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❞❡♠♦❞✉❧❛❞♦! ❝♦♥+✐❡♥❡ ❞♦- ♠❡③❝❧❛❞♦!❡-✱ ② ❝♦♥✈✐❡!+❡ ❧❛ -❡Q❛❧ ❞❡

■❋ ❡♥ -❡Q❛❧❡- ❞❡ ■ ② ◗✱ ♣♦! ❡❥❡♠♣❧♦ ❡♥ ❞♦- -❡Q❛❧❡- ❞❡ ❇❇ ❞❡-♣❧❛✲

③❛❞❛- ✾✵➸✳ ❊❧ ❞❡-♣❧❛③❛♠✐❡♥+♦ ❞❡ ✾✵➸ ♣✉❡❞❡ ✐♠♣❧❡♠❡♥+❛!-❡ ❜✐❡♥

❝♦♥ ✉♥ ✜❧+!♦ ❞❡ ♣♦❧✐❢❛-❡ I✉❡ ❝❛♠❜✐❛ ❧❛ ❢❛-❡ ❡♥+!❡ ❞♦- -❡Q❛❧❡- ❞❡

▲❖ ❞❡ ❱❍❋ I✉❡ -❡ ❡♥❝❛♠✐♥❛♥ ❛ ❧♦- ♠❡③❝❧❛❞♦!❡- ❡♥ ❧♦- ❝❛♥❛❧❡-

❞❡ ■ ② ◗✱ ♦ ❜✐❡♥ ♠❡❞✐❛♥+❡ ❡❧ ✉-♦ ❞❡ ✉♥ ♦-❝✐❧❛❞♦! ❝♦♥+!♦❧❛❞♦ ♣♦!

+❡♥-✐;♥ ✭❱❈❖✮ ❞❡ ❱❍❋ ❝♦♥ ✉♥❛ ❢!❡❝✉❡♥❝✐❛ ❡❧ ❞♦❜❧❡ ❞❡ ❧❛ ■❋ ②

❞♦- ❞✐✈✐-♦!❡- ❡♥ ❢!❡❝✉❡♥❝✐❛ ♣❛!❛ ❣❡♥❡!❛! ❞♦- -❡Q❛❧❡- ❞❡ ▲❖ ❞❡

■❋ ❝♦♥ ✉♥❛ ❞✐❢❡!❡♥❝✐❛ ❞❡ ❢❛-❡ ❞❡ ✾✵➸✳ ❚!❛- ❡❧ ♠❡③❝❧❛❞♦! -✐❣✉❡ ✉♥

✜❧+!♦ ♣❛-♦ ❞❡ ❜❛❥❛ ✭▲C❋✮ ♣❛!❛ ✜❧+!❛! ❧♦- ♣!♦❞✉❝+♦- ❞❡ ♠❡③❝❧❛

♥♦ ❞❡-❡❛❞♦- ② ♣❛!❛ -✉♣!✐♠✐! ✐♥+❡!❢❡!❡♥❝✐❛-✳ ▲❛- -❡Q❛❧❡- ■ ② ◗ ❞❡

❜❛♥❞❛ ❜❛-❡ ✜❧+!❛❞❛- -♦♥ ❛♠♣❧✐✜❝❛❞❛- ♣♦! ❛♠♣❧✐✜❝❛❞♦!❡- ❞❡ ❇❇✱

② ❡❧ ❝♦♥✈❡!+✐❞♦! ❛♥❛❧;❣✐❝♦✲❞✐❣✐+❛❧ ✭❆❉❈✮ ❝♦♥✈✐❡!+❡ ❧❛- -❡Q❛❧❡- ❞❡

❇❇ ❛♠♣❧✐✜❝❛❞❛- ❛ -❡Q❛❧❡- ❞✐❣✐+❛❧❡- ♣❛!❛ ♣♦❞❡! ♣!♦❝❡-❛!❧❛- ❡♥ ❧❛

❜❛♥❞❛ ❜❛-❡ ❞✐❣✐+❛❧✳

❉❡ ♠❛♥❡!❛ -✐♠✐❧❛! ❛❧ !❡❝❡♣+♦! -✉♣❡!❤❡+❡!♦❞✐♥♦✱ ❡❧ +!❛♥-♠✐-♦!

-✉♣❡!❤❡+❡!♦❞✐♥♦ +❛♠❜✐A♥ ❝♦♥+✐❡♥❡ +!❡- -❡❝❝✐♦♥❡- ❞❡ ❇❇✱ ■❋ ② ❘❋✳

▲❛ ♣❛!+❡ ✐♥❢❡!✐♦! ❞❡ ❧❛ ❋✐❣✉!❛ ✸✳✶ ❡- ✉♥ +!❛♥-♠✐-♦! -✉♣❡!❤❡+❡!♦✲

❞✐♥♦ +[♣✐❝♦ ✉-❛❞♦ ❡♥ ❡-+❛❝✐♦♥❡- ♠;✈✐❧❡- ✐♥❛❧M♠❜!✐❝❛-✳ ▲❛- -❡Q❛❧❡-

■ ② ◗ ❞✐❣✐+❛❧❡- ❡♥ ❇❇ I✉❡ +!❛♥-♣♦!+❛♥ ❧❛ ✐♥❢♦!♠❛❝✐;♥ ❡♥ +!❛♥-✲

♠✐-✐;♥✱ -♦♥ ❝♦♥✈❡!+✐❞❛- ❛ -✉- ❝♦!!❡-♣♦♥❞✐❡♥+❡- -❡Q❛❧❡- ❞✐❣✐+❛❧❡-

❡♥ ❇❇ ♣♦! ❡❧ ❝♦♥✈❡!+✐❞♦! ❞✐❣✐+❛❧✲❛♥❛❧;❣✐❝♦ ✭❉❆❈✮ ❡♥ ❧♦- ❝❛♥❛❧❡-



✶✽ ❋❯◆❉❆▼❊◆❚❖ ❚❊)❘■❈❖

❞❡ ■ ② ◗ ❞❡ ❧❛ '❡❝❝✐*♥ ❡♥ ❇❇ ❞❡❧ -.❛♥'♠✐'♦.✳ ❚.❛' ❡❧ ✜❧-.❛❞♦ ❡♥

❇❇✱ ❧❛' '❡5❛❧❡' ❞❡ ❇❇ ❞❡ ■ ② ◗ '♦♥ ❝♦♥✈❡.-✐❞❛' ❡♥ ❢.❡❝✉❡♥❝✐❛

❛ '❡5❛❧❡' ❞❡ ■❋✱ ② ❧❛ '❡5❛❧ ❞❡ ■❋ ❞❡❧ ❝❛♥❛❧ ◗ ♦❜-✐❡♥❡ ✾✵➸ ♠='

