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❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛

❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

▲♦✇ P♦✇❡r ▲♦✇ ❱♦❧t❛❣❡ ◗✉❛❞r❛t✉r❡ ❘❈

❖s❝✐❧❧❛t♦rs ❋♦r ▼♦❞❡r♥ ❘❋ ❘❡❝❡✐✈❡rs

P♦r

❍✉❣♦ ❋✐❧✐♣❡ ❞❛ ❘♦❝❤❛ ▲♦♣❡s

❉✐ss❡rt❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ◆♦✈❛ ❞❡ ▲✐s❜♦❛ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡

▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

❖r✐❡♥t❛❞♦r✿ ❉♦✉t♦r ▲✉ís ❆✉❣✉st♦ ❇✐❝❛ ●♦♠❡s ❞❡ ❖❧✐✈❡✐r❛

▲✐s❜♦❛

✷✵✶✵





❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

■ ✇♦✉❧❞ ❧✐❦❡ t♦ s❤♦✇ ♠② ❣r❛t✐t✉❞❡ t♦ s❡✈❡r❛❧ ♣❡♦♣❧❡ ❢♦r ❤❡❧♣✐♥❣ ❞✉r✐♥❣ t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥

❛♥❞ ✇r✐t✐♥❣ ♦❢ t❤✐s t❤❡s✐s✳

❋✐rst✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t♦r ❢♦r t❤✐s ❞✐ss❡rt❛t✐♦♥ Pr♦❢✳ ▲✉ís ❖❧✐✈❡✐r❛✱

❢♦r ❤✐s s✉♣♣♦rt✱ ❛✈❛✐❧❛❜✐❧✐t② ❛♥❞ ♣❛t✐❡♥❝❡✳ ■ ✇❛♥t t♦ t❤❛♥❦ ❏♦ã♦ ❈❛s❛❧❡✐r♦ ❢♦r ❣✐✈✐♥❣

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

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

r❡❧❛t❡❞ t♦ t❤❡ s♦❢t✇❛r❡✳

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

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

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

✸
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❆❜str❛❝t

❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛

❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

❜② ❍✉❣♦ ❋✐❧✐♣❡ ❞❛ ❘♦❝❤❛ ▲♦♣❡s

❚❤✐s t❤❡s✐s ♣r♦♣♦s❡s ❛ st✉❞② ♦❢ t❤r❡❡ ❞✐✛❡r❡♥t ❘❈ ♦s❝✐❧❧❛t♦rs✱ t✇♦ r❡❧❛①❛t✐♦♥ ❛♥❞ ❛ r✐♥❣

♦s❝✐❧❧❛t♦r✳ ❆❧❧ t❤❡ ❝✐r❝✉✐ts ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ ❯▼❈ ✶✸✵ ♥♠ ❈▼❖❙ t❡❝❤♥♦❧♦❣② ✇✐t❤ ❛

s✉♣♣❧② ✈♦❧t❛❣❡ ♦❢ ✶✳✷ ❱✳

❲❡ ♣r❡s❡♥t ❛ ✇✐❞❡❜❛♥❞ ▼❖❙ ❝✉rr❡♥t✴✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ q✉❛❞r❛t✉r❡ ♦s❝✐❧❧❛t♦r ❝♦♥st✐✲

t✉t❡❞ ❜② t✇♦ ♠✉❧t✐✈✐❜r❛t♦rs✳ ❚✇♦ ❞✐✛❡r❡♥t ❢♦r♠s ♦❢ ❝♦✉♣❧✐♥❣ ♥❛♠❡❞✱ s♦❢t ✭tr❛❞✐t✐♦♥❛❧✮

❛♥❞ ❤❛r❞ ✭♣r♦♣♦s❡❞✮ ❛r❡ ❞✐✛❡r❡♥t✐❛t❡❞ ❛♥❞ ✐♥✈❡st✐❣❛t❡❞✳ ■t ✐s ❢♦✉♥❞ t❤❛t ❤❛r❞ ❝♦✉♣❧✐♥❣

r❡❞✉❝❡s t❤❡ q✉❛❞r❛t✉r❡ ❡rr♦r ❛♥❞ r❡s✉❧ts ✐♥ ❛ ❧♦✇ ♣❤❛s❡✲♥♦✐s❡ ✭❛❜♦✉t ✷ ❞❇ ✐♠♣r♦✈❡♠❡♥t✮

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

✐s ✐♥✈❡st✐❣❛t❡❞✱ ✇❤❡♥ ❛♥ ❡①t❡r♥❛❧ s②♥❝❤r♦♥✐③✐♥❣ ❤❛r♠♦♥✐❝ ✐s ❛♣♣❧✐❡❞✳

❲❡ ✐♥tr♦❞✉❝❡ ❛ ♥❡✇ ❘❈ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r ✇✐t❤ ♣✉❧s❡ s❡❧❢ ❜✐❛s✐♥❣✱ t♦ r❡❞✉❝❡ ♣♦✇❡r

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

❚❤❡ ❞❡s✐❣♥❡❞ ❝✐r❝✉✐t ❤❛s ❛ ✈❡r② ❧♦✇ ♣❤❛s❡✲♥♦✐s❡✱ ✲✶✸✷✳✻ ❞❇❝✴❍③ ❅ ✶✵ ▼❍③ ♦✛s❡t✱ ❛♥❞

t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✐s ♦♥❧② ✶ ♠❲✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ ✜❣✉r❡ ♦❢ ♠❡r✐t ✭❋❖▼✮ ♦❢ ✲✶✺✾✳✶

❞❇❝✴❍③✳

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

♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ r❡s♣❡❝t✐✈❡ ❧❛②♦✉t ✐s ♠❛❞❡ ❛♥❞ ♦❝❝✉♣✐❡s ❛ t♦t❛❧ ❛r❡❛ ♦❢ ✺✳✽✺✻①✶✵−3

♠♠2✱ ♣♦st✲❧❛②♦✉t s✐♠✉❧❛t✐♦♥ ✐s ❛❧s♦ ❞♦♥❡✳
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❘❡s✉♠♦

❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛

❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧❡❝tr♦té❝♥✐❝❛ ❡ ❞❡ ❈♦♠♣✉t❛❞♦r❡s

❜② ❍✉❣♦ ❋✐❧✐♣❡ ❞❛ ❘♦❝❤❛ ▲♦♣❡s

◆❡st❛ t❡s❡ é ♣r♦♣♦st♦ ✉♠ ❡st✉❞♦ ❞❡ três ❞✐st✐♥t♦s ♦s❝✐❧❛❞♦r❡s ❘❈✱ ❞♦✐s ❞❡ r❡❧❛①❛çã♦ ❡

✉♠ ♦s❝✐❧❛❞♦r ❡♠ ❛♥❡❧✳ ❚♦❞♦s ♦s ❝✐r❝✉✐t♦s sã♦ ✐♠♣❧❡♠❡♥t❛❞♦s ✉s❛♥❞♦ ❛ t❡❝♥♦❧♦❣✐❛ ❯▼❈

✶✸✵ ♥♠ ❝♦♠ ✉♠❛ t❡♥sã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✶✱✷ ❱✳

❆♣r❡s❡♥t❛♠♦s ✉♠ ♦s❝✐❧❛❞♦r ❡♠ q✉❛❞r❛t✉r❛ ❝♦♥tr♦❧❛❞♦ ♣♦r ❝♦rr❡♥t❡✴t❡♥sã♦ ❝♦♥st✐t✉í❞♦

♣♦r ❞♦✐s ♦s❝✐❧❛❞♦r❡s ❞❡ r❡❧❛①❛çã♦✳ ❉✉❛s ❢♦r♠❛s ❞✐st✐♥t❛s ❞❡ ❛❝♦♣✉❧❛♠❡♥t♦✱ soft ✭tr❛❞✐✲

❝✐♦♥❛❧✮ ❡ hard ✭♣r♦♣♦st❛✮✱ sã♦ ✐♥✈❡st✐❣❛❞❛s ❡ ❝♦♠♣❛r❛❞❛s✳ ❖ ❛❝♦♣✉❧❛♠❡♥t♦ hard r❡❞✉③

❡rr♦s ❞❡ q✉❛❞r❛t✉r❛ ❡ ♦❜té♠ ✉♠❛ ♠❡❧❤♦r✐❛ ❞♦ r✉í❞♦ ❞❡ ❢❛s❡ ✭à ✈♦❧t❛ ❞❡ ✷ ❞❇✮✱ ❡♠ ❝♦♠✲

♣❛r❛çã♦ ❝♦♠ ♦ ❛❝♦♣✉❧❛♠❡♥t♦ soft✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♦s❝✐❧❛❞♦r ✐♥❞✐✈✐❞✉❛❧ ❡ ❛❝♦♣✉❧❛❞♦

é ✐♥✈❡st✐❣❛❞♦ ❛♦ s❡r ❛♣❧✐❝❛❞♦ ✉♠❛ ❤❛r♠ó♥✐❝❛ ❡①t❡r♥❛✳

Pr♦♣♦♠♦s ✉♠ ♥♦✈♦ ♦s❝✐❧❛❞♦r ❘❈ ❞❡ r❡❧❛①❛çã♦ ❝♦♠ pulse self biasing✱ ♣❛r❛ r❡❞✉③✐r ♦

❝♦♥s✉♠♦ ❡ t❛♠❜é♠ harmonic filtering ❡ resistor feedback✱ ♣❛r❛ r❡❞✉③✐r ♦ r✉í❞♦ ❞❡ ❢❛s❡✳

❖ ❝✐r❝✉✐t♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦ss✉✐ ✉♠ r✉í❞♦ ❞❡ ❢❛s❡ ❜❛✐①♦✱ ✲✶✸✷✱✻ ❞❇❝✴❍③ ❅ ✶✵ ▼❍③✱ ❡ ✉♠

❝♦♥s✉♠♦ ❞❡ ❛♣❡♥❛s ✶ ♠❲✱ q✉❡ ❝♦♥❞✉③ ❛ ✉♠❛ ✜❣✉r❛ ❞❡ ♠ér✐t♦ ❞❡ ✲✶✺✾✱✶ ❞❇❝✴❍③✳

❖ ú❧t✐♠♦ ❝✐r❝✉✐t♦ é ✉♠ two integrator t♦t❛❧♠❡♥t❡ ✐♠♣❧❡♠❡♥t❛❞♦ ♥❛ t❡❝♥♦❧♦❣✐❛ ❈▼❖❙✱
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✹✳✷✷ ❋❖▼ ❝♦♠♣❛r✐s♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✹✳✷✸ ❈❛♣❛❝✐t♦r ✈❛❧✉❡ ♦❢ ❛ ◆▼❖❙ tr❛♥s✐st♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✹✳✷✹ ❈❛♣❛❝✐t♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✹✳✷✺ ❋✉❧❧ ✐♥t❡❣r❛t❡❞ ❈▼❖❙ t✇♦ ✐♥t❡❣r❛t♦r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✹✳✷✻ ❇✉✛❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷

✹✳✷✼ ▲❛②♦✉t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹



▲✐st ♦❢ ❚❛❜❧❡s

✹✳✶ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ ❝❛♣❛❝✐t❛♥❝❡s ✭✻✵✵ ▼❍③✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✳✷ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ ❝❛♣❛❝✐t❛♥❝❡s ✭✶✳✹ ●❍③✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✹✳✸ ❊✛❡❝t ♦❢ 5% ♠✐s♠❛t❝❤❡s ✐♥ t✉♥✐♥❣ ❝✉rr❡♥ts ✭600 MHz✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✹✳✹ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ t✉♥✐♥❣ ❝✉rr❡♥ts ✭✶✳✹ ●❍③✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✺ ❖s❝✐❧❧❛t♦r ▲♦❝❦✐♥❣ ❘❛♥❣❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✹✳✻ ❋r❡q✉❡♥❝② ✈❛r✐❛t✐♦♥ ✇✐t❤ ♦♥❧② r❡s✐st♦r ❢❡❡❞❜❛❝❦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✹✳✼ ❖s❝✐❧❧❛t♦rs s❛♠❡ s✐③✐♥❣ ❝♦♠♣❛r✐s♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✹✳✽ ❖s❝✐❧❧❛t♦r ❋r❡q✉❡♥❝②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✹✳✾ ❊①tr❛❝t❡❞ ▲❛②♦✉t ❋r❡q✉❡♥❝②✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✹✳✶✵ ❖s❝✐❧❧❛t♦r ❈♦♠♣❛r✐s♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✶✸





❆❜❜r❡✈✐❛t✐♦♥s

❈▼❖❙ ❈♦♠♣❧❡♠❡♥t❛r② ▼❡t❛❧✲❖①✐❞❡✲❙❡♠✐❝♦♥❞✉❝t♦r

❉▲▲ ❉❡❧❛② ▲♦❝❦❡❞ ▲♦♦♣

❉❘❈ ❉❡s✐❣♥ ❘✉❧❡ ❈❤❡❝❦

❋❖▼ ❋✐❣✉r❡ ❖❢ ▼❡r✐t❤

■❋ ■♥t❡r♠❡❞✐❛t❡ ❋r❡q✉❡♥❝②

▲◆❆ ▲♦✇ ◆♦✐s❡ ❆♠♣❧✐✜❡r

▲❚■ ▲✐♥❡❛r ❚✐♠❡ ■♥✈❛r✐❛♥t

▲✈❙ ▲❛②♦✉t ✈s✳ ❙❝❤❡♠❛t✐❝

◆▼❖❙ ◆❝❤❛♥♥❡❧ ▼❡t❛❧✲❖①✐❞❡✲❙❡♠✐❝♦♥❞✉❝t♦r

❖❉❊ ❖s❝✐❧❧❛t♦r ❉❡s✐❣♥ ❊✣❝✐❡♥❝②

P▼❖❙ P❝❤❛♥♥❡❧ ▼❡t❛❧✲❖①✐❞❡✲❙❡♠✐❝♦♥❞✉❝t♦r

◗ ◗✉❛❧✐t② ❢❛❝t♦r

❙❙❇ ❙✐♥❣❧❡ ❙✐❞❡ ❇❛♥❞

❱❈❖ ❱♦❧t❛❣❡ ❈♦♥tr♦❧❧❡❞ ❖s❝✐❧❧❛t♦r

❲▼❚❙ ❲✐r❡❧❡ss ▼❡❞✐❝❛❧ ❚❡❧❡♠❡tr② ❙❡r✈✐❝❡

✶✺





❉❡❞✐❝❛t❡❞ t♦ ♠② ❋❛♠✐❧②✳ ✳ ✳

✶✼





❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

✶✳✶ ❇❛❝❦❣r♦✉♥❞

❲✐r❡❧❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡✈♦❧✉t✐♦♥ t❤r♦✉❣❤ ♦✉t t❤❡ ②❡❛rs ❤❛✈❡ ❜❡❡♥ ✐♥✢✉❡♥❝❡❞ ❜② ♠❛♥②

❢❛❝t♦rs ❧✐❦❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥✱ s✐③❡✱ ❝♦st✱ ❛♥❞ ♥♦✐s❡✳ ◆♦✇❛❞❛②s✱ t❤❡ ❜♦♦♠ ♦♥ ✇✐r❡❧❡ss

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

❛r❡❛ ❝✐r❝✉✐ts✳ ❚❤❡ ✉s❡ ♦❢ ❈▼❖❙ t❡❝❤♥♦❧♦❣✐❡s ✐s ❛ ✇❛② t♦ ❛tt❛✐♥ t❤❡s❡ ♦❜❥❡❝t✐✈❡s✱ ❜②

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

❚❤❡ ❘❋ ❢r♦♥t✲❡♥❞ ✐s ❣❡♥❡r❛❧❧② ❞❡✜♥❡❞ ❛s t❤❡ ❝✐r❝✉✐ts ❜❡t✇❡❡♥ t❤❡ ❛♥t❡♥♥❛ ❛♥❞ t❤❡

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

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

❛♥❞ ❤♦♠♦❞②♥❡✱ t❤❡ ✜rst ❝♦♥✈❡rts t❤❡ s✐❣♥❛❧ t♦ ❛ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝② ✭■❋✮ ❛♥❞ t❤❡

❧❛tt❡r ❞♦✇♥❝♦♥✈❡rts ❞✐r❡❝t❧② t♦ t❤❡ ❜❛s❡❜❛♥❞✳ ❚❤❡ ▲♦✇✲■❋ r❡❝❡✐✈❡r ✐s ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥

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

♦❢ ❜♦t❤ ❜❛s✐❝ ❛r❝❤✐t❡❝t✉r❡s✳

▼♦❞❡r♥ r❡❝❡✐✈❡rs ❞❡♠❛♥❞ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱ s♦ t❤❡ ♦s❝✐❧❧❛t♦r ♠✉st ❜❡ ❛❜❧❡ t♦ ❣❡♥❡r✲

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

♣❤❛s❡ ♦t❤❡r✇✐s❡ ❛♥② ❞❡✈✐❛t✐♦♥ ♠❛② ❝♦♠♣r♦♠✐s❡ t❤❡ s②st❡♠✳ ❖♥❡ ✇❛② t♦ ♦❜t❛✐♥ ❛❝❝✉✲

r❛t❡ q✉❛❞r❛t✉r❡s ♦✉t♣✉ts ✐s ❝r♦ss ❝♦✉♣❧✐♥❣ t✇♦ s②♠♠❡tr✐❝ ♦s❝✐❧❧❛t♦rs✳ ❉✉❡ t♦ t❤✐s✱ ♥❡✇

✶✾



❈❤❛♣t❡r ✶✳ ■♥tr♦❞✉❝t✐♦♥ ✷✵

❛r❝❤✐t❡❝t✉r❡s ❤❛✈❡ ❡♠❡r❣❡❞ ✉s✐♥❣ ❘❈ ❛♥❞ ▲❈ ♦s❝✐❧❧❛t♦rs✱ s♦♠❡ ♦❢ t❤❡♠ ❤❛✈❡ ✐♥❤❡r❡♥t

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

❲❤❡♥ ❝♦♠♣❛r✐♥❣ ❛ s✐♥❣❧❡ ▲❈ ❛♥❞ ❘❈ ♦s❝✐❧❧❛t♦r✱ t❤❡ ✜rst ♦♥❡ ❤❛s ❛ ❜❡tt❡r ♣❤❛s❡✲♥♦✐s❡✳

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

♠❛r❦❡t r❡q✉✐r❡♠❡♥ts ❛♥❞ t❤❡ st✉❞② ♦❢ ❝r♦ss ❝♦✉♣❧❡❞ ♦s❝✐❧❧❛t♦rs t❤❡ ❘❈ ♦s❝✐❧❧❛t♦rs ❤❛✈❡

♣r♦✈❡❞ t♦ ❜❡ ❛ ❣♦♦❞ ❝❤♦✐❝❡ ❢♦r q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱ ❝♦✉♣❧❡❞ ▲❈ ♦s❝✐❧❧❛t♦rs ♦♥ t❤❡ ❝♦♥tr❛r②

❤❛✈❡ ❛ ❤✐❣❤❡r ♣❤❛s❡✲♥♦✐s❡✱ ❞✉❡ t♦ t❤❡ ❞❡❣r❛❞❛t✐♦♥ ♦❢ t❤❡ q✉❛❧✐t② ❢❛❝t♦r ✭◗✮✱ ❬✶✵❪✳ ❚❤❡r❡ ❛r❡

♦t❤❡r ❛❞✈❛♥t❛❣❡s s✉❝❤ ❛s ❢❛st s②♥❝❤r♦♥✐③❛t✐♦♥✱ ✇✐❞❡ ❢r❡q✉❡♥❝② t✉♥✐♥❣ r❛♥❣❡✱ ❛♥❞ ❧♦✇ ❛r❡❛✳

❘❡❝❡♥t st✉❞✐❡s ♦❢ ❘❈ ♦s❝✐❧❧❛t♦rs ✐♥ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✱ ❤❛✈❡ ❞❡♠♦♥str❛t❡❞ t❤❡ ♣♦ss✐❜✐❧✐t②

t♦ ✐♥t❡❣r❛t❡ ♦t❤❡r r❡❝❡✐✈❡r ❜❧♦❝❦s ✇✐t❤✐♥ t❤❡ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✱ ❬✶✵❪✳ ❚❤❡ ♠❛✐♥ ♦❜❥❡❝t✐✈❡ ♦❢

t❤✐s t❤❡s✐s ✐s t♦ s❤♦✇ t❤❡ ❛❞✈❛♥t❛❣❡s ♠❡♥t✐♦♥❡❞ t❤r♦✉❣❤ t❤r❡❡ ❞✐✛❡r❡♥t ❘❈ ❝✐r❝✉✐ts✳

✶✳✷ ▼♦t✐✈❛t✐♦♥

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

❛♥❞ ❧♦✇ ♣❤❛s❡ ♥♦✐s❡✱ ❢♦r ♠♦❞❡r♥ ❧♦✇✲■❋ ❛♥❞ ❞✐r❡❝t ❝♦♥✈❡rs✐♦♥ r❡❝❡✐✈❡rs✳ ■♥ t❤✐s t❤❡s✐s ✇❡

♣r❡s❡♥t t❤r❡❡ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s t♦ t❤✐s ♠❛tt❡r✳ ■♥ t❤❡ ✜rst ♣❛rt ✇❡ ✇✐❧❧ s✐♠✉❧❛t❡ t❤❡

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

✇✐❧❧ ❛❧s♦ s❡❡ ❤♦✇ ♠✉❝❤ t✐♠❡ ❛ s✐♥❣❧❡ ❛♥❞ ❝♦✉♣❧❡❞ ♦s❝✐❧❧❛t♦r t❛❦❡s t♦ s②♥❝❤r♦♥✐③❡ ✇❤❡♥

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

❢r❡q✉❡♥❝②✳ ❚❤❡♥ ✇❡ ✇✐❧❧ ❛♣♣❧② s♦♠❡ ♠❡t❤♦❞s t♦ ❛ s✐♠♣❧❡ ❘❈ ♦s❝✐❧❧❛t♦r ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡

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

t❛❣❡s ♦❢ ❘❈ ♦s❝✐❧❧❛t♦rs ❛♥❞ ❤♦✇ s♦♠❡ ♦❢ t❤❡✐r ❞✐s❛❞✈❛♥t❛❣❡s ❝❛♥ ❜❡ s✉r♣❛ss❡❞✳ ❲❡ ❤❛✈❡

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

❝✐r❝✉✐t✱ t❤❡ t♦t❛❧ ❛r❡❛ ♦❝❝✉♣✐❡❞ ✐s ✺✳✽✺✻①✶✵−3 ♠♠2✳
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✶✳✸ ❚❤❡s✐s ❖r❣❛♥✐③❛t✐♦♥

❚❤✐s t❤❡s✐s ✐s ♦r❣❛♥✐③❡❞ ✐♥ ✜✈❡ ❝❤❛♣t❡rs✳ ❚❤❡ ❝✉rr❡♥t ♦♥❡ ❣✐✈❡s ❛♥ ✐♥tr♦❞✉❝t✐♦♥ t♦ t❤❡

✇♦r❦ ❞♦♥❡✱ t❤❡ ♠♦t✐✈❛t✐♦♥✱ t❤❡ str✉❝t✉r❡ ♦❢ t❤✐s t❤❡s✐s✱ ❛♥❞ t❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s✳

❚❤❡ s❡❝♦♥❞ ❝❤❛♣t❡r ❢♦❝✉s ♦♥ r❡❝❡✐✈❡r ❛r❝❤✐t❡❝t✉r❡s✱ t❤❡✐r ❞✐✛❡r❡♥❝❡s ❛♥❞ ❢❡❛t✉r❡s✳ ❲❡

✇✐❧❧ ❛❧s♦ ❞✐s❝✉ss ❝♦♥✈❡♥t✐♦♥❛❧ q✉❛❞r❛t✉r❡ s✐❣♥❛❧ ❣❡♥❡r❛t♦rs✳

■♥ ❝❤❛♣t❡r t❤r❡❡ ✇❡ ♣r❡s❡♥t s♦♠❡ ♦s❝✐❧❧❛t♦r ❜❛s✐❝s ❛♥❞ ❛♥❛❧②s❡ t❤r❡❡ ❞✐✛❡r❡♥t ♦s❝✐❧❧❛t♦rs

❛r❝❤✐t❡❝t✉r❡s✳ ❚❤❡ ✜rst ✐s ❛ ▲❈ ♦s❝✐❧❧❛t♦r ❦♥♦✇♥ ❢♦r ✐ts ❧♦✇ ♥♦✐s❡✱ t❤❡ s❡❝♦♥❞ ✐s ❘❈

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

✐♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r✱ ❛ ♦s❝✐❧❧❛t♦r t❤❛t ❤❛s q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✳ ❲❡ ❛❧s♦ ❞✐s❝✉ss ❤♦✇ ❘❈

❛♥❞ ▲❈ ♦s❝✐❧❧❛t♦rs ❝❛♥ ♣r♦❞✉❝❡ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✳

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

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

r❡❞✉❝❡❞ ♥♦✐s❡✱ ♣♦✇❡r ❛♥❞ ❛r❡❛ ❝✐r❝✉✐ts✳ ❋✐rst✱ ✇❡ t❡st❡❞ ❛ ❘❈ ♦s❝✐❧❧❛t♦r ❢♦r ❝♦♠♣♦♥❡♥t

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

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

❈▼❖❙ t✇♦ ✐♥t❡❣r❛t♦r ✇✐t❤ t❤❡ r❡s♣❡❝t✐✈❡ ❧❛②♦✉t ❛♥❞ ♣♦st✲❧❛②♦✉t s✐♠✉❧❛t✐♦♥s✳ ❆❧❧ ♦s❝✐❧❧❛✲

t♦rs ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ ❈❛❞❡♥❝❡ s♦❢t✇❛r❡ ✉s✐♥❣ ✵✳✶✸ ➭♠ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳

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

t❤❛t ❝❛♥ ❜❡ ❞♦♥❡ ❝♦♥❝❡r♥✐♥❣ t❤❡ t♦♣✐❝s ♦❢ t❤✐s t❤❡s✐s✳
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✶✳✹ ▼❛✐♥ ❈♦♥tr✐❜✉t✐♦♥s

❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s ❢♦r t❤✐s t❤❡s✐s ❛r❡✿

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

❛ s✐♠♣❧❡ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r ✐s ♠❛❞❡✳ ❖♥❡ ♦❢ t❤❡♠ ✐s ✉♥✐q✉❡ ❛♥❞ ♦♥❧② ♣♦ss✐❜❧❡

♦♥ ❈▼❖❙✳ ❆ ♣❛♣❡r ✇❛s s✉❜♠✐tt❡❞✱ ❛t t❤❡ ♠♦♠❡♥t ♦❢ ✇r✐t✐♥❣ t❤✐s t❤❡s✐s ✇❡ ✇❡r❡

✇❛✐t✐♥❣ ❢♦r ❛♣♣r♦✈❛❧✳

− ❚❤❡ st✉❞② ♦❢ ❛ ♠✉❧t✐✈✐❜r❛t♦r ❢♦r ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳ ❚❤❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❛t ♦s❝✐❧✲

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

❜♦t❤✳ ❚❤❡ st✉❞② ♦❢ ❢r❡q✉❡♥❝② ❧♦❝❦✐♥❣ ❛t ❛ s✉❜✲❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝② ✇❤❡♥ ❛♥ ❡①t❡r♥❛❧

❝✉rr❡♥t s♦✉r❝❡ ✐s ❛♣♣❧✐❡❞✳ ❚❤✐s ✇♦r❦ ❧❡❛❞ t♦ ❛ ❛rt✐❝❧❡ ❬✶❪ ❢♦r t❤❡ ▼■❳❉❊❙ ❝♦♥❢❡r❡♥❝❡✱

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

❡①t❡♥❞❡❞ ✈❡rs✐♦♥ ❢♦r ❛ ♠❛❣❛③✐♥❡✳

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

t❤❡ ❝❛♣❛❝✐t♦rs ❛♥❞ r❡s✐st♦rs ❢♦r ❈▼❖❙ tr❛♥s✐st♦rs✱ ♠❛❦✐♥❣ ✐t ❛ ❧♦✇ ❝♦st✱ ❧♦✇ ♣♦✇❡r

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

t❤✐s ❝❤✐♣ ✇❛s s✉❜♠✐tt❡❞ ❢♦r ❢❛❜r✐❝❛t✐♦♥✳ ■❢ t❤❡ ❝❤✐♣ r❡s✉❧ts ❛r❡ s❛t✐s❢❛❝t♦r②✱ t❤❡♥ t❤✐s

✇♦r❦ ♠❛② ❤❛✈❡ ❛ ❢✉t✉r❡ ♣✉❜❧✐❝❛t✐♦♥✳



❈❤❛♣t❡r ✷

❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞

◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥

✷✳✶ ■♥tr♦❞✉❝t✐♦♥

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

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

❘❡❝❡✐✈❡rs ❛r❡ ✉s❡❞ ❢♦r ❞❡♠♦❞✉❧❛t✐♦♥ ♦❢ ❛ s✐❣♥❛❧ s❡♥t ❜② ❛ tr❛♥s♠✐tt❡r✱ ✜rst t❤❡ r❡❝❡✐✈❡❞

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

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

♣♦s✐t❡ ❛❝t✐♦♥s✱ ✐t ♠♦❞✉❧❛t❡s t❤❡ s✐❣♥❛❧✱ t❤❡♥ ✉♣❝♦♥✈❡rts ❛♥❞ ✜♥❛❧❧② ❛♠♣❧✐✜❡s ❛♥❞ s❡♥❞s ✐t

t❤r♦✉❣❤ t❤❡ ❛♥t❡♥♥❛✳ ❇♦t❤ tr❛♥s♠✐tt❡r ❛♥❞ r❡❝❡✐✈❡rs ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ❛s ✐♥ t✇♦ ❜❛s✐❝ ❛r✲

❝❤✐t❡❝t✉r❡s✿ ❤♦♠♦❞②♥❡ ♦r ❤❡t❡r♦❞②♥❡ ❬✶✵✱ ✶✸❪✳ ■♥ ❤❡t❡r♦❞②♥❡ t❤❡ s✐❣♥❛❧ ✐s ❞♦✇♥❝♦♥✈❡rt❡❞

t♦ ✐♥t❡r♠❡❞✐❛t❡ ❢r❡q✉❡♥❝✐❡s ✭■❋✮✱ ✐♥ t❤❡ ❤♦♠♦❞②♥❡ t❤❡ ❝♦♥✈❡rs✐♦♥ ✐s ❞♦♥❡ ❞✐r❡❝t❧② t♦ t❤❡

❜❛s❡❜❛♥❞✳ ◆♦✇❛❞❛②s t❤❡ ❤♦♠♦❞②♥❡ ❛r❝❤✐t❡❝t✉r❡ ✐s ♣r❡❢❡rr❡❞ ❜❡❝❛✉s❡ ♦❢ ✐ts s✐♠♣❧✐❝✐t②✱

❧♦✇❡r ♣♦✇❡r ❛♥❞ ❧♦✇ ❝♦st ❬✶✵❪✳ ◆❡✇ ❛r❝❤✐t❡❝t✉r❡s ❤❛✈❡ ❛♣♣❡❛r❡❞ ✐♥ r❡❝❡♥t ②❡❛rs ❜❛s❡❞ ♦♥

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

❬✶✸❪✳

✷✸



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✹

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

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

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

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

♠✐①❡r ✇✐❧❧ ❝❤❛♥❣❡ t❤❡ s✐❣♥❛❧ ❢r❡q✉❡♥❝②✳

▼♦❞❡r♥ r❡❝❡✐✈❡rs r❡q✉✐r❡ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱ ❞✉❡ t♦ t❤✐s t❤❡ ♦s❝✐❧❧❛t♦r ♠✉st ❜❡ ❛❜❧❡ t♦

❣❡♥❡r❛t❡ t✇♦ ✇❛✈❡❢♦r♠s ✇✐t❤ ❛ ✾✵◦ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤❡ ❧❛st ♣❛rt ♦❢ t❤✐s ❝❤❛♣✲

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

❋✐rst✱ ✇❡ ❞✐s❝✉ss ❛ ❜❛s✐❝ ❝✐r❝✉✐t ✉s✐♥❣ ❦♥♦✇♥ ❡❧❡❝tr♦♥✐❝ ❝♦♠♣♦♥❡♥ts✱ t❤❡♥ ♠♦r❡ ❝♦♠♣❧❡①

❛r❝❤✐t❡❝t✉r❡s s✉❝❤ ❛s ❍❛✈❡♥s✬ t❡❝❤♥✐q✉❡ ❛♥❞ ❢r❡q✉❡♥❝② ❞✐✈✐s✐♦♥✳

✷✳✷ ❘❡❝❡✐✈❡rs

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

❬✶✵✱ ✶✸❪✳ ❚❤❡ ✜rst ♦♥❡ ✐s ✇✐❞❡❧② ✉s❡❞✱ ✐♥ ❛ ✜rst st❛❣❡ t❤❡ s✐❣♥❛❧ ❣♦❡s ❢r♦♠ ❘❋ t♦ ■❋

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

❞✐r❡❝t❧② ❢r♦♠ t❤❡ ❘❋ t♦ t❤❡ ❜❛s❡❜❛♥❞✱ t❤❛t ✐s ✇❤② t❤❡② ❛r❡ ❛❧s♦ ❝❛❧❧❡❞ ❞✐r❡❝t ■❋ ♦r ❩❡r♦✲■❋

❛r❝❤✐t❡❝t✉r❡s✳ ❚❤❡ ❧♦✇✲■❢ r❡❝❡✐✈❡r ✐s ❜❛s❡❞ ♦♥ t❤❡ ❤❡t❡r♦❞②♥❡✱ t❤❡ s✐❣♥❛❧ ❣♦❡s ❢r♦♠ ❘❋ t♦

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

❜❛s❡❜❛♥❞✳

✷✳✷✳✶ ❍❡t❡r♦❞②♥❡ ♦r ■❋ ❘❡❝❡✐✈❡rs

❚❤❡ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ ❛ ♠♦❞❡r♥ ❤❡t❡r♦❞②♥❡ ✐s s❤♦✇♥ ✜❣✉r❡ ✷✳✶✳ ❚❤❡ ✐♥❝♦♠✐♥❣ s✐❣♥❛❧

✐s ✜rst ♣❛ss❡❞ t❤r♦✉❣❤ ❛ ❜❛♥❞ ♣❛ss ✜❧t❡r✱ ✇❤✐❝❤ ✐s♦❧❛t❡s t❤❡ ✇❛♥t❡❞ ❢r❡q✉❡♥❝✐❡s✱ t❤❡♥ ✐t

✐s ❛♠♣❧✐✜❡❞ ❜② t❤❡ ▲◆❆✳ ❚❤❡ ✐♠❛❣❡ r❡❥❡❝t ✜❧t❡r ❛tt❡♥✉❛t❡s t❤❡ s✐❣♥❛❧s ❛t ✐♠❛❣❡ ❜❛♥❞

❢r❡q✉❡♥❝✐❡s ❢r♦♠ t❤❡ ▲◆❆✳ ❲✐t❤ t❤❡ ♠✐①❡r ❛♥❞ t❤❡ ♦s❝✐❧❧❛t♦r✱ t❤❡ s✐❣♥❛❧ ❣♦❡s t♦ ■❋ t❤❡♥

❛♥♦t❤❡r ❜❛♥❞ ♣❛ss ✜❧t❡r ✐s ❛♣♣❧✐❡❞ t♦ ♦❜t❛✐♥ t❤❡ ■❋ ❜❛♥❞ ♦❢ ✐♥t❡r❡st ❛♥❞ r❡❥❡❝t t❤❡ ♦t❤❡rs

❛♥❞ ✜♥❛❧❧② ✐s ❛♠♣❧✐✜❡❞✳ ❚❤❡ ❞♦✇♥❝♦♥✈❡rs✐♦♥ r❡q✉✐r❡s ❜♦t❤ ✐♥✲♣❤❛s❡ ✭■✮ ❛♥❞ q✉❛❞r❛t✉r❡



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✺

✭◗✮ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ s✐❣♥❛❧ s♦ t❤❡ ♠✐①❡r ❝❛♥ ❜r✐♥❣ ✐t t♦ t❤❡ ❜❛s❡❜❛♥❞✳ ❆❢t❡r t❤❛t✱ t❤❡

s✐❣♥❛❧ ❣♦❡s t❤r♦✉❣❤ ❛ ❧♦✇ ♣❛ss ✜❧t❡r ❛♥❞ t❤❡♥ ✐s ❝♦♥✈❡rt❡❞ t♦ ❞✐❣✐t❛❧✳ ❆❧❧ ✜❧t❡rs ✉s❡❞ ♠✉st

❜❡ ✐♠♣❧❡♠❡♥t❡❞ ♦✛✲❝❤✐♣ t♦ ♦❜t❛✐♥ ❛ ❤✐❣❤ q✉❛❧✐t② ❢❛❝t♦r ✭◗✮✱ t❤✐s ✐s ♦♥❡ ♦❢ t❤❡ r❡❛s♦♥s ✇❤②

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

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

A/D

A/D

DSP
LO2

-90°
LO1

LNA Image 

reject 

BPF

Channel 

select 

BPF

❋✐❣✉r❡ ✷✳✶✿ ❍❡t❡r♦❞②♥❡ ❆r❝❤✐t❡❝t✉r❡✳

❚❤❡ ✐♠❛❣❡ ❢r❡q✉❡♥❝② ♣r♦❜❧❡♠ ✐s ❝❛✉s❡❞ ❜② t❤❡ ♠✐①❡r✱ ✐t ♠♦✈❡s ❜♦t❤ s✉♠ ❛♥❞ ❞✐✛❡r❡♥❝❡

❢r❡q✉❡♥❝✐❡s✱ ❝♦♥✈❡rt✐♥❣ t✇♦ ❢r❡q✉❡♥❝✐❡s ❛t t❤❡ s❛♠❡ ■❋✳ ❲❡ ✇❛♥t t♦ ❞♦✇♥❝♦♥✈❡rt ❛ s✐❣♥❛❧

✇✐t❤ ❛ ❢r❡q✉❡♥❝② ωRF t♦ ωIF ✱ ❜✉t t❤❡ ✐♠❛❣❡ ❢r❡q✉❡♥❝② ❛t ωIM ✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✷ ✐s

❛❧s♦ ❞♦✇♥❝♦♥✈❡rt❡❞✳ ❊✈❡♥ ❛❢t❡r t❤❡ ✐♠❛❣❡ r❡❥❡❝t ✜❧t❡r t❤❡r❡ ✐s st✐❧❧ ❛ s♠❛❧❧ s✐❣♥❛❧ ❛t t❤❛t

❢r❡q✉❡♥❝②✳ ❲❤❡♥ t❤❡ s✐❣♥❛❧ ❣♦❡s t❤r♦✉❣❤ t❤❡ ♠✐①❡r ❜♦t❤ ❢r❡q✉❡♥❝② ❛r❡ ❞♦✇♥❝♦♥✈❡rt❡❞ t♦

ωIF ✳ ▲❡t ✉s ❣✐✈❡ ❛ ♣r❛❝t✐❝❛❧ ❡①❛♠♣❧❡✱ ❛ss✉♠✐♥❣ t❤❛t ωIM ✐s ✻ ●❍③✱ ωLO ✐s ✹ ●❍③ ❛♥❞ ωRF

