ✼✳✷✮ ✐s ✉s❡❞✳

✷✹✻



❆✳✷ ❖s❝✐❧❧❛t♦r ❝♦r❡

❼ ❚❤❡ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t IB ✐s ❣❡♥❡r❛t❡❞ ❜② ◆▼❖❙ ✈♦❧t❛❣❡ t✉♥❡❞ r❡s✐st♦rs✳

❼ ❚❤❡ ♦s❝✐❧❧❛t♦r ♦✉t♣✉t ❜✉✛❡r ✐s ♥♦✇ t❤❡ ❈❙ ❛♠♣❧✐✜❡r✱ ♣r♦✈✐❞✐♥❣ s✐❣♥❛❧ ❣❛✐♥ t♦ t❤❡

❝❛♣❛❝✐t✐✈❡ ❧♦❛❞✳ ❚❤❡ ❜✉✛❡r ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ gyr❴in ♥♦❞❡✳

❆✳✷ ❖s❝✐❧❧❛t♦r ❝♦r❡

❚❤❡ ❝♦r❡ ❝♦♥s✐sts ♦❢ ❢♦✉r ❞❡✈✐❝❡s✱ ✇❤❡r❡ M7 ❛♥❞ M8 ❛r❡ ❈❙ ❛♥❞ ❈❉ tr❛♥s❝♦♥❞✉❝t♦rs✱

r❡s♣❡❝t✐✈❡❧②✳ ❚r❛♥s✐st♦rs M9 ❛♥❞ M10 ♣r♦✈✐❞❡ ❝♦♥st❛♥t ❜✐❛s ❝✉rr❡♥t✳ ❆s t❤❡ ❜✐❛s s❝❤❡♠❡

✐s t❤❡ s❛♠❡ ❛s ❢r♦♠ ❙❡❝t✐♦♥ ✼✳✸✱ ❣❛t❡ ✈♦❧t❛❣❡s ♦❢ ❡❛❝❤ ❞❡✈✐❝❡ ❛r❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✻✵✵ ♠❱

t♦ ✼✵✵ ♠❱✳ ❆s ✐♥❞✉❝t❛♥❝❡ ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ gm2✱ ❛ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✐♥

t❤❡ r❛♥❣❡ ♦❢ ✻ ♠❆✴❱ ✐s r❡q✉✐r❡❞✳ ❚❤✉s✱ P▼❖❙ tr❛♥s✐st♦rs ❛r❡ ♠♦r❡ t❤❛♥ t✇♦ t✐♠❡s

❧❛r❣❡r t❤❛♥ t❤❡✐r ◆▼❖❙ ❝♦✉♥t❡r♣❛rts✳ ❇♦t❤ tr❛♥s❝♦♥❞✉❝t♦rs ❝♦♥s✐sts ♦❢ ✻ ❞❡✈✐❝❡s ♦❢ ✻

✜♥❣❡rs ❡❛❝❤ ✇✐t❤ ✻ ➭♠ ♣❡r ✜♥❣❡r ❢♦r ❈❙ ❛♠♣❧✐✜❡r ❛♥❞ ✼ ➭♠ ♣❡r ✜♥❣❡r ❢♦r ❈❉ ❞❡✈✐❝❡✳

❚❤❡ ♣❤❛s❡ s❤✐❢t❡r ❝♦♥s✐sts ♦❢ ✻✳✺ ❦Ω ❘❋ r❡s✐st♦r ❛♥❞ t✇♦ ✵✳✸✹ ♣❋ ▼■▼ ❝❛♣❛❝✐t♦rs✳

❆✳✸ ❱♦❧t❛❣❡ t✉♥❡❞ ❜✐❛s ♠✐rr♦rs

❚♦ ❝♦♥str✉❝t t❤❡ ❱❈❖✱ ❛ t✉♥✐♥❣ ✈♦❧t❛❣❡ ❤❛s t♦ ❜❡ ❝♦♥✈❡rt❡❞ t♦ ❛ ❝✉rr❡♥t ❞r✐✈✐♥❣ ❜♦t❤