❞❡ ❢❛'❡ >✉❡ ❧❛ ❞❡❧ ❝❛♥❛❧ ■ ❞✉.❛♥-❡ ❧❛ ❝♦♥✈❡.'✐*♥ ❡♥ ❢.❡❝✉❡♥❝✐❛ ❡♥

❡❧ ♠♦❞✉❧❛❞♦. ■✴◗✳ ▲❛ '❛❧✐❞❛ ❞❡❧ ♠♦❞✉❧❛❞♦. ■✴◗ ❡' ❧❛ '✉♠❛ ❞❡

❧❛' '❡5❛❧❡' ■ ② ◗ ❞❡ ■❋✳ ▲❛ '❡5❛❧ ❝♦♠♣❧❡-❛ ❞❡ ■❋ ❡' ❛♠♣❧✐✜❝❛❞❛

♣♦. ✉♥ ❱●❆✱ >✉❡ ♥♦.♠❛❧♠❡♥-❡ ❝♦♥'✐'-❡ ❡♥ ❛♠♣❧✐✜❝❛❞♦.❡' ♠✉❧-✐

❡-❛♣❛✳ ❯♥ ✉♣✲❝♦♥✈❡.-❡. '✐❣✉❡ ❛❧ ❱●❆ ❞❡ ■❋✱ ② ❧❛ '❡5❛❧ ❞❡ ■❋ ❛♠✲

♣❧✐✜❝❛❞❛ ❡' ❡♥-♦♥❝❡' ❝♦♥✈❡.-✐❞❛ ❛ ✉♥❛ '❡5❛❧ ❞❡ ❘❋✳ ▲❛ '❡5❛❧ ❞❡

❘❋ ❡' ❛ ❝♦♥-✐♥✉❛❝✐*♥ ❛♠♣❧✐✜❝❛❞❛ ♣♦. ✉♥ ❱●❆ ❞❡ ❘❋✱ ② '❡❣✉✐❞❛✲

♠❡♥-❡ ♣♦. ✉♥ ❛♠♣❧✐✜❝❛❞♦. ✐♥-❡.♠❡❞✐♦✱ -❛♠❜✐I♥ ❝♦♥♦❝✐❞♦ ❝♦♠♦

❞.✐✈❡.✱ ❤❛'-❛ ✉♥ ♥✐✈❡❧ ❞❡ ♣♦-❡♥❝✐❛ >✉❡ ❡' '✉✜❝✐❡♥-❡ ♣❛.❛ ❛❝-✐✈❛.

❛❧ ❛♠♣❧✐✜❝❛❞♦. ❞❡ ♣♦-❡♥❝✐❛ ✭L❆✮✳ ❯♥ ❇L❋ ❞❡ ❘❋ ✭✜❧-.♦ ❙❆❲✮ '❡

✐♥'❡.-❛ ❡♥-.❡ ❡❧ ❛♠♣❧✐✜❝❛❞♦. ✐♥-❡.♠❡❞✐♦ ② ❡❧ L❆ ♣❛.❛ '❡❧❡❝❝✐♦♥❛.

❧❛ '❡5❛❧ ❞❡ ❘❋ ❞❡'❡❛❞❛ ② '✉♣.✐♠✐. ♦-.♦' ♣.♦❞✉❝-♦' ❞❡ ♠❡③❝❧❛ ❣❡✲

♥❡.❛❞♦' ♣♦. ❡❧ ✉♣✲❝♦♥✈❡.-❡. ❞❡ ❘❋✳ ❊' ♠❡❥♦. ❝♦❧♦❝❛. ❡❧ ❇L❋ ❞❡

❘❋ ❥✉'-♦ ❞❡'♣✉I' ❞❡❧ ✉♣✲❝♦♥✈❡.-❡.✱ ♣❡.♦ ❡'-❛ ❝♦♥✜❣✉.❛❝✐*♥ ♣✉❡❞❡

♥♦ '❡. ❝♦♥✈❡♥✐❡♥-❡ ❞❛❞♦ >✉❡ ❡❧ ❜❧♦>✉❡ ❡♥-❡.♦ ❞❡'❞❡ ❡❧ ❉❆❈ ❤❛'✲

-❛ ❡❧ ❛♠♣❧✐✜❝❛❞♦. ✐♥-❡.♠❡❞✐♦ ♣✉❡❞❡ '❡. ✐♥-❡❣.❛❞♦ ❡♥ ✉♥ '♦❧♦ ❞✐❡

✭❝✐.❝✉✐-♦ ✐♥-❡❣.❛❞♦✮ ❞❡ '❡♠✐❝♦♥❞✉❝-♦. ♦ ❝❤✐♣✳ ❊❧ ❛♠♣❧✐✜❝❛❞♦. ❞❡

♣♦-❡♥❝✐❛ ❛✉♠❡♥-❛ ❧❛ '❡5❛❧ ❞❡ ❘❋ ❞❡'❡❛❞❛ ❤❛'-❛ ✉♥ ♥✐✈❡❧ ❧♦ '✉✜✲

❝✐❡♥-❡♠❡♥-❡ ❛❧-♦ ❝♦♠♦ ♣❛.❛ >✉❡ ❧❛ ♣♦-❡♥❝✐❛ ❞❡ -.❛♥'♠✐'✐*♥ ❡♥ ❡❧

♣✉❡.-♦ ❞❡ ❧❛ ❛♥-❡♥❛ '❡❛ ♠❛②♦. >✉❡ ❡❧ ♠U♥✐♠♦ .❡>✉❡.✐❞♦ ❞❡'♣✉I'

❞❡ .❡'-❛. ❧❛' ♣I.❞✐❞❛' ❞❡ ✐♥'❡.❝✐*♥ ❞❡❧ ❛✐'❧❛❞♦. ② ❡❧ ❞✉♣❧❡①♦.✳ ❊❧

L❆ ♣✉❡❞❡ '❡. ✉♥ ❛♠♣❧✐✜❝❛❞♦. ❞❡ ❝❧❛'❡ ❆❇✱ ❝♦♠♦ '❡ ✉'❛ ❡♥ ❧♦'

'✐'-❡♠❛' ♠*✈✐❧❡' ❚❉▼❆✱ ❈❉▼❆ ② ❲❈❉▼❆ ♦ ✉♥ ❛♠♣❧✐✜❝❛❞♦.