✐s ✷ ●❍③✱ ✇❤❡♥ ❜♦t❤ ❢r❡q✉❡♥❝✐❡s ♣❛ss t❤❡ ♠✐①❡r ❜♦t❤ ❡♥❞ ✉♣ ❛t ✷ ●❍③✳

❚❤❡r❡ ✐s ❛ tr❛❞❡✲♦✛ ✐♥ t❤✐s ❛r❝❤✐t❡❝t✉r❡ r❡❧❛t❡❞ t♦ t❤❡ ■❋ ❢r❡q✉❡♥❝②✳ ❚❤❡ ✈❛❧✉❡ ❝❤♦s❡♥

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

✐♠❛❣❡ r❡❥❡❝t✐♦♥ ✜❧t❡r✱ ❜❡❝❛✉s❡ t❤❡ ✐♠❛❣❡ ✐s ❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝②✳ ❆t ❛

❧♦✇❡r ✈❛❧✉❡ t❤❡ ❜❛♥❞ ♣❛ss ✜❧t❡r ♥❡①t t♦ t❤❡ ♠✐①❡r ✐s ❧❡ss ❞❡♠❛♥❞✐♥❣ ♠❛❦✐♥❣ ✐t ❡❛s✐❡r t♦

✐♠♣❧❡♠❡♥t✱ t❤❡ s❛♠❡ ❣♦❡s ❢♦r t❤❡ ■❋ s✐❣♥❛❧ ❛♠♣❧✐✜❡r✳



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✻

LO1

LNA Image 

reject 

BPF

Channel 

select 

BPF

RF LO IM

RF LO IM
IF

RF IF

❋✐❣✉r❡ ✷✳✷✿ ■♠❛❣❡ ❘❡❥❡❝t✐♦♥✳

✷✳✷✳✷ ❍♦♠♦❞②♥❡ ♦r ❩❡r♦ ■❋ ❘❡❝❡✐✈❡rs

■♥ ❤♦♠♦❞②♥❡ r❡❝❡✐✈❡rs t❤❡ s✐❣♥❛❧ ✐s ❞✐r❡❝t❧② tr❛♥s❧❛t❡❞ ❢r♦♠ t❤❡ ❘❋ t♦ ❜❛s❡❜❛♥❞✳ ❚❤❡

♠♦st ♦❜✈✐♦✉s ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❤♦♠♦❞②♥❡ ❛♥❞ ❤❡t❡r♦❞②♥❡ ✐s t❤❡ ❛❜s❡♥❝❡ ♦❢ ❛ ♠✐①❡r st❛❣❡✱

✇❤✐❝❤ ✐s ✇❤② t❤❡ ❜❛♥❞ ✜❧t❡r✐♥❣ ✐s ♦♥❧② ♠❛❞❡ ❜❡❢♦r❡ t❤❡ ▲◆❆ ❛♥❞ ❛❢t❡r t❤❡ ❞♦✇♥❝♦♥✈❡rt✐♦♥✳

■♥ t❤❡ ❤❡t❡r♦❞②♥❡✱ ❛s s❡❡♥ ❜❡❢♦r❡✱ t❤❡ ✜rst ♠✐①❡r ❝❛✉s❡s ❛ ♦✈❡r❧❛♣ ❜❡t✇❡❡♥ t✇♦ s✐❣♥❛❧s

♦♥ ■❋✱ ✐♥ t❤✐s ❝❛s❡ s✐♥❝❡ t❤❡ ■❋ ✐s ③❡r♦ t❤❡ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝② ✐s ✐ts ♦✇♥ ✐♠❛❣❡✱ s♦ t❤❡r❡

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

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

♣❛ss ✜❧t❡r✱ ✐♥st❡❛❞✱ ♦♥❧② ❛ ❧♦✇ ♣❛ss ✜❧t❡r ✐s ✉s❡❞ ❛❢t❡r t❤❡ ❞♦✇♥❝♦♥✈❡rs✐♦♥✳ ❙✐♥❝❡ t❤❡r❡ ✐s

♥♦ ✐♠❛❣❡ r❡❥❡❝t ✜❧t❡r t❤❡ ▲◆❆ ❞♦❡s ♥♦t ♥❡❡❞ t♦ ♠❛t❝❤ ✺✵ ♦❤♠✳ ❚❤✐s ❛r❝❤✐t❡❝t✉r❡ ❛s ❧❡ss

❜❧♦❝❦s✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✸✱ t❤✉s✱ ❝♦♥s✉♠✐♥❣ ❧❡ss ♣♦✇❡r t❤❛♥ t❤❡ ❤❡t❡r♦❞②♥❡ r❡❝❡✐✈❡r✳

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

t❡❝t✉r❡ ✐s st✐❧❧ ✐♥ r❡s❡❛r❝❤ ❢♦r ♠♦r❡ ❞❡♠❛♥❞✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ❬✶✵❪✳ ❚❤♦s❡ ❞✐s❛❞✈❛♥t❛❣❡s

❛r❡✿

− ▲♦❝❛❧ ♦s❝✐❧❧❛t♦r ❧❡❛❦❛❣❡✱ ♥♦r♠❛❧❧②✱ t❤❡r❡ ✇✐❧❧ ❜❡ ❛ ✐♠♣❡r❢❡❝t ✐s♦❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡

❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ❛♥❞ t❤❡ ✐♥♣✉t ♣♦rt ♦❢ t❤❡ ♠✐①❡r ❛♥❞ ▲◆❆✱ t❤✐s ❧❡❛❦❛❣❡ ♠✐①❡s ✇✐t❤

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



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✼

A/D

A/D

DSP
LO2

-90°

LNA

❋✐❣✉r❡ ✷✳✸✿ ❍♦♠♦❞②♥❡ ❆r❝❤✐t❡❝t✉r❡✳

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

r❡❝❡✐✈❡rs✳

− ❉❈ ♦✛s❡ts✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ❧❡❛❦❛❣❡ ❛♥ ✈♦❧t❛❣❡ ♦✛s❡t ❛t t❤❡ ♠✐①❡r

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

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

s♣❡❝tr✉♠ ❝❧♦s❡ t♦ ❉❈✳

− ◗✉❛❞r❛t✉r❡ ♠✐s♠❛t❝❤ ❛♥❞ ❡rr♦r✱ ✐❞❡❛❧ ❜❛s❡❜❛♥❞ s✐❣♥❛❧s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✐❢ t❤❡ ❣❛✐♥s

♦❢ ■ ❛♥❞ ◗ ❜r❛♥❝❤❡s ❛r❡ ❡q✉❛❧ ❛♥❞ ❤❛✈❡ ❛ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✾✵◦✳ ❚❤✐s ❡rr♦r ❝❛✉s❡s

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

− ❊✈❡♥ ♦r❞❡r ❞✐st♦rt✐♦♥✱ ♣r♦❞✉❝❡s ❛ ❉❈ ♦✛s❡t s♦ t❤❡ r❡❝❡✐✈❡rs ♠✉st ❤❛✈❡ ❛ ❤✐❣❤ ■■P✷

✭s❡❝♦♥❞✲♦r❞❡r ✐♥t❡r♠♦❞✉❧❛t✐♦♥ ✐♥t❡r❝❡♣t ♣♦✐♥t✮✳

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

❚❤❡ ❤❡t❡r♦❞②♥❡ ♥❡❡❞s ❡①t❡r♥❛❧ ❤✐❣❤ q✉❛❧✐t② ❝♦♠♣♦♥❡♥ts✱ ❜✉t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✐s ❜❡tt❡r

t❤❛♥ t❤❡ ❤♦♠♦❞②♥❡✳ ❚❤❡ ♥❡①t ❛r❝❤✐t❡❝t✉r❡ ❝♦♠❜✐♥❡s ❜♦t❤ ❛❞✈❛♥t❛❣❡s ♦❢ t❤❡s❡ r❡❝❡✐✈❡rs

✐♥t♦ ♦♥❡✳



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✽

✷✳✷✳✸ ▲♦✇✲■❋ r❡❝❡✐✈❡rs

❚❤❡ ❧♦✇✲■❋ r❡❝❡✐✈❡r✱ ❛s ❛ s✐♠✐❧❛r str✉❝t✉r❡ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❤♦♠♦❞②♥❡✱ ❜✉t ✐♥st❡❛❞

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

❜❛s❡❜❛♥❞✳ ❚❤❡ s✐❣♥❛❧ ✜rst ♣❛ss❡s t❤r♦✉❣❤ ❛ ❜❛♥❞ ♣❛ss ✜❧t❡r✱ t❤❡♥ ✐s ❛♠♣❧✐✜❡❞ ❛♥❞ ♠✐①❡❞

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

❜❡✐♥❣ s❛♠♣❧❡❞ ❜② t❤❡ ❆❉❈✳ ❚❤❡ ■❋ ❢r❡q✉❡♥❝② ✐s ♦♥❝❡ ♦r t✇✐❝❡ t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ❞❡s✐r❡❞

s✐❣♥❛❧✱ ✇❤✐❝❤ ❛✈♦✐❞s t❤❡ ❉❈ ♦✛s❡t ♣r♦❜❧❡♠s ❝❛✉s❡❞ ❜② ▲❖ ❧❡❛❦❛❣❡ ✐♥ t❤❡ ❤♦♠♦❞②♥❡✱ ❜✉t

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

❯♥❧✐❦❡ t❤❡ ❤❡t❡r♦❞②♥❡ ❛ ✐♠❛❣❡ r❡❥❡❝t✐♦♥ ✜❧t❡r ✐s ✐♠♣♦ss✐❜❧❡ t♦ ✉s❡✱ ❜❡❝❛✉s❡ ✐t ✇♦✉❧❞ ❞❡✲

♠❛♥❞ ❛ ✜❧t❡r ✇✐t❤ ❛ ❡①tr❡♠❡ q✉❛❧✐t② ❢❛❝t♦r ✭◗✮ ❢♦r t❤❡ ❧♦✇ ■❋✳ ❚✇♦ ✐♠❛❣❡ r❡❥❡❝t t❡❝❤♥✐q✉❡s

❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✱ ❍❛rt❧❡② ❛♥❞ ❲❡❛✈❡r ❛r❝❤✐t❡❝t✉r❡s✳ ❇♦t❤ s♦❧✉t✐♦♥s ❛r❡ ✐♠♣❧❡♠❡♥t❡❞

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

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

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

r❛t✐♦✱ ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜② ✭✷✳✶✮✱ ✇❤❡r❡ PIM ❛♥❞ PS ❛r❡ t❤❡ ❛✈❡r❛❣❡ ♣♦✇❡r ♦❢ t❤❡ ✐♠❛❣❡ ❛♥❞

t❤❡ s✐❣♥❛❧ r❡s♣❡❝t✐✈❡❧②✱ VIM ❛♥❞ VS t❤❡✐r ❛♠♣❧✐t✉❞❡✳ ■♥ t❤❡ ✐❞❡❛❧ ❝❛s❡ t❤❡ ✐♠❛❣❡ s✐❣♥❛❧

❧❡✈❡❧ ✐s ❡q✉❛❧ t♦ ③❡r♦✱ ♠❛❦✐♥❣ IRR = ∞✳

IRR =

PIM

PS

V 2

IM

V 2

S

✭✷✳✶✮

❲❡ ❛ss✉♠❡ t❤❛t t❤❡ ♦s❝✐❧❧❛t♦r ♣r♦❞✉❝❡s ❛ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✾✵◦ ✇✐t❤ ♥♦ ♠✐s♠❛t❝❤❡s✳

❚❤❡ ❍❛rt❧❡② s♦❧✉t✐♦♥✱ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✹✱ s❤✐❢ts t❤❡ ◗ s✐❣♥❛❧ ❛♥♦t❤❡r ✾✵◦ ❛♥❞ t❤❡♥ ❜♦t❤

❛r❡ s✉♠♠❡❞✳ ❋✐❣✉r❡ ✷✳✹ s❤♦✇s ✐♥ ❞❡t❛✐❧ ❤♦✇ t❤✐s s♦❧✉t✐♦♥ ✇♦r❦s✱ s✐♥❝❡ t❤❡r❡ ✇❛s ❛❧r❡❛❞②

❛ s❤✐❢t ♦❢ ✾✵◦✱ t❤❡ ✐♠❛❣❡ s✐❣♥❛❧ ✇✐❧❧ ❜❡ ✐♥ ♦♣♣♦s✐t✐♦♥ ♦❢ t❤❡ ■ ❝❤❛♥♥❡❧✱ ✇❤❡♥ ❛❞❞✐♥❣ ❜♦t❤✱

t❤❡ s✐❣♥❛❧ ❛t ωRF ✐s ♠❛✐♥t❛✐♥❡❞ ❛♥❞ ❜♦t❤ ✐♠❛❣❡s ❝❛♥❝❡❧ ❡❛❝❤ ♦t❤❡r✳

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

✉s✐♥❣ ❛ ✾✵◦ s❤✐❢t✱ t❤❡ ✐♥✲♣❤❛s❡ s✐❣♥❛❧ ✐s s❤✐❢t❡❞ ✲✹✺◦ ❛♥❞ t❤❡ q✉❛❞r❛t✉r❡ ✹✺◦✳



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✷✾

LO

-90°

)cos( tA LOLO 

)cos( tA RFRF 

)cos( tA RFRF 

)cos( tA IMIM 

)cos( tA IMIM 

])cos[(
2

1
tAA RFLOLORF  

])cos[(
2

1
tAA LOIMLOIM  

])sin[(
2

1
tAA RFLOLORF  

])sin[(
2

1
tAA LOIMLOIM  

-90°

])cos[(
2

1
tAA RFLOLORF  

])cos[(
2

1
tAA LOIMLOIM  

❋✐❣✉r❡ ✷✳✹✿ ❍❛rt❧❡② ❙♦❧✉t✐♦♥✳

❚❤❡ ❜❛s✐❝ ❲❡❛✈❡r s♦❧✉t✐♦♥ ❞♦❡s t❤❡ ❡①❛❝t s❛♠❡ t❤✐♥❣ ❛s ❍❛rt❧❡② ❛r❝❤✐t❡❝t✉r❡✱ ❜② ✉s✐♥❣

❛ ♥❡✇ q✉❛❞r❛t✉r❡ ♠✐①✐♥❣ st❛❣❡✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✺✱ t❤❡ s❛♠❡ ✐♠❛❣❡ ❝❛♥❝❡❧✐♥❣ ❡✛❡❝t ✐s

♦❜t❛✐♥❡❞✳ ❲✐t❤ ❛ ❢❡✇ ❝❤❛♥❣❡s t❤✐s ❛r❝❤✐t❡❝t✉r❡ ❝❛♥ ❜❡ ✉s❡❞ ❢♦r q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱ ❜✉t

❢♦r ❛ s✐♥❣❧❡ ♦✉t♣✉t t❤❡ ❍❛rt❧❡② s♦❧✉t✐♦♥ ✐s ♠♦r❡ s✉✐t❛❜❧❡ ❜❡❝❛✉s❡ ❛ s❡❝♦♥❞ ♠✐①✐♥❣ st❛❣❡

❝♦✉❧❞ ♣r♦❞✉❝❡ ♠♦r❡ ♣❤❛s❡ ❞❡✈✐❛t✐♦♥s✳

LO

-90° -90°

LO2

❋✐❣✉r❡ ✷✳✺✿ ❲❡❛✈❡r ❙♦❧✉t✐♦♥✳

❆ ♠✐s♠❛t❝❤ ✐♥ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ❛✛❡❝ts t❤❡ r❡♠❛✐♥✐♥❣ ❝✐r❝✉✐t✳ ❆ ❛♠♣❧✐t✉❞❡ ✐♠✲

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

❜✉t ❛ ♣❤❛s❡ ❡rr♦r ❝❛♥♥♦t ❜❡ ❝♦rr❡❝t❡❞ ❡❛s✐❧② ❝♦rr❡❝t❡❞✳ ❚❤❡ ♣❤❛s❡ ❡rr♦r ❛❧s♦ ✐♥✢✉❡♥❝❡s

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

✐♥ t❤❡ ♦s❝✐❧❧❛t♦r ✭✷✳✶✮ ❜❡❝♦♠❡s ❡q✉❛❧ t♦ ✭✷✳✷✮✱ ✇❤❡r❡ θ r❡♣r❡s❡♥ts t❤❡ ♣❤❛s❡ ❡rr♦r✳ ❲❡ ❝❛♥

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



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✸✵

IRR =
θ2

4
✭✷✳✷✮

✷✳✸ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧

❈♦♠♠✉♥✐❝❛t✐♦♥s s②st❡♠s ✉s❡ ■♥✲P❤❛s❡ ✭■✮ ❛♥❞ ◗✉❛❞r❛t✉r❡ ✭◗✮ s✐❣♥❛❧s ❢♦r ♠♦❞✉❧❛t✐♦♥

❛♥❞ ❞❡♠♦❞✉❧❛t✐♦♥✱ t❤❡s❡ s✐❣♥❛❧s ❤❛✈❡ ❛ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ♦❢ ✾✵◦✳ ❚❤✐s r❡q✉✐r❡♠❡♥t r❛✐s❡s

❛♥ ✐♠♣♦rt❛♥t ♠❛tt❡r ♦♥ ♠✐s♠❛t❝❤❡s ❜❡❝❛✉s❡ t❤❡ ❡rr♦r r❛t❡ ✐♥ ❞❡t❡❝t✐♥❣ t❤❡ ❜❛s❡ ❜❛♥❞

s✐❣♥❛❧ ✐♥❝r❡❛s❡s✱ ❬✶✵✱ ✶✸❪✳ ❚❤❡ ♦s❝✐❧❧❛t♦r ❛ss✉♠❡s ❛ ❝r✐t✐❝❛❧ r♦❧❡ ♦♥ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱

❜❡❝❛✉s❡ ♦❢ t❤❡ r❡q✉✐r❡❞ ❧♦✇ q✉❛❞r❛t✉r❡ ❡rr♦r✳

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

t❤♦s❡ ❛r❡ ❘❈✲❈❘ ♥❡t✇♦r❦✱ ❢r❡q✉❡♥❝② ❞✐✈✐s✐♦♥✱ ❛♥❞ ❍❛✈❡♥✬s t❡❝❤♥✐q✉❡✳

✷✳✸✳✶ ❘❈✲❈❘ ◆❡t✇♦r❦

❚❤❡ ❘❈✲❈❘ ♥❡t✇♦r❦✱ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✻✱ s✐♠♣❧② s❤✐❢ts t❤❡ ♣❤❛s❡ ♦❢ t❤❡ s✐❣♥❛❧ ❜② ✰✹✺◦

✐♥ t❤❡ ❈❘ ♥❡t✇♦r❦✱ ❛♥❞ ✲✹✺◦ ✐♥ t❤❡ ❘❈ ♥❡t✇♦r❦✳ ❚❤✐s ✇❛② t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥

t❤❡ ♦✉t♣✉ts ✇✐❧❧ ❜❡ ✾✵◦ ❢♦r ❛❧❧ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ❛♠♣❧✐t✉❞❡✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❛❧✇❛②s

✈❛r✐❡s ✇✐t❤ ❢r❡q✉❡♥❝② ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ ♣♦❧❡ ❢r❡q✉❡♥❝②✱ ω = 1

RC
✳ ❆❧❧ ♦❢ t❤✐s ❝❛♥

❜❡ ❡❛s✐❧② s❡❡♥ ❜② ❛♥❛❧②③✐♥❣ t❤❡ ❜♦❞❡ ❞✐❛❣r❛♠ ♦❢ ❡❛❝❤ ❜r❛♥❝❤✱ t❤❡ ❈❘ ♥❡t✇♦r❦ ✐s ❛ ❤✐❣❤

♣❛ss ✜❧t❡r ❛♥❞ t❤❡ ❘❈ ✐s ❛ ❧♦✇ ♣❛ss ✜❧t❡r✳

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

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

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

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

❛ ❧✐♠✐t✐♥❣ st❛❣❡s ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs ♦r ✈❛r✐❛❜❧❡ ❣❛✐♥ ❛♠♣❧✐✜❡rs✱ ❬✶✵❪✳ ❆♠♣❧✐t✉❞❡

❧✐♠✐t✐♥❣ ❜❡❝♦♠❡s ❞✐✣❝✉❧t ✐♥ ❣✐❣❛❤❡rt③ ❝✐r❝✉✐ts ✉♥❧❡ss s❡✈❡r❛❧ ♦❢ t❤❡♠ ❛r❡ ♣❧❛❝❡❞ ✐♥ ❝❛s❝❛❞❡

❬✶✸❪✱ ❜✉t ✐♥ t❤✐s ❝♦♥❞✐t✐♦♥s t❤❡ ♣❤❛s❡ ❛♥❞ ❣❛✐♥ ♠✐s♠❛t❝❤ ♦❢ t❤✐s ❝❤❛✐♥ ❜❡❝♦♠❡s s✐❣♥✐✜❝❛♥t✳



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✸✶

R

R
C

C

inv

1outv

2outv

❋✐❣✉r❡ ✷✳✻✿ ❘❈✲❈❘ q✉❛❞r❛t✉r❡ ♥❡t✇♦r❦✳

❚❤❡ ♣❤❛s❡ s❤✐❢t ♦♥ ❡❛❝❤ ❜r❛♥❝❤ ✐s ❣✐✈❡♥ ❜② ✭✷✳✸✮✳ ❲❡ ❦♥♦✇ t❤❛t t❤❡ ♣❤❛s❡ s❤✐❢t ♦❢ t❤❡

♥❡t✇♦r❦ ✭θ✮ ✐s ❣✐✈❡♥ ❜② t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❡❛❝❤ st❛❣❡ ❛♥❞ ✐s ❡q✉❛❧ t♦ ✭✾✵◦✮✳ ❆ss✉♠✐♥❣ t❤❡r❡

✐s ❛ ♠✐s♠❛t❝❤ α ❢♦r t❤❡ r❡s✐st❛♥❝❡ ❛♥❞ β ❢♦r t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦♥ t❤❡ ❘❈ ❜r❛♥❝❤ ✇❡ ♦❜t❛✐♥✱

✭✷✳✹✮✳











ΦRC = − arctan(ωRC),

ΦCR = arctan
(

1

ωRC

)

.

✭✷✳✸✮

θ =
π

2
− (arctan[ωR(1 + α)C(1 + β)] − arctan(ωRC)) ✭✷✳✹✮

❆♣♣❧②✐♥❣ s♦♠❡ tr✐❣♦♥♦♠❡tr✐❝ r❡❧❛t✐♦♥s❤✐♣s ✇❡ ❣❡t

θ =
π

2
− arctan

[

RCω(1 + α)(1 + β) − (RCω)

1 + RCω(1 + α)(1 + β)RCω

]

✭✷✳✺✮

❲❡ ❝❛♥ ❢✉rt❤❡r s✐♠♣❧✐❢② t❤❡ ❡q✉❛t✐♦♥ ❜② ❛ss✉♠✐♥❣ s♠❛❧❧ ✈❛r✐❛t✐♦♥s✱ α << 1 ❛♥❞ β << 1

θ =
π

2
− arctan

(

α + β

2

)

✭✷✳✻✮



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✸✷

θ =
π

2
− α + β

2
✭✷✳✼✮

❲❡ ❝❛♥ ❛❧s♦ s❡❡ t❤❛t t❤❡ ♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ✐♠❜❛❧❛♥❝❡s ❞♦ ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ ❧♦❛❞

❝❛♣❛❝✐t❛♥❝❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♦✉t♣✉ts ♦❢ t❤❡ ♥❡t✇♦r❦✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✻✳ ❙✉❝❤ ❝❛✲

♣❛❝✐t❛♥❝❡ ♦♥❧② ❛✛❡❝ts t❤❡ ♣♦❧❡ ❢r❡q✉❡♥❝② ❜✉t ♥♦t t❤❡ ♣❤❛s❡ ✐♥ ❡❛❝❤ ❜r❛♥❝❤✱ s♦ t❤❡ ♣❤❛s❡

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

♣❤❛s❡ ❡rr♦r✳

✷✳✸✳✷ ❍❛✈❡♥s✬ ❚❡❝❤♥✐q✉❡

❚♦ ♣r♦❞✉❝❡ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts t❤✐s t❡❝❤♥✐q✉❡ ✜rst s♣❧✐ts t❤❡ ✐♥♣✉t s✐❣♥❛❧ ❜② ❛♣♣r♦①✲

✐♠❛t❡❧② ✾✵◦✱ ❣❡♥❡r❛t✐♥❣ s✐❣♥❛❧ v1 ❛♥❞ v2✳ ❚❤❡ s✐❣♥❛❧s t❤❡♥ ❣♦ tr♦✉❣❤ s♦❢t✲❧✐♠✐t❡r st❛❣❡s

t♦ ❡q✉❛❧✐③❡ t❤❡ ❛♠♣❧✐t✉❞❡ t♦ ♦❜t❛✐♥ v1(t) = A cos(ωt) ❛♥❞ v2 = A cos(ωt + θ)✳ ❋✐♥❛❧❧②

t❤❡② ❛r❡ ❛❞❞❡❞ ❛♥❞ s✉❜tr❛❝t❡❞ ♠❛❦✐♥❣ t❤❡ ♦✉t♣✉ts✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✼✳❜✮✱ ♠❛❦✐♥❣ t❤❡

♦✉t♣✉t ♦❢ t❤✐s ❝✐r❝✉✐t ❡q✉❛❧ t♦ ✿

vout1 = v1(t) + v2(t) = 2A cos

(

θ

2

)

cos

(

ωt +
θ

2

)

✭✷✳✽✮

vout1 = v1(t) − v2(t) = 2A sin

(

θ

2

)

sin

(

ωt +
θ

2

)

✭✷✳✾✮

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

❛♠♣❧✐t✉❞❡ ♠✐s♠❛t❝❤ ❝❛✉s❡❞ ❜② ❛♥ ❡rr♦r ♦♥ t❤❡ ♣❤❛s❡ s❤✐❢t ✭θ 6= ✾✵◦✮✳

❆❧t❤♦✉❣❤ t❤❡ ❍❡❛✈❡♥s✬ t❡❝❤♥✐q✉❡ s♦❧✈❡s ❛ ♣r♦❜❧❡♠ ♦❢ ❛♠♣❧✐t✉❞❡ ♦♥ t❤❡ ❘❈✲❈❘ ♥❡t✇♦r❦✳

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

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

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

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



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✸✸

~90°
inv

1v

2v

+
+

+
-

1outv

2outv

1v

2v

2v

1outv

2outv

)a )b

❋✐❣✉r❡ ✷✳✼✿ ❛✮ ❍❛✈❡♥s q✉❛❞r❛t✉r❡ ❝✐r❝✉✐t✳ ❜✮ P❤❛s♦r ❞✐❛❣r❛♠✳

♠✐s♠❛t❝❤✳ ❆❧❧ ♦❢ t❤❡s❡ ❞r❛✇❜❛❝❦s ♠❛❦❡ t❤✐s t❡❝❤♥✐q✉❡ ❧❡ss ❛ttr❛❝t✐✈❡ t♦ ✉s❡ ♦♥ ♥♦✇❛❞❛②s

s②st❡♠s t❤❛t ❞❡♠❛♥❞ ❧♦✇ ♣♦✇❡r ❛♥❞ ❧♦✇ ❛r❡❛✳

✷✳✸✳✸ ❋r❡q✉❡♥❝② ❉✐✈✐s✐♦♥

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

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

♠❛st❡r✲s❧❛✈❡ ✢✐♣✲✢♦♣s✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✷✳✽✳ ■❢ Vin ❛s ❛ ❞✉t② ❝②❝❧❡ ♦❢ ✺✵✪ t❤❡♥ t❤❡

♦✉t♣✉ts ✇✐❧❧ ❤❛✈❡ ❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✾✵◦✳ ❆❧t❤♦✉❣❤ t❤✐s t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡s ❛ ❜❛❧❛♥❝❡❞

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

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

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

♠✐s♠❛t❝❤❡s ✐♥ t❤❡ s✐❣♥❛❧ ♣❛t❤s tr♦✉❣❤ t❤❡ ✢✐♣✲✢♦♣s ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♣❤❛s❡ ❡rr♦r ❛s ❞♦❡s

t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❞✉t② ❝②❝❧❡ ❢r♦♠ ✺✵✪✳



❈❤❛♣t❡r ✷✳ ❘❡❝❡✐✈❡rs ❆r❝❤✐t❡❝t✉r❡s ❛♥❞ ◗✉❛❞r❛t✉r❡ ❙✐❣♥❛❧s ●❡♥❡r❛t✐♦♥ ✸✹

Latch

Latch

1outv
2outvinv

❋✐❣✉r❡ ✷✳✽✿ ❋r❡q✉❡♥❝② ❞✐✈✐❞❡r ❛s ❛ q✉❛❞r❛t✉r❡ ❣❡♥❡r❛t♦r✳

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

♦✉t♣✉ts ❛♥❞ ❝♦rr❡❝t t❤❡♠✱ ❬✷✹❪✳ ❙♦♠❡ ✉s❡ ❛ ❞❡❧❛②✲❧♦❝❦❡❞ ❧♦♦♣ ✭❉▲▲✮✱ ✇❤❡r❡ t❤❡ ✐♥♣✉t

s✐❣♥❛❧ ✐s s♣❧✐t ✐♥ t✇♦ ♣❛t❤s✱ ♦♥❡ ♦❢ t❤❡♠ ❞❡❧❛②❡❞ ❜② ✾✵◦✱ t❤❡♥ ❛ ♣❤❛s❡ ❞❡t❡❝t♦r ❝♦♥tr♦❧s

t❤❡ ❝✉rr❡♥t ✐♥ t❤❡ ♣❤❛s❡ s❤✐❢t❡r ❛♥❞ ❛❞❥✉sts t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥t ❜❡t✇❡❡♥ t✇♦ s♣❧✐t ♣❛t❤s✳

❆♥♦t❤❡r ❝❛❧✐❜r❛t✐♦♥ ✐s ❛ ✜rst ♦r❞❡r ♣❤❛s❡ s❤✐❢t❡r ✇✐t❤ ❛ s❡❧❢✲❝❛❧✐❜r❛t✐♦♥ ❧♦♦♣ t♦ t✉♥❡ ❡❛❝❤

❜r❛♥❝❤ ♦❢ t❤❡ ♣❤❛s❡ s❤✐❢t❡r✳

■♥ ♠♦❞❡r♥ ❝♦♠♠✉♥✐❝❛t✐♦♥s✱ ✈♦❧t❛❣❡ ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r ✭❱❈❖✮ ❛r❝❤✐t❡❝t✉r❡s ✇✐t❤ ✐♥✲

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

❜❡ ❛❝❝♦♠♣❧✐s❤❡❞ ✉s✐♥❣ t✇♦ ❝r♦ss ❝♦✉♣❧❡❞ ❱❈❖ ♦r ❛ ♦s❝✐❧❧❛t♦r t❤❛t ❤❛s ✐♥❤❡r❡♥t ■◗ s✐❣♥❛❧s✱

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



❈❤❛♣t❡r ✸

❖s❝✐❧❧❛t♦rs

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

■♥ t❤❡ ✜rst ♣❛rt ♦❢ t❤✐s ❝❤❛♣t❡r✱ ✇❡ r❡✈✐❡✇ t❤❡ ❜❛s✐❝s ❢♦r ❞❡s✐❣♥✐♥❣ ❛ ♦s❝✐❧❧❛t♦r✳ ❙♦♠❡

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

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

q✉❛❧✐t② ❢❛❝t♦r ❞❡✜♥✐t✐♦♥✱ ❝❛♥ ♦♥❧② ❜❡ ❛♣♣❧✐❡❞ t♦ ♦s❝✐❧❧❛t♦rs ✇✐t❤ ❛ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✳ ❲❡

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

❚❤✐s ❝❤❛♣t❡r ❛❧s♦ ✐♥tr♦❞✉❝❡s ❞✐✛❡r❡♥t ❛r❝❤✐t❡❝t✉r❡s✿ ▲❈ ♦s❝✐❧❧❛t♦rs✱ ❘❈ ♦s❝✐❧❧❛t♦rs ❛♥❞✱

t❤❡ ❚✇♦✲■♥t❡❣r❛t♦r✳ ▲❈ ♦s❝✐❧❧❛t♦rs ❛r❡ ❦♥♦✇♥ ❢♦r t❤❡✐r ❧♦✇ ♣❤❛s❡ ♥♦✐s❡ ❛s ♦♣♣♦s❡❞ t♦ t❤❡

❘❈ ♦s❝✐❧❧❛t♦rs✱ ❜✉t s♦♠❡ ❞✐s❛❞✈❛♥t❛❣❡s✱ s✉❝❤ ❛s✱ ❛r❡❛ ❛♥❞ ❝♦st ♠❛❦❡ t❤❡ ❝❤♦✐❝❡ ♦❢ ✇❤✐❝❤

❛r❝❤✐t❡❝t✉r❡ t♦ ✉s❡ ♠♦r❡ ❞✐✣❝✉❧t✳

❆s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts ❛r❡ ✐♠♣♦rt❛♥t ✐♥ ♥♦✇❛❞❛②s ❝♦♠♠✉♥✐❝❛t✐♦♥s✱

❜✉t s✐♥❣❧❡ ▲❈ ❛♥❞ ❘❈ ♦s❝✐❧❧❛t♦rs ❝❛♥♥♦t ♣r♦❞✉❝❡ t❤❡♠✳ ❲❡ ✇✐❧❧ ❞✐s❝✉ss ❤♦✇ t✇♦ ♦❢ t❤❡s❡

♦s❝✐❧❧❛t♦rs ❝❛♥ ❣❡♥❡r❛t❡ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱ ❛♥❞ ❛❧s♦✱ ✇❤② t❤❡ t✇♦✲✐♥t❡❣r❛t♦r ❤❛s ✐♥❤❡r❡♥t

q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✳

✸✺



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✸✻

✸✳✷ ❖s❝✐❧❧❛t♦r ❇❛s✐❝s

✸✳✷✳✶ ❇❛r❦❤❛✉s❡♥ ❈r✐t❡r♦♥

❆ ♦s❝✐❧❧❛t♦r ❣❡♥❡r❛t❡s ❛ ♦✉t♣✉t s✐❣♥❛❧ ✇✐t❤♦✉t ❛♥ ❡①t❡r♥❛❧ s♦✉r❝❡✳ ❚♦ ❛❝❝♦♠♣❧✐s❤ t❤❛t

✇❡ ♥❡❡❞ ❛ ♥❛t✉r❛❧ ♦s❝✐❧❧❛t♦r s✉❝❤ ❛s ❛ q✉❛rt③ ❝r②st❛❧✱ ♦r ❛ ✉♥st❛❜❧❡ s②st❡♠ ✇❤❡r❡ ❤✐s ♦✇♥

♥♦✐s❡ ❝r❡❛t❡s ❛ ♣❡r✐♦❞✐❝ s✐❣♥❛❧✳

❆ ❢❡❡❞❜❛❝❦ ❝✐r❝✉✐t✱ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✶✱ ✇✐t❤ ❛ ✉♥st❛❜❧❡ st❛t❡ ❝r❡❛t❡s ❛ ♦s❝✐❧❧❛t✐♦♥✳ ❚❤❡

❢❡❡❞❜❛❝❦ s②st❡♠s ❝❛♥ ❜❡ ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡ ❡❛❝❤ ♦♥❡ ✇✐t❤ r❡s♣❡❝t✐✈❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥✱

✭✸✳✶✮ ❛♥❞ ✭✸✳✷✮

+

V
v i vo

 jA

   j

❋✐❣✉r❡ ✸✳✶✿ ❋❡❡❞❜❛❝❦ s②st❡♠✳

Vo(jω)

Vi(jω)
=

A(jω)

1 − A(jω)β(jω)
✭✸✳✶✮

Vo(jω)

Vi(jω)
=

A(jω)

1 + A(jω)β(jω)
✭✸✳✷✮

❈♦♥s✐❞❡r✐♥❣ t❤❡ ♥❡❣❛t✐✈❡ ❢❡❡❞❜❛❝❦ s②st❡♠✱ t❤❡ ❞❡♥♦♠✐♥❛t♦r ♦❢ ✭✸✳✷✮ s❤♦✉❧❞ ❜❡ ③❡r♦ t♦

❛❝❤✐❡✈❡ ❛ ✉♥st❛❜❧❡ st❛t❡✳ ❲❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ A(jω)β(jω) ✐s ❡q✉❛❧

t♦ t❤❡ ✉♥✐t② ❛♥❞ s✐♥❝❡ ✐t ❞♦❡s ♥♦t ❤❛✈❡ ❛ ✐♠❛❣✐♥❛r② ♣❛rt ✇❡ ❣❡t ✭✸✳✸✮ ✐♥ ♣♦❧❛r ❢♦r♠✳ ❋♦r

t❤❡ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ A(jω)β(jω) ♠✉st ❜❡ ❡q✉❛❧ t♦ ✲✶✳

❯s✐♥❣ ❝♦♠♣❧❡① ❛♥❛❧②s✐s✿

A(jω)β(jω) = 1 e0 ✭✸✳✸✮



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✸✼

❚❤❡s❡ ❛r❡ t❤❡ ❜❛s✐s ❢♦r t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐♦♥ ❝♦♥❞✐t✐♦♥s✱ ✇❤✐❝❤ ❣✉❛r❛♥t❡❡ ❛ st❛❜❧❡

♦s❝✐❧❧❛t✐♦♥✿

|A(jω)β(jω)| = 1 ✭✸✳✹✮

❈♦♥s✐❞❡r✐♥❣ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦

∠A(jω)β(jω) = 0 + 2kπ, k = 0..n, n ∈ N ✭✸✳✺✮

❛♥❞ ♥❡❣❛t✐✈❡ ❢❡❡❞❜❛❝❦

∠A(jω)β(jω) = π ✭✸✳✻✮

❚❤❡s❡ ❝♦♥❞✐t✐♦♥s ❛r❡ ♥♦t ❡♥♦✉❣❤ ❢♦r t❤❡ s②st❡♠ t♦ st❛rt ♦s❝✐❧❧❛t✐♥❣✳ ❋♦r t❤❡ ♦s❝✐❧❧❛t♦r

st❛rt✲✉♣✱ t❤❡ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ ✐♥✐t✐❛❧❧② ♠✉st ❜❡ ❧❛r❣❡r t❤❛♥ t❤❡ ✉♥✐t②✱ ✭✸✳✼✮✳

|A(jω)β(jω)| > 1 ✭✸✳✼✮

❆❢t❡r t❤❡ st❛rt✲✉♣ t❤❡ ❢❡❡❞❜❛❝❦ ❛♥❞ t❤❡ ✐♥t❡r♥❛❧ ♥♦✐s❡ ✇✐❧❧ ❛❧❧♦✇ t❤❡ ♦s❝✐❧❧❛t♦r t♦ r❡❛❝❤

❛ st❛❜❧❡ st❛t❡✱ ✇❤❡♥ t❤❡ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ ❝♦♠♣❧✐❡s t❤❡ ✜rst ❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥✳

✸✳✷✳✷ P❤❛s❡ ◆♦✐s❡

P❤❛s❡ ♥♦✐s❡ ✐s t❤❡ ♠♦st ❝r✉❝✐❛❧ ❢❛❝t♦r ♦❢ ❛ ♦s❝✐❧❧❛t♦r✱ ✐t ❝❛♥ ❜❡ s❡❡♥ ❛s t❤❡ ✐♠♠✉♥✐t②

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

t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ❢r❡q✉❡♥❝② ω0 ❛♥❞ ❢❛❧❧s ♦✛ ❛t ❢r❡q✉❡♥❝✐❡s ❛✇❛② ❢r♦♠ ✐t✱ ❛s s❤♦✇♥ ♦♥