♠✐rr♦rs✳ ■❢ ❛ s✐♥❣❧❡ tr❛♥s✐st♦r ✐s ✉s❡❞✱ ✐ts tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ✐s t♦♦ ❤✐❣❤ ❢♦r t❤❡ ❣✐✈❡♥

♦✈❡r❞r✐✈❡ ❛♥❞ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t✳ ❆s ❛ r❡s✉❧t✱ ♦♥❧② ❛ ❢r❛❝t✐♦♥ ♦❢ ♣♦ss✐❜❧❡ t✉♥✐♥❣ ✈♦❧t❛❣❡

r❛♥❣❡ ❝❛♥ ❜❡ ✉t✐❧✐s❡❞✱ r❡s✉❧t✐♥❣ ✐♥ ✈❡r② ❧❛r❣❡ t✉♥✐♥❣ ❝♦♥st❛♥t✳

❚❤✐s ♣r♦❜❧❡♠ ❝❛♥ ❜❡ r❡s♦❧✈❡❞ ✉s✐♥❣ ❝✉rr❡♥t ❜②♣❛ss ❞❡✈✐❝❡s✳ ❚r❛♥s✐st♦rs M3 ❛♥❞

M5 ❛❝t ❛s r❡s✐st♦rs s✐♥❦✐♥❣ ❝✉rr❡♥t IC ❢r♦♠ t❤❡ ♠✐rr♦rs✳ ❚r❛♥s✐st♦rs M4 ❛♥❞ M5 ❛❝t

❛s ✈♦❧t❛❣❡ t♦ ❝✉rr❡♥t ❝♦♥✈❡rt❡rs✱ ❝❛rr②✐♥❣ ❝✉rr❡♥t Itune < IC ✳ ❆s ❛ r❡s✉❧t✱ t♦t❛❧ ❜✐❛s

❝✉rr❡♥t IB = IC +Itune✱ ❛♥❞ s✐♥❝❡ IC ✐s ❝♦♥st❛♥t✱ ♠✐rr♦rs ❛r❡ t✉♥❡❞ ♦♥❧② ✇✐t❤ ❛ ❢r❛❝t✐♦♥

♦❢ t♦t❛❧ r❡❢❡r❡♥❝❡ ❝✉rr❡♥t✳ ❚❤❡ t✉♥✐♥❣ ✈♦❧t❛❣❡ s♣❛♥s ♥♦✇ ❢r♦♠ Vth t♦ VDD✳
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❆✳✹ ❖✉t♣✉t ❛♠♣❧✐✜❡r ❛♥❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

❆✳✹ ❖✉t♣✉t ❛♠♣❧✐✜❡r ❛♥❞ t❛♥❦ ❝❛♣❛❝✐t❛♥❝❡

❖s❝✐❧❧❛t♦r ✐s ❞❡s✐❣♥❡❞ t♦ ❞r✐✈❡ ❛ ♠✐①❡r ❛♥❞ ❧♦❛❞ ✐s ❝❛♣❛❝✐t✐✈❡✳ ❆s ❞❡s❝r✐❜❡❞ ♣r❡✈✐♦✉s❧②✱

❝♦♠♠♦♥ s♦✉r❝❡ ✐♥✈❡rt✐♥❣ ❜✉✛❡r ✐s ♠♦r❡ s✉✐t❛❜❧❡ t♦ ❞r✐✈❡ s✉❝❤ ❧♦❛❞s✱ ❤♦✇❡✈❡r ❞✉❡ t♦

❧❛r❣❡r ✐♥♣✉t ❝❛♣❛❝✐t❛♥❝❡ ✐t ❤❛s t♦ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t♣✉t ♦❢ ❈❉ tr❛♥s❝♦♥❞✉❝t♦r✳

❚❤✐s ♣♦rt ♣r♦❞✉❝❡s r❡❧❛t✐✈❡❧② ❧♦✇ ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ ♦✉t♣✉t ❜✉✛❡r ♣r♦✈✐❞❡s ❣❛✐♥ t♦

❜♦♦st t❤❡ s✐❣♥❛❧✳ ❚❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ ❜✉✛❡r ✐s ❧❡ss t❤❛♥ ✶✹ ♠❲ ❢r♦♠ ✶✳✽ ❱
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