❞❡ ❝❧❛'❡ ❈✱ ❝♦♠♦ ❡❧ >✉❡ '❡ ❡♠♣❧❡❛ ❡♥ '✐'-❡♠❛' ●❙▼ ② ❆▼L❙✳

❊♥ ❝✉❛❧>✉✐❡.❛ ❞❡ ❡'-♦' ❝❛'♦'✱ ❡❧ L❆ ♣.❡'❡♥-❛ ❝❛.❛❝-❡.U'-✐❝❛' ♥♦

❧✐♥❡❛❧❡'✳ ❊❧ L❆ ❞❡ ❝❧❛'❡ ❈ -✐❡♥❡ ♠❡❥♦. ❡✜❝✐❡♥❝✐❛ ❞❡ ♣♦-❡♥❝✐❛ >✉❡

❡❧ ❛♠♣❧✐✜❝❛❞♦. ❞❡ ❝❧❛'❡ ❆❇✱ ♣❡.♦ '*❧♦ ♣✉❡❞❡ '❡. ✉'❛❞♦ ♣❛.❛ '✐'-❡✲

♠❛' ❝♦♥ ❡'>✉❡♠❛' ❞❡ ♠♦❞✉❧❛❝✐*♥ ❞❡ ❡♥✈♦❧✈❡♥-❡ ❝♦♥'-❛♥-❡✱ -❛❧❡'

❝♦♠♦ ❧❛' ♠♦❞✉❧❛❝✐♦♥❡' ❋▼ ♦ ●▼❙❑✳ ❊❧ .❡♥❞✐♠✐❡♥-♦ ❞❡❧ L❆✱ ✐♥✲

❝❧✉②❡♥❞♦ ❧❛ ❣❛♥❛♥❝✐❛ ② ❧❛ ❧✐♥❡❛❧✐❞❛❞✱ ❡' ♠✉② '❡♥'✐❜❧❡ ❛ '✉ ❝❛.❣❛✳

❙❡ ♥❡❝❡'✐-❛ ✉♥ ❛✐'❧❛❞♦. ❡♥-.❡ ❡❧ L❆ ② ❧❛ ❛♥-❡♥❛ ♣❛.❛ .❡❞✉❝✐. ❧❛ ✐♥✲

✢✉❡♥❝✐❛ ❞❡ ❧❛ ✈❛.✐❛❝✐*♥ ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❡♥-.❛❞❛ ❞❡ ❧❛ ❛♥-❡♥❛

❞❡ ❧❛ ❡'-❛❝✐*♥ ♠*✈✐❧ ❝♦♥ '✉ ♣♦'✐❝✐*♥ ❝♦♥ .❡'♣❡❝-♦ ❛❧ L❆✳ L✉❡❞❡

♦❜'❡.✈❛.'❡ ❝*♠♦ ❡❧ ❞✉♣❧❡①♦. ✈❛ ❛ '✉♣.✐♠✐. ❡❧ .✉✐❞♦ ❢✉❡.❛ ❞❡ ❧❛



❆▼"▲■❋■❈❆❉❖❘❊❙ ✶✾

❜❛♥❞❛ ❞❡ %&❛♥'♠✐'✐*♥ ② ❧❛' ❡♠✐'✐♦♥❡' ❡'♣✉&✐❛'✱ ❛'1 ❝♦♠♦ &❡❞✉❝✐&

❧❛ ✜❧%&❛❝✐*♥ ❞❡ ♣♦%❡♥❝✐❛ ❞❡ %&❛♥'♠✐'✐*♥ ❤❛'%❛ ❡❧ &❡❝❡♣%♦&✳

✸✳✷ ❆♠♣❧✐✜❝❛❞♦-❡/

❊'%❡ ❛♣❛&%❛❞♦ %&❛%❛ '♦❜&❡ ❛♠♣❧✐✜❝❛❞♦&❡' ❞❡ ♠✐❝&♦♦♥❞❛' ② ❞❡

&❛❞✐♦❢&❡❝✉❡♥❝✐❛ ❜❛'❛❞♦' ❡♥ %&❛♥'✐'%♦&❡'✳ ❊♥ ❧❛ ❧✐%❡&❛%✉&❛ ❝✐❡♥%1✜✲
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♣♦♥❞❛ ❛❧ ❞❡ ✉♥ ❋❊❚✱ ,❛♠❜✐0♥ ♣♦❞12❛ ,1❛,❛13❡ ❞❡ ✉♥ ❇❏❚ ♦ ✉♥

▼❖❙✱ ❝♦♥ ♣❡:✉❡;♦3 ❝❛♠❜✐♦3 1❡❧❛❝✐♦♥❛❞♦3 ❝♦♥ ❧❛ ❝✐1❝✉✐,❡12❛ ❉❈✳

▲❛ ❝♦♥❡①✐A♥ ❞❡❧ ❝♦♠♣♦♥❡♥,❡ ❛❝,✐✈♦ ♠C3 ❢1❡❝✉❡♥,❡ ❡3 ❧❛ ❞❡ ❢✉❡♥,❡

❝♦♠E♥✴❡♠✐3♦1 ❝♦♠E♥✱ ❛✉♥:✉❡ ♦,1❛3 ❝♦♥✜❣✉1❛❝✐♦♥❡3 3♦♥ ✉3❛❞❛3

,❛♠❜✐0♥ ❛ ✈❡❝❡3✳ ❆❞❡♠C3✱ ❧❛ ♠❛②♦12❛ ❞❡ ❧♦3 ❛♠♣❧✐✜❝❛❞♦1❡3 1❡❛❧❡3

✉3❛♥ ,❛♥ 3A❧♦ ✉♥ ❝♦♠♣♦♥❡♥,❡ ❛❝,✐✈♦✱ ❛✉♥:✉❡ ❛❧❣✉♥❛3 ❛♣❧✐❝❛❝✐♦♥❡3

❡♠♣❧❡❛♥ ♠E❧,✐♣❧❡3 ❝♦♠♣♦♥❡♥,❡3 ❡♥ ❝♦♥❡①✐A♥ ❝❛3❝♦❞♦ ♦ ❉❛1❧✐♥❣✲
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❋✐❣✉$❛ ✸✳✷✿ ❊+,$✉❝,✉$❛ ❜/+✐❝❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦$✳