✜❣✉r❡ ✸✳✷✳ P❤❛s❡ ♥♦✐s❡ ✐s r❡♣r❡s❡♥t❡❞ ❜② ✭L(∆ω)✮ ❛♥❞ ✐s s♣❡❝✐✜❡❞ ✐♥ ❞❇❝✴❍③ ❛t ❛ ♦✛s❡t

❢r❡q✉❡♥❝② ∆ω ❢r♦♠ t❤❡ ❝❛rr✐❡r ω0✱ ✇❤❡r❡ ❞❇❝ ✐s t❤❡ ❧❡✈❡❧ ✐♥ ❞❇ r❡❧❛t✐✈❡ t♦ t❤❡ ❝❛rr✐❡r✳

❖♥❡ ✇❛② ♦❢ q✉❛♥t✐③✐♥❣ t❤✐s ✐s ❜② ❞♦✐♥❣ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♣♦✇❡r ✐♥ ❛ ✶ ❍③ ❜❛♥❞✇✐❞t❤

❛t t❤❡ ♦✛s❡t ❢r❡q✉❡♥❝② t♦ t❤❡ t♦t❛❧ ♣♦✇❡r ♦❢ t❤❡ ❝❛rr✐❡r✱ ✭✸✳✽✮



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✸✽

❋✐❣✉r❡ ✸✳✷✿ P❤❛s❡✲♥♦✐s❡ ♣♦✇❡r s♣❡❝tr❡✳

L(∆ω) =
P (∆ω)

P (ω0)
✭✸✳✽✮

P❤❛s❡ ♥♦✐s❡ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✐s ❝❛❧❧❡❞ ❥✐tt❡r ♥♦✐s❡✳ ❲❡ ❝❛♥ s❡❡ ❤♦✇ t❤✐s ♥♦✐s❡ ❛❝ts

❜② ❝♦♠♣❛r✐♥❣ ❛ ♥♦✐s② s✐♥❡✇❛✈❡ ✇✐t❤ ❛ r❡❧❛t✐✈❡ t✐♠❡ ❣r✐❞ s❡t ❜② ❛ ♥♦✐s❡❧❡ss s✐♥❡✇❛✈❡✳ ❆t

t❤❡ ③❡r♦ ❝r♦ss✐♥❣ ❜❛s❡❧✐♥❡ ✇❡ ❝❛♥ s❡❡ t❤❡ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ r✐s✐♥❣ ❡❞❣❡s ❝❛✉s❡❞ ❜② t❤❡

♥♦✐s❡✳ ❚❤✐s s❡r✈❡s ❛s ❜❛s✐s t♦ ❛ t✐♠❡ ✈❛r✐❛♥t ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ♣❤❛s❡✲♥♦✐s❡ t❤❛t ✇✐❧❧

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

■♥ ❛ r❡❝❡✐✈❡r t❤❡ ❧♦❝❛❧ ♦s❝✐❧❧❛t♦r ✐s t✉♥❡❞ t♦ ω0✱ ✇❤❡♥ t❤❡ ❞♦✇♥❝♦♥✈❡rs✐♦♥ ♦❝❝✉rs t❤❡

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

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

s✐❣♥❛❧s✱ ❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✸✳✸✳

RF  RF

LO

IF

❋✐❣✉r❡ ✸✳✸✿ P❤❛s❡✲♥♦✐s❡ ✐♥✢✉❡♥❝❡✳
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P❛ss✐✈❡ ❛♥❞ ❛❝t✐✈❡ ❡❧❡♠❡♥ts ♦❢ ♦t❤❡r ❜❧♦❝❦s ♦❢ t❤❡ r❡❝❡✐✈❡r ✐♥tr♦❞✉❝❡ ♥♦✐s❡✱ ❛❧s♦ ✈♦❧t❛❣❡

❛♥❞ ❝✉rr❡♥t ♥♦✐s❡ s♦✉r❝❡s t❤r♦✉❣❤ t❤❡ s②st❡♠ ✐♥✢✉❡♥❝❡ ♥♦✐s❡✳ ❆❧❧ t❤✐s ❢❛❝t♦rs ♠❛❦❡ ♣❤❛s❡

♥♦✐s❡ ✈❡r② ❞✐✣❝✉❧t t♦ ♣r❡❞✐❝t✳ ❍♦✇❡✈❡r✱ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ✇✐t❤✐♥ t❤❡ ♦s❝✐❧❧❛t♦r ❧♦♦♣ ❤❛✈❡

♠♦r❡ ✐♥✢✉❡♥❝❡ ♦♥ ♣❤❛s❡ ♥♦✐s❡✱ ❬✷✺❪✳ ❚❤❡② ♠❛② ❜❡ ❡♥❤❛♥❝❡❞ ❜② t❤❡ s❤❛r♣ ❢r❡q✉❡♥❝②

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

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

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

s♣❡❝tr❛❧ ❞❡♥s✐t② ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ♥♦✐s❡ s✐❞❡❜❛♥❞s ♦♥ ❡✐t❤❡r s✐❞❡ ♦❢ t❤❡

♦✉t♣✉t s✐❣♥❛❧ ❝❡♥t❡r ❢r❡q✉❡♥❝②✳ ❚❤❡ ❙✐♥❣❧❡ ❙✐❞❡ ❇❛♥❞ ✭❙❙❇✮ ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡

r❡❣✐♦♥s ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✹✱ t❤❡ ✜rst ❤❛s ❛ s❧♦♣❡ ♦❢ ✲✸✵ ❞❇✴❞❡❝❛❞❡ ✐t r❡♣r❡s❡♥ts t❤❡ ♥♦✐s❡

♦❢ ❛❝t✐✈❡ ❞❡✈✐❝❡s ♦♥ t❤❡ ❝✐r❝✉✐t✱ t❤❡ s❡❝♦♥❞ ♣❛rt ❣♦❡s ❢r♦♠ ω1 t♦ ω2 ✇✐t❤ ❛ ✲✷✵ ❞❇✴❞❡❝❛❞❡

s❧♦♣❡ ✐t ✐s t❤❡ ✇❤✐t❡ ♥♦✐s❡ ✇✐t❤✐♥ t❤❡ ♦s❝✐❧❧❛t♦r✱ ✜♥❛❧❧② t❤❡ ❧❛st r❡❣✐♦♥ ✐s t❤❡ ✇❤✐t❡ ♥♦✐s❡

❝❛✉s❡❞ ❜② ♥❡✐❣❤❜♦✉r ❞❡✈✐❝❡s✳

decadedB /30

decadedB /20

region
f

3

1

region
f

2

1

white noise

0 1
2 

]/)[( HzdBc

❋✐❣✉r❡ ✸✳✹✿ P❤❛s❡✲♥♦✐s❡ s✐♥❣❧❡ s✐❞❡ ❜❛♥❞✳

❚❤❡ ▲❡❡s♦♥✲❈✉t❧❡r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧ ♣r♦♣♦s❡❞ ✐♥ ❬✾❪ ✐s t❤❡ ♠♦st ✉s❡❞ ❛♥❞ ❜❡st ❦♥♦✇♥

♠♦❞❡❧✱ ✭✸✳✾✮✳ ❚❤✐s ❡q✉❛t✐♦♥ ♦♥❧② ❛♣♣❧✐❡s ❜❡t✇❡❡♥ ω1 ❛♥❞ ω2 ❛♥❞ ✐t ✐s ❜❛s❡❞ ♦♥ t❤❡

❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ♦s❝✐❧❧❛t♦r ✐s ❛ ❧✐♥❡❛r t✐♠❡ ✐♥✈❛r✐❛♥t s②st❡♠ ✭▲❚■✮✳ ❚❤✐s ▲❚■ t❤❡♦r②

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

❬✽❪✱ ❜❡❝❛✉s❡ t❤❡ ❞❡✈✐❝❡ ♥♦✐s❡ ✉♥❞❡r❣♦❡s t❤r♦✉❣❤ ♠✉❧t✐♣❧❡ ❢r❡q✉❡♥❝② tr❛♥s❧❛t✐♦♥s t♦ ❜❡❝♦♠❡

♣❤❛s❡ ♥♦✐s❡✳
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L(∆ω) = 10 log

{

FkT

2Ps

[

1 +

(

ω0

2Q∆ω

)2
]

(

1 +
∆ω1/f3

|∆ω|

)

}

✭✸✳✾✮

❲❤❡r❡✿

❦ ✲ ❇♦❧t③♠❛♥ ❝♦♥st❛♥t❀

❚ ✲ ❆❜s♦❧✉t❡ t❡♠♣❡r❛t✉r❡❀

PS ✲ ❆✈❡r❛❣❡ ♣♦✇❡r ❞✐ss✐♣❛t❡❞ ✐♥ t❤❡ r❡s✐st✐✈❡ ♣❛rt ♦❢ t❤❡ t❛♥❦❀

ω0 ✲ ❖s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②❀

◗ ✲ ◗✉❛❧✐t② ❢❛❝t♦r❀

∆ω ✲ ❖✛s❡t ❢r♦♠ t❤❡ ❝❛rr✐❡r❀

∆ω1/f3 ✲ ❈♦r♥❡r ❢r❡q✉❡♥❝② ❜❡t✇❡❡♥ 1/f3 ❛♥❞ 1/f2 ③♦♥❡s ♦❢ t❤❡ ♥♦✐s❡ s♣❡❝tr✉♠❀

❋ ✲ ❊♠♣✐r✐❝❛❧ ♣❛r❛♠❡t❡r ❝❛❧❧❡❞ ❡①❝❡ss ♥♦✐s❡ ❢❛❝t♦r✳

❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ ❡q✉❛t✐♦♥ t♦ t❤❡ s♣❡❝tr❡ ♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡✱ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✹

♦♥❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ✇❤✐t❡ ♥♦✐s❡ ❛♥❞ t❤❡ ✢✐❝❦❡r ♥♦✐s❡ ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ✭✸✳✶✵✮✳ ❚❤❡

✲✷✵ ❞❇✴❞❡❝❛❞❡ r❡❣✐♦♥ st❛rts ❛t ❛ ❢r❡q✉❡♥❝② ❡q✉❛❧ t♦ ❤❛❧❢ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✱ ✐♥

✜❣✉r❡ ✜❣✉r❡ ✸✳✹ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ω2 ❢r❡q✉❡♥❝②✳

S(∆ω) =
FkT

2Ps

1

∆ω2
✭✸✳✶✵✮

❚❤❡r❡ ❤❛✈❡ ❜❡❡♥ ❝♦♥s✐❞❡r❛t✐♦♥s ✉s✐♥❣ ♦s❝✐❧❧❛t♦rs ❛s ❧✐♥❡❛r t✐♠❡✲✈❛r②✐♥❣ s②st❡♠s ♦♥

❬✽✱ ✶✻❪✱ ✇❤❡r❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥s ✇❡r❡ r❡❛❝❤❡❞✱ ✭✸✳✶✶✮✳

L(∆ω) =











10 log
{

C2

0

q2
max

i2n
8∆f∆ω2

ω1/f

∆ω

}

❢♦r 1

f3 r❡❣✐♦♥

10 log
{

10 log
[

T 2
rms

q2
max

i2n
4∆f∆ω2

]}

❢♦r 1

f2 r❡❣✐♦♥

✭✸✳✶✶✮

❲❤❡r❡✿
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i2n/∆f ✲ ◆♦✐s❡ ♣♦✇❡r s♣❡❝tr❛❧ ❞❡♥s✐t②❀

∆f ✲ ◆♦✐s❡ ❜❛♥❞✇✐❞t❤❀

Γ2
rms = 1/π

∫ 2π

0
|Γ(x)|2dx =

∑

∞

n=0
C2

n ✲ ❘♦♦t ♠❡❛♥ sq✉❛r❡ ✈❛❧✉❡ ♦❢ Γ(x)❀

Γ(x) = C0/2 +
∑

∞

n=1
Cncos(nx + θn ✲ ■♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥❀

Cn ✲ ❋♦✉r✐❡r s❡r✐❡s ❝♦❡✣❝✐❡♥t❀

C0 ✲ ✵t❤ ♦r❞❡r ♦❢ t❤❡ ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ✭❢♦✉r✐❡r s❡r✐❡s✮❀

θn ✲ ♣❤❛s❡ ♦❢ t❤❡ nt❤ ❤❛r♠♦♥✐❝❀

ω1/f ✲ ❋❧✐❝❦❡r ❝♦r♥❡r ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❞❡✈✐❝❡❀

qmax ✲ ▼❛①✐♠✉♠ ❝❤❛r❣❡ st♦r❡❞ ❛❝r♦ss t❤❡ ❝❛♣❛❝✐t♦r ✐♥ t❤❡ r❡s♦♥❛t♦r✳

✸✳✷✳✸ ◗✉❛❧✐t② ❋❛❝t♦r

◗✉❛❧✐t② ❢❛❝t♦r ✐s ❛ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡ ❢♦r ❛ ♦s❝✐❧❧❛t♦r ❛♥❞ ✐s r❡❧❛t❡❞ t♦ t❤❡ ♣❤❛s❡ ♥♦✐s❡✳

❚❤❡ ♠♦st ❣❡♥❡r❛❧ ❢♦r♠✉❧❛ ✉s❡❞ ✐s ✭✸✳✶✷✮✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s ♥♦r♠❛❧❧② ❛♣♣❧✐❡❞ t♦ ❛ ❘▲❈

r❡s♦♥❛t♦r✳ ❚❤❡ ♠❛①✐♠✉♠ ❡♥❡r❣② st♦r❡s ✐s r❡❧❛t❡❞ t♦ t❤❡ ▲ ❛♥❞ ❈ ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡

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

Q = 2π
▼❛①✐♠✉♠ ❡♥❡r❣② st♦r❡❞ ✐♥ ❛ ♣❡r✐♦❞

❊♥❡r❣② ❞✐ss✐♣❛t❡❞ ✐♥ ❛ ♣❡r✐♦❞
✭✸✳✶✷✮

▲❡❡s♦♥ ❞❡✜♥❡s t❤❡ ◗ ❢❛❝t♦r✱ ✭✸✳✶✸✮✱ ❝♦♥s✐❞❡r✐♥❣ ❛ r❡s♦♥❛♥t ❝✐r❝✉✐t ✇✐t❤ ❛ ✲✸ ❞❇ ❜❛♥❞✲

✇✐❞t❤ B ❛♥❞ ❛ ❢r❡q✉❡♥❝② ω0✳ ■♥ t❤❡ ▲❡❡s♦♥✲❈✉t❧❡r ♣❤❛s❡ ♥♦✐s❡ ♠♦❞❡❧✱ ❤❛❧❢ ❜❛♥❞✇✐❞t❤ ♦❢

t❤❡ ♦s❝✐❧❧❛t♦r ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ω0/2Q✳ ❲✐t❤ ❛ ❤✐❣❤ ◗ ❢❛❝t♦r t❤❡ ❜❛♥❞✇✐❞t❤ ✇✐❧❧ ❜❡

r❡❞✉❝❡❞✱ ❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✸✳✺✱ ❛♥❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ 1/f2 ♥♦✐s❡ ♦♥ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✇✐❧❧

❞❡❝r❡❛s❡ ♠❛❦✐♥❣ t❤❡ s❧♦♣❡ st❛rt✐♥❣ t♦ ❞✐s❛♣♣❡❛r✱ ❬✾✱ ✶✻❪✳ ❲❤❡♥ t❤✐s ❤❛♣♣❡♥s t❤❡ s❧♦♣❡s

1/f3 ❛♥❞ 1/f2 ✇✐❧❧ ❝♦♠❡ ❝❧♦s❡ t♦ t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② ❛♥❞ r❡❞✉❝❡s t❤❡ ♣❤❛s❡ ♥♦✐s❡✳

Q =
ω0

B
✭✸✳✶✸✮
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B

0

dB3
|)(| sH



❋✐❣✉r❡ ✸✳✺✿ ◗ ❞❡✜♥✐t✐♦♥ ❢♦r ❛ s❡❝♦♥❞ ♦r❞❡r s②st❡♠✳

✸✳✷✳✹ ❋✐❣✉r❡ ♦❢ ▼❡r✐t

❋✐❣✉r❡ ♦❢ ▼❡r✐t ✐s ❛ ❝❤❛r❛❝t❡r✐st✐❝ t❤❛t ❣✐✈❡s ❛ ♦✈❡r❛❧❧ ♣❡rs♣❡❝t✐✈❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r

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

❛❝❝♦✉♥t ♥♦t ♦♥❧② t❤❡ ♣❤❛s❡ ♥♦✐s❡ ❜✉t ❛❧s♦ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❢r❡q✉❡♥❝②✱ ✭✸✳✶✹✮✱ Pref

✐s t❤❡ r❡❢❡r❡♥❝❡ ♣♦✇❡r ❧❡✈❡❧ ❡q✉❛❧ t♦ ✶ ♠❲ ❛♥❞ PDC t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✐♥ ♠❲✳ ❚❤❡

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

❬✷✻✱ ✷✼❪✳

FOM = Lmeasured + 10 log

(

(

∆ω

ω0

)2
PDC

Pref

)

✭✸✳✶✹✮

❚❤❡r❡ ✐s ❛❧s♦ ❛ ✜❣✉r❡ ♦❢ ♠❡r✐t ❝♦♥❝❡r♥✐♥❣ t❤❡ ❧❛②♦✉t ❛r❡❛✱ ✭✸✳✶✺✮✱ ✇❤❡r❡ Aref ✐s ❡q✉❛❧

t♦ ✶ ♠♠2 ❛♥❞ Achip t❤❡ ❝✐r❝✉✐t ❛r❡❛ ✐♥ ♠♠2✱ ❬✶✶✱ ✷✼❪✳

FOMA = Lmeasured + 10 log

(

(

∆ω

ω0

)2
PDC

Pref

Achip

Aref

)

✭✸✳✶✺✮

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

♣❛r❛♠❡t❡rs✱ ❛❧❧♦✇✐♥❣ ❛ ❞❡s✐❣♥❡r t♦ ❢✉rt❤❡r ♦♣t✐♠✐③❡ t❤❡ ❝✐r❝✉✐t✳

❚❤❡r❡ ❛r❡ ♦t❤❡r ❋❖▼ t❤❛t ❛❧❧♦✇ ❛ ♠♦r❡ ✐♥ ❞❡♣t❤ ❛♥❛❧②s✐s ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡

♦s❝✐❧❧❛t♦r✱ ❝❛❧❧❡❞ ❖s❝✐❧❧❛t♦r ❉❡s✐❣♥ ❊✣❝✐❡♥❝② ✭❖❉❊✮✱ ❬✷✻✱ ✷✼❪✳ ❚❤✐s ❜❡♥❝❤♠❛r❦ ❝♦♠♣❛r❡s
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t❤❡ ♠❡❛s✉r❡ ♣❤❛s❡ ♥♦✐s❡ ✇✐t❤ ❛ ✜rst ♦r❞❡r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡st ♣❤❛s❡ ♥♦✐s❡ ❝❛s❡ ❛❝❤✐❡✈✲

❛❜❧❡✱ ✭✸✳✶✻✮✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s ✉s❡❞ ❢♦r ▲❈ ♦s❝✐❧❧❛t♦rs✱ ❜✉t ✐t ❛s ❜❡❡♥ ♠♦❞✐✜❡❞ s♣❡❝✐✜❝❛❧❧②

❢♦r ◆✲st❛❣❡ r✐♥❣ ♦s❝✐❧❧❛t♦rs ❬✷✼❪✱ s✉❝❤ ❛s t❤❡ ❚✇♦ ■♥t❡❣r❛t♦r ✭✸✳✶✼✮✳

ODELC = Lmeasured − 10 log

(

(

kT

2PDC

1

Q2

∆ω

ω0

)2
)

✭✸✳✶✻✮

ODEring = Lmeasured − 10 log

(

(

N2kT

4PDC

1

(π
2
)2

∆ω

ω0

)2
)

✭✸✳✶✼✮

✸✳✸ ▲❈ ❖s❝✐❧❧❛t♦rs

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

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

❆ ❜❛s✐❝ ❝✐r❝✉✐t ✐s s❤♦✇♥ ✜❣✉r❡ ✸✳✻✱ ✐t ❢❡❛t✉r❡s t✇♦ ❛❝t✐✈❡ ❘❋ ❝♦♠♣♦♥❡♥ts ❛❝t✐♥❣ ❛s ❛♠✲

♣❧✐✜❡rs ❛♥❞ ❢♦✉r ♣❛ss✐✈❡ ❡❧❡♠❡♥ts ✭▲ ❛♥❞ ❈✮✳ ❚❤❡ tr❛♥s✐st♦rs ❛❝t ❛s s✇✐t❝❤❡s ❢♦r ❝♦♥❞✉❝t✐♥❣

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

I

C

2M1M

1V
2V

ddV

C
L L

❋✐❣✉r❡ ✸✳✻✿ ▲❈ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳

❙✐♥❝❡ t❤❡ ▲❈ ♦s❝✐❧❧❛t♦r ❛s ❛ q✉❛s✐ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐♦♥ ❛♣♣❧✐❡s✳

❆t t❤❡ ❝❛rr✐❡r ❢r❡q✉❡♥❝② t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❧♦♦♣ ♠✉st ❜❡ ♦♥❡ ❛♥❞ t❤❡ ♣❤❛s❡✱ ③❡r♦✳ ❚❤❡
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❧❛st ❝♦♥❞✐t✐♦♥ ✐s ❝♦♠♣❧✐❡❞ ❜❡❝❛✉s❡ t❤❡ ❝❛♣❛❝✐t♦rs ❣✐✈❡ ❛ ✲✾✵◦ ❛♥❞ t❤❡ ✐♥❞✉❝t♦rs ❛ ✾✵◦✱

❣✐✈✐♥❣ ❛ t♦t❛❧ ♦❢ ✵◦✳ ❚♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ✜rst ❝♦♥❞✐t✐♦♥ ✐s ❛tt❛✐♥❡❞ ✇❡ ❝❛♥ ✉s❡ t❤❡

❜❡❤❛✈✐♦✉r ♠♦❞❡❧ ♦❢ t❤✐s ♦s❝✐❧❧❛t♦r ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✸✳✼✳

mg

R L C

❋✐❣✉r❡ ✸✳✼✿ ▲❈ ♦s❝✐❧❧❛t♦r ❜❡❤❛✈✐♦✉r✳

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

❢✉♥❝t✐♦♥ A(jω) ❝♦♠❡s ❢r♦♠ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ gm ♦❢ t❤❡ tr❛♥s✐st♦rs✳ ❚❤❡ ❢❡❡❞❜❛❝❦

tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ✭✸✳✶✽✮ ✐s ❢♦r♠❡❞ ❜② t❤❡ R▲❈ ✐♠♣❡❞❛♥❝❡✱ ✇❤❡r❡ R r❡♣r❡s❡♥t ❧♦ss❡s✳ ❆t

ω0 t❤❡ B(jω0) ❡q✉❛t✐♦♥ ♦♥❧② ❛s t❤❡ r❡❛❧ ♣❛rt s♦ t❤❡ ♦♣❡♥ ❧♦♦♣ ❣❛✐♥ |A(jω0)B(jω0)| ✐s ❡q✉❛❧
t♦ gmR ❛♥❞ ❜② t❤❡ ✜rst ❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥✱ gmR = 1✳ ❙✐♥❝❡ t❤❡ gm ❝❛♥❝❡❧s R ✇❡ ❝❛♥

❝❛❧❝✉❧❛t❡ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤✐s ♦s❝✐❧❧❛t♦r ❝♦♥s✐❞❡r✐♥❣ ♦♥❧② ❛ ▲❈ r❡s♦♥❛t♦r✱ ✭✸✳✷✵✮✳ ❚❤❡ ◗

❢❛❝t♦r ✐s ❣✐✈❡♥ ❜② ✭✸✳✶✾✮

B(jω) =
R

1 + j
(

ω
ω0

− ω0

ω

)

Q
✭✸✳✶✽✮

Q = R

√

C

L
✭✸✳✶✾✮

ω0 =
1√
LC

✭✸✳✷✵✮

❆❧t❤♦✉❣❤ t❤❡ ❝♦♥❞✐t✐♦♥ gm = 1/R ✐s s✉✣❝✐❡♥t ❢♦r ❛ st❡❛❞②✲st❛t❡ ♦s❝✐❧❧❛t✐♦♥✱ ✇❡ ♥❡❡❞ ❛

s♠❛❧❧ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡♠ ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r st❛rt✲✉♣✳ ❋✐❣✉r❡ ✸✳✽ s❤♦✇s t❤❡ ❡✛❡❝t ❢♦r
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❛ gm ✈❛❧✉❡ ❞✐✛❡r❡♥t t❤❛♥ 1/R✱ t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♠✉st ❜❡ ❤✐❣❤❡r t❤❛♥ 1/R✱ ♠❛❦✐♥❣

|A(jω0)B(jω0)| > 1 t❤✉s ❝♦♠♣❧②✐♥❣ ✇✐t❤ t❤❡ ❝♦♥❞✐t✐♦♥ ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✳

❋✐❣✉r❡ ✸✳✽✿ ❙t❛rt ✉♣ ❝♦♥❞✐t✐♦♥✳

✸✳✸✳✶ ❈♦✉♣❧❡❞ ▲❈ ❖s❝✐❧❧❛t♦rs

❚♦ ♦❜t❛✐♥ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts ✇❡ ♥❡❡❞ t♦ ❝♦✉♣❧❡ t✇♦ s②♠♠❡tr✐❝ ▲❈ ♦s❝✐❧❧❛t♦r✱ ❬✶✺❪✳

❚❤✐s ❝❛♥ ❜❡ ❞♦♥❡ ❜② ✐♥tr♦❞✉❝✐♥❣ t✇♦ ♥❡✇ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs ❬✶✵❪ ❛❝t✐♥❣ ❛s s♦❢t✲❧✐♠✐t❡rs✳

❋✐❣✉r❡ ✸✳✾ s❤♦✇s t❤❡ ❝♦✉♣❧❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ▲❈ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳ ❲❡ ❛❧s♦ ♥❡❡❞ ❛ ❝r♦ss

❝♦✉♣❧❡❞ ❝♦♥♥❡❝t✐♦♥ t♦ ❣✐✈❡ ❛ ✲✶✽✵◦ ♣❤❛s❡ s❤✐❢t✱ t❤✐s ✇❛② ✇❡ ❝♦♠♣❧② ✇✐t❤ t❤❡ ♥❡❣❛t✐✈❡

❢❡❡❞❜❛❝❦ ❧♦♦♣ ♣❤❛s❡ ❝♦♥❞✐t✐♦♥ ♦❢ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐♦♥✳

❚❤❡ ❣❛t❡s ♦❢ tr❛♥s✐st♦rs Mc ❝♦♥♥❡❝t t♦ t❤❡ ♦✉t♣✉ts ♦❢ ❛ s✐♥❣✉❧❛r ▲❈ ❛♥❞ t❤❡ ❞r❛✐♥s

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

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

✇✐❧❧ ❜❡ s②♥❝❤r♦♥✐③❡❞ ✐♥ ❜♦t❤ ♦s❝✐❧❧❛t♦rs ❛♥❞ t❤❡ ♦✉t♣✉ts ✇✐❧❧ ❤❛✈❡ ❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✾✵◦✳

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

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

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

C

2M1M

1V
2V

ddV

C
L L

I

C

4M3M

3V
4V

C
L L

SLI
SLI

SLM
SLM SLM SLM

❋✐❣✉r❡ ✸✳✾✿ ❈♦✉♣❧❡❞ ▲❈ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳

♣❡rs♣❡❝t✐✈❡ ♦❢ ❤♦✇ ❧❛r❣❡ t❤❡ ❝✐r❝✉✐t ✐s ❧❡ts s❛② ❛ ❘❈ ♦s❝✐❧❧❛t♦r ❝❛♥ ♦❝❝✉♣② t❤❡ s❛♠❡ ❧❛②♦✉t

❛r❡❛ ❛s ❛♥ ✐♥❞✉❝t♦r✳

▲❈ ♦s❝✐❧❧❛t♦rs ♥❡❡❞ ❛ str♦♥❣ ❝♦✉♣❧✐♥❣ t♦ ❜❡ ❛❜❧❡ t♦ s②♥❝❤r♦♥✐③❡ ❜♦t❤ ♦✉t♣✉ts ✇✐t❤ ❛ ✾✵◦✳

❚♦ ✐♥❝r❡❛s❡ t❤❡ ❝♦✉♣❧✐♥❣✱ t❤❡ ❣❛t❡s s✐③❡ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣ tr❛♥s✐st♦rs s❤♦✉❧❞ ❜❡ ✐♥❝r❡❛s❡❞✳

❲❤❡♥ ❞♦✐♥❣ t❤❛t ✇❡ ❛r❡ ❛❧s♦ ✐♥❝r❡❛s✐♥❣ t❤❡ ♣❛r❛s✐t✐❝s ♦♥ t❤♦s❡ tr❛♥s✐st♦rs✱ ♠❛❦✐♥❣ t❤❡

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

❝♦✉♣❧❡❞ ❘❈ ♦s❝✐❧❧❛t♦rs ❝❛♥ ❤❛✈❡ s✐♠✐❧❛r ♣❤❛s❡ ♥♦✐s❡ ♣❡r❢♦r♠❛♥❝❡ t♦ t❤❛t ♦❢ ❛ ▲❈ ❝♦✉♣❧❡❞

♦s❝✐❧❧❛t♦r✱ ❬✶✵❪✳

✸✳✹ ❘❡❧❛①❛t✐♦♥ ❖s❝✐❧❧❛t♦rs

❘❈ ♦s❝✐❧❧❛t♦rs ❤❛✈❡ ❜❡❝♦♠❡ ♠♦r❡ ✐♠♣♦rt❛♥t ✐♥ r❡❝❡♥t ②❡❛rs ❞✉❡ t♦ t❤❡ r❡❞✉❝❡❞ s♣❛❝❡

❛♥❞ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ ♣❤❛s❡ ♥♦✐s❡✱ ✇❤❡♥ ❝♦✉♣❧❡❞✳ ■♥ t❤✐s s❡❝t✐♦♥ ❛♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣✱
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✇❡ ✇✐❧❧ ❞✐s❝✉ss t✇♦ ❞✐✛❡r❡♥t ❘❈ ♦s❝✐❧❧❛t♦rs✱ ♦♥❡ ✇✐t❤ ❛ r❡❧❛①❛t✐♦♥ ✭♥♦♥✲❧✐♥❡❛r✮ ❜❡❤❛✈✐♦✉r

♦s❝✐❧❧❛t♦r ❛♥❞ ♦♥❡ ♦s❝✐❧❧❛t♦r ✇✐t❤ ✐♥❤❡r❡♥t q✉❛❞r❛t✉r❡ ♦✉t♣✉ts ✭❚✇♦✲■♥t❡❣r❛t♦r✮✳ ■♥✐t✐❛❧❧②

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

♠❡♥t❛t✐♦♥ t♦ ❛❧❧♦✇ ❛ ♠♦r❡ ❞❡❡♣ st✉❞② ❛t ❝✐r❝✉✐t ❧❡✈❡❧✳

❆ ❜❛s✐❝ ♦♣❡r❛t✐♦♥ ♦❢ ❛♥ ❘❈ ♦s❝✐❧❧❛t♦r✱ ✇✐t❤ ❛ ♥♦♥✲❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡

✉s✐♥❣ ❛ ❤✐❣❤ ❧❡✈❡❧ str✉❝t✉r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✸✳✶✵✱ t♦ ♠♦❞❡❧ ✐ts ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ♠♦❞❡❧

✇❤✐❝❤ ✐s ❝♦♠♣♦s❡❞ ❜② ❛ ✐♥✈❡rt❡❞ ❙❝❤♠✐tt✲tr✐❣❣❡r ❛♥❞ ❛ ✐♥t❡❣r❛t♦r✳ ❚❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r

♦✉t♣✉t ✐s ❢❡❞ t♦ t❤❡ ✐♥t❡❣r❛t♦r✱ ❛♥❞ ✐ts ✐♥♣✉t ✐s t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ✐♥t❡❣r❛t♦r✳ ❚❤❡ ❙❝❤♠✐tt✲

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

t❤❛t ✈❛❧✉❡ ✐s r❡❛❝❤❡❞✳

 int
V

st
V

❋✐❣✉r❡ ✸✳✶✵✿ ❍✐❣❤ ❧❡✈❡❧ ♠♦❞❡❧✳

❚❤❡ ♦✉t♣✉t Vst ✐s ❛ sq✉❛r❡ ✇❛✈❡ t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ ✐♥t❡❣r❛t♦r s✐❣♥❛❧✱ t❤✐s ❜❧♦❝❦ ✐s

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

❡❧❡♠❡♥t✳ ❆❢t❡r✇❛r❞s t❤❡ sq✉❛r❡ ✇❛✈❡ ✐s ✐♥t❡❣r❛t❡❞ ❝r❡❛t✐♥❣ ❛ tr✐❛♥❣✉❧❛r ✇❛✈❡ ✭Vint✮✱ ✇❤❡♥

✐t r❡❛❝❤❡s ❛ t❤r❡s❤♦❧❞ t❤❡ ✐♥✈❡rt❡❞ ❙❝❤♠✐tt✲tr✐❣❣❡r ❝❤❛♥❣❡s t❤❡ s✐❣♥❛❧ ✈❛❧✉❡ ♦❢ Vst ❝❛✉s✐♥❣

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

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

❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✸✳✶✶✳

❚❤❡ ❛♠♣❧✐t✉❞❡ ✈❛❧✉❡ ❛t t❤❡ ♦✉t♣✉t ✐s ❣✐✈❡♥ ❜② t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r ❛♥❞ t❤❡ ❢r❡q✉❡♥❝②

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

❆ ❜❛s✐❝ ❛♥❞ ✇❡❧❧ ❦♥♦✇♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❛♥ ❘❈ ♦s❝✐❧❧❛t♦r ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✸✳✶✷✱

❜❡❝❛✉s❡ ♦❢ ✐ts s✐♠♣❧✐❝✐t② t❤❡r❡ ❛r❡ ❧❡ss ♥♦✐s❡ s♦✉r❝❡s ✇❤✐❝❤ ✐s ❡ss❡♥t✐❛❧ ❢♦r ✈❡r② ❤✐❣❤

❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ♥♦✐s✐❡r ❡❧❡♠❡♥t ✐s t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r✱ ❜❡❝❛✉s❡ ✐t ✇✐❧❧ ♣❡r❢♦r♠ ❛ ❤✐❣❤

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

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

t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r ❜② t❤❡ r❡s✐st♦rs ❛♥❞ ▼❖❙❋❊❚ tr❛♥s✐st♦rs✳
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❋✐❣✉r❡ ✸✳✶✶✿ ❍✐❣❤ ❧❡✈❡❧ ♠♦❞❡❧ s✐❣♥❛❧s✳

I

ddV

C

RR

I

2M1M

1V 2V

❋✐❣✉r❡ ✸✳✶✷✿ ❘❡❧❛①❛t✐♦♥ ❖s❝✐❧❧❛t♦r ■♠♣❧❡♠❡♥t❛t✐♦♥✳

❚♦ ✉♥❞❡rst❛♥❞ t❤❡ r❡❧❛①❛t✐♦♥ ♦♣❡r❛t✐♦♥✱ ✇❡ ❝♦♥s✐❞❡r ❛ ✐♥✐t✐❛❧ st❛t❡ ✇✐t❤ tr❛♥s✐st♦r M1

♦♥ t❤❡ ❝✉t✲♦✛ r❡❣✐♦♥✱ ❛s ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✸✳✶✸❛✱ t❤✐s ♠❡❛♥s ♥♦ ❝✉rr❡♥t ✐s ✢♦✇✐♥❣ t❤r♦✉❣❤

✐t✱ ♠❛❦✐♥❣ V1 ❡q✉❛❧ t♦ Vdd ✐t ✐s ❛❧s♦ ❛ss✉♠❡❞ t❤❛t t❤❡ tr❛♥s✐st♦rs ❝❤❛♥❣❡ ✇♦r❦✐♥❣ r❡❣✐♦♥

✐♥st❛♥t❧②✳ ❚❤❡ ✈♦❧t❛❣❡ ❛t t❤❡ ❣❛t❡ ♦❢ tr❛♥s✐st♦r M2 ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ♦♥❡ ❛t t❤❡ s♦✉r❝❡✱

s♦ Vgs2 > 0✱ ♠♦r❡♦✈❡r t❤❡r❡ ✐s ❛ ❝✉rr❡♥t ♦❢ ✈❛❧✉❡ 2I ♦♥ t❤✐s tr❛♥s✐st♦r ♠❛❦✐♥❣ V2 ❡q✉❛❧ t♦

Vdd − 2RI✳ ❙✐♥❝❡ ❛t ✜rst t❤❡ ❝❛♣❛❝✐t♦r ✐s ❝❤❛r❣❡❞ t❤❡ s♦✉r❝❡ ✈♦❧t❛❣❡ ♦❢ M1 ✐s ❤✐❣❤❡r t❤❛♥

t❤❡ ❣❛t❡ ✈♦❧t❛❣❡✱ ♠❛❦✐♥❣ Vgs1 < 0✳ ❖♥❡ ♦❢ t❤❡ ❝✉rr❡♥ts ♦♥ tr❛♥s✐st♦r M2 ✐s ❞✐s❝❤❛r❣✐♥❣ t❤❡

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

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

♦❢ M1 ✐s ❧♦✇❡r t❤❛♥ t❤❡ ✈♦❧t❛❣❡ ❛t t❤❡ ❣❛t❡✱ s♦ Vgs1 > 0✳ ❚❤❡ ❝✉rr❡♥t ✇✐❧❧ ♣❛ss t❤r♦✉❣❤ M1
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❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❛t t❤❡ ❣❛t❡ ♦❢ M2 ❜❡❝♦♠❡s Vdd −2RI✱ ♠♦✈✐♥❣ t❤❡ tr❛♥s✐st♦r t♦ t❤❡ ❝✉t✲♦✛

r❡❣✐♦♥✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✸✳✶✸❜✳ ❚❤❡ ♣r♦❝❡ss ❞❡s❝r✐❜❡❞ ✐s r❡♣❡❛t❡❞✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s

❝♦♥s✐❞❡r❡❞ ♥♦♥ ❧✐♥❡❛r✱ ❘❈ ♦s❝✐❧❧❛t♦r ❛r❡ ❦♥♦✇♥ ❛s r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦rs ✇❤❡♥ ✇♦r❦✐♥❣ ✐♥

t❤✐s ❜❡❤❛✈✐♦✉r✳ ■t ❤❛s ❜❡❡♥ ♣r♦✈❡❞ t❤❛t t❤❡② ❛❧s♦ ❤❛✈❡ ❛ q✉❛s✐ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✳

I

C

RR

I

2M1M

1V 2V

I

C

RR

I

2M1M

1V 2V

ddV
ddV

)(a )(b

❋✐❣✉r❡ ✸✳✶✸✿ ❘❡❧❛①❛t✐♦♥ ❖s❝✐❧❧❛t♦r ❇❛s✐❝ ❖♣❡r❛t✐♦♥✳

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

❡q✉❛❧ t♦ V1 −V2✱ ❛ss✉♠✐♥❣ t❤❡ ✜rst st❛t❡ ✐s ✜❣✉r❡ ✸✳✶✸❛ ❛♥❞ t❤❡ s❡❝♦♥❞ st❛t❡ ✜❣✉r❡ ✸✳✶✸❜✱

♦♥❡ ❝❛♥ ♦❜t❛✐♥ t❤❡ r❡s✉❧ts s❤♦✇♥ ♦♥ ✭✸✳✷✶✮✳ ❚❤✐s ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ t❤r❡s❤♦❧❞ ❧✐♠✐ts

❝❛✉s❡❞ ❜② t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r✳

Vout











Vdd − (Vdd − 2RI) = 2RI ✐❢ ✜rst st❛t❡

Vdd − 2RI − Vdd = −2RI ✐❢ s❡❝♦♥❞ st❛t❡.