❈♦♠❡♥③❛1❡♠♦3 ♥✉❡3,1❛ ❞❡3❝1✐♣❝✐A♥ 1❡✜1✐0♥❞♦♥♦3 ❛ ❧❛ ❝♦♥✜✲

❣✉1❛❝✐A♥ ❡♥ ❧❛ ❋✐❣✉1❛ ✸✳✷ ,❛❧ ② ❝♦♠♦ 3❡ ♠✉❡3,1❛ ❡♥ ❡❧ ❞✐❜✉❥♦✱

♣♦1:✉❡ ❡3 ❧❛ ♠C3 3✐♠♣❧❡ ❞❡ ,♦❞❛3✱ ② ♠C3 ❛❞❡❧❛♥,❡ 3❡ ❛♥❛❧✐③❛1C♥

♦,1❛3 ✈❛1✐❛♥,❡3✳ ❈❡♥,1C♥❞♦♥♦3 ❡♥ ◗✶✱ ♣♦❞❡♠♦3 ✈❡1 ❞♦3 1❡❞❡3 ❞❡

❛❧✐♠❡♥,❛❝✐A♥✱ ✉♥❛ ❛ ❧❛ ❡♥,1❛❞❛ ② ♦,1❛ ❛ ❧❛ 3❛❧✐❞❛✱ ❝♦♠♣✉❡3,❛3

❝❛❞❛ ✉♥❛ ❞❡ ❡❧❧❛3 ♣♦1 ✉♥❛ ❜♦❜✐♥❛✱ ✉♥ ❝♦♥❞❡♥3❛❞♦1 ② ✉♥❛ ❢✉❡♥✲

,❡ ❞❡ ✈♦❧,❛❥❡✱ ❝♦♥ ✉♥❛ 1❡3✐3,❡♥❝✐❛ ❡♥ 3❡1✐❡✳ ❊❧ ❝♦♥❞❡♥3❛❞♦1 ,✐❡♥❡

✉♥❛ ✐♠♣❡❞❛♥❝✐❛ ✐♥✜♥✐,❛ ❡♥ ❉❈ ✭❝♦1,♦❝✐1❝✉✐,♦✮ ② ✉♥❛ ✐♠♣❡❞❛♥❝✐❛

✐♥3✐❣♥✐✜❝❛♥,❡ ❡♥ ❘❋ ✭❝✐1❝✉✐,♦ ❛❜✐❡1,♦✮✱ ♠✐❡♥,1❛3 :✉❡ ❧♦ ❝♦♥,1❛1✐♦

3❡ ❛♣❧✐❝❛ ❛ ❧❛3 ❜♦❜✐♥❛3✳ ❉❡ ❡3,❡ ♠♦❞♦✱ ❧♦3 ❞♦3 ❣❡♥❡1❛❞♦1❡3 ❉❈

♣✉❡❞❡♥ ❛❧✐♠❡♥,❛1 3✉3 1❡3♣❡❝,✐✈♦3 ❡❧❡❝,1♦❞♦3 ❞❡❧ ,1❛♥3✐3,♦1 3✐♥ ✐♥✲

,❡1❢❡1✐1 ❡♥ ❧♦3 ❡❧❡♠❡♥,♦3 ❞❡ ❛❧,❛ ❢1❡❝✉❡♥❝✐❛ ♥✐ :✉❡ ❡3,♦3 ✐♥,❡1✜❡1❛♥

❡♥ ❧♦3 ❣❡♥❡1❛❞♦1❡3✳ ▲♦3 ❞♦3 ❣❡♥❡1❛❞♦1❡3 ❉❈✱ ❱❣❣ ② ❱❞❞✱ ❥✉♥,♦

❝♦♥ 3✉3 1❡3♣❡❝,✐✈❛3 1❡3✐3,❡♥❝✐❛3 ❡♥ 3❡1✐❡✱ ❘❣❣ ② ❘❞❞✱ 3♦♥ ❧♦3 ♠♦✲

❞❡❧♦3 ❚❤0✈❡♥✐♥ ❞❡ ❝✉❛❧:✉✐❡1 ✈♦❧,❛❥❡ 1❡❛❧ ♦ ❢✉❡♥,❡ ❞❡ ❝♦11✐❡♥,❡✳ ▲❛3

❞♦3 1❡❞❡3 ❞❡ ❛❞❛♣,❛❝✐A♥ ♠♦❞✐✜❝❛♥ ❧❛3 ✐♠♣❡❞❛♥❝✐❛3 ❞❡❧ ,1❛♥3✐3,♦1

✈✐3,❛3 ♣♦1 ❧❛ ❡♥,1❛❞❛ ② ❧❛ 3❛❧✐❞❛✱ ❛ ✈❛❧♦1❡3 ,❛♥ ♣1A①✐♠♦3 ❝♦♠♦

3❡❛ ♣♦3✐❜❧❡ ❛ ❧♦3 ✺✵ ♦❤♠✐♦3✳ ❊♥ ♠✉❝❤♦3 ❝❛3♦3 1❡❛❧❡3✱ ❧❛3 1❡❞❡3 ❞❡

❛❞❛♣,❛❝✐A♥ ② ❞❡ ❛❧✐♠❡♥,❛❝✐A♥ ♥♦ 3♦♥ ❞✐3,✐♥,❛3✱ ② 3✉❡❧❡♥ ❝♦♠♣❛1✲
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❞❡ ❛❞❛♣ ❛❝✐1♥ ❞❡ ✐♠♣❡❞❛♥❝✐❛✳ ▲❛ ♣"✐♠❡"❛ ❡✈❛❧✉❛❝✐1♥ ❞❡ ✉♥ ❝♦♠✲

♣♦♥❡♥ ❡ ♣♦ ❡♥❝✐❛❧ "❡(✐❞❡ ❡♥ ❧❛( ❡(♣❡❝✐✜❝❛❝✐♦♥❡( ❞❡❧ ❢❛❜"✐❝❛♥ ❡✱ ,✉❡

(♦♥ ❣❡♥❡"❛❧♠❡♥ ❡ (✉✜❝✐❡♥ ❡( ♣❛"❛ ❡❧ ❞✐(❡6♦ ❝♦♠♣❧❡ ♦✳ ❆❧❣✉♥❛(

♣♦❝❛( ❛♣❧✐❝❛❝✐♦♥❡(✱ ♣❛" ✐❝✉❧❛"♠❡♥ ❡ ❝"B ✐❝❛(✱ ❡①✐❣❡♥ ✉♥❛ ❝❛"❛❝ ❡✲

"✐③❛❝✐1♥ ♠'( ❡①❛❝ ❛ ❞❡❧ ❝♦♠♣♦♥❡♥ ❡✳ ❊♥ ❡( ♦( ❝❛(♦( ❡❧ ❞✐(❡6❛❞♦"

♣♦❞"B❛ ♥❡❝❡(✐ ❛" ❞❛ ♦( ❛❞✐❝✐♦♥❛❧❡( ❞❡❧  "❛♥(✐( ♦" ❛(B ❝♦♠♦ ❧❛ ♦❜✲

 ❡♥❝✐1♥ ❞❡ ✉♥ ♠♦❞❡❧♦ ❡(♣❡❝B✜❝♦ ❤❡❝❤♦ ❛ ♠❡❞✐❞❛ ♣❛"❛ ❛❞❡❝✉❛"(❡

❛ ❧❛( ❡①✐❣❡♥❝✐❛( ❞❡ ❧❛ ❛♣❧✐❝❛❝✐1♥✳ ❊❧ ❞✐(❡6♦ ❞❡ ❧❛ "❡❞ ❞❡ ❛❞❛♣ ❛✲

❝✐1♥ ❡( ' ❡( "✐❝ ❛♠❡♥ ❡ "❡❧❛❝✐♦♥❛❞♦ ❝♦♥ ❡❧ ❢✉♥❝✐♦♥❛♠✐❡♥ ♦ ,✉❡ (❡

❡(♣❡"❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦"✳ ❍❛②  =❝♥✐❝❛( ❞❡ ❞✐(❡6♦ ❞✐(♣♦♥✐❜❧❡( ♣❛"❛