✭✸✳✷✶✮

❚❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ♦♥ t❤❡ ❝❛♣❛❝✐t♦r ✈❛r✐❡s ❛❝❝♦r❞✐♥❣❧② t♦ t❤❡ ❝✉rr❡♥t t❤❛t ✢♦✇s t❤r♦✉❣❤

✐t✱ ♠❛❦✐♥❣ t❤❡ ✐♥t❡❣r❛t✐♦♥ ❝♦♥st❛♥t ✭kint✮ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❝✉rr❡♥t ❛♥❞ ❝❛♣❛❝✐t♦r ✈❛❧✉❡s✱

✭✸✳✷✷✮✱ t❤✐s ❝♦♥st❛♥t ✐♥✢✉❡♥❝❡s t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❛♥❞ ✐s ❡q✉✐✈❛❧❡♥t t♦ t❤❡ s❧♦♣❡

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

❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ tr✐❛♥❣✉❧❛r ✇❛✈❡✱ ❢r♦♠ ✭✸✳✷✶✮ ✇✐t❤ ✐ts ✈❛❧✉❡ ❜❡✐♥❣ ❣✐✈❡♥ ❜② 4RI✳ ❲✐t❤

❜♦t❤ t❤✐s ❡❧❡♠❡♥ts ✇❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ❢r❡q✉❡♥❝②✱ ✭✸✳✷✸✮✳
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kint =
I

C
✭✸✳✷✷✮

f0 =
I

2C(4RI)
=

1

8RC
✭✸✳✷✸✮

❚r❛♥s✐st♦rs M1 ❛♥❞ M2 ❞♦♥✬t s✇✐t❝❤ ❜❡t✇❡❡♥ t❤❡ ❝✉t✲♦✛ r❡❣✐♦♥ ❛♥❞ t❤❡ s❛t✉r❛t✐♦♥

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

r❡❣✐♦♥✮✱ ✇❤✐❝❤ ✐s ♦♥❡ ♦❢ t❤❡ ♥♦✐s❡ s♦✉r❝❡s ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❆t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s✱ r❡❞✉❝❡❞ ❈

✈❛❧✉❡✱ t❤❡ tr❛♥s✐st♦r ♣❛r❛s✐t✐❝s ✇✐❧❧ ✐♥✢✉❡♥❝❡ t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r ✐♥♣✉t ✐♠♣❡❞❛♥❝❡✳ ■♥st❡❛❞

♦❢ ❤❛✈✐♥❣ ❥✉st ❛ r❡❛❧ ♣❛rt t❤❡r❡ ✐s ❛❧s♦ ❛ ♣♦s✐t✐✈❡ ✐♠❛❣✐♥❛r② ❡q✉✐✈❛❧❡♥t t♦ ❛ ✐♥❞✉❝t♦r✳ ❚❤❡

✐♠❛❣✐♥❛r② ♣❛rt ✐s t❤❡♥ ❝❛♥❝❡❧❡❞ ❜② t❤❡ ❝❛♣❛❝✐t♦r ✐♠♣❡❞❛♥❝❡✱ ♠❛❦✐♥❣ t❤❡ ♦s❝✐❧❧❛t♦r ❤❛✈❡ ❛

q✉❛s✐ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ ❬✷❪✱ ✇❤❡r❡ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥s ❛♣♣❧②✳ ❲✐t❤ t❤✐s ❜❡❤❛✈✐♦✉r

✐♥st❡❛❞ ♦❢ ❤❛✈✐♥❣ ❛ sq✉❛r❡ ✇❛✈❡ ❛t t❤❡ ♦✉t♣✉t ✭r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r✮ t❤❡ ♦s❝✐❧❧❛t♦r ✇✐❧❧

❤❛✈❡ ❛ s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧✳

✸✳✹✳✶ ❙✐♥✉s♦✐❞❛❧ ❛♥❞ ❘❡❧❛①❛t✐♦♥ ❜❡❤❛✈✐♦✉r

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

✐♥ ✜❣✉r❡ ✸✳✶✹✳

R R

i

v

11 gsm vg
22 gsm vg

1gsc
2gsc1gsv 2gsv

❋✐❣✉r❡ ✸✳✶✹✿ ❙♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s ♦❢ ❛ ❘❈ ♦s❝✐❧❧❛t♦r✳
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zin =
(Cgss + G)

G

(gm1 + gm2)

gm1gm2

− 2

G
✭✸✳✷✹✮

❲❤❡r❡ G = 1/R✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❡q✉❛t✐♦♥ ✐s t❤❡ s✉♠ ♦❢ ✐♠♣❡❞❛♥❝❡s✱ ✭✸✳✷✺✮✳ ❙✉❜st✐✲

t✉t✐♥❣ ✭✸✳✷✹✮ ✐♥ ✭✸✳✷✺✮ ✇❡ ♦❜t❛✐♥ ✭✸✳✷✻✮

(

1

sC

)

+ zin = 0 ✭✸✳✷✺✮

s2 +
1

RCgs

(

1 − 2R
gm1gm2

gm1 + gm2

)

s +
gm1gm2

RCCgs(gm1gm2)
= 0 ✭✸✳✷✻✮

❲❤❡♥ t❤❡ ♦s❝✐❧❧❛t✐♦♥ st❛rts ✇❡ ❝❛♥ ❝♦♥s✐❞❡r t❤❛t t❤❡ ❝✉rr❡♥t ❞♦❡s ♥♦t ✢♦✇ ♠♦r❡ ✐♥ ♦♥❡

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

❛r❡ ❡q✉❛❧✱ ✭✸✳✷✼✮✳ ❚❤✐s ❛❧❧♦✇ ✉s t♦ r❡✇r✐t❡ ✭✸✳✷✺✮ ✐♥t♦ ✭✸✳✷✽✮✳

gm1 = gm2 = gm0 =

√

2Id

Kn
W
L

✭✸✳✷✼✮

s2 +
1

RCgs

(1 − Rgm0)s +
gm0

2RCCgs

= 0 ✭✸✳✷✽✮

❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ✇✐❧❧ st❛rt ✐❢ t❤❡ r♦♦ts ♦❢ ✭✸✳✷✽✮ ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ r✐❣❤t ❤❛❧❢ ♦❢ t❤❡ s

♣❧❛♥❡✱ ♠❡❛♥✐♥❣ gm0 > 1/R✳ ❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ✇✐❧❧ ❤❛✈❡ t❤❡ ❢r❡q✉❡♥❝② ✭✸✳✷✾✮✳

ω0 =

√

gm0

2RCCgs

✭✸✳✷✾✮

❚❤❡ r♦♦ts ♦❢ ✭✸✳✷✽✮ ❛r❡ ❡q✉❛❧ t♦ ✭✸✳✸✵✮✳ ■❢ ❝❛♣❛❝✐t♦r C ✈❛r✐❡s ❛♥❞ ❛❧❧ t❤❡ ♦t❤❡r ♣❛r❛♠❡t❡rs

❛r❡ ❝♦♥st❛♥t t❤❡ r♦♦ts ✇✐❧❧ ♠♦✈❡ ❜❡t✇❡❡♥ ♣❧❛♥❡s✳ ❋♦r s♠❛❧❧ ✈❛❧✉❡s ♦❢ C t❤❡② ❛r❡ ❝♦♠♣❧❡①✲

❝♦♥❥✉❣❛t❡✱ s♦ t❤❡ ♦s❝✐❧❧❛t♦r ✇✐❧❧ ❤❛✈❡ ❛ q✉❛s✐✲❧✐♥❡❛r ❜❡❤❛✈✐♦✉r ❛♥❞ s✐♥✉s♦✐❞❛❧ ♦✉t♣✉ts✳

❲❤❡♥ ✐♥❝r❡❛s✐♥❣ C t❤❡ ♣♦❧❡s st❛rt t♦ ❛rr✐✈❡ t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❛①✐s✱ t❤✐s ❤❛♣♣❡♥s ✇❤❡♥

t❤❡ sq✉❛r❡ r♦♦t ♦❢ ✭✸✳✸✵✮ ✐s ③❡r♦✱ ♠❛❦✐♥❣ C = (2Cgsgm0R)/(gm0R − 1)2 ❛t t❤✐s ✈❛❧✉❡
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t❤❡ ♦s❝✐❧❧❛t♦r st❛rts t♦ ❤❛✈❡ ❛ ♥♦♥ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✳ ❲✐t❤ ❢✉rt❤❡r ✐♥❝r❡❛s❡ ♦❢ C t❤❡

r♦♦ts ❛r❡ ♠♦✈✐♥❣ ❛❧♦♥❣ t❤❡ ♣♦s✐t✐✈❡ r❡❛❧ ❛①✐s ❛rr✐✈✐♥❣ t♦ t❤❡ ✜♥❛❧ ✈❛❧✉❡s ♦❢ s1 = 0 ❛♥❞

s2 = (Rgm0−1)/(RCgs)✳ ❚❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ♦♥❡ t②♣❡ ♦❢ ❜❡❤❛✈✐♦✉r t♦ ❛♥♦t❤❡r ✐s s♠♦♦t❤✱

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

st❛rt t♦ ❤❛✈❡ ❛ sq✉❛r❡ ✇❛✈❡❢♦r♠✱ ❥✉st ❧✐❦❡ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦rs✳

s1,2 =
gm0R − 1

2RCgs

±

√

(

gm0R − 1

2RCgs

)2

− gm0

2RCCgs

✭✸✳✸✵✮

❇❡❢♦r❡ ♠♦✈✐♥❣ ✐♥t♦ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ ✇❡ ♥❡❡❞ t♦ ❞♦ t❤❡ ❢♦❧❧♦✇✐♥❣

❛♣♣r♦①✐♠❛t✐♦♥✱ ✭✸✳✸✶✮✱ ✇❤❡r❡ i ✐s t❤❡ ❝❛♣❛❝✐t♦r ❝✉rr❡♥t✳ ❚❤❡♥✱ ✇❡ ❝❛♥ ✇r✐t❡ ❢♦r t❤✐s

❝✉rr❡♥t t❤❡ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ ✭✸✳✸✷✮✳ ■♥tr♦❞✉❝✐♥❣ t❤❡ ♥♦r♠❛❧✐③❡❞ ✈❛r✐❛❜❧❡ x = i/(
√

2I)

❛♥❞ ♥♦t❛t✐♦♥s δ0 = (Rgm0 − 1)/(2RCgs) ❛♥❞ δ2 = gm0/(2Cgs) t❤❡ ❡q✉❛t✐♦♥ ✐s r❡❞✉❝❡❞ t♦

✭✸✳✸✸✮✳

gm1gm2

gm1 + gm2

≈ gm0

2

[

1 −
(

i√
2I

)2
]

✭✸✳✸✶✮

d2

dt2
+

1

RCgs

(

1 − Rgm0

[

1 −
(

i√
2I

)2
])

d

dt
+ ω2

0i = 0 ✭✸✳✸✷✮

d2x

dt2
− 2(δ0 − δ2x

2)
dx

dt
+ ω2

0x = 0 ✭✸✳✸✸✮

❚❤❡ s♦❧✉t✐♦♥ t♦ ✭✸✳✸✸✮ ✐s ✭✸✳✸✹✮✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✈♦❧t❛❣❡ ❜❡t✇❡❡♥ t❤❡ ❞r❛✐♥ r❡s✐st♦r

✇✐❧❧ ❜❡ ✭✸✳✸✺✮✳

x = 2

√

δ0

δ2

sin f0t = 2

√

1 −
(

1

Rgm0

)

sin f0t ✭✸✳✸✹✮

Vdm = 4
√

2I

√

1 −
(

1

Rgm0

)

✭✸✳✸✺✮



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✺✸

✸✳✹✳✷ ❈♦✉♣❧❡❞ ❘❈ ♦s❝✐❧❧❛t♦rs

▲✐❦❡ ▲❈ ♦s❝✐❧❧❛t♦rs✱ t♦ ♦❜t❛✐♥ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts ✇❡ ♥❡❡❞ t♦ ❝♦♥♥❡❝t t✇♦ s②♠♠❡tr✐❝❛❧

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

✐❢ ✇❡ ✐♥❝r❡❛s❡ ✐ts ❣❛✐♥ t❤❡♥ ✇❡ ✇✐❧❧ ♦❜t❛✐♥ ❛ sq✉❛r❡ ✇❛✈❡ s✐❣♥❛❧ ❛t t❤❡ ♦✉t♣✉t✳ ❯♥❧✐❦❡ t❤❡

❙❝❤♠✐tt✲tr✐❣❣❡r t❤❛t ♦♥❧② ❝❤❛♥❣❡s ✇❤❡♥ ❛ t❤r❡s❤♦❧❞ ✐s r❡❛❝❤❡❞✱ t❤❡ s♦❢t✲❧✐♠✐t❡r s❛t✉r❛t❡s

✇❤❡♥ t❤❡ tr✐❛♥❣✉❧❛r ✇❛✈❡ ❣♦❡s ❛❜♦✈❡ ③❡r♦✳ ❚❤✐s ✇❛② ✇❡ ♦❜t❛✐♥ ❛ sq✉❛r❡ ✇❛✈❡ ✇✐t❤ ❛ ✾✵◦

❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ❙❝❤♠✐tt✲tr✐❣❣❡r ♦✉t♣✉t✳

❋✐❣✉r❡ ✸✳✶✺ s❤♦✇s ❛ ❤✐❣❤ ❧❡✈❡❧ ❜❧♦❝❦ ❞✐❛❣r❛♠ ♦❢ t❤❡ ❝♦✉♣❧❡❞ ❘❈ ♦s❝✐❧❧❛t♦r✳ ❚❤❡ ♦✉t♣✉t

♦❢ t❤❡ s♦❢t✲❧✐♠✐t❡r ✐s ✉s❡❞ t♦ s②♥❝❤r♦♥✐③❡ t❤❡ ♦t❤❡r ❘❈ ♦s❝✐❧❧❛t♦r✳ ■ts sq✉❛r❡ s✐❣♥❛❧ ✐s ❛❞❞❡❞

t♦ t❤❡ tr✐❛♥❣✉❧❛r ♦✉t♣✉t s✐❣♥❛❧ ♦❢ t❤❡ ♦t❤❡r ✐♥t❡❣r❛t♦r✱ t❤❡♥ t❤✐s ♥❡✇ s✐❣♥❛❧ ❣♦❡s t♦ t❤❡

❙❝❤♠✐tt✲tr✐❣❣❡r ❝r❡❛t✐♥❣ ❛ ❢❡❡❞❜❛❝❦ str✉❝t✉r❡✳ ❚❤✐s ✇❛② ❜♦t❤ ♦✉t♣✉ts ❤❛✈❡ ❛❧✇❛②s ❛ ✾✵◦

♣❤❛s❡ s❤✐❢t ❛♥❞ t❤❡ s❛♠❡ ❢r❡q✉❡♥❝②✳

❚❤❡ r❡s✉❧t✐♥❣ ✇❛✈❡ ♦❢ t❤❡ s✐❣♥❛❧ ❛❞❞✐t✐♦♥✱ ❛ss✉♠❡s ❛ ✐♠♣♦rt❛♥t ♣❛rt ♦♥ t❤❡ ♦✈❡r❛❧❧

♥♦✐s❡✳ ❚❤✐s s✐❣♥❛❧ ❛s ❛ st❡❡♣❡r s❧♦♣❡ ❛♥❞ ❞❡✜♥❡s ❡❛❝❤ ♦s❝✐❧❧❛t♦r st❛t❡ tr❛♥s✐t✐♦♥s✱ ✇❤✐❝❤

♠❡❛♥s t❤❡ s✇✐t❝❤✐♥❣ t✐♠❡s ❛r❡ ❧❡ss s❡♥s✐t✐✈❡ t♦ ♥♦✐s❡ ❬✶✵❪✳ ❆s ♠❡♥t✐♦♥❡❞✱ t❤❡ ❤✐❣❤❡r t❤❡

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

s❧♦♣❡✱ ♠❛❦✐♥❣ t❤❡ ♦s❝✐❧❧❛t♦r ❧❡ss s❡♥s✐t✐✈❡ t♦ ♥♦✐s❡✳

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

✸✳✶✻✳ ❚❤✐s ❝♦✉♣❧✐♥❣ ♠❡t❤♦❞ ❛s t❤❡ s❛♠❡ ❢❡❛t✉r❡s ❛s t❤❡ ♦♥❡ ♣r❡s❡♥t❡❞ ♦♥ t❤❡ ▲❈ ♦s❝✐❧❧❛t♦rs✱

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

❛t t❤❡ ❣❛t❡ ✈❛r✐❡s✱ t❤❡ ❝✉rr❡♥t ♦♥ t❤❡ ♦t❤❡r ♦s❝✐❧❧❛t♦r ❛❧s♦ ❝❤❛♥❣❡s✳ ❚♦ s❡❡ t❤❡ ❤♦✇ ✐t

✐♥✢✉❡♥❝❡s t❤❡ ♦✉t♣✉t ❛♠♣❧✐t✉❞❡✱ ❧❡ts ❛♥❛❧②s❡ ♦♥❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦rs ✇❤❡♥ tr❛♥s✐st♦r M1 ✐s

♦✛ ❛♥❞ M2 ✐s ♦♥✳ ❆s ✇❡ s❡❡♥ ❜❡❢♦r❡ t❤❡ M1 ✇♦✉❧❞ ❤❛✈❡ ❛ ✈♦❧t❛❣❡ ❡q✉❛❧ t♦ Vdd ❛♥❞ t❤❡ M2

❜r❛♥❝❤ Vdd − 4RI✱ ❜✉t ✐♥ ❛ ❝♦✉♣❧❡❞ ✈❡rs✐♦♥ t❤❡ ♦✉t♣✉ts ✇✐❧❧ ❜❡ ✭✸✳✸✻✮✱ ✇✐t❤ t❤❡ ❝✉rr❡♥t

isl1 ❧♦✇❡r t❤❛♥ isl2✳











v1 = Vdd − isl1R

v2 = Vdd − 2RI − isl2R

✭✸✳✸✻✮
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 intV

stV

 2intV

2stV

Integrator

Soft-Limiter Schmitt-trigger

❋✐❣✉r❡ ✸✳✶✺✿ ❍✐❣❤ ❧❡✈❡❧ ♠♦❞❡❧ ♦❢ q✉❛❞r❛t✉r❡ ❘❈ ♦s❝✐❧❧❛t♦r✳

ICI

1M
2M

1R

DD
V

1R

ICI

5M 6M

1R

DD
V

1R

cI2

8M7M

cI2

3M 4M

❋✐❣✉r❡ ✸✳✶✻✿ ◗✉❛❞r❛t✉r❡ ❘❈ ♦s❝✐❧❧❛t♦r ❝✐r❝✉✐t✳

❲❤❡♥ ❝♦✉♣❧✐♥❣ t✇♦ s②♠♠❡tr✐❝❛❧ ♦s❝✐❧❧❛t♦rs✱ ♦♥❡ ♦❢ t❤❡ ♥❡✇ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs ♠✉st ❜❡

❝r♦ss ❝♦✉♣❧❡❞ t♦ ❣✉❛r❛♥t❡❡ t❤❡ s②♥❝❤r♦♥✐③❛t✐♦♥ ♦❢ ❜♦t❤ ♦s❝✐❧❧❛t♦rs ❛♥❞✱ ✐❢ ✐♥ t❤❡ q✉❛s✐

❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ ♠❛✐♥t❛✐♥ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥s✳ ❈♦✉♣❧✐♥❣ ✇✐❧❧ ❛❧s♦ ✐♥tr♦❞✉❝❡ s♦♠❡



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✺✺

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

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

t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ❢r❡q✉❡♥❝② ✐s r❡❞✉❝❡❞✳

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

❋r♦♠ ✭✸✳✸✻✮ ✇❡ ❝❛♥ s❡❡ ❤♦✇ tr♦✉❜❧❡s♦♠❡ ✐t ✇✐❧❧ ❜❡❝♦♠❡ ❢♦r ✐♠♣❧❡♠❡♥t✐♥❣ ❝♦✉♣❧❡❞ ♦s❝✐❧❧❛✲

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

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

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

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

■♥ r❡❝❡♥t ②❡❛rs ❝♦✉♣❧❡❞ ❘❈ ♦s❝✐❧❧❛t♦rs ❤❛✈❡ ❜❡❝♦♠❡ t❤❡ s✉❜❥❡❝t ♦❢ ♠❛♥② st✉❞✐❡s✱ ❞✉❡

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

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

✐s t♦ ❛tt❛✐♥ ❛ s✐♥❣❧❡ ❝❤✐♣ tr❛♥s❝❡✐✈❡r✱ t❤✐s ♦s❝✐❧❧❛t♦r t②♣❡ ❝♦♠❜✐♥❡❞ ✇✐t❤ ❈▼❖❙ t❡❝❤♥♦❧♦❣②

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

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

❢r❡q✉❡♥❝②✳

✸✳✺ ❚✇♦✲■♥t❡❣r❛t♦r ❖s❝✐❧❧❛t♦r

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

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

♦✉t♣✉ts✳ ❆❧t❤♦✉❣❤ t❤❡ ♦♣❡r❛t✐♦♥ ✐s s✐♠✐❧❛r t♦ ❘❈ ♦s❝✐❧❧❛t♦rs t❤❡ str✉❝t✉r❡ ✐s ❞✐✛❡r❡♥t✱ t❤❡

❙❝❤♠✐tt✲tr✐❣❣❡r ✐s s✉❜st✐t✉t❡❞ ❜② ❛♥♦t❤❡r ✐♥t❡❣r❛t♦r✳

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

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

♦❢ t❤❡ s❡❝♦♥❞ st❛❣❡ ✐s ✐♥✈❡rt❡❞ ❛♥❞ ❢❡❞ ❜❛❝❦ t♦ t❤❡ ✜rst st❛❣❡✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✶✼✳

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

q✉❛s✐✲❧✐♥❡❛r ❬✶✵✱ ✷✼❪✳
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1

 1 2
1

G
2
G

❋✐❣✉r❡ ✸✳✶✼✿ ❍✐❣❤ ❧❡✈❡❧ st✉❞② ♦❢ t✇♦ ✐♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r✳

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

✭tr❛♥s✐st♦rs Tf ✮ ❛♥❞ ♣r♦❞✉❝❡s ❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✲✾✵◦✱ ❞✉❡ t♦ t❤❡ ❝❛♣❛❝✐t♦r ✐♠♣❡❞❛♥❝❡ 1

jωC
✳

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

s❤♦✇♥ ✐♥ ✜❣✉r❡ ✸✳✶✽ ♣r♦❞✉❝✐♥❣ ❛♥ ❡①tr❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✲✶✽✵◦✱ ✇❤✐❝❤ ❣✉❛r❛♥t❡❡s t❤❛t t❤❡

♦s❝✐❧❧❛t♦r ♦♥❧② ✇♦r❦s ✇✐t❤ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✳

rM

fM

levelI levelI

tuningI tuningI

ddV ddV

C C

1V 2V 3V 4V

RR R R

rM
rM rM

fM fM
fM

❋✐❣✉r❡ ✸✳✶✽✿ ❚✇♦ ✐♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r✳
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✸✳✺✳✶ ◆♦♥ ▲✐♥❡❛r ❜❡❤❛✈✐♦✉r

✸✳✺✳✶✳✶ ❍✐❣❤ ▲❡✈❡❧ ❙t✉❞②

❋♦r t❤❡ ♦s❝✐❧❧❛t♦r t♦ ❤❛✈❡ ❛ ♥♦♥ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ♠❛❞❡ ❜② tr❛♥s✐s✲

t♦rs Tr ♠✉st ❜❡ ✐♥ t❤❡ s❛t✉r❛t✐♦♥ r❡❣✐♦♥ ♦❢ ✜❣✉r❡ ✸✳✷✵✳ ❲❤❡♥ ✐♥❝r❡❛s✐♥❣ t❤❡ ❝✉rr❡♥t Ilevel✱

t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ gm = 2Id

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

t❤❡ ♦✉t♣✉ts ♠♦r❡ ❡❛s✐❧②✱ ✭✸✳✸✼✮✳ ■♥ t❤❡ s❛t✉r❛t✐♦♥ st❛t❡ t❤❡ ♦✉t♣✉t ✇✐❧❧ ❢♦r♠ ❛ sq✉❛r❡

✇❛✈❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐♥♣✉t s✐❣♥❛❧ ✭✐❢ ✐t ✐s ♣♦s✐t✐✈❡ ♦r ♥❡❣❛t✐✈❡✮✳ ❚❤❡♥ t❤❡

sq✉❛r❡ ✇❛✈❡ ✐s ✐♥t❡❣r❛t❡❞ r❡s✉❧t✐♥❣ ♦♥ ❛ tr✐❛♥❣✉❧❛r ✇❛✈❡✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s s✐♠✐❧❛r t♦ t❤❡

♦♥❡ s❡❡♥ ♦♥ ❛ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r✳

❚❤❡ ❧♦✇❡r ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ❞❡t❡r♠✐♥❡s ✐♥ ✇❤✐❝❤ ✇❛② t❤❡ ❝✉rr❡♥t ✢♦✇s t❤r♦✉❣❤ t❤❡

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

✇♦r❦✐♥❣ r❡❣✐♦♥s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s✐❣♥❛❧ ❛t t❤❡ ❣❛t❡✳ ■♥ t❤❡♦r② ❜♦t❤ tr❛♥s✐st♦r ✇♦r❦ ❛s

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

♦♥❡✳ ■♥ r❡❛❧✐t② ❜♦t❤ tr❛♥s✐st♦rs ❛r❡ ❝♦♥❞✉❝t✐♥❣✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✶✾✱ ❜✉t t❤❡r❡ ✐s ♠♦r❡

❝✉rr❡♥t ✐♥ ♦♥❡ ♦❢ t❤❡♠✳

❙✐♥❝❡ t❤❡ ❝✉rr❡♥t ✐s ❛❧✇❛②s ❝❤❛♥❣✐♥❣✱ t❤❡ ❝❛♣❛❝✐t♦r ✐s ❝❤❛r❣✐♥❣ ✐♥ ❞✐✛❡r❡♥t ❞✐r❡❝t✐♦♥s

r❡♣❡❛t❡❞❧② t❤✉s ❝r❡❛t✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✱ ❣✐✈❡♥ ❜② ✭✸✳✸✽✮✳ ❚❤❡ ✉♣♣❡r ❞✐✛❡r❡♥t✐❛❧

♣❛✐r ❤❛s t❤❡ s❛♠❡ ❜❡❤❛✈✐♦✉r ❞❡❧✐✈❡r✐♥❣ −Ilim ❛♥❞ Ilim ✇✐t❤ ❛ ✺✵ ✪ ❞✉t② ❝②❝❧❡✳ ■♥ t❤✐s

❝❛s❡ t❤❡ ♦s❝✐❧❧❛t♦r ❛♠♣❧✐t✉❞❡ ✐s ✭✸✳✸✾✮✳

Iout(Vin)



























Ilim = gmVlim ✐❢ Vin ≥ Vlim,

gmVin ✐❢ − Vlim < Vin < Vlim,

−Ilim = −gmVlim ✐❢ Vin ≤ −Vlim.

✭✸✳✸✼✮

ω0 =
Ituning

2CVout

✭✸✳✸✽✮

Vout = RIlevel ✭✸✳✸✾✮
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tuningI tuningI

ddV ddV

C C

1V 2V 3V 4V 

fM

R R R R

fM fM
fM

levelI levelI

rM
rM

rM rM

❋✐❣✉r❡ ✸✳✶✾✿ ❈✉rr❡♥t ✢♦✇✳

outI

inVlim
V

lim
I

lim
V

lim
I

lim
Vgm 

lim
Vgm 

❋✐❣✉r❡ ✸✳✷✵✿ ■❞❡❛❧ tr❛♥s❢❡r ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r✳

❲❤❡♥ t❤❡ ❝✉rr❡♥t Ilevel r❡❛❝❤❡s ❛ ❝❡rt❛✐♥ ✈❛❧✉❡✱ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢

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

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

✜❣✉r❡ ✸✳✷✶✳ ❚❤❡ ♦✉t♣✉ts ♦❢ ❡❛❝❤ ✐♥t❡❣r❛t♦r ❞❡t❡r♠✐♥❡s t❤❡ ✐♥♣✉t s✐❣♥❛❧ ♦❢ t❤❡ ♦t❤❡r

✐♥t❡❣r❛t♦r✳ ❏✉st ❧✐❦❡ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦rs t❤❡ ✇❛✈❡ ❢♦r♠s ❛r❡ r❡❝t❛♥❣✉❧❛r ❛t t❤❡ ❛♠♣❧✐✜❡r

♦✉t♣✉t ❛♥❞ tr✐❛♥❣✉❧❛r ❛t t❤❡ ✐♥t❡❣r❛t♦r ♦✉t♣✉t✳



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✺✾

1

 1 1 2 2

❋✐❣✉r❡ ✸✳✷✶✿ ❍✐❣❤ ▲❡✈❡❧ ♠♦❞❡❧ ❢♦r t❤❡ ❚✇♦✲■♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r ✇✐t❤ ♥♦♥ ❧✐♥❡❛r ❜❡✲

❤❛✈✐♦✉r✳

✸✳✺✳✷ ◗✉❛s✐ ▲✐♥❡❛r ❜❡❤❛✈✐♦✉r

✸✳✺✳✷✳✶ ❍✐❣❤ ▲❡✈❡❧ ❙t✉❞②

■♥ t❤❡ ♣r❡✈✐♦✉s ❜❡❤❛✈✐♦✉r t❤❡ ❛♠♣❧✐✜❡r ❣❡♥❡r❛t❡❞ ❛ sq✉❛r❡ ✇❛✈❡✱ ❛s ✇❡ ❛❧❧ ❦♥♦✇ t♦

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

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

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

■♥ t❤✐s ❜❡❤❛✈✐♦✉r ❜♦t❤ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs ✇♦r❦ ✐♥ t❤❡ ❧✐♥❡❛r r❡❣✐♦♥ ♦❢ ✜❣✉r❡ ✸✳✷✵✱

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

s♦❢t✲❧✐♠✐t❡r✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✸✳✷✷✳

1

 1 1 2 2

❋✐❣✉r❡ ✸✳✷✷✿ ❍✐❣❤ ▲❡✈❡❧ ♠♦❞❡❧ ❢♦r t❤❡ ❚✇♦✲■♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r ✇✐t❤ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✳

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

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

❝♦♠♣❡♥s❛t❡ t❤❛t✱ ✇❡ ✉s❡ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ♦❢ tr❛♥s✐st♦rs Mr ✭❬✶✵✱ ✷✼❪✮ ❢r♦♠ ✜❣✉r❡ ✸✳✶✾✱

❤✐s ❡q✉✐✈❛❧❡♥t ✐♠♣❡❞❛♥❝❡ ✐s ❣✐✈❡♥ ❜② ✭✸✳✹✵✮✱ t❤✐s ✈❛❧✉❡ ✐s ♦❜t❛✐♥❡❞ ❜② ❞♦✐♥❣ t❤❡ s♠❛❧❧ s✐❣♥❛❧

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

t❤❡♦r❡t✐❝❛❧❧②✱ ♦❜t❛✐♥ ♦♥❧② t❤❡ ✐♠❛❣✐♥❛r② ♣❛rt✳ ❚♦ ✐♥❝r❡❛s❡ t❤❡ gm t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ r❡❛❧

♣❛rt ✇❡ ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ ❝✉rr❡♥t Ilevel✳ ■❢ ✇❡ ♦✈❡r✲❝♦♠♣❡♥s❛t❡ t❤❡ ♦s❝✐❧❧❛t♦r ✇✐❧❧ ❤❛✈❡ ❛ ♥♦♥



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✻✵

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

♣❛✐r ❛✈♦✐❞s s❛t✉r❛t✐♦♥✳

rx =
vx

ix
= − 2

gm
✭✸✳✹✵✮

↓ ↓

2

xv

2

xv

2

gmvx
2

gmvx

x
i

x
v

❋✐❣✉r❡ ✸✳✷✸✿ ❙♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s ♦❢ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r✳

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

t♦ ❛ s❧♦♣❡ ❛s s❤♦✇♥ ♦♥ ✭✸✳✹✶✮✳ ❚❤❡ vgs ♦❢ tr❛♥s✐st♦r Tr ✐s ❛❧✇❛②s ❝❤❛♥❣✐♥❣ ❛♥❞ t❤❡r❡❢♦r❡

t❤❡ gm ❛❧s♦ ❝❤❛♥❣❡s✱ ❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✸✳✷✹✳ ❆s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡ t❤❡ r♦❧❡ ♦❢ t❤✐s tr❛♥s❝♦♥✲

❞✉❝t❛♥❝❡ ✐s t♦ ❝❛♥❝❡❧ t❤❡ r❡❛❧ ♣❛rt ❝❛✉s❡❞ ❜② t❤❡ r❡s✐st♦rs✱ s✐♥❝❡ t❤❡✐r ✈❛❧✉❡ ✐s ❛❧✇❛②s

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

♥♦✐s❡ s♦✉r❝❡ t❤❛t ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♣❤❛s❡ ♥♦✐s❡✱ s✐♥❝❡ ✐♥ r❡❛❧✐t② ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥

❛ ❝♦♥st❛♥t ❢r❡q✉❡♥❝② ❛t t❤❡ ♦✉t♣✉t✳

gm =
∂id
∂vgs

✭✸✳✹✶✮

❋✐❣✉r❡ ✸✳✷✺ r❡♣r❡s❡♥ts ❛ ♣r❛❝t✐❝❛❧ ❛♣♣r♦❛❝❤ ♦❢ t❤❡ t✇♦✲✐♥t❡❣r❛t♦r ✐♥ t❤❡ ❧✐♥❡❛r ♦♣❡r❛t✐♦♥✳

❘❡s✐st♦rs Req ♠♦❞❡❧ ❛❧❧ t❤❡ r❡s✐st♦rs ✐♥ ♦♥❡ st❛❣❡ ❛♥❞ ❛❧s♦ r❡♣r❡s❡♥ts ❛♥② ❧♦ss❡s ✐♥ t❤❡

❝✐r❝✉✐t✳
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di

gsv

❋✐❣✉r❡ ✸✳✷✹✿ ❙♠❛❧❧ s✐❣♥❛❧ ❛♥❛❧②s✐s ♦❢ tr❛♥s❝♦♥❞✉❝t❛♥❝❡✳

1

mfg

C C

mfg

eqR

eqmrg _

1

eqR

eqmrg _

1

❋✐❣✉r❡ ✸✳✷✺✿ ▲✐♥❡❛r ♠♦❞❡❧✳

❚❤✐s ❞✐✛❡r❡♥t✐❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❤❡❧♣s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ tr❛♥s❢❡r ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s②st❡♠✳

❆ss✉♠✐♥❣ t❤❛t t❤❡ r❡❛❧ ♣❛rt ✐s ❝❛♥❝❡❧❡❞ ✭✸✳✹✷✮✱ ✇❡ ❝❛♥ ♦❜t❛✐♥ t❤❡ ❧♦♦♣ ❣❛✐♥ ❡q✉❛t✐♦♥✱

✭✸✳✹✸✮✳ ■♥ ❬✷✼❪ ✐s ❣✐✈❡♥ ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❛♣♣r♦❛❝❤ ✇✐t❤♦✉t t❤❡ r❡s✐st♦r ❝❛♥❝❡❧❧❛t✐♦♥✳

1

gmreq

= R ✭✸✳✹✷✮

|H(jω)| =
g2

mf

ω2C2
✭✸✳✹✸✮

❚♦ ❣✉❛r❛♥t❡❡ ❛ st❛❜❧❡ ♦s❝✐❧❧❛t✐♦♥ ♦♥ q✉❛s✐ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ t❤❡ ♦s❝✐❧❧❛t♦r ♠✉st ❝♦♠♣❧②

t♦ ❜♦t❤ ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝r✐t❡r✐♦♥ ♠❡♥t✐♦♥❡❞ ❡❛r❧②✳ ❲❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ❞✐r❡❝t



❈❤❛♣t❡r ✸✳ ❖s❝✐❧❧❛t♦rs ✻✷

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

❜❡ ❡q✉❛❧ t♦ ❛ ♠✉❧t✐♣❧❡ ♦❢ ✸✻✵◦✱ ❊q✉❛t✐♦♥ ✸✳✺✳ ❊❛❝❤ ❝❛♣❛❝✐t♦r ❝r❡❛t❡s ❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✾✵◦✱

s✐♥❝❡ ✇❡ ❤❛✈❡ t✇♦✱ t❤❡ t♦t❛❧ ✇✐❧❧ ❜❡ ✶✽✵◦✱ t❤❡r❡ ✐s ❛❧s♦ ❛ s✐❣♥❛❧ ✐♥✈❡rs✐♦♥ ❜❧♦❝❦ t❤❛t ❛❞❞s

❛ ♣❤❛s❡ s❤✐❢t ♦❢ ✶✽✵◦✳ ❚❤✐s ❝♦♠♣❧✐❡s t♦ t❤❡ s❡❝♦♥❞ ❝♦♥❞✐t✐♦♥ ♦❢ t❤❡ ❝r✐t❡r✐♦♥✳

❚❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s ♦❜t❛✐♥❡❞ ❜② ❛♣♣❧②✐♥❣ t❤❡ ❇❛r❦❤❛✉s❡♥ ❝♦♥❞✐t✐♦♥✱✭✸✳✹✹✮✳

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

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

❝♦♥s❡q✉❡♥t❧② ❝❤❛♥❣❡s t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ tr❛♥s✐st♦r Tf ✳ ■❢ t❤❡ ❝❛♣❛❝✐t♦r ✈❛❧✉❡ ✐s

t♦♦ ❧♦✇✱ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t♦rs ♦❢ t❤❡ tr❛♥s✐st♦rs ✇✐❧❧ ✐♥✢✉❡♥❝❡ t❤❡ ❢r❡q✉❡♥❝②✱ ♠❛❦✐♥❣

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

ω =
gmf

C
✭✸✳✹✹✮

❆ss✉♠✐♥❣ t❤❛t t❤❡ ❝✉rr❡♥t ✐♥ t❤❡ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✐s ❡q✉❛❧ t♦ t❤❡ s♦✉r❝❡ ❝✉rr❡♥t t❤❡

♦s❝✐❧❧❛t♦r ❛♠♣❧✐t✉❞❡ ✐s ❣✐✈❡♥ ❜② ✭✸✳✹✺✮✳ ❲❤❡♥ ✇♦r❦✐♥❣ ✇✐t❤ ❛ ♥♦♥ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r ✇❡ ✇✐❧❧

❤❛✈❡ t❤❡ ♠❛①✐♠✉♠ ♦✉t♣✉t ❛♠♣❧✐t✉❞❡ ♣♦ss✐❜❧❡✳ ■♥ t❤❡ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r t❤❡ ❛♠♣❧✐t✉❞❡ ✐s

❧✐♠✐t❡❞ ❜② t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❛♠♣❧✐✜❡r✳ ❚♦ ❛❝❤✐❡✈❡ ❛ ♦♣t✐♠✉♠ ♣♦✐♥t✱ t❤❡ ❝✉rr❡♥t Ilevel ♠✉st

❜❡ ❝❧♦s❡ t♦ s❛t✉r❛t✐♦♥✱ ❬✷✼❪✳ ❇✉t t❤✐s ❜r✐♥❣s s♦♠❡ ❞✐s❛❞✈❛♥t❛❣❡s✱ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥

✐♥❝r❡❛s❡s ❛♥❞ t❤❡ ❋❖▼ ✇♦rs❡♥s ❛♥❞ t❤❡r❡ ✐s t❤❡ r✐s❦ ♦❢ ❡♥t❡r✐♥❣ t❤❡ ♥♦♥ ❧✐♥❡❛r r❡❣✐♦♥✳

Vout = RIlevel ✭✸✳✹✺✮



❈❤❛♣t❡r ✹

❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥

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

❝✉✐ts ❛♥❞ t❤❡✐r s✐♠✉❧❛t✐♦♥ r❡s✉❧ts✳ ❚❤❡ ✜rst t✇♦ ❛r❡ r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦rs ✐♠♣❧❡♠❡♥t❛t✐♦♥s

❛♥❞ t❤❡ ❧❛st ❝✐r❝✉✐t ✐s ❛ r✐♥❣ ♦s❝✐❧❧❛t♦r ✭❚✇♦✲■♥t❡❣r❛t♦r✮✳

❚❤❡ ✜rst ❝✐r❝✉✐t s❤♦✇s ❛ ✇✐❞❡❜❛♥❞ ▼❖❙ q✉❛❞r❛t✉r❡ ♦s❝✐❧❧❛t♦r ✇✐t❤ t✇♦ ❝♦✉♣❧❡❞ r❡❧❛①✲

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

❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞✳ ❲❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝❛♣❛❝✐t♦r ❛♥❞ ❝✉rr❡♥t

♠✐s♠❛t❝❤❡s ✐♥ q✉❛❞r❛t✉r❡ ❡rr♦rs✳ ■♥ t❤❡ ❧❛st ♣❛rt ✇❡ ✇✐❧❧ ❛♥❛❧②s❡ ❤♦✇ t❤❡ ♠✉❧t✐✈✐❜r❛t♦r

❧♦❝❦s ✇✐t❤ ❛ ❡①t❡r♥❛❧ s②♥❝❤r♦♥✐③✐♥❣ ❤❛r♠♦♥✐❝✳

❚❤❡ s❡❝♦♥❞ ❝✐r❝✉✐t ✐s ❛ s✐♠♣❧❡ ❘❈ ♦s❝✐❧❧❛t♦r ✇✐t❤ s♦♠❡ ❝✐r❝✉✐t ♠♦❞✐✜❝❛t✐♦♥s✱ ❜❛s❡❞ ♦♥

❦♥♦✇♥ t❡❝❤♥✐q✉❡s ❛♥❞ ❛ ♥❡✇ ♠❡t❤♦❞ ❢♦r r❡❞✉❝✐♥❣ t❤❡ ♣❤❛s❡ ♥♦✐s❡✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❡❛❝❤

t❡❝❤♥✐q✉❡ ✇✐❧❧ ❛❧s♦ ❜❡ ❞✐s❝✉ss❡❞✳

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

❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ ❞❡s✐❣♥ ♦❢ s♦♠❡ ❝♦♠♣♦♥❡♥ts ✐♥ ❈▼❖❙ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞✳ ❚❤❡ ❧❛②♦✉t ♦❢

t❤❡ ❝✐r❝✉✐t ✐♥ ❛ ✶✸✵ ♥♠ t❡❝❤♥♦❧♦❣② ✐s ❛❧s♦ ♣r❡s❡♥t❡❞✳

✻✸



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✹

✹✳✶ ❈▼❖❙ ❈✉rr❡♥t ❈♦♥tr♦❧❧❡❞ ◗✉❛❞r❛t✉r❡ ❖s❝✐❧❧❛t♦r

❚❤✐s ♦s❝✐❧❧❛t♦r ✐s ✐♥t❡♥❞❡❞ ❢♦r ✉s❡ ✐♥ t❤❡ ❲▼❚❙✱ ✇❤✐❝❤ ❡st❛❜❧✐s❤❡s ✇✐r❡❧❡ss ❝♦♠♠✉✲

♥✐❝❛t✐♦♥ ❜❡t✇❡❡♥ ❛♥ ❡①t❡r♥❛❧❧② ♠❡❞✐❝❛❧ ❞❡✈✐❝❡ ❛♥❞ ♦t❤❡r ❡q✉✐♣♠❡♥ts✳ ❚❤❡r❡ ❛r❡ t❤r❡❡

❢r❡q✉❡♥❝② ❜❛♥❞ ❛❧❧♦❝❛t❡❞ t♦ ❲▼❚❙✿ ✻✵✽ ✲ ✻✶✹ ▼❍③✱ ✶✸✾✺ ✲ ✶✹✵✵ ▼❍③ ❛♥❞ ✶✹✷✼ ✲ ✶✹✸✷

▼❍③✳

✹✳✶✳✶ ❙✐♥✉s♦✐❞❛❧ ❛♥❞ ❘❡❧❛①❛t✐♦♥ ❇❡❤❛✈✐♦✉r

❚❤❡ ❝✐r❝✉✐t ✐♥ ✜❣✉r❡ ✹✳✶ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝✐r❝✉✐ts s❤♦✇♥ ♦♥ ❬✸✱ ✹❪✱ ✇❤✐❝❤ ✇❛s ❦♥♦✇♥ ❢♦r

❤❛✈✐♥❣ ❛ r❡❧✐❛❜❧❡ ❛♥❞ st❛❜❧❡ ❜❡❤❛✈✐♦✉r✳ ❆s ♠❡♥t✐♦♥❡❞ ❡❛r❧②✱ ✇✐t❤ ▼❖❙ t❡❝❤♥♦❧♦❣② ❛♥❞

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

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

I

DD
V

C

R

I

D D

1M 2M

❋✐❣✉r❡ ✹✳✶✿ ❈✉rr❡♥t ❝♦♥tr♦❧❧❡❞ ♠✉❧t✐✈✐❜r❛t♦r✳

❆ss✉♠✐♥❣ t❤❛t t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❛♠♣❧✐t✉❞❡ ❞❡✈❡❧♦♣❡❞ ♦♥ t❤❡ r❡s✐st♦rs R ✐s s♠❛❧❧ t❤❛t t❤❡

❞✐♦❞❡s ❛r❡ t✉r♥❡❞ ♦✛✱ ♠❛❦✐♥❣ t❤❡ ❝✐r❝✉✐t ❡q✉❛❧ t♦ t❤❡ ❜❛s✐❝ ❘❈ ♦s❝✐❧❧❛t♦r✳ ❚❤❡♥✱ t❤❡

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



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✺

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

❞✐♦❞❡s✳ ❚❤❡ ❢r❡q✉❡♥❝② ♠❛② ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ❜② ✭✹✳✶✮✱ ✇❤❡r❡ VON ≈✵✳✺ ❱ ✭▼❖❙ ❞✐♦❞❡s✮

✐s t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ♦♥ t❤❡ ❞✐♦❞❡✲❝♦♥♥❡❝t❡❞ tr❛♥s✐st♦rs✳

f0 =
I

4VONC
✭✹✳✶✮

❉✉❡ t♦ t❤❡ tr❛♥s✐t✐♦♥s ❜❡t✇❡❡♥ ❜❡❤❛✈✐♦rs ❛♥❞ t✇♦ ❝♦♠♣❧❡♠❡♥t❛r② ❛♠♣❧✐t✉❞❡ st❛❜✐❧✐③❛✲

t✐♦♥ ♠❡❝❤❛♥✐s♠s t❤❡ ❢r❡q✉❡♥❝② t✉♥♥✐♥❣ r❛♥❣❡ ♦❢ s✉❝❤ ♦s❝✐❧❧❛t♦rs ♠❛② ❜❡ ✈❡r② ✇✐❞❡✳ ■t ❝❛♥

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

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

❢r❡q✉❡♥❝② ✇✐❧❧ ❜❡❝♦♠❡ ✭✹✳✷✮✳

ICI

D D
2R

1R

DD
V

B 1B

1E

1A

E

A

2R

1R

1M 2M

❋✐❣✉r❡ ✹✳✷✿ ▼♦❞✐✜❡❞ ❝♦♥tr♦❧❧❡❞ ♠✉❧t✐✈✐❜r❛t♦r✳

f0 ≈
I

4VON
R1

R1+R2

C
✭✹✳✷✮

❆s ♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r t♦ ♦❜t❛✐♥ ❛ q✉❛❞r❛t✉r❡ ♦✉t♣✉t ✇❡ ♥❡❡❞ t✇♦ ♥❡✇ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐rs✳

t❤❡ ✐♥♣✉ts s❤♦✉❧❞ ❜❡ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❝❛♣❛❝✐t♦r t❡r♠✐♥❛❧s ✭A ❛♥❞ A1✮✳ ❚❤❡✐r ♦✉t♣✉ts ❝❛♥

❜❡ ❝♦♥♥❡❝t❡❞ t♦ ❡✐t❤❡r ♥♦❞❡s B ❛♥❞ B1 ♦r E ❛♥❞ E1✳ ❚❤❡ ❝✉rr❡♥t s♦✉r❝❡ Ic ✐♥❥❡❝t❡❞ ❛t

♥♦❞❡ B ✇✐❧❧ ♣r♦❞✉❝❡ ❛ ✈♦❧t❛❣❡ Vb ❣✐✈❡♥ ❜② ✭✹✳✸✮✳ ❆ss✉♠✐♥❣ t❤❛t rd << R2✱ ✇❤❡r❡ rd ✐s



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✻

t❤❡ ❞✐♦❞❡ ❞②♥❛♠✐❝ r❡s✐st❛♥❝❡✳ ■❢ Ic ✐s ✐♥❥❡❝t❡❞ ❛t ♥♦❞❡ ❊ t❤❡♥ Vb ✇✐❧❧ ❜❡ r❡❞✉❝❡❞ t♦ ✭✹✳✹✮✱

❛ss✉♠✐♥❣ t❤❛t rd << R1 + R2✳

Vb ≈
IcR1R2

R1 + R2

✭✹✳✸✮

Vb ≈
IcR1rd

R1 + R2

✭✹✳✹✮

❲❤❡♥ t❤❡ ❝♦✉♣❧✐♥❣ ✐s ♠❛❞❡ ❛t ♥♦❞❡s E ❛♥❞ E1 ✐t ✐s ❝❛❧❧❡❞ ✧s♦❢t ❝♦✉♣❧✐♥❣✧✱ ✇❤❡♥

❝♦♥♥❡❝t❡❞ t♦ ♥♦❞❡s B ❛♥❞ B1 ✐t ✐s ❝❛❧❧❡❞ ✧❤❛r❞ ❝♦✉♣❧✐♥❣✧✳ ■❢ R1 + R2 ✐s ❝♦♥st❛♥t t❤❡

♠❛①✐♠✉♠ ❝♦✉♣❧✐♥❣ ✐s ❛❝❤✐❡✈❡❞ ❢♦r R1 ≈ R2✳

❋✐❣✉r❡ ✹✳✸ s❤♦✇s t❤❡ ❝♦✉♣❧❡❞ ❝✐r❝✉✐t✱ ✐♥ t❤✐s ❝❛s❡ t❤❡ ❤❛r❞ ❝♦✉♣❧✐♥❣ ❝❛s❡✳ ❚❤❡ ❝♦✉♣❧✐♥❣

❝✉rr❡♥t ❝❤❛♥❣❡s t❤❡ ❣❛t❡ ✈♦❧t❛❣❡s ♦❢ M1 ❛♥❞ M2✳ ■❢ t❤❡ ❝✉rr❡♥t ✐s ❧♦✇ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤

t❤❡ t✉♥♥✐♥❣ ❝✉rr❡♥t✱ ✐ts ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ✐s ✈❡r② ✇❡❛❦✳ ❍♦✇❡✈❡r✱

t❤✐s ❝✉rr❡♥t ✐s ❛❜❧❡ t♦ ❝❤❛♥❣❡ t❤❡ s✇✐t❝❤✐♥❣ t✐♠❡ ♦❢ tr❛♥s✐st♦rs M1 ❛♥❞ M2 ❧❡❛❞✐♥❣ t♦

s②♥❝❤r♦♥♦✉s ♦s❝✐❧❧❛t✐♦♥s ♦❢ ❜♦t❤ ♠✉❧t✐✈✐❜r❛t♦rs✳ ❚❤✐s ♠✐♥✐♠✐③❡s t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♥♦✐s❡

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

s②♥❝❤r♦♥♦✉s ❢r❡q✉❡♥❝② ✐s ❛♣♣r♦①✐♠❛t❡❧② ❣✐✈❡♥ ❜② ✭✹✳✷✮✳

✹✳✶✳✷ ❙✐♠✉❧❛t✐♦♥ ❘❡s✉❧ts

❚❤❡ ❝✐r❝✉✐t s❤♦✇♥ ✐♥ ✜❣✉r❡ ✹✳✸ ✐s s✐♠✉❧❛t❡❞ ✐♥ ❈❛❞❡♥❝❡ ❙♣❡❝tr❡ ❘❋ ✉s✐♥❣ ✶✸✵ ♥♠ ▼❖❙

t❡❝❤♥♦❧♦❣②✳ ❚❤❡ tr❛♥s✐st♦rs ❛♥❞ r❡s✐st♦rs s✐③✐♥❣ ❛r❡ ❡q✉❛❧ ❢♦r ❛❧❧ ❜❛♥❞s ♠❡♥t✐♦♥❡❞ ❡❛r❧✐❡r✱

❛s ✇❡❧❧ ❛s t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡ ✭✶✳✷ ❱✮✳ ❲❡ ❝♦✉❧❞ ♥♦t ❝♦✈❡r t❤❡ ✇❤♦❧❡ ❲▼❚❙ ❜❛♥❞ ✇✐t❤ t❤❡

✐♠♣❧❡♠❡♥t❡❞ ❝✐r❝✉✐t ❜❡❝❛✉s❡ ✇❤❡♥ ✐♥❝r❡❛s✐♥❣ t❤❡ t✉♥♥✐♥❣ ❝✉rr❡♥t I ✇❡ ❛r❡ r❡❞✉❝✐♥❣ t❤❡

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

❜② s✇✐t❝❤✮ ✇♦✉❧❞ ♠❛❦❡ ✐t ♣♦ss✐❜❧❡✳ ❲❡ ❡st❛❜❧✐s❤ ❛ ♠✐♥✐♠✉♠ ♦❢ ✶✵✵ ♠❱ ❛t t❤❡ ❝✉rr❡♥t

s♦✉r❝❡ ❢♦r ❛ ♣♦ss✐❜❧❡ ❝✉rr❡♥t ♠✐rr♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥✳ ❋♦r t❤❡ ❧♦✇❡r ❜❛♥❞ ✭✻✵✽ ✲ ✻✶✹ ▼❍③✮

t❤❡ ❝❛♣❛❝✐t♦r ✐s C❂✶✳✽ ♣❋✱ ❢♦r t❤❡ ❤✐❣❤❡r ❜❛♥❞ ✭✶✸✾✺ ✲ ✶✹✵✵ ▼❍③ ❛♥❞ ✶✹✷✼ ✲ ✶✹✸✷ ▼❍③✮

✐s C❂✹✵✵ ❢❋✳ ❖t❤❡r ✈❛❧✉❡s ❛r❡ ❛s ❢♦❧❧♦✇s✿ R1❂R2❂R❂✷✺✵ Ω✱ tr❛♥s✐st♦rs M1✱ M2✱ M5 ❛♥❞



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✼
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❋✐❣✉r❡ ✹✳✸✿ ◗✉❛❞r❛t✉r❡ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦r ✇✐t❤ ✧❤❛r❞✧ ❝♦✉♣❧✐♥❣✳

M6 ❤❛✈❡ ❲❂✽✵ ➭♠ ❛♥❞ L❂✸✵✵ ♥♠❀ M3✱ M4✱ M7 ❛♥❞ M8 ❤❛✈❡ W❂✶✵✵ ➭♠ ❛♥❞ L❂✸✵✵ ♥♠✳

❚❤❡ ❝♦✉♣❧✐♥❣ ❝✉rr❡♥t Ic ✐s ❡q✉❛❧ t♦ ✵✳✺ ♠❆✳ ❉✐♦❞❡s D ✇❡r❡ ♠❛❞❡ ✉s✐♥❣ P▼❖❙ tr❛♥s✐st♦rs

✐♥st❡❛❞ ♦❢ ◆▼❖❙✱ ❜❡❝❛✉s❡ ♦❢ t❤❡✐r t❡♠♣❡r❛t✉r❡ ❝❤❛r❛❝t❡r✐st✐❝s✱ ❬✼❪✳

❋✐❣✉r❡s ✹✳✹ ❛♥❞ ✹✳✺ ❛r❡ ♦❜t❛✐♥❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ t✉♥✐♥❣ ❝✉rr❡♥t ✭I✮ ❛♥❞ t❤❡ ❝❛♣❛❝✐t♦r✳

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

■♥ ✜❣✉r❡ ✹✳✹ t❤❡ ❣r❛♣❤✐❝ ❤❛s ❛ ❛❧♠♦st ❧✐♥❡❛r ❝❤❛r❛❝t❡r✐st✐❝✱ ❛❢t❡r t❤❡ t✉♥♥✐♥❣ ❝✉rr❡♥t

✭I✮ r❡❛❝❤ ❛ ✈❛❧✉❡ ♦❢ ✵✳✺ ♠❆✱ ✇❤✐❝❤ ✐s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦✉♣❧✐♥❣ ❝✉rr❡♥t ✭Ic✮✳ ■❢ t❤❡

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

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

♦s❝✐❧❧❛t✐♦♥ ♣❡r✐♦❞✳ ❋✐❣✉r❡ ✹✳✺ ✐s ♦❜t❛✐♥❡❞ ❜② r❡❞✉❝✐♥❣ t❤❡ ❝❛♣❛❝✐t♦r ✈❛❧✉❡ t♦ C❂✹✵✵ ❢❋✱

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

❆❧t❤♦✉❣❤ ♦♥❡ ❝♦✉❧❞ ❡①♣❡❝t ❛ sq✉❛r❡ ✇❛✈❡ ❛t t❤❡ ♦✉t♣✉t✱ ❛t ❧❡❛st ❢♦r t❤❡ ❧♦✇❡r ❢r❡q✉❡♥❝②✱

t❤❛t ❞♦❡s ♥♦t ❤❛♣♣❡♥✱ ❛s s❡❡♥ ♦♥ ✜❣✉r❡s ✹✳✻ ❛♥❞ ✹✳✼✱ ❞✉❡ t♦ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t♦rs ♦❢ t❤❡



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✽

❋✐❣✉r❡ ✹✳✹✿ ❚✉♥✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ❢♦r ✷Ic❂✵✳✺ ♠❆ ✇✐t❤ C❂✶✳✽ ♣❋✳

❋✐❣✉r❡ ✹✳✺✿ ❚✉♥✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝ ❢♦r ✷Ic❂✵✳✺ ♠❆ ✇✐t❤ C❂✹✵✵ ❢❋✳

tr❛♥s✐st♦rs t❤❛t ✜❧t❡r ❤✐❣❤❡r ❤❛r♠♦♥✐❝s ❛♥❞ ❛❧s♦ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✐♦❞❡s✳ ❋♦r ✶✳✹ ●❍③✱ ✇✐t❤

✧s♦❢t✧ ❝♦✉♣❧✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥s st♦♣♣❡❞ ❞✉❡ t♦ t❤❡ ✈♦❧t❛❣❡ ❛t ♣♦✐♥ts ❊ ✐♥ ✜❣✉r❡ ✹✳✸✱ ❝❛✉s✐♥❣

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

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

❚❤❡ ♦s❝✐❧❧❛t♦r ♣❤❛s❡✲♥♦✐s❡ ❢♦r t❤❡ ✻✵✵ ▼❍③ ✐s ✲✶✶✾✳✺ ❞❇❝✴❍③❅✶✵ ▼❍③ ♦✛s❡t ❢♦r ✧s♦❢t✧

❝♦✉♣❧✐♥❣ ❛♥❞ ✲✶✷✶✳✻ ❞❇❝✴❍③ ❅ ✶✵ ▼❍③ ♦✛s❡t ❢♦r ✧❤❛r❞✧ ❝♦✉♣❧✐♥❣✳ ❆t ✶✳✹ ●❍③ t❤❡ ♣❤❛s❡

♥♦✐s❡ ✐s ✲✶✶✹✳✷ ❞❇❝✴❍③❅✶✵ ▼❍③ ♦✛s❡t ❢♦r ✧s♦❢t✧ ❝♦✉♣❧✐♥❣ ❛♥❞ ✲✶✶✼✳✻ ❞❇❝✴❍③❅✶✵ ▼❍③



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✻✾

❋✐❣✉r❡ ✹✳✻✿ ❖✉t♣✉t ✇❛✈❡❢♦r♠s ✭✻✵✵ ▼❍③✮✳

❋✐❣✉r❡ ✹✳✼✿ ❖✉t♣✉t ✇❛✈❡❢♦r♠s ✭✶✳✹ ●❍③✮✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✼✵

♦✛s❡t ❢♦r ✧❤❛r❞✧ ❝♦✉♣❧✐♥❣✳ ❲❡ ❝❛♥ ❝♦♥❝❧✉❞❡ t❤❛t t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✐s r❡❞✉❝❡❞ ❢♦r ✧❤❛r❞✧

❝♦✉♣❧✐♥❣ ✐♥ ❜♦t❤ ❜❛♥❞s ❛s s❡❡♥ ✐♥ ✜❣✉r❡s ✹✳✽ ❛♥❞ ✹✳✾✳

❋✐❣✉r❡ ✹✳✽✿ ❖s❝✐❧❧❛t♦r ♣❤❛s❡✲♥♦✐s❡ ✭✧❤❛r❞✧ ❝♦✉♣❧✐♥❣✲✻✵✵ ▼❍③✮✳

❲❡ ❛❧s♦ ❞✐❞ s✐♠✉❧❛t✐♦♥s ❢♦r ♠✐s♠❛t❝❤❡s ❜❡t✇❡❡♥ t❤❡ ❝♦✉♣❧❡❞ ♦s❝✐❧❧❛t♦rs✳ ❚❛❜❧❡ ✹✳✶ ❛♥❞

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

❚❤❡r❡ ✐s ♥♦ ♦s❝✐❧❧❛t✐♦♥ ❢♦r ❧♦✇ ✈❛❧✉❡s ♦❢ ✧s♦❢t✧ ❝♦✉♣❧✐♥❣ ❝✉rr❡♥t ❛t ✶✳✹ ●❍③✳ ❚❤❡ ✧❤❛r❞✧

❝♦✉♣❧✐♥❣ ♦✛❡rs ❛ ❧♦✇❡r ♣❤❛s❡ ❡rr♦r ✭❛❜♦✉t ✶◦✮ ❛♥❞ ❛ s♠❛❧❧ ❢r❡q✉❡♥❝② s❤✐❢t ✐♥ t❤❡ ❧♦✇❡r

❜❛♥❞✳

❆ ❧❛r❣❡r ♠✐s♠❛t❝❤ r❡q✉✐r❡s ❛ ❧❛r❣❡r ❝♦✉♣❧✐♥❣ ❝✉rr❡♥t ❢♦r t❤❡ ♦s❝✐❧❧❛t♦r t♦ s②♥❝❤r♦♥✐③❡✱

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

❝✉rr❡♥ts ❛r❡ ♠✐s♠❛t❝❤❡❞✱ ❛s s❤♦✇♥ ♦♥ ❚❛❜❧❡ ✹✳✸ ❛♥❞ ❚❛❜❧❡ ✹✳✹✳

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

q✉❛❞r❛t✉r❡ ❡rr♦r ❛♥❞ ❛❧❧♦✇s ❤✐❣❤❡r ❝♦✉♣❧✐♥❣ ❝✉rr❡♥ts ✇✐t❤♦✉t st♦♣♣✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥s✱

❜❡❝❛✉s❡ t❤❡ ❢r❡q✉❡♥❝② s❤✐❢t ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ❝✉rr❡♥t✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✼✶

❋✐❣✉r❡ ✹✳✾✿ ❖s❝✐❧❧❛t♦r ♣❤❛s❡✲♥♦✐s❡ ✭✧❤❛r❞✧ ❝♦✉♣❧✐♥❣✲✶✳✹ ●❍③✮✳

❙♦❢t ❝♦✉♣❧✐♥❣ ❍❛r❞ ❝♦✉♣❧✐♥❣

2Ic ∆f P❤❛s❡ ∆f P❤❛s❡
✭µA✮ ✭MHz✮ ❡rr♦r ✭◦✮ ✭MHz✮ ❡rr♦r ✭◦✮
✵✳✶ ✺✸✳✽✺ ✶✵✳✷✽ ✶✷✳✷✼ ✼✳✾✺
✵✳✷ ✹✺✳✷✶ ✺✳✶✾ ✶✷✳✹✾ ✹✳✷✷
✵✳✸ ✸✹✳✸✺ ✸✳✷✸ ✶✶✳✻✷ ✷✳✾✼
✵✳✹ ✷✶✳✾✸ ✷✳✸✽ ✶✵✳✹✹ ✷✳✶✺
✵✳✺ ✽✳✷✷ ✶✳✾✶ ✽✳✾✺ ✶✳✻✻
✵✳✻ ✻✳✻✹ ✶✳✻✷ ✼✳✹✹ ✶✳✻✶
✵✳✼ ✷✷✳✷✹ ✶✳✸✸ ✺✳✾✷ ✶✳✸✾
✵✳✽ ✸✽✳✹✸ ✵✳✾✾ ✹✳✹✶ ✶✳✶✼
✵✳✾ ✺✹✳✽✷ ✵✳✾✺ ✷✳✼✻ ✵✳✾✺

❚❛❜❧❡ ✹✳✶✿ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ ❝❛♣❛❝✐t❛♥❝❡s ✭✻✵✵ ▼❍③✮✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✼✷

❙♦❢t ❝♦✉♣❧✐♥❣ ❍❛r❞ ❝♦✉♣❧✐♥❣

2Ic ∆f P❤❛s❡ ∆f P❤❛s❡
✭µA✮ ✭MHz✮ ❡rr♦r ✭◦✮ ✭MHz✮ ❡rr♦r ✭◦✮
✵✳✶ ◆♦ ❖s❝✐❧❧❛t✐♦♥ ✼✶✳✽✻ ✶✳✹✺
✵✳✷ ◆♦ ❖s❝✐❧❧❛t✐♦♥ ✺✾✳✹✾ ✶✳✺✾
✵✳✸ ✷✺✳✶✾ ✵✳✾✷ ✹✻✳✷✽ ✶✳✵✾
✵✳✹ ✷✵✳✽✼ ✵✳✽✻ ✸✷✳✶✷ ✵✳✼✻
✵✳✺ ✶✸✳✹✸ ✵✳✽✹ ✶✼✳✸✸ ✵✳✺✼
✵✳✻ ✸✳✺✻ ✵✳✾✸ ✷✳✸✸ ✵✳✹
✵✳✼ ✽✳✶✻ ✶✳✵✷ ✶✷✳✺✹ ✵✳✸✹
✵✳✽ ✷✶✳✵✸ ✶✳✵✾ ✷✻✳✾✻ ✵✳✸✸
✵✳✾ ✸✹✳✺✶ ✶✳✷ ✹✵✳✼✹ ✵✳✷✾

❚❛❜❧❡ ✹✳✷✿ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ ❝❛♣❛❝✐t❛♥❝❡s ✭✶✳✹ ●❍③✮✳

❙♦❢t ❝♦✉♣❧✐♥❣ ❍❛r❞ ❝♦✉♣❧✐♥❣

2Ic ∆f P❤❛s❡ ∆f P❤❛s❡
✭µA✮ ✭MHz✮ ❡rr♦r ✭◦✮ ✭MHz✮ ❡rr♦r ✭◦✮
✵✳✶ ✸✻✳✸✹ ✶✵✳✽✷ ✺✳✽✶ ✼✳✽✻
✵✳✷ ✷✼✳✾✻ ✺✳✹✼ ✺✳✾✹ ✹✳✵✸
✵✳✸ ✶✻✳✼✼ ✸✳✻✺ ✺✳✹✻ ✸✳✸✺
✵✳✹ ✹✳✹✶ ✷✳✼✶ ✽✳✻✾ ✷✳✵✾
✵✳✺ ✾✳✷✾ ✷✳✷✶ ✶✵✳✹✾ ✶✳✼✹
✵✳✻ ✷✹✳✶✸ ✶✳✽✽ ✶✷✳✶✼ ✶✳✹✸
✵✳✼ ✸✾✳✻✻ ✶✳✼✶ ✶✹✳✵✸ ✶✳✷
✵✳✽ ✺✺✳✽✺ ✶✳✹✼ ✶✺✳✻✸ ✶✳✵✺
✵✳✾ ✼✷✳✵✹ ✶✳✺✷ ✶✼✳✸✸ ✵✳✾✻

❚❛❜❧❡ ✹✳✸✿ ❊✛❡❝t ♦❢ 5% ♠✐s♠❛t❝❤❡s ✐♥ t✉♥✐♥❣ ❝✉rr❡♥ts ✭600 MHz✮✳

✹✳✶✳✸ ❋r❡q✉❡♥❝② ▲♦❝❦✐♥❣

❲❡ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞ ❢r❡q✉❡♥❝② ❧♦❝❦✐♥❣ ✇❤❡♥ ❛ ❡①t❡r♥❛❧ ❝✉rr❡♥t s♦✉r❝❡ ✐s ❛♣♣❧✐❡❞ ❜❡✲

t✇❡❡♥ ♥♦❞❡s B ❛♥❞ B1✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✶✵✳ ❆ s✐♥❣❧❡ ♦s❝✐❧❧❛t♦r ❛t ✻✵✵ ▼❍③ ❝❛♥ ❜❡

s②♥❝❤r♦♥✐③❡❞ ❜② ❛ ❝✉rr❡♥t s♦✉r❝❡ ✇✐t❤ ❛♥ ❛♠♣❧✐t✉❞❡ ♦❢ ✶✵✵ ➭❆✱ ❛s s❡❡♥ ♦♥ ✜❣✉r❡ ✹✳✶✶✳

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

♦♥❧② ♣♦ss✐❜❧❡ ❢♦r t❤♦s❡ ❤❛r♠♦♥✐❝s✳

■t ✐s ♣♦ss✐❜❧❡ t♦ ❧♦❝❦ t❤❡ ♦s❝✐❧❧❛t♦r ✉♣ t♦ t❤❡ ✶✶th s✉❜✲❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝②✱ ❛s s❤♦✇♥



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✼✸

❙♦❢t ❝♦✉♣❧✐♥❣ ❍❛r❞ ❝♦✉♣❧✐♥❣

2Ic ∆f P❤❛s❡ ∆f P❤❛s❡
✭µA✮ ✭MHz✮ ❡rr♦r ✭◦✮ ✭MHz✮ ❡rr♦r ✭◦✮
✵✳✶ ◆♦ ❖s❝✐❧❧❛t✐♦♥ ◆♦ ❖s❝✐❧❧❛t✐♦♥
✵✳✷ ◆♦ ❖s❝✐❧❧❛t✐♦♥ ✷✻✳✾✶ ✹✳✻
✵✳✸ ✻✳✶✺ ✸✳✽✼ ✶✸✳✶ ✸✳✸✾
✵✳✹ ✾✳✹✶ ✸✳✵✶ ✶✳✾ ✷✳✼✸
✵✳✺ ✶✻✳✷✹ ✷✳✺✽ ✶✼✳✻✷ ✷✳✸
✵✳✻ ✷✺✳✺✶ ✷✳✸✹ ✸✸✳✺✽ ✷✳✵✶
✵✳✼ ✸✻✳✹✾ ✷✳✵✽ ✹✾✳✸✺ ✶✳✽✶
✵✳✽ ✹✽✳✻✶ ✶✳✾✹ ✻✹✳✼✻ ✶✳✺✼
✵✳✾ ✻✶✳✷✸ ✶✳✾✺ ✼✾✳✻ ✶✳✹✺

❚❛❜❧❡ ✹✳✹✿ ❊✛❡❝t ♦❢ ✺% ♠✐s♠❛t❝❤❡s ✐♥ t✉♥✐♥❣ ❝✉rr❡♥ts ✭✶✳✹ ●❍③✮✳

ICI

D D

1M
2M

2R

1R

B 1B

1E

1A

E

A

2R

1R
lockI

DD
V

❋✐❣✉r❡ ✹✳✶✵✿ ❙✉❜✲❤❛r♠♦♥✐❝ ✐♥❥❡❝t✐♦♥✲❧♦❝❦❡❞ ♠✉❧t✐✈✐❜r❛t♦r✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✼✹

❋✐❣✉r❡ ✹✳✶✶✿ ❲❛✈❡❢♦r♠s ❢♦r t❤❡ ✐♥❥❡❝t✐♦♥ ❧♦❝❦✐♥❣✳

❚❛❜❧❡ ✹✳✺✳ ❋✐❣✉r❡ ✹✳✶✶ s❤♦✇s t❤❡ ❧♦❝❦✐♥❣ s✐❣♥❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❛t ✶✵ ♥s ❛♥❞ t❤❡ ❧♦❝❦✐♥❣

❛❢t❡r ❛♣♣r♦①✐♠❛t❡❧② t✇♦ ♣❡r✐♦❞s✳ ❚❤✐s ✐s ♦♥❡ ♦❢ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ ❘❈ ♦s❝✐❧❧❛t♦rs✱ t❤❡②

❝❛♥ ❛❞❥✉st ✐♥ ❛ s♠❛❧❧ ♣❡r✐♦❞ ♦❢ t✐♠❡✱ ✉♥❧✐❦❡ t❤❡ ▲❈ ♦s❝✐❧❧❛t♦rs t❤❛t ❝❛♥ t❛❦❡ ❤✉♥❞r❡❞s ♦❢

♣❡r✐♦❞s t♦ ❛❞❥✉st t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳ ❙✐♠✐❧❛r r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❢♦r ✶✳✹ ●❍③✱ ❜✉t

✐♥ t❤✐s ❝❛s❡ t❤❡ ♠❛①✐♠✉♠ s✉❜✲❤❛r♠♦♥✐❝ ❢r❡q✉❡♥❝② ✇❛s t❤❡ ✜❢t❤✳ ❋r♦♠ ❚❛❜❧❡ ✹✳✺ ✇❡ ❝❛♥

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

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

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

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

❧♦❝❦ ✉♣ t♦ t❤❡ ✺th ❤❛r♠♦♥✐❝✳

❙✐♥❣❧❡ ❖s❝✐❧❧❛t♦r ❈♦✉♣❧❡❞ ❖s❝✐❧❧❛t♦r

❍❛r♠♦♥✐❝ ▲♦✇ ❋r❡q✳ ❍✐❣❤ ❋r❡q✳ ▲♦✇ ❋r❡q✳ ❍✐❣❤ ❋r❡q✳
◆✉♠❜❡r ✭GHz✮ ✭GHz✮ ✭GHz✮ ✭GHz✮

✶ ✵✳✺✺ ✵✳✽✻ ✵✳✹✻ ✵✳✼✺
✸ ✶✳✽✺ ✷✳✷ ✶✳✼ ✷✳✶
✺ ✸✳✸✸ ✸✳✹✺ ✸✳✵✹ ✸✳✸✸
✼ ✹✳✼✸ ✹✳✼✺ ✲ ✲
✾ ✻✳✵✽ ✻✳✶ ✲ ✲
✶✶ ✼✳✹✸ ✼✳✹✹ ✲ ✲

❚❛❜❧❡ ✹✳✺✿ ❖s❝✐❧❧❛t♦r ▲♦❝❦✐♥❣ ❘❛♥❣❡✳
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❲✐t❤ ❛ t✉♥✐♥❣ ❝✉rr❡♥t ♠✐s♠❛t❝❤✱ t❤❡ ♦s❝✐❧❧❛t♦r ❝❛♥ ♦♥❧② ❧♦❝❦ ❛t ✉♣ t♦ t❤❡ ✜❢t❤ ❤❛r♠♦♥✐❝✳

❚❤✐s ✈❛❧✉❡ ✐s r❡❞✉❝❡❞ t♦ t❤❡ t❤✐r❞ ✇❤❡♥ t❤❡ ♠✐s♠❛t❝❤ ✐s ✐♥❝r❡❛s❡❞ t♦ ✶✵ ✪✳ ▼✐s♠❛t❝❤❡s

✐♥ ❝❛♣❛❝✐t♦rs ❤❛✈❡ t❤❡ s❛♠❡ ❡✛❡❝t✳

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

t❤❡ s❛♠❡ ❢r❡q✉❡♥❝② ❞✉❡ t♦ ♠✐s♠❛t❝❤❡s✱ t❤❡ s②st❡♠ ✐s ❝❛♣❛❜❧❡ ♦❢ s②♥❝❤r♦♥✐③✐♥❣ ✐♥ ❛ s❤♦rt

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

❛ ♦❜❥❡❝t ♦❢ ✐♥t❡r❡st ❢♦r ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥t✳

✹✳✷ ▼❡t❤♦❞s ❢♦r ■♠♣r♦✈✐♥❣ P❤❛s❡✲◆♦✐s❡ ❛♥❞ ❋✐❣✉r❡ ♦❢

▼❡r✐t

■♥ t❤✐s s✉❜ ❝❤❛♣t❡r ✇❡ ♣r❡s❡♥t t❤r❡❡ ♠❡t❤♦❞s✱ t❤❡ ✜rst r❡❞✉❝❡s ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥

❛♥❞ t❤❡ ❧❛st t✇♦✱ ✐♠♣r♦✈❡ ♣❤❛s❡✲♥♦✐s❡ ❛♥❞ ✜❣✉r❡ ♦❢ ♠❡r✐t ♦♥ ❛ ❘❈ ♦s❝✐❧❧❛t♦r✳ ❲❡ ❛❧s♦

✐♥tr♦❞✉❝❡ s♦♠❡ ❡q✉❛t✐♦♥s ❢♦r t❤❡ ♥♦✐s❡ s♦✉r❝❡s ✐♥ t❤❡ ❝✐r❝✉✐t ❜❛s❡❞ ♦♥ ❬✶✼❪✳ ❚❤✐s ♦s❝✐❧❧❛t♦r

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

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

✜rst t✇♦ ♠❡t❤♦❞s ❛r❡ ❜❛s❡❞ ♦♥ ✭❬✻❪ ❡ ❬✶✼❪✮ ❜✉t t❤❡ ❧❛st ♦♥❡ ❝❛♥ ♦♥❧② ❜❡ ❛♣♣❧✐❡❞ ✇✐t❤ ▼❖❙

r❡s✐st♦rs✳

I

C

RR

I

2M1M

1V 2V

I

C

I

2M1M

1V 2V

dd
V

dd
V

)(a )(b

3V 3V

3M 4M

❋✐❣✉r❡ ✹✳✶✷✿ ❘❡❧❛①❛t✐♦♥ ❖s❝✐❧❧❛t♦r ▼❖❙❋❊❚ ♠♦❞✐✜❝❛t✐♦♥✳
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✹✳✷✳✶ P✉❧s❡ ❙❡❧❢ ❇✐❛s✐♥❣