♠'①✐♠❛ ❣❛♥❛♥❝✐❛✱ ♠❡❥♦" ♣❧❛♥✐ ✉❞ ❞❡ ❧❛ ❣❛♥❛♥❝✐❛✱ ♠❡❥♦" ❛❞❛♣ ❛✲

❝✐1♥ ❞❡ ✐♠♣❡❞❛♥❝✐❛✱ ♠B♥✐♠❛ ✜❣✉"❛ ❞❡ "✉✐❞♦✱ ♠'①✐♠❛ ♣♦ ❡♥❝✐❛✱

♠'①✐♠❛ ❧✐♥❡❛❧✐❞❛❞ ② ✉♥❛ ❝♦♠❜✐♥❛❝✐1♥ ❞❡  ♦❞❛( =( ❛(✳

❆❞❡♠'( ❞❡ ❡( ♦( "❡♥❞✐♠✐❡♥ ♦( ❡❧=❝ "✐❝♦(✱ ❡❧ ✐♥ ❡"=( ❞❡❧ ❛♠♣❧✐✲

✜❝❛❞♦" ❡♥ ❧❛ ♣"♦❞✉❝❝✐1♥  ✐❡♥❡ ✉♥❛ ✐♠♣♦" ❛♥❝✐❛ ❝❛♣✐ ❛❧✱ ❞❡(❞❡ ❡❧

♣✉♥ ♦ ❞❡ ✈✐( ❛ ❞❡ ❞✐(❡6♦✱ ❡( ♦ ✐♠♣❧✐❝❛ ,✉❡ ❧❛ "❡❞ ❞❡❜❡ ♣"♦♣♦"❝✐♦✲

♥❛" ✉♥❛ (❡♥(✐❜✐❧✐❞❛❞ ♠B♥✐♠❛ ❝♦♥ "❡(♣❡❝ ♦ ❧❛(  ♦❧❡"❛♥❝✐❛( ❞❡ ❧♦(

❝♦♠♣♦♥❡♥ ❡(✳

✸✳✷✳✶✳✶ ❉❡✜♥✐❝✐♦♥❡+ ❞❡ ❣❛♥❛♥❝✐❛

❊①✐( ❡♥  "❡( ❞❡✜♥✐❝✐♦♥❡( ♣"✐♥❝✐♣❛❧❡( ❞❡ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦ ❡♥❝✐❛

❞❡❧ ❛♠♣❧✐✜❝❛❞♦" ,✉❡ (❡ ✉(❛♥ ❡♥ ✐♥❣❡♥✐❡"B❛ ♣"'❝ ✐❝❛✿

✶✳ ●❛♥❛♥❝✐❛ ❞❡  "❛♥(❞✉❝ ♦" GT ❡( ❡❧ ❝♦❝✐❡♥ ❡ ❡♥ "❡ ❧❛ ♣♦ ❡♥❝✐❛
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♣!♦♣♦!❝✐♦♥❛❞❛ ❛ ❧❛ ❝❛!❣❛ PL ② ❧❛ ❞✐+♣♦♥✐❜❧❡ ❡♥ ❡❧ ❣❡♥❡!❛❞♦!