❆ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❘❈ ♦s❝✐❧❧❛t♦r ✐s t❤❡ t✇♦ ❝✉rr❡♥t s♦✉r❝❡s✱ s❡❡♥ ♦♥ ✜❣✉r❡ ✹✳✶✷✳

❚❤✐s ✐ss✉❡ ❛✛❡❝ts t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❛♥❞ ❞❡❣r❛❞❡s t❤❡ ❋❖▼✳ ❚❤✐s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤✐s

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

❝✐r❝✉✐t✳ ■♥ ❬✶✼❪ ✐t ❤❛s ❜❡❡♥ ♣r♦✈❡❞ t❤❛t ✇❤❡♥ t❤❡ ❝✉rr❡♥t ♣✉❧s❡ ✇✐❞t❤ ✐s s♠❛❧❧✱ t❤❡ ♣❤❛s❡

♥♦✐s❡ ♦❢ t❤❡ ❝✐r❝✉✐t ✐s r❡❞✉❝❡❞✳

❚❤❡ 1/∆ω2 ❝♦♠♣♦♥❡♥t ♦❢ ♣❤❛s❡✲♥♦✐s❡ ✐s ❞❡❡♣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ❢r♦♠

t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❝✐r❝✉✐t✳ ❊q✉❛t✐♦♥ ✭✹✳✺✮ ❢r♦♠ ❬✶✼❪✱ ✐s ❛ s✐♠♣❧✐✜❡❞ ♠♦❞✐✜❝❛t✐♦♥ ♦❢

t❤❡ ♣❤❛s❡✲♥♦✐s❡ ❡q✉❛t✐♦♥ r❡♣r❡s❡♥t✐♥❣ t❤❛t ✐♥✢✉❡♥❝❡✳ ❚❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♣♦✇❡r s♣❡❝tr❛❧

❞❡♥s✐t② ♦❢ M1✱ t❤❡ ❝✉rr❡♥t ♠✐rr♦r ❛♥❞ ❝✐r❝✉✐t ❧♦ss❡s ✐s ❡q✉✐✈❛❧❡♥t t♦ ✭i2n,M1/∆f✮✱ ✭i2n,tail/∆f✮

❛♥❞ ✭i2n,Rp/∆f✮ r❡s♣❡❝t✐✈❡❧②❀ ΓM1✱ Γtail ❛♥❞ ΓRp ❛r❡ t❤❡ r♦♦t ♠❡❛♥ sq✉❛r❡ ✈❛❧✉❡s ♦❢ t❤❡✐r

✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥✳

L(∆ω) = 10 log





(

i2n,Rp

∆f

)

Γ2
Rp +

(

i2n,M1

∆f

)

Γ2
M1 +

(

i2n,tail

∆f

)

Γ2
tail

2V 2
maxC

2
T (∆ω)2



 ✭✹✳✺✮

❲❤❡♥ t❤❡ t❛✐❧ ❝✉rr❡♥t ✐s ❝♦♥st❛♥t✱ t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ❢r♦♠ t❤❡ ♦s❝✐❧❧❛t♦r ❧♦ss❡s ✐s

i2n,Rp/∆f = 4kT/Rp✳ ❚❤❡ t❤❡r♠❛❧ ♥♦✐s❡ s♣❡❝tr❛❧ ❞❡♥s✐t② ♦❢ M1 ✐s i2n,M1/∆f = 4kTγξ/Rp

✇❤❡r❡ ξ = gm0Rp✱ gm0 r❡♣r❡s❡♥ts t❤❡ tr❛♥s❝♦♥❞✉❝t❛♥❝❡ ♦❢ M1✳ ❋✐♥❛❧❧② t❤❡ t❛✐❧ ❝✉rr❡♥t

t❤❡r♠❛❧ ♥♦✐s❡ ✐s ❣✐✈❡♥ ❜② i2n,tail/∆f = 4kTγ/Rp
√

2η0✱ ✇❤❡r❡ η0 ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ s✐③❡

❜❡t✇❡❡♥ tr❛♥s✐st♦r M1 ❛♥❞ t❤❡ t❛✐❧ ❞❡✈✐❝❡✳ ❙✐♥❝❡ t❤❡ ❝✉rr❡♥t ✐s ❝♦♥st❛♥t t❤❡ ✐♠♣✉❧s❡

s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥ ✐s ❛❧s♦ ❝♦♥st❛♥t✳ ❇② s✉❜st✐t✉t✐♥❣ ❛❧❧ ❡❧❡♠❡♥ts ✐♥ ✭✹✳✺✮ ✇❡ ❣❡t ✭✹✳✻✮✳

L(∆ω) = 10 log

(

kT (1 + 1

2
γξ + 1

2
γξ

√
2η0)

(

2

π

)2
Rp3I2C2

T (∆ω)2

)

✭✹✳✻✮

❲✐t❤ ❛ ♣✉❧s❡❞ t❛✐❧❡❞ ❝✉rr❡♥t ✭✹✳✼✮ ✇✐t❤ ❛ ❞✉r❛t✐♦♥ ♦❢ 2Φ ✐♥ r❛❞✐❛♥s✱ ✇❤❡r❡ φ ✐s t❤❡

♦s❝✐❧❧❛t♦r ♣❤❛s❡ ✭φ = ω0t✮ ❛♥❞ Ip ✐s t❤❡ ♣❡❛❦ ✈❛❧✉❡✱ ❡❛❝❤ ❝♦♠♣♦♥❡♥t ♦❢ ✭✹✳✺✮ ✇✐❧❧ ❝❤❛♥❣❡✳

❚❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♦❢ M1 ✇✐❧❧ ❜❡❝♦♠❡ ✭✹✳✽✮✱ ❜✉t ✐♥ t❤✐s ❝❛s❡ t❤❡ ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t② ❢✉♥❝t✐♦♥

✇✐❧❧ ❜❡ ✭✹✳✾✮✳
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I = Ip

∞
∑

n=−∞

Π

(

φ − nπ

2Φ

)

✭✹✳✼✮

i2n,M1

∆f
= 4kTγgm0

√

π

2Φ
Π

(

φ

2Φ

)

✭✹✳✽✮

ΓM1 =
1

2π

(

Φ − 1

2
sin(2Φ)

)

✭✹✳✾✮

❋♦r t❤❡ t❛✐❧ tr❛♥s✐st♦r t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ✇✐❧❧ ❜❡ ✭✹✳✶✵✮ ❛♥❞ t❤❡ ✐♠♣✉❧s❡ s❡♥s✐t✐✈✐t②

✭✹✳✶✶✮✳ ❚❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r ❧♦ss❡s ❛r❡ ❦❡♣t t❤❡ s❛♠❡✳ ❇② s✉❜st✐t✉t✐♥❣

❛❧❧ t❤❡ ♣r❡✈✐♦✉s ❡q✉❛t✐♦♥s ♦♥ ✭✹✳✺✮ ✇❡ ✇✐❧❧ ❣❡t t❤❡ ♣❤❛s❡✲♥♦✐s❡ ❡q✉❛t✐♦♥ ❢♦r ❛ ♣✉❧s❡❞ t❛✐❧

❝✉rr❡♥t✱ ✭✹✳✶✷✮✱ ✇❤❡r❡ A(Φ) ❛♥❞ B(Φ) ❛r❡ t❤❡ t❤❡r♠❛❧ ♥♦✐s❡ ♦❢ M1 ❛♥❞ t❤❡ t❛✐❧ tr❛♥s✐st♦r✱

r❡s♣❡❝t✐✈❡❧② ❛♥❞ ❛r❡ ❣✐✈❡♥ ❜② ✭✹✳✶✸✮ ❛♥❞ ✭✹✳✶✹✮✳ ❲❡ ❝❛♥ s❡❡ t❤❛t t❤❡ ♣✉❧s❡ ✇✐❞t❤ ✭2Φ✮ ♦❢

t❤❡ ❝✉rr❡♥t ✐♥✢✉❡♥❝❡s t❤❡ ♣❤❛s❡✲♥♦✐s❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✳

i2n,tail

∆f
= 4kTγ

ξ

Rp

π

2Φ

√

2η0 ✭✹✳✶✵✮

ΓM1 =
1

2π

(

Φ − 1

2
sin(2Φ)

)

✭✹✳✶✶✮

L(∆ω) = 10 log

(

kT [1 + A(Φ) + B(Φ)]

sinc(Φ

π
)Rp3I2C2

T (∆ω)2

)

✭✹✳✶✷✮

A(Φ) =
γξ√
2πΦ

(

Φ − 1

2
sin(2Φ)

)

✭✹✳✶✸✮

B(Φ) =
γξ

√
2η0

2Φ

(

Φ − 1

2
sin(2Φ)

)

✭✹✳✶✹✮
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❋✐❣✉r❡ ✹✳✶✸ s❤♦✇s t❤❡ ❝✉rr❡♥t ✢♦✇ ♦♥ t❤❡ ❘❈ ♦s❝✐❧❧❛t♦r ✇❤❡♥ tr❛♥s✐st♦r M1 ✐s ❖◆✳ ❚❤❡r❡

✐s ❛ ✇❛st❡ ♦❢ ❝✉rr❡♥t✱ t❤❡ ♦♥❧② ❝✉rr❡♥t t❤❛t ♠❛tt❡rs ✐s t❤❡ ♦♥❡ ♦♥ t❤❡ ❝❛♣❛❝✐t♦r✳ ❍❡r❡ t❤❡

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

❝❛♣❛❝✐t♦r ✇❡ ♥❡❡❞ ❛ ♦♣♣♦s✐t❡ s✇✐t❝❤✐♥❣ t♦ t❤♦s❡ ♦❢ tr❛♥s✐st♦rs M1 ❛♥❞ M2✳ ❲❤❡♥ M1 ✐s ❖◆

t❤❡ tr❛♥s✐st♦r ❜❡❧❧♦✇ M2 ♠✉st ❜❡ ❝♦♥❞✉❝t✐♥❣✳ ❲✐t❤ t❤✐s t❡❝❤♥✐q✉❡ ✐♥st❡❛❞ ♦❢ ❤❛✈✐♥❣ t✇♦

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

t❤❡ ♦✉t♣✉t ❛♠♣❧✐t✉❞❡✱ ✭✹✳✶✺✮✳ ❚❤❡ ♥❡✇ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✐♥tr♦❞✉❝❡s ♠♦r❡ ♥♦✐s❡✱ ❜✉t ❛❧❧♦✇s

✉s t♦ ✐♠♣❧❡♠❡♥t t❤❡ ♣✉❧s❡ ♠♦❞✐✜❝❛t✐♦♥ ❬✶✼❪✳

I

C

I

)(1 tiII c

)(tic

I

❋✐❣✉r❡ ✹✳✶✸✿ ❈✉rr❡♥t ✢♦✇✳

Vout











Vdd − (Vdd − RI) = RI ✐❢ ✜rst st❛t❡

Vdd − RI − Vdd = −RI ✐❢ s❡❝♦♥❞ st❛t❡.

✭✹✳✶✺✮

❋✐❣✉r❡ ✹✳✶✹ s❤♦✇s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ♣✉❧s❡ ❜✐❛s ♦♥ t❤❡ ♦✉t♣✉t ✇❛✈❡❢♦r♠✳ ❚❤❡ ✜❣✉r❡

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

❢♦r ❛ ❘❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r t❤❡ ♦✉t♣✉ts ✇✐❧❧ ❜❡ ♠♦r❡ ✧sq✉❛r❡❞✧✱ ♥♦t ♦♥❧② t❤❡ ❝✉rr❡♥t ✇✐❧❧

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

❋r♦♠ ✭✹✳✶✷✮ ✇❡ ❝❛♥ s❡❡ t❤❛t ❛ ♥❛rr♦✇ ♣✉❧s❡ ❝✉rr❡♥t ✇✐❧❧ r❡❞✉❝❡ t❤❡ t♦t❛❧ t❤❡r♠❛❧ ♣❤❛s❡

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

r❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r ❛s ❛ ♣✉❧s❡ s♦✉r❝❡ t♦ ❝♦♥♥❡❝t t♦ ❝♦♥tr♦❧ t❤❡ ❝✉rr❡♥t✳
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noV ,poV ,

noV ,poV ,

2dI

1dI

tailI

biasI

biasI

biasI

2dI1dI

tailI

 0  2 t0  t0  0  2

2

❋✐❣✉r❡ ✹✳✶✹✿ P✉❧s❡ ❜✐❛s✐♥❣✳

❲❤❡♥ ❛♣♣❧②✐♥❣ t❤❡ ♣✉❧s❡ t❤❡♦r② t♦ ❛ ❘❈ ♦s❝✐❧❧❛t♦r ✇✐t❤ ❛ ♥♦♥ ❧✐♥❡❛r ❜❡❤❛✈✐♦✉r✱ ✇❡

❝❛♥ ✉s❡ ✐ts ♦✉t♣✉ts t♦ ❝♦♥tr♦❧ t❤❡ ❝✉rr❡♥t✳ ❚❤❡ ♥❡✇ ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✇✐❧❧ s✇✐t❝❤ r❡❣✐♦♥s

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

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

❆❝t✉❛❧❧② t❤❡ ❜✐❛s✐♥❣ ❝✉rr❡♥t ✇♦♥t ❜❡❝❛♠❡ ❛ s❡r✐❡s ♦❢ ♣✉❧s❡s ❜✉t ♠♦r❡ ❛ s❡r✐❡s ♦❢ tr✐❛♥❣❧❡s✳

❚❤❡ ❝✐r❝✉✐t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞ ♦♣❡r❛t✐♦♥ ✐s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✶✺✳ ❚❤❡ r❡s✐st♦rs ♠❛❞❡ ❜②

M5 ❛♥❞ M6✱ ✇✐❧❧ ✐♥❝r❡❛s❡ ♦r ❞❡❝r❡❛s❡ ❞✉r✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥s✱ ❝❤❛♥❣✐♥❣ t❤❡ ❝✉rr❡♥t ✐♥ ❡❛❝❤

❜r❛♥❝❤✳
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m

C

2M1M

I

5M 6M

2V1V

RR

ddV

RIVdd 

I

ddV

m

C

2M1M

I

5M 6M

2V1V

RR

RIVdd 

I

ddV

ddV

)(a )(b

❋✐❣✉r❡ ✹✳✶✺✿ ❙❡❧❢ ❇✐❛s✐♥❣✳

✹✳✷✳✷ ❍❛r♠♦♥✐❝ ❋✐❧t❡r✐♥❣

❇❡❢♦r❡ ❡①♣❧❛✐♥✐♥❣ t❤✐s ♠❡t❤♦❞ ✇❡ ♥❡❡❞ t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ t❤❡ ❤❛r♠♦♥✐❝s ✇♦r❦ ♦♥ t❤❡

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

❤❛r♠♦♥✐❝✱ ✭✹✳✶✻✮ ❜② s♦❧✈✐♥❣ ✐t ✇❡ ❣❡t ✭✹✳✶✼✮✳ ❖♥ t❤❡ ❧❡❢t ❜r❛♥❝❤ ♦❢ t❤❡ ❝✐r❝✉✐t t❤❡r❡ ✐s

♣♦s✐t✐✈❡ s✐❣♥❛❧ A ❡q✉❛❧ t♦ ✭✹✳✶✼✮✱ ♦♥ t❤❡ ♦t❤❡r ❜r❛♥❝❤ ❛♥ ♦♣♣♦s✐t❡ s✐❣♥❛❧ ✇✐t❤ −A ❣✐✈❡♥

❜② ✭✹✳✶✽✮✳ ❚❤❡ ❞✐✛❡r❡♥t✐❛❧ ♦✉t♣✉t y1 − y2 ✇✐❧❧ ❝❛♥❝❡❧ t❤❡ ❡✈❡♥ ❤❛r♠♦♥✐❝s ❧❡❛✈✐♥❣ ♦♥❧② t❤❡

♦❞❞ ♦♥❡ ❛♥❞ t❤✉s ❝r❡❛t✐♥❣ t❤❡ sq✉❛r❡ ✇❛✈❡✳

y = a0 + a1A cos(ωf t) + a2A cos2(ωf t) + a3A cos3(ωf t) ✭✹✳✶✻✮

y1 = a0 +
a2A

2

2
+

(

a1A +
3a3A

3

4

)

cos(ωf t) +
a2A

2

2
cos(2ωf t) +

a3A
3

4
cos(3ωf t) ✭✹✳✶✼✮
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y2 = a0 +
a2A

2

2
+

(

a1A +
3a3(−A)3

4

)

cos(ωf t) +
a2(−A)2

2
cos(2ωf t) +

a3(−A)3

4
cos(3ωf t)

✭✹✳✶✽✮

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

♠♦❞❡✳ ❖♥ t❤❡ ❝✉rr❡♥t s♦✉r❝❡ t❤❡ ♦❞❞ ❤❛r♠♦♥✐❝s ❛r❡ ❝❛♥❝❡❧❡❞ ❜❡❝❛✉s❡ t❤❡ ❝♦♠♠♦♥ ♠♦❞❡

s✉♠s ❜♦t❤ ♦♣♣♦s✐♥❣ s✐❣♥❛❧s✱ ❛s s❡❡♥ ✐♥ ✜❣✉r❡ ✹✳✶✻✳

C

2M1M

5M 6M

2V1V

RR

ddV

2C
BM

BM

I

harmonic
nd2

02 fat
noise

❋✐❣✉r❡ ✹✳✶✻✿ ❙❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✜❧t❡r✐♥❣✳

❚❤❡ ❝✉rr❡♥t s♦✉r❝❡ ✇✐❧❧ ❜❡ s✉❜st✐t✉t❡❞ ❜② ❛ ❝✉rr❡♥t ♠✐rr♦r✱ ✇❤✐❝❤ ✇✐❧❧ ✐♥tr♦❞✉❝❡ t❤❡r✲

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

✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ ✜rst ♠❡t❤♦❞ ❛❝ts ❛s ❛ ♠✐①❡r ❬✻❪✱ s♦ t❤❡ ♥♦✐s❡ ❢r❡q✉❡♥❝✐❡s ❛t t❤❡ s❡❝♦♥❞

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

t✐❛❧ ♣❛✐r ❛❧s♦ ❛❝t✐♥❣ ❛s ❛ ♠✐①❡r ❛♥❞ ✐♥tr♦❞✉❝✐♥❣ ♠♦r❡ ♥♦✐s❡ ❢r❡q✉❡♥❝✐❡s ❝❧♦s❡ t♦ t❤❡ ✜rst

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

❝✉rr❡♥t s♦✉r❝❡ ❛❧❧♦✇s ✉s t♦ ❝❛♥❝❡❧ t❤❡ tr♦✉❜❧❡s♦♠❡ ❢r❡q✉❡♥❝✐❡s✳ P❧❛❝✐♥❣ ❛ ❧❛r❣❡ ❝❛♣❛❝✐t♦r

✐♥ ♣❛r❛❧❧❡❧ ✇✐t❤ t❤❡ ❝✉rr❡♥t ♠✐rr♦r tr❛♥s✐st♦r✱ ✇❡ ❤❛✈❡ ❛ ❧♦✇ ♣❛ss ❜❛♥❞ ✜❧t❡r t❤❛t r❡♠♦✈❡s

t❤❡ ❡✈❡♥ ❤❛r♠♦♥✐❝s✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✶✼✳ ❚❤✐s ❛❧s♦ ❝❛♥❝❡❧s t❤❡ ♥♦✐s❡ ❢r❡q✉❡♥❝✐❡s ❛♥❞
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❋✐❣✉r❡ ✹✳✶✼✿ ❙❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✇❛✈❡s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ✜❧t❡r✐♥❣✳

❣✉❛r❛♥t❡❡s ❛ st❛❜❧❡ ✈♦❧t❛❣❡ ❛t t❤❡ ❝✉rr❡♥t s♦✉r❝❡ ♠❛❦✐♥❣ t❤❡ ❝✉rr❡♥t ♠✐rr♦r ❛♣♣❡❛r ❛s ❛♥

✐❞❡❛❧ ❝✉rr❡♥t s♦✉r❝❡ t♦ t❤❡ ♦s❝✐❧❧❛t♦r✳

✹✳✷✳✸ ❘❡s✐st♦r ❋❡❡❞❜❛❝❦

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

❘❈ ♦s❝✐❧❧❛t♦r ✈❛r✐❡s ✇✐t❤ t❤❡ ❝✉rr❡♥t ♦♥ ❡❛❝❤ ❜r❛♥❝❤ ❜✉t ✐s ❛❧s♦ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♥♦✐s❡

s♦✉r❝❡s t❤❛t ♠❛② ❝❛✉s❡ ❛ ♠♦r❡ ❞✐s✜❣✉r❡❞ ✇❛✈❡✳ ❚❤❡ ❜❛s✐❝ ✐❞❡❛ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s t♦ ❛ss✉r❡

❛ ♠♦r❡ r❛♣✐❞ ❝✉rr❡♥t ❛♥❞ r❡s✐st♦r ✈❛r✐❛t✐♦♥✳ ❇② ✉s✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ✐ts❡❧❢ ✇❡ ❝❛♥ ✐♠♣r♦✈❡

t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❡s✐st♦r✳ ❚❤❡ ❝❤❛♥❣❡s ♦♥ t❤❡ ❝✐r❝✉✐t ❛r❡ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✶✽✱ t❤❡

❝❛♣❛❝✐t♦r ✜❧t❡rs t❤❡ ❉❈ ✈♦❧t❛❣❡ ❛❧❧♦✇✐♥❣ ♦♥❧② t❤❡ ❆❈ s✐❣♥❛❧ t♦ r❡❛❝❤ t❤❡ ❣❛t❡s ♠❛❦✐♥❣

t❤❡ tr❛♥s✐st♦rs M3 ❛♥❞ M4 ❤❛✈❡ t❤❡ ♦♣♣♦s✐t❡ s✐❣♥❛❧s ❜❡t✇❡❡♥ t❤❡✐r ❣❛t❡ ❛♥❞ ❞r❛✐♥✳ ❚❤✐s

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

❝❧♦s❡ t♦ t❤❡ ♦r✐❣✐♥ ❧❡tt✐♥❣ ❛❧❧ t❤❡ ❤❛r♠♦♥✐❝s ♣❛ss✳ ❲❤❡♥ t❤❡ s✐❣♥❛❧ v3 ❤❛s ✐ts ❧♦✇❡r ✈❛❧✉❡✱

♠❡❛♥✐♥❣ t❤❡r❡ ✐s ❝✉rr❡♥t ♦♥ t❤❡ ♦♣♣♦s✐t❡ ❜r❛♥❝❤✱ t❤❡ vsg ❛s ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♠❛❦✐♥❣ t❤❡

r❡s✐st❛♥❝❡ ❞❡❝r❡❛s❡✱ ❢♦r❝✐♥❣ ❛ ❢❛st❡r ✐♥❝r❡❛s❡ ♦❢ s✐❣♥❛❧ v1✳
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3V

ddV

3M 4M

C C
R R

3v

1v

❋✐❣✉r❡ ✹✳✶✽✿ ■♠♣❧❡♠❡♥t❛t✐♦♥✳

✹✳✷✳✹ ❙✐♠✉❧❛t✐♦♥ ❘❡s✉❧ts

❆❢t❡r ❛♣♣❧②✐♥❣ ❛❧❧ t❤❡ ♠❡t❤♦❞s ✇❡ ♦❜t❛✐♥ t❤❡ ✜♥❛❧ ❝✐r❝✉✐t s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✶✾✳ ❯s✐♥❣

t❤❡ s♦❢t✇❛r❡ ❈❛❞❡♥❝❡ ❛♥❞ ♦♥❡ ♦❢ ❤✐s t♦♦❧s ✭P❡r✐♦❞✐❝ ❙t❡❛❞② ❙t❛t❡ ❆♥❛❧②s✐s✮ ✇❡ ✇❡r❡ ❛❜❧❡

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

3V

3M 4M

1C
R R

C

2M1M

I

5M 6M

2V1V

ddV

1C

2CBM
BM

❋✐❣✉r❡ ✹✳✶✾✿ ❋✐♥❛❧ ❝✐r❝✉✐t✳

❚❤❡ ❝✐r❝✉✐t ✐s ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ ✶✸✵ ➭♠ ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts ❤❛✈❡ t❤❡

❢♦❧❧♦✇✐♥❣ s✐③✐♥❣ (W )1,2 = 80 ➭♠✱ (L)1,2 = 400 ♥♠✱ (W )3,4 = 15 ➭♠✱ (L)3,4 = 260 ♥♠✱
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(W )5,6 = 15 ➭♠✱ (L)5,6 = 260 ♥♠✱ t❤❡ ❝✉rr❡♥t ♠✐rr♦r tr❛♥s✐st♦rs ✭MB✮ ❤❛s (W )B = 15

➭♠✱ (L)B = 360 ♥♠✱ C = 1.8 ♣❋✱ C1 = C2 = 5 ♣❋ ❛♥❞ R = 20 ❦Ω✳ ❚❤❡ V3 ✈♦❧t❛❣❡ ✐s

❜✐❛s✐♥❣ t❤❡ P▼❖❙ tr❛♥s✐st♦rs ✇✐t❤ ✶✵✵ ♠❱ ❛♥❞ Vdd = 1.2 ❱ ♠❛❦✐♥❣ ❛ r❡s✐st♦r ✈❛❧✉❡ ♦❢

✸✵✵ Ω✳

❚❤❡ ♦♣t✐♠❛❧ ♣♦✐♥t ❢♦r t❤❡ ♦r✐❣✐♥❛❧ ❘❈ ♦s❝✐❧❧❛t♦r ✭ ✇✐t❤ ♥♦ ♠❡t❤♦❞s ❛♣♣❧✐❡❞ ✮ ✇❛s

♦❜t❛✐♥❡❞ ❢♦r ❛ ❝✉rr❡♥t ❡q✉❛❧ t♦ ✼✵✵ ➭❆✱ ✇✐t❤ ❛ ♣❤❛s❡ ♥♦✐s❡ ♦❢ ✲✶✷✾✳✼ ❞❇❝✴❍③✱ ❛ ✜❣✉r❡ ♦❢

♠❡r✐t ♦❢ ✲✶✺✺✳✷✶✸ ❞❇❝✴❍③ ❛♥❞ ❛ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❡q✉❛❧ t♦ ✶✳✻✽ ♠❲✳

❉✉r✐♥❣ s✐♠✉❧❛t✐♦♥s ✇❡ ♦❜s❡r✈❡❞ s♦♠❡ ✉♥❡①♣❡❝t❡❞ r❡s✉❧ts✳ ■♥st❡❛❞ ♦❢ ✐♥❝r❡❛s✐♥❣ t❤❡

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

P▼❖❙ tr❛♥s✐st♦rs✱ ❞✉r✐♥❣ t❤❡ ♦♣❡r❛t✐♦♥ ♦❢ t❤❡ ♦s❝✐❧❧❛t♦r✱ ✇❤❡♥ t❤❡ ❛♠♣❧✐t✉❞❡ ✐♥❝r❡❛s❡❞

t❤❡r❡ ✐s ❛ ♣♦✐♥t ✇❤❡♥ t❤✐s tr❛♥s✐st♦rs r❡❛❝❤ t❤❡ s❛t✉r❛t✐♦♥ r❡❣✐♦♥✱ ✇❤❡♥ t❤❛t ❤❛♣♣❡♥s t❤❡

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

✜❣✉r❡ ✹✳✷✵ ✇❡ ❝❛♥ s❡❡ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧t ✇❤❡♥ t❤❡ tr❛♥s✐st♦r s✇✐t❝❤❡s ❢r♦♠ t❤❡ tr✐♦❞❡

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

❛♣♣❧✐❡❞✱ t❤❡ P▼❖❙ tr❛♥s✐st♦r st❛②s ♦♥ t❤❡ tr✐♦❞❡ r❡❣✐♦♥ ❬✶✺✵ ➭❆❀✸✵✵ ➭❆❪✱ s✇✐t❝❤❡s ❢r♦♠

t❤❡ tr✐♦❞❡ r❡❣✐♦♥ t♦ ❛ ♠✐①❡❞ r❡❣✐♦♥ ❬✸✺✵ ➭❆❪ ❛♥❞ ✜♥❛❧❧② s✇✐t❝❤❡s ❢r♦♠ tr✐♦❞❡ t♦ s❛t✉r❛t✐♦♥

r❡❣✐♦♥ ❬✹✵✵ ➭❆❀✽✵✵ ➭❆❪✳ ❚❤✐s r❡❣✐♦♥ ❝❤❛♥❣❡ ♦♥❧② ♦❝❝✉rs ❞✉r✐♥❣ t❤❡ tr❛♥s✐t✐♦♥✱ ✇❤❡♥ t❤❡

❣❛t❡ ✐s ❣♦✐♥❣ t♦ ❤✐s ❤✐❣❤❡st ❛♠♣❧✐t✉❞❡ ❛♥❞ t❤❡ ❞r❛✐♥ t♦ ✐ts ❧♦✇❡st✱ ✜❣✉r❡ ✹✳✷✵ s❤♦✇s t❤✐s

s✐t✉❛t✐♦♥✳

❚❛❜❧❡ ✹✳✼ s❤♦✇s ❤♦✇ ❡❛❝❤ ♠❡t❤♦❞ ✐♥✢✉❡♥❝❡s t❤❡ ❢r❡q✉❡♥❝② ✈❛❧✉❡✳ ❚❤❡ ❝✐r❝✉✐ts ✇❡r❡

t❡st❡❞ ✉s✐♥❣ ❛ ❝✉rr❡♥t ❢r♦♠ ✹✵✵ ➭❆ t♦ ✶✵✵✵ ➭❆✱ t❤❡ tr❛♥s✐st♦r s✐③✐♥❣ ✇❛s ❦❡♣t t❤❡ s❛♠❡✳

❆s ♠❡♥t✐♦♥❡❞ t❤❡ P▼❖❙ tr❛♥s✐st♦rs ❛r❡ ❜✐❛s❡❞ ✐♥ t❤❡ tr✐♦❞❡ ③♦♥❡✱ ❤♦✇❡✈❡r ❞✉r✐♥❣ t❤❡

s✇✐t❝❤✐♥❣ t❤❡② ❝❛♥ ♦♣❡r❛t❡ ✐♥ ❞✐✛❡r❡♥t r❡❣✐♦♥s✳ ❋♦r ❧♦✇ ❜✐❛s✐♥❣ ❝✉rr❡♥ts t❤❡② ❛r❡ ❛❧✇❛②s

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

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

❆ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥ ✈❛❧✉❡s ♦❢ ♣❤❛s❡✲♥♦✐s❡ ❛♥❞ ❋❖▼ ✇❛s ❛❧s♦ ♠❛❞❡✳ ❚❤❡

✜rst ❣r❛♣❤✐❝ ✱ s❡❡♥ ✐♥ ✜❣✉r❡ ✹✳✷✶✱ s❤♦✇s t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✈❛r✐❛t✐♦♥ ✇✐t❤ t❤❡ ❝✉rr❡♥t✳ ❆s

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



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✽✺

❝✉rr❡♥t ✭µA✮ ❢r❡q✉❡♥❝② ✭MHz✮

✶✺✵ ✹✶✼✳✼
✷✵✵ ✸✾✶✳✼
✷✺✵ ✸✹✷✳✶
✸✵✵ ✷✽✶✳✸
✸✺✵ ✷✺✳✾
✹✵✵ ✶✶
✹✺✵ ✽✳✼
✺✵✵ ✼✳✸
✺✺✵ ✻✳✹
✻✵✵ ✺✳✼
✻✺✵ ✺✳✷
✼✵✵ ✹✳✼
✼✺✵ ✹✳✸
✽✵✵ ✸✳✾

❚❛❜❧❡ ✹✳✻✿ ❋r❡q✉❡♥❝② ✈❛r✐❛t✐♦♥ ✇✐t❤ ♦♥❧② r❡s✐st♦r ❢❡❡❞❜❛❝❦✳

❢r❡q✉❡♥❝② ✭▼❍③✮

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

✹✵✵ ✺✼✺✳✾ ✺✼✾✳✸ ✺✵✹✳✺
✹✺✵ ✺✽✻✳✻ ✺✾✹✳✻ ✺✶✸✳✾
✺✵✵ ✺✾✷✳✶ ✻✵✺✳✺ ✺✶✽✳✷
✺✺✵ ✺✾✸✳✸ ✻✶✷✳✾ ✺✶✽✳✹
✻✵✵ ✺✾✶✳✼ ✻✶✼✳✾ ✺✶✹✳✽
✻✺✵ ✺✽✼✳✾ ✻✷✶✳✶ ✺✵✻✳✼
✼✵✵ ✺✽✷✳✽ ✻✷✷✳✽ ✹✾✵✳✾
✼✺✵ ✺✼✻✳✻ ✻✷✸✳✸ ✹✺✾✳✷
✽✵✵ ✺✻✾✳✾ ✻✷✷✳✺ ✸✽✼✳✼
✽✺✵ ✺✻✷✳✺ ✻✷✵✳✺ ✷✶✸✳✻
✾✵✵ ✺✺✹✳✻ ✻✶✻✳✽ ✶✾✻✳✾
✾✺✵ ✺✹✻✳✶ ✻✶✶✳✹ ✶✽✽✳✽
✶✵✵✵ ✺✸✼✳✸ ✻✵✹✳✸ ✶✽✸✳✼

❚❛❜❧❡ ✹✳✼✿ ❖s❝✐❧❧❛t♦rs s❛♠❡ s✐③✐♥❣ ❝♦♠♣❛r✐s♦♥✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✽✻

❋✐❣✉r❡ ✹✳✷✵✿ ❘❡❣✐♦♥ ❝❤❛♥❣❡✳

❋✐❣✉r❡ ✹✳✷✶✿ P❤❛s❡ ◆♦✐s❡✭❅✶✵▼❍③✮ ✐♠♣r♦✈❡♠❡♥t ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❤❛r♠♦♥✐❝ ✜❧t❡r✐♥❣✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✽✼

❚❤❡ ❧❛st ❣r❛♣❤✐❝✱ s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✷✷✱ s❤♦✇s ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ❋❖▼✳

❲❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ ♦♣t✐♠❛❧ ❋❖▼ ♦❢ t❤❡ ❝✐r❝✉✐t ✇✐t❤♦✉t ♠❡t❤♦❞s ✇✐t❤ ♦♥❧② t❤❡ s❡❧❢ ♣✉❧s❡

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

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

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

✐♠♣r♦✈❡s t❤❡ ❋❖▼✱ t❤✐s ✐s ❞✉❡ t♦ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♣❤❛s❡ ♥♦✐s❡✳ ❲❤❡♥ ❝♦♠❜✐♥✐♥❣ ❛❧❧

t❤❡ ♠❡t❤♦❞s ♠♦st ♦❢ t❤❡ ❝✉rr❡♥t ✈❛❧✉❡s ❤❛✈❡ ❛ ❜❡tt❡r ❋❖▼ t❤❛♥ t❤❡ ♦♣t✐♠❛❧ ♣♦✐♥t ♦❢ t❤❡

♥♦r♠❛❧ ♦s❝✐❧❧❛t♦r✱ r❡❛❝❤✐♥❣ ❛ ✈❛❧✉❡ ♦❢ ✲✶✺✾✳✶ ❞❇❝✴❍③ ❢♦r ❛ ❝✉rr❡♥t ♦❢ ✽✺✵ ➭❆✳ ❆s ♠❡♥t✐♦♥❡❞

❡❛r❧② t❤❡ r❡❣✐♦♥ ❝❤❛♥❣❡ ♦❢ P▼❖❙ tr❛♥s✐st♦rs ❞✉r✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥✱ ❝❛✉s❡s ❛ ✇♦rst ❋❖▼

✇❤❡♥ s✇✐t❝❤✐♥❣ t♦ t❤❡ ♠✐①❡❞ r❡❣✐♦♥✱ ❜✉t ✇❤❡♥ ✐t ❝❤❛♥❣❡s t♦ s❛t✉r❛t✐♦♥ t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✐s

r❡❞✉❝❡❞✱ ❛s s❡❡♥ ♦♥ ✜❣✉r❡ ✹✳✷✶✳

❋✐❣✉r❡ ✹✳✷✷✿ ❋❖▼ ❝♦♠♣❛r✐s♦♥✳

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

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

t❤❡ t❤r❡❡ ♠❡t❤♦❞s ♠❛❞❡ ❛♥ ✐♠♣r♦✈❡♠❡♥t ♦❢ ❛❧♠♦st ✹ ❞❇ ♦♥ t❤❡ ❋❖▼✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✽✽

❆♥ ❛tt❡♠♣t t♦ ♦❜t❛✐♥ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts ✇❛s ♠❛❞❡ ❜② ❝♦♥♥❡❝t✐♥❣ tr❛♥s✐st♦rs M5 ❛♥❞

M6 t♦ t❤❡ ♦✉t♣✉t ♦❢ t❤❡ ♦t❤❡r ♦s❝✐❧❧❛t♦r✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇❡r❡ ✉♥s❛t✐s❢❛❝t♦r②✱ t❤❡

❢r❡q✉❡♥❝② ✇♦✉❧❞ ❛❧✇❛②s ❞r♦♣ ✇❤❡♥ ✇❡ ✐♥❝r❡❛s❡❞ t❤❡ ❝✉rr❡♥t✱t❤✉s r❡❞✉❝✐♥❣ t❤❡ ❋❖▼✳ ❲❡

❛❧s♦ tr✐❡❞ ❝♦✉♣❧✐♥❣ t❤r♦✉❣❤ t❤❡ s❡❝♦♥❞ ❤❛r♠♦♥✐❝ ✉s✐♥❣ t❤❡ ❝✉rr❡♥t s♦✉r❝❡s ✭❬✷✸❪✮✱ t❤❡

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

✷ ❞❇ ♦♥ t❤❡ ❋❖▼✳

✹✳✸ ❋✉❧❧② ■♥t❡❣r❛t❡❞ ❈▼❖❙ ❚✇♦✲■♥t❡❣r❛t♦r

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

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

♥♦t ✉s❡ ❝❛♣❛❝✐t♦rs ❢♦r ♦s❝✐❧❧❛t✐♦♥✱ t❤❡ ♣❛r❛s✐t✐❝ ❝❛♣❛❝✐t♦rs ✐♥ t❤❡ tr❛♥s✐st♦rs ✇❡r❡ ❡♥♦✉❣❤✳

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

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

r❡s✐st♦rs ✇❡r❡ s✉❜st✐t✉t❡❞ ❜② P▼❖❙ tr❛♥s✐st♦rs ✐♥ t❤❡ tr✐♦❞❡ r❡❣✐♦♥ ❛❧s♦ t❤❡ ❝❛♣❛❝✐t♦r ✐s

s✉❜st✐t✉t❡❞ ❜② tr❛♥s✐st♦rs✳

✹✳✸✳✶ ❈▼❖❙ ❈❛♣❛❝✐t♦rs

❈▼❖❙ tr❛♥s✐st♦r ❤❛✈❡ ❛ ❝❛♣❛❝✐t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❣❛t❡ ❛♥❞ t❤❡ s✉❜str❛t❡ Cox✳ ❉❡♣❡♥❞✲

✐♥❣ ♦♥ t❤❡ ❣❛t❡ ✈♦❧t❛❣❡ ✇❡ ❝♦♥s✐❞❡r t❤r❡❡ ❞✐✛❡r❡♥t ❜✐❛s ♠♦❞❡s✳ ❖♥❡ ❜❡❧♦✇ t❤❡ ✢❛t✲❜❛♥❞