PAV S✳

✷✳ ●❛♥❛♥❝✐❛ ❞❡ ♣♦1❡♥❝✐❛ ♦♣❡!❛1✐✈❛ ♦ +✐♠♣❧❡♠❡♥1❡ ❣❛♥❛♥❝✐❛ ❞❡

♣♦1❡♥❝✐❛ GP ✱ ❡+ ❡❧ ❝♦❝✐❡♥1❡ ❡♥1!❡ ❧❛ ♣♦1❡♥❝✐❛ ❡♥1!❡❣❛❞❛ ❛ ❧❛

❝❛!❣❛ PL ② ❧❛ ♣♦1❡♥❝✐❛ ❛ ❧❛ ❡♥1!❛❞❛ PIN ✳

✸✳ ●❛♥❛♥❝✐❛ ❞❡ ♣♦1❡♥❝✐❛ ❞✐+♣♦♥✐❜❧❡ ❡+ ❡❧ ❝♦❝✐❡♥1❡ ❡♥1!❡ ❧❛+ ♣♦✲

1❡♥❝✐❛+ ❞✐+♣♦♥✐❜❧❡+ ❞❡❧ 1!❛♥+✐+1♦! PAV N ② ❧❛ ♣♦1❡♥❝✐❛ ❞❡❧

❣❡♥❡!❛❞♦! PAV S✳

❊①♣!❡+❛❞♦+ ❡♥ ❢:!♠✉❧❛+✿

GT =
PL

PAV S

, Gp =
PL

PIN

, GA =
PAV N

PAV S

. ✭✸✳✶✮

▲❛ ❋✐❣✉!❛ ✸✳✸ ✭❛✮ ♠✉❡+1!❛ ❡❧ ❞✐❛❣!❛♠❛ ❣❡♥B!✐❝♦ ❞❡ ✉♥ 1!❛♥+✐+✲

1♦! ❝♦♥❡❝1❛❞♦ ❛ ✉♥❛ ❢✉❡♥1❡ ❞❡ ❡♥1!❛❞❛ ② ❛ ✉♥❛ ❝❛!❣❛ ❞❡ +❛❧✐❞❛✳

▲♦+ ❝♦❡✜❝✐❡♥1❡+ ❞❡ !❡✢❡①✐:♥ ❞❡ ❧❛ ❢✉❡♥1❡ ② ❧❛ ❝❛!❣❛ +♦♥ ΓS ② ΓL

!❡+♣❡❝1✐✈❛♠❡♥1❡✱ ♠✐❡♥1!❛+ E✉❡ ❡❧ +✉♣❡!F♥❞✐❝❡ ◗ ❤❛❝❡ !❡❢❡!❡♥❝✐❛

❛ ❧♦+ ♣❛!I♠❡1!♦+ ❞❡❧ 1!❛♥+✐+1♦!✳ ▲❛ ❢✉❡♥1❡ ② ❧❛ ❝❛!❣❛ ❡♥ ❧❛ ❋✐❣✉✲

!❛ ✸✳✸ ✭❛✮ ♣♦❞!F❛♥ ✐♥❝❧✉✐! +✉+ !❡❞❡+ ❞❡ ❛❞❛♣1❛❝✐:♥ ❞❡ ✐♠♣❡❞❛♥❝✐❛+

!❡+♣❡❝1✐✈❛+✱ ❞❡❜✐❞♦ ❛❧ ✈❛❧♦! ❣❡♥B!✐❝♦ +✉♣✉❡+1♦ ❡♥ΓS ② ΓL✳ ▲❛+ ❋✐✲

❣✉!❛+ ❋✐❣✉!❛ ✸✳✸ ✭❜✮ ② ✭❝✮ ♠✉❡+1!❛♥ ❧♦+ ❣!I✜❝♦+ ❞❡ ✢✉❥♦ ❞❡ +❡K❛❧

❝♦!!❡+♣♦♥❞✐❡♥1❡+ ❛❧ ❡+E✉❡♠I1✐❝♦ ❞❡ ❧❛ ❋✐❣✉!❛ ✸✳✸ ✭❛✮✱ +✉♣♦♥✐❡♥❞♦

E✉❡ ❧❛ ❢✉❡♥1❡ +❡ 1❡!♠✐♥❛ ❝♦♥ ✉♥❛ ❝❛!❣❛ ❣❡♥B!✐❝❛ ❞❡ ✈❛❧♦!ΓL✳ ❯+❛✲

!❡♠♦+ ❡+1♦+ ❣!I✜❝♦+ ♣❛!❛ ❞❡❞✉❝✐! ❧❛+ ❡①♣!❡+✐♦♥❡+ ❡①♣❧F❝✐1❛+ ❞❡ ❧❛+

❣❛♥❛♥❝✐❛+ ❞❡ ♣♦1❡♥❝✐❛✱ E✉❡ +❡ ♠✉❡+1!❛♥ ❡♥ ❧❛ ❊❝✉❛❝✐:♥ ✭✸✳✶✮✳

❈♦♠❡♥③❛♥❞♦ ❝♦♥ ❧❛ ❋✐❣✉!❛ ✸✳✸ ✭❝✮✱ ❧❛ ♣♦1❡♥❝✐❛ ❡♥1!❡❣❛❞❛ ♣♦!

❧❛ ❢✉❡♥1❡ ❛ ❧❛ ❝❛!❣❛ ❡+ ✐❣✉❛❧ ❛ ❧❛ ❛♠♣❧✐1✉❞ ❛❧ ❝✉❛❞!❛❞♦ ❞❡ ❧❛ ♦♥❞❛

✐♥❝✐❞❡♥1❡✳

PL = ∣al∣2 = ∣ 1(1 − ΓSΓL)∣2 ∣bS ∣2 ✭✸✳✷✮
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❋✐❣✉$❛ ✸✳✸✿ ❊*+$✉❝+✉$❛* ♣❛$❛ ❧❛ ❝♦♠♣✉+❛❝✐1♥ ❞❡❧ ❝♦❝✐❡♥+❡ ❞❡ +$❛♥*❢❡$❡♥❝✐❛

❞❡ ♣♦+❡♥❝✐❛ ❞❡ ✉♥❛ $❡❞ ❞❡ ❞♦* ♣✉❡$+♦*✿ ✭❛✮ ❡*8✉❡♠9+✐❝♦ ❡❧:❝+$✐❝♦❀ ✭❜✮ ❣$9✜❝❛

❞❡ ✢✉❥♦ ❞❡ *❡@❛❧ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦$❀ ✭❝✮ ❣$9✜❝❛ ❞❡ ✢✉❥♦ ❞❡ *❡@❛❧ ❞❡❧ ❣❡♥❡$❛❞♦$✳

❊❧ "❡$❝❡$ "&$♠✐♥♦ ❡♥ ❧❛ ❊❝✉❛❝✐-♥ ✭✸✳✷✮ 3❡ ♦❜"✐❡♥❡ ❢6❝✐❧♠❡♥"❡

❛♣❧✐❝❛♥❞♦ ❧❛ $❡❣❧❛ ❞❡ ▼❛3♦♥ ❛ ❧❛ ❣$6✜❝❛ ❞❡ ✢✉❥♦ ❞❡ 3❡>❛❧ ❞❡ ❧❛

❋✐❣✉$❛ ✸✳✸ ✭❝✮✳

▲❛ ♣♦"❡♥❝✐❛ ❞✐3♣♦♥✐❜❧❡✱ ♣♦$ ❞❡✜♥✐❝✐-♥✱ ❡3 ❧❛ ♣♦"❡♥❝✐❛ ❡♥"$❡❣❛✲

❞❛ ❛ ✉♥❛ ❝❛$❣❛ ❝♦♥❥✉❣❛❞❛✴❛❞❛♣"❛❞❛ ❛❧ ❣❡♥❡$❛❞♦$✳ D♦$ "❛♥"♦ ✭✸✳✷✮

❞❡✈✉❡❧✈❡ ❧❛ ♣♦"❡♥❝✐❛ ❞✐3♣♦♥✐❜❧❡ ❞❡❧ ❣❡♥❡$❛❞♦$ "$❛3 ❧❛ 3✉❜3"✐"✉❝✐-♥

ΓS❂ΓL✯✱ ❞♦♥❞❡ ❡❧ ❛3"❡$✐3❝♦ ❞❡♥♦"❛ ❝♦♠♣❧❡❥♦ ❝♦♥❥✉❣❛❞♦✿

PAV S =
1(1 − ∣ΓS ∣2)∣bS ∣2 ✭✸✳✸✮
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▲❛ ♣♦$❡♥❝✐❛ ❡♥$)❡❣❛❞❛ ❛ ❧❛ ❝❛)❣❛ ✈❡♥❞). ❞❛❞❛ ♣♦) ❧❛ ❞✐❢❡)❡♥❝✐❛

❡♥$)❡ ❧❛0 ❛♠♣❧✐$✉❞❡0 ❛❧ ❝✉❛❞)❛❞♦ ❞❡ ❧❛ ♦♥❞❛ )❡✢❡❥❛❞❛ ② ❧❛ ✐♥❝✐✲

❞❡♥$❡ ❛ ❧❛ 0❛❧✐❞❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦)✿

PL = ∣b2∣2 − ∣a2∣2 = ∣b2∣2(1 − ∣ΓL∣2) ✭✸✳✹✮

▲♦0 $>)♠✐♥♦0 ❡♥ ✭✸✳✸✮ ② ✭✸✳✹✮✱ ❥✉♥$♦ ❝♦♥ ❧❛0 ❞❡✜♥✐❝✐♦♥❡0 ❞❡

❣❛♥❛♥❝✐❛ ❞❡ $)❛♥0❞✉❝$♦)✱ ✐♥❝❧✉②❡♥ ❧❛0 ✈❛)✐❛❜❧❡0 ❞❡0❞❡ bs ❛ b2✳

▼❡❞✐❛♥$❡ ✉♥ ❛♥.❧✐0✐0 ❞❡ ❧❛ ❣).✜❝❛ ❞❡ ✢✉❥♦ ❞❡ 0❡B❛❧ ❞❡❧ ❛♠♣❧✐✲

✜❝❛❞♦) ② $)❛0 ❤❛❝❡) ❧♦0 ❝.❧❝✉❧♦0 ♣❡)$✐♥❡♥$❡0✱ ♣♦❞❡♠♦0 ❧❧❡❣❛) ❛ ❧❛0

0✐❣✉✐❡♥$❡0 ❡①♣)❡0✐♦♥❡0✿

GT =
∣s21∣2(1 − ∣ΓS ∣2)(1 − ∣ΓL∣2)∣(1 − s11ΓS)(1 − s22ΓL) − s12ΓSs21ΓL)∣2 ✭✸✳✺✮

GT =
1 − ∣ΓS ∣2∣1 − ΓinΓs∣2 ∣s21∣2 1 − ∣ΓL∣2∣1 − s22ΓL∣2 ✭✸✳✻✮

GT =
1 − ∣ΓS ∣2∣1 − s11Γs∣2 ∣s21∣2 1 − ∣ΓL∣2∣1 − ΓinΓL∣2 ✭✸✳✼✮

▲❛0 $)❡0 ❡①♣)❡0✐♦♥❡0 ❡♥ ✭✸✳✺✮✱ ✭✸✳✻✮✱ ② ✭✸✳✼✮✱ ❞❛♥ $)❡0 ♣✉♥$♦0

❞❡ ✈✐0$❛ 0♦❜)❡ ❡❧ ❡❢❡❝$♦ ❞❡ ❧♦0 ❞✐✈❡)0♦0 ❝♦❡✜❝✐❡♥$❡0 ❞❡ )❡✢❡①✐H♥ ❡♥

❧❛ ❣❛♥❛❝✐❛ ❞❡ $)❛♥0❞✉❝❝✐H♥✳

❊♥ ❝✉❛♥$♦ ❛ ❧❛0 ♦$)❛0 ❞❡✜♥✐❝✐♦♥❡0 ❞❡ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛✱ $❡✲

♥❡♠♦0 J✉❡ ❧❛ ♣♦$❡♥❝✐❛ ❞❡ ❡♥$)❛❞❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦) ❡0 ❧❛ ❞✐❢❡)❡♥❝✐❛

❡♥$)❡ ❧❛ ♣♦$❡♥❝✐❛ ❞✐0♣♦♥✐❜❧❡ ❞❡❧ ❣❡♥❡)❛❞♦) ② ❧❛ ♣♦$❡♥❝✐❛ )❡✢❡❥❛✲

❞❛✳ ❈♦♥0✐❞❡)❛♥❞♦ ❡0$♦✱ ❧❛0 ❞♦0 ♣)✐♠❡)❛0 ❡①♣)❡0✐♦♥❡0 ❡♥ ✭✸✳✶✮ ❞❛♥✿

GP =
PL

PIN

=
PAV S

PIN

PL

PAV S

=
PAV S

PIN

GT =
1

1 − ∣ΓS ∣2GT ✭✸✳✽✮

❙✉0$✐$✉②❡♥❞♦ ❡0$❛ ❡①♣)❡0✐H♥ ❡♥ ✭✸✳✻✮ ② ✭✸✳✼✮ ♦❜$❡♥❡♠♦0✿
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Gp =
1∣1 − ΓinΓs∣2 ∣s21∣2 1 − ∣ΓL∣2∣1 − s22ΓL∣2 = 1∣1 − s11Γs∣2 ∣s21∣2 1 − ∣ΓL∣2∣1 − ΓoutΓL∣2

✭✸✳✾✮

▲❛ ♣♦)❡♥❝✐❛ ❞✐/♣♦♥✐❜❧❡ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦4 ❡/ ❧❛ ❡♥)4❡❣❛❞❛ ❛ ✉♥❛

❝❛4❣❛ ❛❞❛♣)❛❞❛ ♣♦4 ❧♦ 7✉❡ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦)❡♥❝✐❛ ❞✐/♣♦♥✐❜❧❡

❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ ✈❛❧♦4 ❞❛❞♦ ♣♦4 ✭✸✳✼✮ ❝✉❛♥❞♦ ΓL = Γou
∗

t ✳ :♦4 )❛♥)♦✿

GA =
1 − ∣ΓS ∣2∣1 − s11Γs∣2 ∣s21∣2 1

1 − ∣Γout∣2 ✭✸✳✶✵✮

❚♦❞❛/ ❧❛/ ❡①♣4❡/✐♦♥❡/ ❞❡4✐✈❛❞❛/ ♣❛4❛ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦)❡♥✲

❝✐❛ ❞❡❧ )4❛♥/✐/)♦4 ♣✉❡❞❡♥ ❛♣❧✐❝❛4/❡ ♣❛4❛ ❝✉❛❧7✉✐❡4 4❡❞ ❧✐♥❡❛❧ ❞❡

❞♦/ ♣✉❡4)♦/ )❛♠❜✐A♥✳ ❊♥ ❝♦♥❝4❡)♦✱ /✐ /✉/)✐)✉✐♠♦/ ❧♦/ ♣❛4D♠❡)4♦/

❞❡ ❙❝❛))❡4✐♥❣ ❞❡❧ )4❛♥/✐/)♦4 ♣♦4 ❧♦/ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦4 ❝♦♠♣❧❡)♦✱ ②

❝♦♥/✐❞❡4❛♠♦/ ΓS = ΓL = 0 ❡♥ ✭✸✳✼✮✱ ✭✸✳✾✮ ② ✭✸✳✶✵✮✱ ♦❜)❡♥❞4❡♠♦/

❧❛/ /✐❣✉✐❡♥)❡/ ❡①♣4❡/✐♦♥❡/✿

GT = GP = ∣S2

(
1

AMP )∣2; GA =
∣S2

(
1
AMP )∣2

1 − ∣Γout∣2 ✭✸✳✶✶✮

❞♦♥❞❡ ❡❧ /✉♣❡4G♥❞✐❝❡ ✭❆▼:✮ ❞❡♥♦)❛ ♣❛4D♠❡)4♦/ ❞❡ ❙❝❛)❡44✐♥❣

❞❡❧ ❛♠♣❧✐✜❝❛❞♦4✱ 7✉❡ /♦♥ ❝♦♠❜✐♥❛❝✐J♥ ❞❡ ❧❛ 4❡❞ ❞❡ ❛❞❛♣)❛❝✐J♥

❞❡ ❡♥)4❛❞❛✱ ❡❧ )4❛♥/✐/)♦4✱ ② ❧❛ 4❡❞ ❞❡ ❛❞❛♣)❛❝✐J♥ ❞❡ /❛❧✐❞❛✳

✸✳✷✳✶✳✷ ❘❡❞❡( ❞❡ ❛❞❛♣+❛❝✐.♥

❍❛❜✐❡♥❞♦ ❞❡✜♥✐❞♦ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦)❡♥❝✐❛✱ ♣♦❞❡♠♦/ ❛❤♦4❛