✈♦❧t❛❣❡✱ VFB✱ ❛ s❡❝♦♥❞ ❜❡t✇❡❡♥ t❤❡ ✢❛t✲❜❛♥❞ ✈♦❧t❛❣❡ ❛♥❞ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡✱ Vth✱ ❛♥❞

✜♥❛❧❧② ♦♥❡ ❧❛r❣❡r t❤❛♥ t❤❡ t❤r❡s❤♦❧❞ ✈♦❧t❛❣❡✱ ❬✷✶❪✳ ❚❤❡s❡ ❜✐❛s r❡❣✐♠❡s ❛r❡ ❝❛❧❧❡❞ t❤❡

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

■♥ ❛❝❝✉♠✉❧❛t✐♦♥ ♠♦❞❡ t❤❡ ♥❡❣❛t✐✈❡ ❝❤❛r❣❡ ♦♥ t❤❡ ❣❛t❡ ❛ttr❛❝ts ❤♦❧❡s ❢r♦♠ t❤❡ s✉❜str❛t❡

t♦ t❤❡ ♦①✐❞❡✲s❡♠✐❝♦♥❞✉❝t♦r ✐♥t❡r❢❛❝❡✳ ❖♥❧② ❛ s♠❛❧❧ ❛♠♦✉♥t ♦❢ ❜❛♥❞ ❜❡♥❞✐♥❣ ✐s ♥❡❡❞❡❞ t♦

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

t❤❡ ♦①✐❞❡✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s ❡q✉❛❧ t♦ Cox✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✽✾
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❋✐❣✉r❡ ✹✳✷✸✿ ❈❛♣❛❝✐t♦r ✈❛❧✉❡ ♦❢ ❛ ◆▼❖❙ tr❛♥s✐st♦r✳

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

❝❤❛r❣❡ ✐s ❞✉❡ t♦ t❤❡ ❞❡♣❧❡t✐♦♥ ♦❢ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r st❛rt✐♥❣ ❢r♦♠ t❤❡ ♦①✐❞❡✲s❡♠✐❝♦♥❞✉❝t♦r

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

❝❛♣❛❝✐t❛♥❝❡ ✭Cd✮ ❛♣♣❡❛rs ✐♥ s❡r✐❡s ✇✐t❤ Cox ✭✹✳✶✾✮✳

1

C
=

1

Cox

+
1

Cd

✭✹✳✶✾✮

■♥ ✐♥✈❡rs✐♦♥ ♠♦❞❡ ❛ ♥❡❣❛t✐✈❡ ❝❤❛r❣❡ ❡♠❡r❣❡s ❛t t❤❡ ♦①✐❞❡✲s❡♠✐❝♦♥❞✉❝t♦r ✐♥t❡r❢❛❝❡✳ ❚❤✐s

❝❤❛r❣❡ ✐s ❞✉❡ t♦ ♠✐♥♦r✐t② ❝❛rr✐❡rs✱ ✇❤✐❝❤ ❢♦r♠ ❛ ✐♥✈❡rs✐♦♥ ❧❛②❡r✳ ❆s ♦♥❡ ❢✉rt❤❡r ✐♥❝r❡❛s❡s

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

t❤❡ ✐♥✈❡rs✐♦♥ ❧❛②❡r ✐♥❝r❡❛s❡s ❡①♣♦♥❡♥t✐❛❧❧② ✇✐t❤ t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s

❡q✉❛❧ t♦ Cox✳

❆ ❝✐r❝✉✐t ❞❡s✐❣♥ ✐s ♣r♦♣♦s❡❞ ✐♥ ❬✷✷❪ ❢♦r ❛ ❝❛♣❛❝✐t♦r✳ ❚❤✐s ✈❡rs✐♦♥ ✉s❡s ❛ s❡r✐❡s ❝♦♠♣❡♥✲

s❛t✐♦♥ ♦❢ ❞❡♣❧❡t✐♦♥ ♠♦❞❡ ❈▼❖❙ tr❛♥s✐st♦rs s❡❡♥ ✐♥ ✜❣✉r❡ ✹✳✷✹✳ ❚❤✐s ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s

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

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

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

❡❛❝❤ ♦t❤❡r✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✾✵

A B

❋✐❣✉r❡ ✹✳✷✹✿ ❈❛♣❛❝✐t♦r ✐♠♣❧❡♠❡♥t❛t✐♦♥✳

✹✳✸✳✷ ❈▼❖❙ ■♠♣❧❡♠❡♥t❛t✐♦♥ ❛♥❞ ❘❡s✉❧ts

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

✜❣✉r❡ ✹✳✷✺✳ ❚❤❡ ❝✐r❝✉✐t ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ t❤❡ ✶✸✵ ♥♠ ❈▼❖❙ t❡❝❤♥♦❧♦❣② ❛♥❞ s✐♠✉✲

❧❛t✐♦♥s ✇❡r❡ ♠❛❞❡ ✉s✐♥❣ t❤❡ P❡r✐♦❞✐❝ ❙t❡❛❞② ❙t❛t❡ ❆♥❛❧②s✐s ❢r♦♠ t❤❡ s♦❢t✇❛r❡ ❈❛❞❡♥❝❡✳

rM

fM

levelI levelI

tuningI tuningI

ddV ddV

C C

1V 2V 3V 4V

rM rM
rM

fM fM fM

MM M M

CM CM

2CM

❋✐❣✉r❡ ✹✳✷✺✿ ❋✉❧❧ ✐♥t❡❣r❛t❡❞ ❈▼❖❙ t✇♦ ✐♥t❡❣r❛t♦r✳

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

t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ❜✉t ❛ ♠♦r❡ ♣r❛❝t✐❝❛❧ ❛♣♣r♦❛❝❤ ✐s t❛❦❡♥ ❢♦r tr❛♥s✐st♦r s✐③✐♥❣✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✾✶

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

❤❛✈❡ t♦ ♠❛❦❡ s♠❛❧❧ ✈❛r✐❛t✐♦♥s ♦❢ t❤❡ W/L r❛t✐♦ ❛♥❞ ♦❜s❡r✈❡ t❤❡ r❡s✉❧ts t♦ s❡❡ ❤♦✇ ❝❧♦s❡ ✇❡

❛r❡ t♦ t❤❡ ❞❡s✐r❡❞ ✈❛❧✉❡✳ ❚❤❡ ❝✐r❝✉✐t ✇❛s ❞❡✈❡❧♦♣ ❢♦r ❛ r❡s✐st♦r ♦❢ ✸✵✵ Ω s♦ t❤❡ 1/gm ♦❢ t❤❡

✉♣♣❡r ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r s❤♦✉❧❞ ❜❡ ❝❧♦s❡ t♦ t❤❛t ✈❛❧✉❡✳ ❆s ✐♥ t❤❡ ♦t❤❡r ♦s❝✐❧❧❛t♦rs ♣r❡s❡♥t❡❞

✐♥ t❤✐s t❤❡s✐s t❤❡ s✉♣♣❧② ✈♦❧t❛❣❡ ✐s ✶✳✷ ❱✱ t❤❡ ❝✉rr❡♥t Ilevel ✐s ❡q✉❛❧ t♦ ✺✵✵ ➭❆✳ ❚❤❡ ✐♠♣❧❡✲

♠❡♥t❛t✐♦♥ ✉s❡s Mr tr❛♥s✐st♦rs ✇✐t❤ W = 5.5 ➭♠✱ L = 360 ♥♠ ✇✐t❤ nf❂✺ ❛♥❞ tr❛♥s✐st♦rs

Mf ✇✐t❤ W = 7 ➭♠✱ L = 360 ♥♠ ✇✐t❤ nf❂✻✳ ❆❧❧ t❤❡ ❝✉rr❡♥t ❜✐❛s✐♥❣ tr❛♥s✐st♦rs ❤❛✈❡

W = 20 ➭♠✱ L = 360 ♥♠ ✇✐t❤ nf❂✹✳ ❚❤❡ P▼❖❙ tr❛♥s✐st♦rs ❤❛✈❡ W = 3.6 ➭♠✱ L = 130

♥♠ ✇✐t❤ nf❂✷✳ ❋♦r t❤❡ ❝❛♣❛❝✐t♦r tr❛♥s✐st♦rs Mc ✇❡ ❤❛✈❡ W = 3 ➭♠✱ L = 200 ♥♠ ✇✐t❤

nf❂✸ ❛♥❞ tr❛♥s✐st♦r Mc2 ✇✐t❤ W = 3 ➭♠✱ L = 360 ♥♠ ❛♥❞ nf❂✹✱ ✇✐t❤ t❤✐s s✐③✐♥❣ t❤❡

❝❛♣❛❝✐t♦r ✈❛❧✉❡ ✐s ❛r♦✉♥❞ ✸✵✵ ❢❋✳ ❆❧❧ tr❛♥s✐st♦r ✇✐t❤ t❤❡ ❡①❝❡♣t✐♦♥ ♦❢ t❤❡ ❝✉rr❡♥t ♠✐rr♦rs

✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❘❋ tr❛♥s✐st♦rs✳ ❚❤❡ ❝✐r❝✉✐t ❤❛s ❛ t✉♥♥✐♥❣ r❛♥❣❡ ❢r♦♠ ✹✸✺✳✼ ▼❍③

t♦ ✷✳✺✷ ●❍③✱ ✇✐t❤ t❤❡ ❝✉rr❡♥t Itunning ❢r♦♠ ✵✳✶ ♠❆ t♦ ✶✳✾ ♠❆✳ ❚❛❜❧❡ ✹✳✽ s❤♦✇s t❤❡ r❡s✉❧ts

❢♦r ❡❛❝❤ ❲▼❚❙ ❢r❡q✉❡♥❝✐❡s ❛♥❞ ❲✐✲❋✐✳

❈✉rr❡♥t ❋r❡q✉❡♥❝② P❤❛s❡ ◆♦✐s❡ P♦✇❡r ❋❖▼
✭mA✮ ✭GHz✮ ✭dBc/Hz@10MHz✮ ✭mW ✮ ✭dBc/Hz✮

✵✳✶✺ ✵✳✻ ✲✶✵✸✳✺ ✶✳✺✻ ✲✶✸✼✳✶
✵✳✺ ✶✳✹ ✲✶✵✺✳✼ ✷✳✹ ✲✶✹✹✳✽
✶✳✺ ✷✳✹ ✲✶✵✾✳✼ ✹✳✽ ✲✶✺✵✳✺

❚❛❜❧❡ ✹✳✽✿ ❖s❝✐❧❧❛t♦r ❋r❡q✉❡♥❝②✳

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

❲❡ ♥❡❡❞ ❛ ♠❛t❝❤ ♦❢ ✺✵ Ω t♦ ❜❡ ❛❜❧❡ t♦ ❞♦ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❝❤✐♣✳ ❙✐♥❝❡ ✇❡ ❞✐❞ ♥♦t

t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡s❡ s♣❡❝✐✜❝❛t✐♦♥ ✇❡ ♥❡❡❞ t♦ r❡s♦rt t♦ ❜✉✛❡rs✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✷✻✳

❊❛❝❤ ♦♥❡ ♦❢ t❤❡♠ ✐s ❛ s♦✉r❝❡✲❢♦❧❧♦✇❡r ❛♥❞ t❤❡ ♦✉t♣✉t ✐♠♣❡❞❛♥❝❡ ✐s ❣✐✈❡♥ ❜② 1/gm✳ ❚❤❡

tr❛♥s✐st♦r s✐③✐♥❣ ❢♦r t❤❡ ❝✉rr❡♥t ♠✐rr♦rs ❛r❡ ❡q✉❛❧ t♦ t❤❡ ♣r❡✈✐♦✉s ♦♥❡s✱ tr❛♥s✐st♦rs Mb1

❤❛s W = 5 ➭♠✱ L = 120 ♥♠ ✇✐t❤ nf❂✼✱ t❤❡ ❝✉rr❡♥t Ibuffer ✐s ✷ ♠❆✱ ✇✐t❤ t❤✐s s✐③✐♥❣

t❤❡ ♦✉t♣✉t ✐♠♣❡❞❛♥❝❡ ✐s ❝❧♦s❡ t♦ ✺✺ Ω✳ ❚❤❡ ❜✉✛❡r ❝✉rr❡♥t ❝♦✉❧❞ ❜❡ ❛ ❧♦t ❧❡ss ✐❢ ✇❡ ❤❛❞

✐♥❝r❡❛s❡❞ t❤❡ tr❛♥s✐st♦r s✐③❡✱ ❜✉t ✇❤❡♥ ❞♦✐♥❣ t❤❛t t❤❡ ❢r❡q✉❡♥❝② ✇♦✉❧❞ ❞❡❝r❡❛s❡✳ ■♥st❡❛❞

♦❢ ❝♦✈❡r✐♥❣ t❤❡ ✇❤♦❧❡ ✷✳✹ ●❍③ ❢r❡q✉❡♥❝②✱ t❤❡ ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝② ❛❝❤✐❡✈❛❜❧❡ ❛t ✶✳✾ ♠❆

♦❢ t✉♥♥✐♥❣ ❝✉rr❡♥t✱ ✇♦✉❧❞ ❜❡ ✷✳✸ ●❍③✱ ❛❢t❡r t❤✐s ❝✉rr❡♥t ✈❛❧✉❡ t❤❡ ❢r❡q✉❡♥❝② st❛rts t♦



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✾✷

❞❡❝r❡❛s❡✳ ❚♦ ❛❧❧♦✇ t❤❡ t✇♦ ✐♥t❡❣r❛t♦r t♦ ❝♦✈❡r ❲▼❚❙ ❛♥❞ t❤❡ ✇✐r❡❧❡ss ❢r❡q✉❡♥❝② ✇❡

❞❡❝✐❞❡❞ t♦ ❦❡❡♣ tr❛♥s✐st♦rs Mb1 s♠❛❧❧ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ❝✉rr❡♥t✳

ddV

bufferI

inv

outv

1bM

❋✐❣✉r❡ ✹✳✷✻✿ ❇✉✛❡r✳

❲❡ ❤❛✈❡ tr✐❡❞ t♦ r❡❞✉❝❡ t❤❡ ♦❝❝✉♣✐❡❞ ❛r❡❛ t♦ ✐ts ♠✐♥✐♠✉♠✱ t❤❡ t✇♦ ✐♥t❡❣r❛t♦r ❛♥❞

❜✉✛❡rs ♦❝❝✉♣② ❛ ❛r❡❛ ♦❢ ✽✵ ① ✼✸✳✷ ➭♠2✱ ❛s s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✷✼✳ ❚❤❡ ✜♥❛❧ ❧❛②♦✉t ❤❛s t❤❡

t✇♦ ✐♥t❡❣r❛t♦r ♦s❝✐❧❧❛t♦r✱ ❜✉✛❡rs✱ ♣r♦t❡❝t✐✈❡ ❞✐♦❞❡s ❛♥❞ ♣❛❞s✱ ✇✐t❤ ❛ t♦t❛❧ ❛r❡❛ ♦❢ ✷✽✵ ① ✸✻✽

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

❛s s②♠♠❡tr②✱ s♦ t❤❛t ❜♦t❤ s✐❞❡s ❤❛✈❡ s♠❛❧❧ ❞✐✛❡r❡♥❝❡s❀ t❤❡ t❤✐❝❦♥❡ss ❛♥❞ s✐③❡ ♦❢ t❤❡ tr❛❝❦s

t♦ ❛✈♦✐❞ ✐♥tr♦❞✉❝✐♥❣ ♠♦r❡ ♣❛r❛s✐t✐❝s ❛♥❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝✉rr❡♥t ✐♥ ❡❛❝❤ ♣❛rt ♦❢ t❤❡ ❝✐r❝✉✐t✳

❆❞❞✐♥❣ t❤❡ ❜✉✛❡rs ✇✐t❤ t❤❡ ❝✐r❝✉✐t s❤♦✇♥ ♦♥ ✜❣✉r❡ ✹✳✷✺ ❛♥❞ ❝♦♠♣❛r✐♥❣ ✇✐t❤ ✜❣✉r❡ ✹✳✷✼

t❤❡ ❜✉✛❡rs ✭ tr❛♥s✐st♦rs Mb1 ✮ ✇❡r❡ ♣❧❛❝❡❞ ❛t ❜♦t❤ ❡♥❞s ✭❧❡❢t ❛♥❞ r✐❣❤t✮ ❛♥❞ ✐♥ t❤❡ ♠✐❞❞❧❡✱

❜❡t✇❡❡♥ t❤❡♠ ❛r❡ t❤❡ tr✐♦❞❡ r❡❣✐♦♥ P▼❖❙ tr❛♥s✐st♦rs ✭ tr❛♥s✐st♦rs M ✮ ❛♥❞ ❜❡❧❧♦✇ t❤❡

✉♣♣❡r ❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✭ tr❛♥s✐st♦rs Mr ✮✳ ❆t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❧❛②♦✉t ✇❡ ❤❛✈❡ t❤❡ ❧♦✇❡r

❞✐✛❡r❡♥t✐❛❧ ♣❛✐r ✭ tr❛♥s✐st♦rs Mf ✮ ❛♥❞ ❜❡t✇❡❡♥ t❤❡♠ t❤❡ ❈▼❖❙ ❝❛♣❛❝✐t♦r ✭ tr❛♥s✐st♦rs MC

❛♥❞ MC✮ ✜♥❛❧❧② t❤❡ s♠❛❧❧❡r tr❛♥s✐st♦rs ❛r❡ ❝✉rr❡♥t ♠✐rr♦rs✳ ❆❢t❡r t❤❡ ❧❛②♦✉t ❝♦♠♣❧❡t✐♦♥

✇❡ ♥❡❡❞ t♦ r✉♥ t❤❡ ❉❡s✐❣♥ ❘✉❧❡ ❈❤❡❝❦ ✭❉❘❈✮ ❛♥❞ t❤❡ ▲❛②♦✉t ✈s✳ ❙❝❤❡♠❛t✐❝✭▲❱❙✮✱ t❤❡s❡

t♦♦❧s ❛❧❧♦✇ t♦ ✈❡r✐❢② ✐❢ t❤❡ ❧❛②♦✉t ✇❛s ❞♦♥❡ ❝♦rr❡❝t❧②✳ ❖♥❧② ❛❢t❡r ✇❡ ❝❛♥ ❡①tr❛❝t t❤❡ ❧❛②♦✉t✱

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

s❤♦✇♥ ♦♥ ❚❛❜❧❡ ✹✳✾ ❢♦r t❤❡ s❛♠❡ ❝✉rr❡♥ts ♦♥ ❚❛❜❧❡ ✹✳✽✱ ❛❧t❤♦✉❣❤ t❤❡ ❢r❡q✉❡♥❝② ✐s r❡❞✉❝❡❞

t❤❡ ♣❤❛s❡ ♥♦✐s❡ ✐s ✐♠♣r♦✈❡❞ ❛s ❞♦❡s t❤❡ ❋❖▼✱ t❤✐s ❤❛♣♣❡♥s ❜❡❝❛✉s❡ t❤❡ ❡①tr❛❝t❡❞ ❝✐r❝✉✐t



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✾✸

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

♥♦✐s❡ ♦❢ t❤❡ s②st❡♠✳ ❲✐t❤ t❤❡ ❧❛②♦✉t ❛r❡❛ ✇❡ ❝❛♥ ❝❛❧❝✉❧❛t❡ t❤❡ ❋❖▼❆✱ ❚❛❜❧❡ ✹✳✾✳

❈✉rr❡♥t ❋r❡q✉❡♥❝② P❤❛s❡ ◆♦✐s❡ P♦✇❡r ❋❖▼ ❋❖▼❆
✭mA✮ ✭GHz✮ ✭dBc/Hz✮ ✭mW ✮ ✭dBc/Hz✮ ✭dBc/Hz✮

✵✳✶✺ ✵✳✺✻ ✲✶✵✹✳✺❅✶✵▼❍③ ✶✳✺✻ ✲✶✸✼✳✺ ✲✶✺✾✳✽
✵✳✺ ✶✳✸✶ ✲✶✵✻✳✺❅✶✵▼❍③ ✷✳✹ ✲✶✹✺✳✼ ✲✶✻✼✳✹
✶✳✺ ✷✳✷✶ ✲✶✶✵✳✻❅✶✵▼❍③ ✹✳✽ ✲✶✺✵✳✻ ✲✶✼✸

❚❛❜❧❡ ✹✳✾✿ ❊①tr❛❝t❡❞ ▲❛②♦✉t ❋r❡q✉❡♥❝②✳

❲❡ ❝❛♥ ❝♦♠♣❛r❡ t❤✐s ♦s❝✐❧❧❛t♦r ✇✐t❤ ♦t❤❡rs ✐♥ ❧✐t❡r❛t✉r❡ ✉s✐♥❣ t❤❡ ❋❖▼ ♦r ❋❖▼❆✱ t❛❜❧❡

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

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

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

❝✐r❝✉✐t✱ ✇✐t❤ ❛ s♠❛❧❧ ❛r❡❛ ✇❡ ❣❡t ❛ ❣♦♦❞ r❡s✉❧t ❢♦r ❋❖▼❆✱ ❛s s❤♦✇♥ ♦♥ ❚❛❜❧❡ ✹✳✶✵✳

❘❡❢ Fmin − Fmax P❤❛s❡ ◆♦✐s❡ ❋❖▼ ❋❖▼❆
✭GHz✮ ✭dBc/Hz✮ ✭dBc/Hz✮ ✭dBc/Hz✮

❬✷✽❪ ✵✳✸✾✼✲✹✳✹ ✲✾✹✳✻❅✶▼❍③ ✲✶✺✼ ✲
❬✷✵❪ ✵✳✻✺✲✶✳✻ ✲✶✵✽❅✵✳✷▼❍③ ✲✶✻✾✳✷ ✲✶✼✾
❬✺❪ ✸✳✵✸✲✺✳✸✻ ✲✶✵✼❅✶▼❍③ ✲✶✻✶✳✸✺ ✲✶✽✷✳✽
❬✶✾❪ ✹✳✸✲✻✳✶ ✲✶✵✺❅✶✵▼❍③ ✲✶✸✾✳✾ ✲✶✹✺✳✺
❬✶✹❪ ✷✳✺✲✾ ✲✽✷❅✶▼❍③ ✲✶✸✾✳✸ ✲✶✺✽
❬✶✽❪ ✽✳✹✲✶✵✳✻ ✲✽✺❅✶▼❍③ ✲✶✹✼✳✽ ✲✶✺✹✳✽
❬✶✷❪ ✷✳✸✲✷✳✺ ✲✶✵✺❅✶▼❍③ ✲✶✺✺ ✲✶✻✺
❬✶✶❪ ✸✳✶✲✶✵✳✻ ✲✶✵✽✳✺❅✶✵▼❍③ ✲✶✺✽ ✲✶✼✼

t❤✐s ✇♦r❦ ✵✳✹✲✷✳✷ ✲✶✶✵✳✷❅✶✵▼❍③ ✲✶✹✾✳✺ ✲✶✼✶✳✽

❚❛❜❧❡ ✹✳✶✵✿ ❖s❝✐❧❧❛t♦r ❈♦♠♣❛r✐s♦♥✳



❈❤❛♣t❡r ✹✳ ❈✐r❝✉✐t ❉❡s✐❣♥ ❛♥❞ ■♠♣❧❡♠❡♥t❛t✐♦♥ ✾✹

m80

m2.73

❋✐❣✉r❡ ✹✳✷✼✿ ▲❛②♦✉t✳



❈❤❛♣t❡r ✺

❈♦♥❝❧✉s✐♦♥s ❛♥❞ ❋✉t✉r❡ ❲♦r❦

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

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

❈♦✉♣❧❡❞ ❘❈ ♦s❝✐❧❧❛t♦rs ♣r♦✈❡ t♦ ❜❡ ❛ ❣♦♦❞ s♦❧✉t✐♦♥✱ ❛❧t❤♦✉❣❤ s✐♥❣❧❡ ▲❈ ♦s❝✐❧❧❛t♦r ❤❛✈❡ ❛

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

✐s ❧♦st✳

❚❤❡ ✜rst ❝✐r❝✉✐t ♣r❡s❡♥t❡❞ s❤♦✇s ♥♦t ♦♥❧② ❛ ♥♦✐s❡ ✐♠♣r♦✈❡♠❡♥t ✐♥ ❛ ❝♦✉♣❧❡❞ ❘❈ ♦s✲

❝✐❧❧❛t♦r✱ ❜✉t ❛❧s♦✱ ❤♦✇ t❤❡ ❝✐r❝✉✐t r❡❛❝ts ✇✐t❤ ♠✐s♠❛t❝❤❡s ❛♥❞ ❤♦✇ ♠✉❝❤ t✐♠❡ ✐t t❛❦❡s

t♦ s②♥❝❤r♦♥✐③❡✳ ❘❈ ♦s❝✐❧❧❛t♦rs ❛❧❧♦✇ t♦ ❜✉✐❧❞ ❛ ❢✉❧❧② ✐♥t❡❣r❛t❡❞ ❈▼❖❙ ❝✐r❝✉✐t✱ ✇✐t❤ t❤✐s

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

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

s✐♠♣❧❡ ❘❡❧❛①❛t✐♦♥ ♦s❝✐❧❧❛t♦r ✇❡ ♦❜t❛✐♥❡❞ ❛ ♣❤❛s❡ ♥♦✐s❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ ❛❧♠♦st ✺ ❞❇✳ ❚❤❡

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

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

♦s❝✐❧❧❛t♦rs ♣r♦♣♦s❡❞ ✐♥ r❡❝❡♥t ②❡❛rs✳

❚❤❡ ❈▼❖❙ ❝✉rr❡♥t ❝♦♥tr♦❧❧❡❞ q✉❛❞r❛t✉r❡ ♦s❝✐❧❧❛t♦r ✇❛s ❛❜❧❡ t♦ ♦♣❡r❛t❡ ✐♥ t❤❡ ❢r❡q✉❡♥❝②

r❛♥❣❡ ♦❢ ❲▼❚❙ ❛♣♣❧✐❝❛t✐♦♥s✳ ❲❡ t❡st❡❞ t✇♦ t②♣❡s ♦❢ ❝♦✉♣❧✐♥❣ ✧❤❛r❞✧ ❛♥❞ ✧s♦❢t✧✱ ✇✐t❤

t❤❡ ✜rst ♦♥❡ s❤♦✇✐♥❣ ❜❡tt❡r r❡s✉❧ts ✐♥ ♣❤❛s❡ ♥♦✐s❡✱ ❛❜♦✉t ✷ ❞❇ ❢♦r ✻✵✵ ▼❍③ ❛♥❞ ✹ ❞❇ ❢♦r

✶✳✹ ●❍③ ❛♥❞ ❛❧s♦ ❝♦♥❝❡r♥✐♥❣ ♠✐s♠❛t❝❤❡s✳ ❚❤❡ ❝✐r❝✉✐t ✇❛s s✉❜♠✐tt❡❞ t♦ ❛ ❡①t❡r♥❛❧ ❝✉rr❡♥t

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

❚❤r❡❡ ♠❡t❤♦❞s t♦ r❡❞✉❝❡ ♣❤❛s❡ ♥♦✐s❡ ❛♥❞ ✐♠♣r♦✈❡ t❤❡ ❋❖▼ ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❚❤❡s❡
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Abstract— In this paper a wideband MOS quadrature 

oscillator constituted by two multivibrators is presented. Two 

different forms of coupling, named here as soft and hard, are 

investigated. Simulations are performed in a 0.13 µm CMOS 

technology to obtain the tuning range, the synchronization 

transients, and the influence of mismatches in timing capacitors 

and charging currents on synchronization. It is found that hard 

coupling reduces the quadrature error (about 1º, with 5% 

mismatches in timing capacitors and charging currents) and 

results in a low phase-noise (about 2 dB improvement) with 

respect to soft coupling. Either a single multivibrator or coupled 

multivibrators can be locked to an external synchronizing 

harmonic frequency, and the locking range is investigated by 

simulations. The simulations are done for oscillators covering the 

WTMS frequency bands. 

 
Index Terms—CMOS oscillator, multivibrator, quadrature 

outputs, van der Pol oscillator, WMTS applications.  

 

I. INTRODUCTION 

uadrature oscillators are key blocks in the design of 
modern transceivers. In recent years, significant research 
efforts have been invested in the study of low area and 

low cost oscillators, with accurate quadrature outputs [1 - 7].  
The circuit presented in this paper is intended for use in the 
Wireless Medical Telemetry Service (WMTS), which 
establishes wireless communication between an externally 
worn medical device and other equipment [8]. There are three 
frequency bands allocated to WMTS: 608 - 614 MHz, 1395 - 
1400 MHz and 1427 - 1432 MHz. With the proposed circuit 
we intend to cover all the bands allowed for these applications.  

Emitter and source-coupled multivibrators are used 
frequently as voltage-controlled oscillators (VCOs) [9-11]. 
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These multivibrators may be coupled [12] to produce 
quadrature oscillators.  

In this paper (Section II) we show why the chosen 
multivibrator is the most suitable for coupling. In Section III 
the MOS quadrature oscillator is described. Section IV gives 
simulation results in a 0.13 µm CMOS technology for the 
tuning range, the synchronization transients, and the influence 
of mismatches of timing capacitors and charging currents on 
synchronization. Section V gives some results for external 
synchronization. A discussion and some conclusions are given 
in Section VI. 

 

II. SINUSOIDAL AND RELAXATION OSCILLATIONS 

The bipolar version of the circuit in Fig. 1 (a) was widely 
used in VCOs [13, 14] and the circuit was considered as a very 
stable and reliable multivibrator. The tendency to operate at 
higher frequencies using modern CMOS technologies 
confirmed that this circuit is able to have sinusoidal operation 
as well, and the relaxation operation should be considered as 
the limit form of such operation. As shown below, this circuit 
is a van der Pol oscillator, for which the transition from 
sinusoidal to relaxation operation is the natural process 
connected with continuous change of one of the circuit 
parameters [11]. Because this circuit has both kinds of 
operation we will use the words “oscillator” and 
“multivibrator” rather indiscriminately. 
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Figure 1.  Current-controlled multivibrator (a) and its modification (b). 
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2 

Assume that the oscillation amplitude developed on 
resistors R is so small that the diodes are OFF. Using 
simplified models (controlled transconductance and gate-
source capacitance) for transistors M1 and M2 it is possible to 
show that the capacitor C “sees” the impedance  
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where 1/G R . The oscillator characteristic equation is  

 
(1/ ) 0

in
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Substituting (1) in (2) one obtains that  
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When the oscillation starts one may consider that 

1 2 0 2 ( / )
m m m n ox

g g g C W L I   , and (3) can be rewritten 

as  

  2 0
0

1
1 0

2
m

m

gs gs

g
s Rg s

RC RCC
     (4) 

The oscillations will start if the roots of this equation are 
located in the right half of the s-plane. This requires that  

 0 1/
m

g R  (5) 

The oscillations will have the frequency 

 0 0 /(2 )
m gs

g RCC   (6) 

The roots of (4) are  
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If C varies and all other parameters are constant, the roots 
move in the right half of the s-plane only. For small values of 
C they are complex-conjugate and located in the vicinity of  
jω-axis. The oscillator has quasi-sinusoidal oscillations). With 
increase of C they move towards the positive real axis. The 
oscillations become more and more distorted. When 

2
0 0(2 ) /( 1)gs m mC C g R g R  ) the roots are positive real axis, 

and one may consider that the circuit has now relaxation 
oscillations. With further increase of C the roots move along 

positive real axis arriving to the final values of 1 0s  and 

2 0( 1) /( )
m gs

s Rg rC  . The circuit oscillations are closer and 

closer to relaxation oscillations with discontinuous waveform. 
The transition from sinusoidal to relaxation oscillations is 
smooth with a gradual increase of distortions in the waveform 
[10] and specific amplitude limiting. 

Let us do the approximation 

 

2

1 2 0

1 2

1
2 2

m m m

m m

g g g i

g g I
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in the damping term of (3),  and leave the frequency term the 
same as in (4). Here i is the capacitor current. Then, one can 
write for this current the differential equation  
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0 02
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1 1 0

2
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gs
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 (9) 

Introducing the normalized variable /( 2 )x i I  and using the 

notation 0 0( 1) /(2 )
m gs

Rg RC    and 2 0 /(2 )
m gs

g C  , one 

reduces this equation to the standard van der Pol form  

 

2
2 2

0 2 02
2( ) 0

d x dx
x x

dt dt
       (10) 

       The solution of this equation for small distortions is  

 0 2 0 0 02 / sin 2 1 (1/ ) sin
m

x t Rg t       (11) 

The amplitude of the voltage between the drain resistors (the 
usual points of measurements) will be  

 04 2 1 (1/ )
dm m

V I Rg   (11) 

If this amplitudes increases (say, if I increases as a result of 
tuning) the diodes eventually limit the amplitude. When the 
circuit moves to relaxation oscillation (at lower frequency) 
then the amplitude limiting by the diodes is dominating. The 
frequency may be approximated as 

 0 ( )/(4 )BE ONf I V C  (12) 

where ( ) 0.5
BE ON

V  V (MOS diodes) is the voltage drop on the 

diode-connected transistors D.  
Due to the smooth transition from sinusoidal to relaxation 

oscillations and the existence of amplitude stabilization 
mechanisms, the frequency tuning range may be very wide 
[13 - 15]. It can be further increased by the modification 
shown in Fig. 1 b that allows higher oscillation frequencies, 
and is suitable for coupling two multivibrators in a quadrature 
oscillator. The voltage amplitude at the timing capacitor is 
now lower, but the oscillation frequency is  

 0 ( ) 1 1 2/{4 /[( ) ]}
BE ON

f I V R R R C   (13) 

To obtain a quadrature oscillator one couples two similar 
oscillators using differential pairs [12, 16]. The inputs of the 
coupling differential pairs should be connected to the timing 
capacitors (at A and A1). Their outputs can be connected either 
to nodes B and B1 or E and E1. A source with incremental 
current Ic injected at node B will create an incremental voltage 
Vb 

 1 2 1 2( ) /( )
b c

V I R R R R   (14) 

(assuming that 2Rrd  , where dr  is the diode dynamic 

resistance). If Ic is injected at node E then Vb will be reduced 
to  

 1 1 2( ) /( )
b c d

V I R r R R   (15) 

assuming that 1 2d
r R R  .  
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The coupling at E and E1, is called here “soft coupling”; at 
the divider taps B and B1, it is called “hard coupling”. If 

1 2R R  is constant the maximum coupling is achieved for 

21 RR  . 

III. QUADRATURE OSCILLATOR 

To obtain a quadrature oscillator one connects two 
multivibrators using two coupling differential pairs. Fig. 2 
shows the “hard coupling” case. The synchronization 
mechanism is similar to that described for the coupling of 
unmodified multivibrators [16]: the coupling current changes 
the gate voltages of 1M  and 2M .  
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Figure 2.  Quadrature current-controlled oscillator with “hard” coupling.  

 
If the coupling current is low in comparison with the tuning 

current, its influence on the oscillation frequency is very weak. 
However, this current is able to change the switching time of 
the transistors 1M  and 2M , and this leads to synchronous 

oscillation of the constituent multivibrators. This minimizes 
the influence of noise sources in the switching point, which 
results in a reduction of the oscillator phase-noise and jitter. 
The synchronous frequency is approximately given by (13).  

The synchronization theory of oscillations in the coupled 
system with relaxation oscillations is still under development, 
and we will give the results of simulations, thus, creating the 
basis for this theory. 

 

IV. SIMULATION RESULTS 

The circuit shown in Fig. 2 is simulated using 130 nm 

MOS technology. The transistors and resistor sizing are equal 

for both bands mentioned earlier, as well as the supply voltage 

(1.2 V). For the lower band the timing capacitor is C = 1.8 pF, 

and for the other band C = 400 fF. Other values are as follows: 

R1 = R2 = R = 250 Ω, transistors M1, M2, M5 and M6 have 

W = 80 µm and L= 300 nm, M3, M4, M7 and M8 have 

W = 100 µm and L= 300 nm. The diode-connected transistors 

have W= 30 µm and L= 300 nm. The coupling current (IC) is 

equal to 0.5 mA. Diode-connected PMOS transistors are used, 

because their temperature characteristics are better than those 

of NMOS devices. 

The oscillator tuning characteristics are obtained by 
changing the tuning current (I) and the timing capacitor. 
Simulation results for MOS quadrature oscillators using the 
traditional “soft” coupling and the new “hard” coupling are 
presented in Figs. 3 and 4.  

The characteristics of Fig. 3 are nearly linear after 
I = 0.5 mA, which is equal to the value of the coupling current 
IC. If the tuning current is lower than the coupling current, the 
later will have a strong influence on the frequency. This means 
that, for low tuning currents, the switching times of transistors 
M1, M2, M5 and M6 must be taken into account. Hence both 
currents influence the oscillation period. In the quasi-linear 
zone these switching times can be neglected [13].  

Fig. 4 is obtained by reducing the capacitance C = 400 fF.  
This causes a decrease of the capacitor charging time and the 
increase of the oscillation frequency. 

 

 

Figure 3.  Tuning characteristic for 2IC  = 0.5 mA. 

 
Figure 4.  Tuning characteristic for 2IC = 0.5 mA. 
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Figs. 5 and 6 show the output waveforms at 600 MHz and 
1.4 GHz, respectively. Although one could expect a square 
wave at the output, that doesn’t happen due to the “soft” 
operation of the limiting diodes and the filtering of higher 
harmonics caused by the parasitic capacitances of the 
transistors. These parasitics are also responsible for the 
deviation from linearity at high tuning currents in Figs. 3 and 
4. 

The oscillator phase-noise is -119.5 dBc/Hz @ 10 MHz 
offset for “soft” and -121.6 dBc/Hz @ 10 MHz offset for 
“hard” coupling (as shown in Fig. 7), for the 600 MHz band. 
For the 1.4 GHz band the oscillator phase-noise is -114.2 
dBc/Hz @ 10 MHz offset for “soft” and -117.6 dBc/Hz @ 10 
MHz offset for “hard” coupling. Thus, in both frequency 
bands, we observe a significant reduction of phase-noise for 
hard coupling. 
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Figure 5.  Output waveforms (600 MHz). 
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Figure 6.  Output waveforms (1.4 GHz). 
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Figure 7.   Oscillator phase-noise (“hard” coupling – 600 MHz). 
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Figure 8.  Oscillator phase-noise (“hard” coupling – 1.4 GHz). 

 

Tables I and II show the influence of mismatches in the 
timing capacitances for “soft” and “hard” coupling for 
600 MHz and 1.4 GHz, respectively. There is no oscillation 
for low values of the “soft” coupling current. In general the 
“hard” coupling provides significant lower phase error (about 
1º) than the “soft” coupling. In Tables III and IV when the 
frequency mismatch starts to decrease reaching a value  close 
to zero, the “soft” coupling starts to have reduced phase error, 
when compared to “hard” coupling. For a mismatch of 1% of 
the capacitances, the phase error is below 0.1º for all currents. 
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TABLE I.  EFFECT OF 5% MISMATCHES IN CAPACITANCES (600 MHZ)  

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 53.85 10.28 12.27 7.95 

0.2 45.21 5.19 12.49 4.22 

0.3 34.35 3.23 11.62 2.97 

0.4 21.93 2.38 10.44 2.15 

0.5 8.22 1.91 8.95 1.66 

0.6 6.64 1.62 7.44 1.61 

0.7 22.24 1.33 5.92 1.39 

0.8 38.43 0.99 4.41 1.17 

0.9 54.82 0.95 2.76 0.95 

 

TABLE II.  EFFECT OF 5% MISMATCHES IN CAPACITANCES (1.4 GHZ) 

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 
No oscillation 

71.86 1.54 

0.2 59.49 1.59 

0.3 25.19 0.92 46.28 1.09 

0.4 20.87 0.86 32.12 0.76 

0.5 13.43 0.84 17.33 0.57 

0.6 3.56 0.93 2.33 0.4 

0.7 8.16 1.02 12.54 0.34 

0.8 21.03 1.09 26.96 0.33 

0.9 34.51 1.2 40.74 0.29 
 

TABLE III.  EFFECT OF 10% MISMATCHES IN CAPACITANCES (600 MHZ)  

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 59.28 21.23 19.66 15.9 

0.2 52.33 9.77 20.31 8.22 

0.3 41.63 6.29 19.68 5.7 

0.4 29.24 4.5 18.44 4.37 

0.5 15.59 3.59 16.98 3.61 

0.6 0.83 2.71 15.49 3.12 

0.7 14.66 2.19 14 2.77 

0.8 30.83 1.84 12.5 2.48 

0.9 47.23 1.37 10.97 2.26 

 
 

TABLE IV.  EFFECT OF 10% MISMATCHES IN CAPACITANCES (1.4 GHZ) 

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 
No oscillation 

88.93 5.69 

0.2 75.18 4.38 

0.3 39.09 2.72 62.13 3.04 

0.4 34.26 2.47 48.2 2.27 

0.5 26.52 2.09 33.73 1.76 

0.6 16.4 1.6 19.11 1.37 

0.7 4.46 1.01 4.66 1.13 

0.8 8.6 0.34 9.45 1.04 

0.9 22.29 0.48 22.9 0.91 

 

TABLE V.  EFFECT OF 5% MISMATCHES IN TUNING CURRENTS FOR 600 MHZ  

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 36.34 10.82 5.81 7.86 

0.2 27.96 5.47 5.94 4.03 

0.3 16.77 3.65 5.46 3.35 

0.4 4.41 2.71 8.69 2.09 

0.5 9.29 2.21 10.49 1.74 

0.6 24.13 1.88 12.17 1.43 

0.7 39.66 1.71 14.03 1.2 

0.8 55.85 1.47 15.63 1.05 

0.9 72.04 1.52 17.33 0.96 

 

TABLE VI.  EFFECT OF 5% MISMATCHES IN TUNING CURRENTS (1.4 GHZ) 

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 
No oscillation 

No oscillation 

0.2 26.91 4.6 

0.3 6.15 3.87 13.1 3.39 

0.4 9.41 3.01 1.9 2.73 

0.5 16.24 2.58 17.62 2.3 

0.6 25.51 2.34 33.58 2.01 

0.7 36.49 2.08 49.35 1.81 

0.8 48.61 1.94 64.76 1.57 

0.9 61.23 1.95 79.6 1.45 
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TABLE VII.  EFFECT OF 1% MISMATCHES IN TUNING CURRENTS ( 600 MHZ)  

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 44.26 2.2 1.75 1.57 

0.2 35.27 1.17 1.73 0.82 

0.3 24.31 0.76 0.87 0.52 

0.4 11.86 0.68 0.54 0.32 

0.5 1.81 0.53 2.06 0.24 

0.6 16.6 0.64 3.65 0.15 

0.7 32.16 0.56 5.26 0.09 

0.8 48.38 0.6 6.85 0.27 

0.9 64.87 0.67 8.45 0.32 

 

TABLE VIII.  EFFECT OF 1% MISMATCHES IN TUNING CURRENTS 1.4 GHZ 

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 
No oscillation 

No oscillation 

0.2 40.04 1.91 

0.3 7.65 2.49 26.46 1.43 

0.4 3.85 1.98 11.79 1.17 

0.5 3.31 1.79 3.49 0.97 

0.6 12.92 1.59 18.98 0.87 

0.7 24.32 1.57 34.38 0.81 

0.8 36.91 1.55 49.3 0.73 

0.9 50.12 1.52 63.74 0.57 

 

TABLE IX.  EFFECT OF 10% MISMATCHES IN TUNING CURRENTS (600 MHZ)  

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 24.29 23.23 15.73 15.93 

0.2 17.79 10.86 15.82 8.42 

0.3 7.18 7.11 17.28 5.79 

0.4 5.12 5.27 19.17 4.42 

0.5 18.67 4.33 21.16 3.64 

0.6 33.31 3.62 23.19 2.95 

0.7 48.75 3.03 25.13 2.59 

0.8 64.73 2.72 27.04 2.32 

0.9 80.69 2.53 28.73 1.97 

 

 

TABLE X.  EFFECT OF 10% MISMATCHES IN TUNING CURRENTS (1.4 GHZ) 

 Soft coupling Hard Coupling 

2 IC 

(mA) 

Δ f 
 (MHz) 

Phase 

error (º) 

Δ f 
 (MHz) 

Phase 

error (º) 

0.1 
No oscillation 

No oscillation 

0.2 10.92 8 

0.3 22.66 5.92 3.18 5.83 

0.4 25.24 4.51 18.61 4.66 

0.5 31.63 3.81 34.84 3.95 

0.6 40.43 3.21 51.33 3.44 

0.7 50.89 2.85 67.72 3.06 

0.8 62.36 2.65 83.78 2.77 

0.9 74.4 2.41 99.11 2.42 

 
A larger mismatch requires a larger coupling current to 

establish synchronous operation (locking), but this leads to a 
much increased phase error. This error may be reduced by 
further increasing the coupling current, but this influences the 
frequency. 

Simulations show that the coupling current should be 
increased when the tuning currents are mismatched, since the 
phase error is reduced with increase of the coupling current. 
The phase error is lower for “hard” than for “soft” coupling. 
The “hard” coupling provides a significant lower quadrature 
error and allows higher coupling currents without stopping the 
oscillations. In comparison with the results presented in [7] the 
proposed circuits exhibits a lower phase error, assuming the 
same coupling current, i.e. 0.5mA. 

 
 

V. FREQUENCY LOCKING 

We also investigated frequency locking at a sub-harmonic 
frequency when an external current source is applied between 
points B and B1 (see Fig. 1b). The oscillator at 600 MHz can 
be synchronized by a current source with 100 A of amplitude, 
as shown in Fig. 9.  

It should be noted that locking is observed only for odd 
harmonics, since the multivibrator output signal has odd 
symmetry, and, therefore, has odd harmonics only.  

We injected a locking signal in the oscillator running at 
the frequency of 600 MHz. It was possible to lock the 
oscillator up to the 11th sub-harmonic frequency. Fig. 10 shows 
the free running oscillations (up to 10 ns) and the application 
of locking signal after 10 ns. It is seen that the multivibrators 
are locked in just 2 periods. This is an advantage of 
multivibrators: they have short transients, and therefore, they 
can adjust the frequency in one or two periods. This is one 
reason (sometimes neglected) why RC oscillators survive. The 
LC oscillators would have long transients and they need, in 
some cases, hundreds of periods to adjust the oscillation 
frequency. Similar results are obtained for the free-running 
frequency of 1.4 GHz, but, the maximum sub-harmonic 
frequency to lock the oscillator is the 5th. 
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Figure 9.  Sub-harmonic injection-locked multivibrator.  
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Figure 10.  Waveforms for the injection locking.  

We also investigated the locking range of the single 
multivibrator for a particular harmonic. For example, the 
oscillator does not lock with a frequency lower than 550 MHz, 
and higher than 860 MHz for the first harmonic. With higher 
harmonics the oscillator will have lower locking range, as 
shown in Table XI.  

Considering two coupled multivibrators and injecting a 
current in one of them, the locking range is much smaller, as it 
is also shown in Table XI. This locking is possible only if the 
injection current is higher than the coupling current (in the 
presented case IC = 500 A ) and one can only synchronize the 
system up to the 5th harmonic.  For 1.4 GHz the locking range 
goes to the 7th (as shown in Table XII). 

With a mismatch of 5 % in currents I, one can lock the 
oscillator with an external signal of frequency (3.379 GHz) up 
to 5 times the free-running frequency (about 600 MHz), as 
shown on Table XIII. This frequency ratio is reduced to 3 if 
we increase the mismatch to 10 % (2.027 GHz). Thus, the 
frequency ratio and the locking range are reduced when there 
are mismatches in bias currents. Mismatches in capacitors 
have the same effect.  

TABLE XI.  OSCILLATOR LOCKING RANGE   

 Single Oscillator Coupled Oscillators 

Harmonic 

number 

Low 

freq. 

(GHz) 

High 

freq. 

(GHz) 

Low 

freq. 

(GHz) 

High    

 freq. 

(GHz) 

1 0.55 0.86 0.46 0.75 
3 1.85 2.2 1.7 2.1 
5 3.33 3.45 3.04 3.33 
7 4.73 4.75 - - 

9 6.079 6.1 - - 

11 7.4345 7.44 - - 

 

TABLE XII.  OSCILLATOR LOCKING RANGE  1.4 GHZ 

 Coupled Oscillators 

Harmonic 

number 

Low 

freq. (GHz) 

High    

 freq. (GHz) 

1 1.1 1.65 
3 3.8 4.2 
5 6.7 6.8 

7 9.45 9.48 

9 - - 

TABLE XIII.  OSCILLATOR LOCKING WITH  MISMATCH   

 Single Oscillator 

 Mismatch 5% Mismatch 10% 

Harmonic 

number 

Low 

freq. 

(GHz) 

High 

freq. 

(GHz) 

Low 

freq. 

(GHz) 

High    

 freq. 

(GHz) 

1 0.56 0.86 0.57 0.88 
3 1.88 2.2 1.95 2.2 
5 3.38 3.45 - - 
7 - - - - 

 
Simulation results with external locking show that the 

multivibrators in Fig. 2 do not necessarily run at the same 
frequency. The multivibrator of lower frequency can be in lock 
with a multivibrator running at a higher frequency, and the 
locking has the properties similar to the locking at an external 
synchronizing source.  

VI. DISCUSSION AND CONCLUSIONS 

The simulation results show that using the proposed low 
area and low cost oscillator circuit, we can cover the frequency 
range required for WMTS applications. 

The proposed oscillator has three degrees of freedom to 
control the oscillation frequency: the timing capacitance, the 
gate voltage (which depends on the resistor divider ratio), and 
the tuning current. These can be used to maximize the tuning 
range, to alter the shape of the tuning characteristic and to 
move it to a desirable range. The same degrees of freedom are 
preserved when two oscillators are coupled to obtain a 
quadrature oscillator. 

Simulations in a 130 nm CMOS technology show that the 
quadrature oscillator is very robust with respect to mismatches 
of timing capacitors and of charging currents, especially with 
“hard coupling”. The frequency tuning range is from 450 MHz 
to about 1 GHz, covering the 600 MHz band. By reducing the 
capacitor value (this can be done using a varactor and/or a  
discrete control), the tuning range becomes 1 GHz to 2 GHz 
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for “hard” coupling, thus, covering the 1.4 GHz band. These 
bands are required for biomedical applications.  

We are unable, at the present time, to explain why the 
oscillations stop at higher frequencies. This problem requires 
further investigation.  

The circuit presented in this paper can be synchronized by 
an external current with a frequency that is an odd multiple of 
the oscillation frequency. This synchronization can be applied 
to one of the two multivibrators in the quadrature oscillator. 
The synchronization transient is fast, and synchronized 
oscillation is set in a few periods. This sub-harmonic locking 
can be useful in design of PLL frequency dividers.  
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Abstract— We present a new RC relaxation oscillator with pulse 

self biasing, to reduce power consumption, and with harmonic 

filtering and resistor feedback, to reduce phase-noise. A circuit 

prototype designed in a 130 nm CMOS technology has a very 

low phase-noise, -132.6 dBc/Hz @ 10 MHz offset, and the power 

consumption is only 1 mW, which leads to a figure of merit 

(FOM) of -159.1 dBc/Hz.  

I. INTRODUCTION 

RC-oscillators have higher phase-noise than LC-oscillators 
[1, 2]. Yet, RC-oscillators have lower area (inductors are not 
required), and can be realized in a low cost technology 
(several metal layers and a thick top metal layer, required for 
high Q inductors, are avoided). Thus, RC-oscillators are, in 
some applications, a viable alternative to LC-oscillators when 
minimization of area (and cost) is important [3].  

RC oscillators can be divided into ring oscillators and 
relaxation oscillators. Relaxation oscillators have two 
advantages with respect to ring oscillators: they have a 
constant frequency tuning gain, and their triangular waveform 
is required in some applications [4]. 

The oscillators phase-noise can be compared using the 

FOM definition given in [5] (for the 1/f
2
 region). In [6] it is 

shown that, at 290K, thermodynamics limits FOM of ring 

oscillators to -165.3 dBc/Hz and FOM of relaxation 

oscillators to -169.1 dBc/Hz. Interestingly, it is also shown 

that FOM of practical ring oscillators is generally below than 

-160 dBc/Hz, while FOM of practical relaxation oscillators is 

about 10 dB worse. Thus, in theory relaxation oscillators can 

be better than ring oscillators, but in practice they are not. An 

explanation is given in [2]: the noise added by the 

comparator, used in relaxation oscillators but not in ring 

oscillators, increases the phase-noise.  

The objective of this paper is to present a very low power, 
1 mW, relaxation oscillator. We use switched biasing and 
harmonic filtering (similar to what have been used in LC 
oscillators [7]). A new local feedback, in which the resistance 
value changes during the switching, allows a significantly 
reduction of the effect of comparator noise. This results in a 

low phase-noise oscillator, with FOM better than -159 
dBc/Hz. 

Section II reviews relaxation oscillators and section III 
presents the new relaxation oscillator, and the techniques of 
pulse self biasing, harmonic filtering, and local resistor 
feedback are described in detail. Section IV presents the 
simulation results, and in Section V we draw some 
conclusions. 

II. RELAXATION  OSCILLATORS 

RC relaxation oscillators have a high level model 
composed of an integrator and an inverting Schmitt-trigger, as 
shown in Fig. 1. The typical circuit implementation of the 
oscillator is shown in Fig. 2. The integrator is simply a 
capacitor, which is charged and discharge by two current 
sources. The Schmitt-trigger is the remaining circuit, shown in 
Fig. 3; it is assumed that the transistors act as switches [3]. 
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Figure 1.  High level model of relaxation oscillator. 
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Figure 2.  Relaxation oscillator implementation. 
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Figure 3.  a) Schmitt trigger b) transfer characteristic. 

III. PROPOSED RELAXATION OSCILLATOR 

In this section we will describe in detail the three 
techniques that are used for minimizing the oscillator power 
consumption and phase-noise. 

A. Pulse Self Biasing 

Conventional relaxation oscillators have two current 
sources that charge and discharge the capacitor. Each one is 
active only during half of the period. Pulse self-biasing 
consists of replacing the two current sources by one and 
switch its current using a differential pair, controlled by the 
oscillator outputs, as shown is Fig. 4.  
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Figure 4.  Self  Biasing. 

This current reuse reduces the power consumption by 2. 
However, it requires two extra transistors (higher die area), 
and adds two extra noise sources. 

B. Hamonic filtering 

To minimize the noise of the current source, one should 
filter out the even harmonics (especially the second harmonic) 
of its voltage (Fig. 5). This is similar to what has been done in 
LC oscillators [7]. Since the differential pair introduced in the 
first method acts as a mixer [7], the noise frequencies at the 
second harmonic are down-converted to the oscillation 
frequency, causing an increase of phase-noise. This is avoided 
by placing a large capacitance in parallel with the current 
source: the resulting low pass filtering, removes the even 
harmonics. 
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Figure 5.  Harmonic content in a Oscillator. 

C. Resistor feedback 

This method can be applied if we replace the resistors by 
MOS transistors. The oscillator switches when the capacitor 
voltage reaches the Schmitt-trigger input switching levels. The 
idea is to modify these levels close to the switching time to 
obtain a faster switching. This can be archived by using local 
feedback, as shown in Fig. 6.  
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Figure 6.  Local feeback. 

By combining all the above three methods ,the final 
circuit, shown in Fig. 7, is obtained. 

IV. SIMULATION RESULTS 

The circuit of Fig. 7 is implemented using a 130 µm 
CMOS technology. The components have the following sizing  
W1,2 = 80 µm, L1,2 = 400 nm, W3,4 = 15 µm, L3,4 = 260 nm, 
W5,6 = 15 µm, L5,6 = 260 nm, the current mirror transistor MB 
has WB = 15 µm and LB = 360 nm; C = 1.8 pF, C1 = C2 = 5 pF, 

and R = 20 kΩ. The PMOS transistors biasing voltage is V3 = 

100 mV and Vdd = 1.2 V (the equivalent resistance is 300 Ω).  
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Figure 7.  The proposed oscillator circuit. 

 

In Fig. 8 it is observed that the oscillator phase noise is 
reduced with harmonic filtering (the reduction of second 
harmonic is shown in Fig. 9), and a stronger reduction results 
from local feedback. 

 

 

Figure 8.  Oscillator phase-noise. 

 

Figure 9.  Second harmonic filtering (effect of adding C2). 

The PMOS transistors are biased in the triode zone and 

have an equivalent resistance of 300 Ω. However, during the 
switching they can operate in different regions. For low 
biasing currents they are always in triode, but, for high 
currents they reach saturation, which changes the equivalent 
resistance value and reduces the oscillator phase-noise (as 
shown in Fig. 8) and the oscillation frequency (as shown in 
Table I).  

TABLE I.  OSCILLATION FREQUENCY. 

Current 

(µA) 

Pulse self- 

biasing 

Pulse self-

biasing and 

filtering 

All 

Methods 

400 575.9 579.3 504.5 

450 586.6 594.6 513.9 

500 592.1 605.5 518.2 

550 593.3 612.9 518.4 

600 591.7 617.9 514.8 

650 587.9 621.1 506.7 

700 582.8 622.8 490.9 

750 576.6 623.3 459.2 

800 569.9 622.5 387.7 

850 562.5 620.5 213.6 

900 554.6 616.8 196.9 

950 546.1 611.4 188.8 

1000 537.3 604.3 183.7 

In order to compare this circuit with the state-of-the art 
relaxation oscillators, we will use the conventional figure of 

merit (FOM) [8]� 

 FOM =� 

2

10log DC

ref

Pf

f P

� �� �∆� �+ � �
� �� �� �

  (1) 

where � represents the oscillator phase-noise (normalized 

single sideband noise spectral density expressed in decibels 
below the carrier per hertz), PDC is the power consumption, 
and Pref is a reference power level (1 mW). 



  

Figure 10.  Oscillator FOM. 

From Fig. 10, we can conclude that the oscillator at 
850 µA reaches an optimal FOM of -159.1 dBc/Hz. This is at 
least 4 dB better then sate-of-the art relaxation oscillators, 
with the same circuit topology [9 - 11]. This result is below 
the best relaxation oscillator, published by Nauta in ISSCC 
[4], but this has a completely different circuit, using switched-
capacitors, and operates at only 12 MHz, so it is not included 
in the comparison. In Table II the performance of the 
proposed relaxation oscillator is compared with state-of-the art 
continuous-time relaxation oscillators with the same frequency 
range. 

TABLE II.  COMPARISON WITH STATE-OF-THE ART RELAXATION 

OSCILLATORS.  

Ref. Freq. 

[MHz] 
�� (�f) 

[dBc/Hz] 

Power 

[mW] 

FOM 

[dBc/Hz] 

[5] 1.5 -102 @ 

10 kHz 

0.3 -150 

[9] 920 -102 @ 

1 MHz 

10 -151.3 

[12] 6 -110 @ 

10 kHz 

20 -153.6 

[11] 6000 -97.1 @ 

10 MHz 

36 -154 

[10]  2400 -105 @ 

1 MHz 

48 -155 

This 

Work 

210 -132.6 @  

10 MHz 

1 -159.1 

 

V.  CONCLUSIONS 

 
In this paper we presented a low phase-noise and low 

power RC relaxation oscillator. The technique to reduce 
power consumption is pulse self-biasing, which allows the use 
of a single current source, with current reuse. The phase-noise 
is reduced by harmonic filtering, and by a local feedback.  

Simulation with a 130 nm CMOS technology shows a very 
low phase-noise: -132.6 dBc/Hz @ 10 MHz offset, with only 
1 mW power consumption. The FOM is -159.1 dBc/Hz, which 
is better than state-of-art relaxation oscillators for the same 
frequency range.  

 

REFERENCES 

[1] B. Razavi, RF Microelectronics, Prentice-Hall, 1998. 

[2] T. H. Lee, The Design of CMOS Radio Frequency Integrated Circuits 

(2nd edition), Cambridge University Press, 2004. 

[3] L. B. Oliveira, J. Fernandes, C. Verhoeven, I. Filanovsky, and M. Silva, 

Analysis and Design of Quadrature Oscillators, Springer, 2008. 

[4] Paul F. J. Geraedts, Ed van Tuijl, Eric A. M. Klumperink, Gerard J. M. 

Wienk, and Bram Nauta, “A 90 �W 12 MHz Relaxation Oscillator with 

a –162 dB FOM”, in IEEE Int.. Solid-State Circuits Conference 

(ISSCC’08) Dig. Tech. Papers, Feb. 2008, pp. 348 – 349. 

[5] S. L. J. Gierkink, A. J. M. van Tuijl, “A Coupled Sawtooth Oscillator 

Combining Low Jitter with High Control Linearity,” IEEE J. Solid-

State Circuits, pp. 702-710, June 2002. 

[6] R. Navid, T. H. Lee, R. W. Dutton, “Minimum Achievable Phase Noise 

of RC Oscillators,” IEEE J. Solid-State Circuits, pp. 630-637, March 

2005. 

[7] E. Hegazi, H. Sjoand, and A. Abidi, “A filtering tecnhique to lower LC 

oscillator phase-noise”, IEEE J. Solid-State Circuits, pp. 1921-1930, 

December 2001.  

[8] J.O. Plouchart, H. Ainspan, M. Soyuer, and A. Ruehli, “A Fully-
Monolithic SiGe Differential Voltage-Controlled Oscillator for 5 GHz 
Wireless Applications”, IEEE Int. Radio Frequency IC Symp. (RFIC), 
2000: pp. 57-60. 

[9] B. Razavi, “A study of phase noise in CMOS oscillators,” IEEE J. 

Solid-State Circuits, vol. 31, no. 3, pp. 331–343, Mar. 1996. 

[10] L. B. Oliveira, J. R. Fernandes, M. M. Silva, I. M. Filanovsky, and C: J. 

M. Verhoeven, “Experimental Evaluation of Phase-Noise and 

Quadrature Error in a CMOS 2.4 GHz Relaxation Oscillator,” in IEEE 

Int. Symp. Circuits and Systems (ISCAS’07), pp. 1461-1464, May 2007. 

[11] L. B. Oliveira, A. Allam, I. M. Filanovsky, J. Fernandes, C. J. M. 

Verhoeven, and M. Silva, “Experimental Comparison of Phase Noise in 

Cross-Coupled RC- and LC-Oscillators”, Int. J. Circuit Theory and 

Applications, vol. 38, pp. 681-688, September 2010. 

[12] A. Sempel and H. van Nieuwenburg, “A fully integrated HIFI PLL FM 

demodulator,” in IEEE Int. Solid State Circuits Conf. (ISSCC) Dig. 

Tech.Papers, Feb. 1990, pp. 102–103. 

 

 

 



❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❏✳ ❈❛s❛❧❡✐r♦✱ ❍✳ ❋✳ ▲♦♣❡s✱ ▲✳ ❇✳ ❖❧✐✈❡✐r❛✱ ❛♥❞ ■✳ ❋✐❧❛♥♦✈s❦②✱

✏❈♠♦s ❝♦✉♣❧❡❞ ♠✉❧t✐✈✐❜r❛t♦rs ❢♦r ✇♠ts ❛♣♣❧✐❝❛t✐♦♥s✱✑ ▼✐①❡❞

❉❡s✐❣♥ ♦❢ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s ✭▼■❳❉❊❙✮✱ ✷✵✶✵

Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✼t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡✱ ♣♣✳ ✷✸✶

✕✷✸✻✱ ❥✉♥✳ ✷✵✶✵✳

❬✷❪ ❈✳ ❉✐❛s✱ ✏❖s❝✐❧❛❞♦r❡s ❞❡ rá❞✐♦ ❢r❡q✉ê♥❝✐❛ ❡♠ q✉❛❞r❛t✉r❛ ❝♦♠

❛❝♦♣❧❛♠❡♥t♦ ❝❛♣❛❝✐t✐✈♦✱✑ ▼❛st❡r✬s t❤❡s✐s✱ ❋❛❝✉❧❞❛❞❡ ❞❡ ❈✐ê♥✲

❝✐❛s ❡ ❚❡❝♥♦❧♦❣✐❛ ✭ ❯◆▲ ✮✱ ✷✵✵✾✳

❬✸❪ ■✳ ❋✐❧❛♥♦✈s❦②✱ ▲✳ ❖❧✐✈❡✐r❛✱ ❛♥❞ ❏✳ ❋❡r♥❛♥❞❡s✱ ✏❲✐❞❡ t✉♥✐♥❣

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

❉❡s✐❣♥ ♦❢ ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐ts ❙②st❡♠s✱ ✷✵✵✾✳ ▼■❳❉❊❙ ✬✵✾✳

▼■❳❉❊❙✲✶✻t❤ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡✱ ♣♣✳ ✸✹✶ ✕✸✹✹✱ ❥✉♥✳

✷✵✵✾✳

✶✶✼



❇✐❜❧✐♦❣r❛♣❤② ✶✶✽

❬✹❪ ■✳ ❋✐♥✈❡rs ❛♥❞ ■✳ ❋✐❧❛♥♦✈s❦②✱ ✏❆♥❛❧②s✐s ♦❢ ❛ s♦✉r❝❡✲❝♦✉♣❧❡❞

❝♠♦s ♠✉❧t✐✈✐❜r❛t♦r✱✑ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s✱ ■❊❊❊ ❚r❛♥s❛❝✲

t✐♦♥s ♦♥✱ ✈♦❧✳ ✸✺✱ ♥♦✳ ✾✱ ♣♣✳ ✶✶✽✷ ✕✶✶✽✺✱ s❡♣✳ ✶✾✽✽✳

❬✺❪ ❆✳ ●❡r♦s❛✱ ❙✳ ❙♦❧❞❛✱ ❆✳ ❇❡✈✐❧❛❝q✉❛✱ ❉✳ ❱♦❣r✐❣✱ ❛♥❞ ❆✳ ◆❡✲

✈✐❛♥✐✱ ✏❆ ❞✐❣✐t❛❧❧② ♣r♦❣r❛♠♠❛❜❧❡ r✐♥❣ ♦s❝✐❧❧❛t♦r ✐♥ t❤❡ ❯❲❇

r❛♥❣❡✱✑ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s ✭■❙❈❆❙✮✱ Pr♦❝❡❡❞✐♥❣s ♦❢ ✷✵✶✵

■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠♣♦s✐✉♠ ♦♥✱ ♣♣✳ ✶✶✵✶ ✕✶✶✵✹✱ ♠❛②✳

✷✵✶✵✳

❬✻❪ ❊✳ ❍❡❣❛③✐✱ ❍✳ ❙❥♦❧❛♥❞✱ ❛♥❞ ❆✳ ❆❜✐❞✐✱ ✏❆ ✜❧t❡r✐♥❣ t❡❝❤♥✐q✉❡

t♦ ❧♦✇❡r ❧❝ ♦s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡✱✑ ❙♦❧✐❞✲❙t❛t❡ ❈✐r❝✉✐ts✱ ■❊❊❊

❏♦✉r♥❛❧ ♦❢✱ ✈♦❧✳ ✸✻✱ ♥♦✳ ✶✷✱ ♣♣✳ ✶✾✷✶ ✕✶✾✸✵✱ ❞❡❝✳ ✷✵✵✶✳

❬✼❪ ❉✳ ❏♦❤♥s ❛♥❞ ❑✳ ▼❛rt✐♥✱ ❆♥❛❧②s✐s ■♥t❡❣r❛t❡❞ ❈✐r❝✉✐t ❉❡s✐❣♥✳

❲✐❧❡②✱ ✶✾✾✻✳

❬✽❪ ❚✳ ▲❡❡ ❛♥❞ ❆✳ ❍❛❥✐♠✐r✐✱ ✏❖s❝✐❧❧❛t♦r ♣❤❛s❡ ♥♦✐s❡✿ ❛ t✉t♦r✐❛❧✱✑

❙♦❧✐❞✲❙t❛t❡ ❈✐r❝✉✐ts✱ ■❊❊❊ ❏♦✉r♥❛❧ ♦❢✱ ✈♦❧✳ ✸✺✱ ♥♦✳ ✸✱ ♣♣✳ ✸✷✻

✕✸✸✻✱ ♠❛r✳ ✷✵✵✵✳

❬✾❪ ❉✳ ▲❡❡s♦♥✱ ✏❆ s✐♠♣❧❡ ♠♦❞❡❧ ♦❢ ❢❡❡❞❜❛❝❦ ♦s❝✐❧❧❛t♦r ♥♦✐s❡ s♣❡❝✲

tr✉♠✱✑ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ■❊❊❊✱ ✈♦❧✳ ✺✹✱ ♥♦✳ ✷✱ ♣♣✳ ✸✷✾ ✕ ✸✸✵✱

❢❡❜✳ ✶✾✻✻✳
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❬✶✵❪ ▲✳ ❇✳ ❖❧✐✈❡✐r❛✱ ❏✳ ❘✳ ❋❡r♥❛♥❞❡s✱ ■✳ ▼✳ ❋✐❧❛♥♦✈s❦②✱ ❈✳ ❏✳ ❱❡r✲

❤♦❡✈❡♥✱ ❛♥❞ ▼✳ ▼✳ ❙✐❧✈❛✱ ❆♥❛❧②s✐s ❛♥❞ ❉❡s✐❣♥ ♦❢ ◗✉❛❞r❛t✉r❡

❖s❝✐❧❧❛t♦rs✱ ❙♣r✐♥❣❡r✱ ❊❞✳ ❙♣r✐♥❣❡r✱ ✷✵✵✽✳

❬✶✶❪ ▲✳ ❇✳ ❖❧✐✈❡✐r❛✱ ❊✳ ❚✳ ❙♥❡❧❧✐♥❣✱ ❏✳ ❘✳ ❋❡r♥❛♥❞❡s✱ ❛♥❞ ▼✳ ▼✳

❙✐❧✈❛✱ ✏❆♥ ✐♥❞✉❝t♦r❧❡ss ❝♠♦s q✉❛❞r❛t✉r❡ ♦s❝✐❧❧❛t♦r ❝♦♥t✐♥✉✲

♦✉s❧② t✉♥❡❛❜❧❡ ❢r♦♠ ✸✳✶ t♦ ✶✵✳✻❄❣❤③✱✑ ✷✵✵✾✳

❬✶✷❪ ▲✳ ❇✳ ❖❧✐✈❡✐r❛✱ ❈✳ ✈❛♥ ❞❡♥ ❇♦s✱ ❏✳ ❘✳ ❋❡r♥❛♥❞❡s✱ ❈✳ ❏✳ ▼✳

❱❡r❤♦❡✈❡♥✱ ❛♥❞ ▼✳ ▼✳ ❙✐❧✈❛✱ ✏❆ ✺ ●❍③ q✉❛❞r❛t✉r❡ r❡❧❛①❛t✐♦♥

♦s❝✐❧❧❛t♦r ✇✐t❤ ♠✐①✐♥❣ ❢♦r ✐♠♣r♦✈❡❞ t❡st❛❜✐❧✐t② ♦r ❝♦♠♣❛❝t

❢r♦♥t✲❡♥❞ ✐♠♣❧❡♠❡♥t❛t✐♦♥✱✑ ✷✵✵✽✳

❬✶✸❪ ❇✳ ❘❛③❛✈✐✱ ❘❋ ▼✐❝r♦❡❧❡❝tr♦♥✐❝s✱ P✳ ❍❛❧❧✱ ❊❞✳ Pr❡♥t✐❝❡ ❍❛❧❧✱
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❬✶✹❪ ❆✳ ❘❡③❛②❡❡ ❛♥❞ ❑✳ ▼❛rt✐♥✱ ✏❆ ❝♦✉♣❧❡❞ t✇♦✲st❛❣❡ r✐♥❣ ♦s❝✐❧❧❛✲

t♦r✱✑ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s✱ ✷✵✵✶✳ ▼❲❙❈❆❙ ✷✵✵✶✳ Pr♦❝❡❡❞✲

✐♥❣s ♦❢ t❤❡ ✹✹t❤ ■❊❊❊ ✷✵✵✶ ▼✐❞✇❡st ❙②♠♣♦s✐✉♠ ♦♥✱ ✈♦❧✳ ✷✱

♣♣✳ ✽✼✽ ✕✽✽✶ ✈♦❧✳✷✱ ✷✵✵✶✳

❬✶✺❪ ❆✳ ❘♦❢♦✉❣❛r❛♥✱ ❏✳ ❘❛❡❧✱ ▼✳ ❘♦❢♦✉❣❛r❛♥✱ ❛♥❞ ❆✳ ❆❜✐❞✐✱ ✏❆

✾✵✵ ♠❤③ ❝♠♦s ❧❝✲♦s❝✐❧❧❛t♦r ✇✐t❤ q✉❛❞r❛t✉r❡ ♦✉t♣✉ts✱✑ ❙♦❧✐❞✲

❙t❛t❡ ❈✐r❝✉✐ts ❈♦♥❢❡r❡♥❝❡✱ ✶✾✾✻✳ ❉✐❣❡st ♦❢ ❚❡❝❤♥✐❝❛❧ P❛♣❡rs✳
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♦❢ ▼♦❞❡r♥ ▼✐❝r♦✇❛✈❡ ❖s❝✐❧❧❛t♦rs ❢♦r ❲✐r❡❧❡ss ❆♣♣❧✐❝❛t✐♦♥s✳
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❬✶✼❪ ❇✳ ❙♦❧t❛♥✐❛♥ ❛♥❞ P✳ ❑✐♥❣❡t✱ ✏❚❛✐❧ ❝✉rr❡♥t✲s❤❛♣✐♥❣ t♦ ✐♠♣r♦✈❡

♣❤❛s❡ ♥♦✐s❡ ✐♥ ❧❝ ✈♦❧t❛❣❡✲❝♦♥tr♦❧❧❡❞ ♦s❝✐❧❧❛t♦rs✱✑ ❙♦❧✐❞✲❙t❛t❡

❈✐r❝✉✐ts✱ ■❊❊❊ ❏♦✉r♥❛❧ ♦❢✱ ✈♦❧✳ ✹✶✱ ♥♦✳ ✽✱ ♣♣✳ ✶✼✾✷ ✕✶✽✵✷✱

❛✉❣✳ ✷✵✵✻✳

❬✶✽❪ ❘✳ ❚❛♦ ❛♥❞ ▼✳ ❇❛rr♦t❤✱ ✏▲♦✇ ♣♦✇❡r ✶✵ GHz r✐♥❣ V CO

✉s✐♥❣ s♦✉r❝❡ ❝❛♣❛❝✐t✐✈❡❧② ❝♦✉♣❧❡❞ ❝✉rr❡♥t ❛♠♣❧✐✜❡r ✐♥ ✵✳✶✷

µm ❈▼❖❙ t❡❝❤♥♦❧♦❣②✱✑ ❊❧❡❝tr♦♥✐❝s ▲❡tt❡rs✱ ✈♦❧✳ ✹✵✱ ♥♦✳ ✷✸✱

♣♣✳ ✶✹✽✹ ✕ ✶✹✽✻✱ ♥♦✈✳ ✷✵✵✹✳

❬✶✾❪ ❘✳ ❚❛♦ ❛♥❞ ▼✳ ❇❡rr♦t❤✱ ✏❚❤❡ ❞❡s✐❣♥ ♦❢ ✺ GHz ✈♦❧t❛❣❡ ❝♦♥✲

tr♦❧❧❡❞ r✐♥❣ ♦s❝✐❧❧❛t♦r ✉s✐♥❣ s♦✉r❝❡ ❝❛♣❛❝✐t✐✈❡❧② ❝♦✉♣❧❡❞ ❝✉r✲

r❡♥t ❛♠♣❧✐✜❡r✱✑ ▼✐❝r♦✇❛✈❡ ❙②♠♣♦s✐✉♠ ❉✐❣❡st✱ ✷✵✵✸ ■❊❊❊

▼❚❚✲❙ ■♥t❡r♥❛t✐♦♥❛❧✱ ✈♦❧✳ ✶✱ ♣♣✳ ❆✶✵✾ ✕ ❆✶✶✷ ✈♦❧✳✶✱ ❥✉♥✳

✷✵✵✸✳
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r✐♥❣ ♦s❝✐❧❧❛t♦r ✐♥ ✵✳✶✽ µm ❈▼❖❙ ❢♦r ❧♦✇✲✈♦❧t❛❣❡ ♦♣❡r❛t✐♦♥✱✑
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❬✷✷❪ ❚✳ ❚✐❧❧❡✱ ❏✳ ❙❛✉❡r❜r❡②✱ ❛♥❞ ❉✳ ❙❝❤♠✐tt✲▲❛♥❞s✐❡❞❡❧✱ ✏❆ ❧♦✇✲

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

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

❜✐♥❡❞ s❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♠♣❡♥s❛t✐♦♥✱✑ ❈✐r❝✉✐ts ❛♥❞ ❙②s✲

t❡♠s✱ ✷✵✵✶✳ ■❙❈❆❙ ✷✵✵✶✳ ❚❤❡ ✷✵✵✶ ■❊❊❊ ■♥t❡r♥❛t✐♦♥❛❧ ❙②♠✲
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❆✳ ●♥✉❞✐✱ ✏◗✉❛❞r❛t✉r❡ ✈❝♦s ❜❛s❡❞ ♦♥ ❞✐r❡❝t s❡❝♦♥❞ ❤❛r♠♦♥✐❝

❧♦❝❦✐♥❣✿ ❚❤❡♦r❡t✐❝❛❧ ❛♥❛❧②s✐s ❛♥❞ ❡①♣❡r✐♠❡♥t ✈❛❧✐❞❛t✐♦♥✱✑

■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❈✐r❝✉✐t ❚❤❡♦r② ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✱
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❝❛❧✐❜r❛t❡❞ q✉❛❞r❛t✉r❡ ❣❡♥❡r❛t♦r ❢♦r ✇❧❛♥ ♠✉❧t✐st❛♥❞❛r❞ ❢r❡✲

q✉❡♥❝② s②♥t❤❡s✐③❡r✱✑ ❙♦❧✐❞✲❙t❛t❡ ❈✐r❝✉✐ts✱ ■❊❊❊ ❏♦✉r♥❛❧ ♦❢✱
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❡✣❝✐❡♥❝②✿ ❛ ♥❡✇ ✜❣✉r❡ ♦❢ ♠❡r✐t ❢♦r ♦s❝✐❧❧❛t♦r ❜❡♥❝❤♠❛r❦✲

✐♥❣✱✑ ❈✐r❝✉✐ts ❛♥❞ ❙②st❡♠s✱ ✷✵✵✵✳ Pr♦❝❡❡❞✐♥❣s✳ ■❙❈❆❙ ✷✵✵✵
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