❞❡/❝4✐❜✐4 ❧❛/ 4❡❞❡/ ❞❡ ❛❞❛♣)❛❝✐J♥ 7✉❡ ♠❛①✐♠✐③❛♥ ❧❛ )4❛♥/❢❡4❡♥❝✐❛

❞❡ ♣♦)❡♥❝✐❛ ❞❡/❞❡ ❡❧ ❣❡♥❡4❛❞♦4 ❤❛/)❛ ❡❧ )4❛♥/✐/)♦4✱ ② ❞❡/❞❡ A/)❡

❤❛/)❛ ❧❛ ❝❛4❣❛✳

◆♦4♠❛❧♠❡♥)❡ ❡❧ ❣❡♥❡4❛❞♦4 ❞❡ ❡♥)4❛❞❛ ② ❧❛ ❝❛4❣❛ ❞❡ /❛❧✐❞❛ /♦♥

4❡/✐/)✐✈♦/✱ ♠✐❡♥)4❛/ 7✉❡ ❡❧ )4❛♥/✐/)♦4 ♣4❡/❡♥)❛ ✐♠♣❡❞❛♥❝✐❛/ 4❡❛❝)✐✲

✈❛/ ② ❞❡♣❡♥❞✐❡♥)❡/ ❞❡ ❧❛ ❢4❡❝✉❡♥❝✐❛ ❡♥ /✉/ ❡❧❡❝)4♦❞♦/✳ ❙✐ ♠✐4❛♠♦/

❛ ❧❛ 4❡❞ ❞❡ ❛❞❛♣)❛❝✐J♥ ❞❡/❞❡ ❡❧ ❞✐/♣♦/✐)✐✈♦ ❛❝)✐✈♦ ✭❛✮ ♦ ❞❡/❞❡ ❡❧



✷✻ ❋❯◆❉❆▼❊◆❚❖ ❚❊)❘■❈❖

❧❛❞♦ ♦♣✉❡'(♦ ✭❜✮✱ (❡♥❡♠♦' ❞♦' ❞❡'❝0✐♣❝✐♦♥❡' ❞✐❢❡0❡♥(❡' ♣❡0♦ ❡3✉✐✲

✈❛❧❡♥(❡' ❞❡ '✉ ❢✉♥❝✐♦♥❛♠✐❡♥(♦✿

✭❛✮ ▲❛ 0❡❞ ❞❡ ❡♥(0❛❞❛ ✭'❛❧✐❞❛✮✱ (0❛♥'❢♦0♠❛ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡❧

❣❡♥❡0❛❞♦0 ✭❝❛0❣❛✮ ❛❧ ❝♦♥❥✉❣❛❞♦ ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡❧ (0❛♥'✐'(♦0

❞❡ ❡♥(0❛❞❛ ✭'❛❧✐❞❛✮✳

✭❜✮ ▲❛ 0❡❞ ❞❡ ❛❞❛♣(❛❝✐;♥ ❞❡ ❡♥(0❛❞❛ ✭'❛❧✐❞❛✮✱ (0❛♥'❢♦0♠❛ ❧❛

✐♠♣❡❞❛♥❝✐❛ ❞❡ ❡♥(0❛❞❛ ✭'❛❧✐❞❛✮ ❞❡❧ (0❛♥'✐'(♦0 ❛❧ ❝♦♥❥✉❣❛❞♦ ❞❡ ❧❛

✐♠♣❡❞❛♥❝✐❛ ❞❡❧ ❣❡♥❡0❛❞♦0 ✭❝❛0❣❛✮✳ ❊'(❛ '❡❣✉♥❞❛ ❞❡✜♥✐❝✐;♥ ♣♦❞0>❛

♦♠✐(✐0 ❧❛ ♣❛❧❛❜0❛ ❝♦♥❥✉❣❛❞♦✱ ❞❛❞♦ 3✉❡ ❧❛ ❝❛0❣❛ ② ❡❧ ❣❡♥❡0❛❞♦0 '♦♥

♥♦0♠❛❧♠❡♥(❡ 0❡'✐'(✐✈♦'✱ ❝♦♠♦ '❡ ❤❛ ❡①♣❧✐❝❛❞♦ ❛♥(❡0✐♦0♠❡♥(❡✳

❊❧ ❞✐'❡B♦ ❞❡ ❧❛ 0❡❞ ❞❡ ❛❞❛♣(❛❝✐;♥ ♣✉❡❞❡ ✉(✐❧✐③❛0 ♠✉❝❤♦' ♠D(♦✲

❞♦' ② (♦♣♦❧♦❣>❛' ❞❡ ❝✐0❝✉✐(♦' ❞✐'(✐♥(♦'✳ ❊❧ 0❡'✉❧(❛❞♦ ♣♦❞0>❛ '❡0 ✉♥❛

0❡❞ ❝♦♥❝❡♥(0❛❞❛✱ ❞✐'(0✐❜✉✐❞❛ ♦ ♠✐①(❛✱ ✉♥❛ 0❡❞ ♣✉0❛♠❡♥(❡ 0❡❛❝(✐✲

✈❛ ♦ ❞❡ ♣D0❞✐❞❛'✱ ❝♦♥ ✉♥❛ 0❡'♣✉❡'(❛ ♣❛'♦ ❞❡ ❜❛❥❛ ♦ ♣❛'♦ ❞❡ ❜❛♥❞❛✳

❯♥♦ ❞❡ ❧♦' ♣❛0F♠❡(0♦' ❝❧❛✈❡ ♣❛0❛ ❡❧ ❞✐'❡B♦ ❞❡ ❧❛ 0❡❞ ❞❡ ❛❞❛♣(❛✲

❝✐;♥ ❡' ❡❧ ❛♥❝❤♦ ❞❡ ❜❛♥❞❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦0✳ ❈♦♠♦ 0❡❣❧❛ ❣❡♥❡0❛❧✱

❧♦' ❛♥❝❤♦' ❞❡ ❜❛♥❞❛ ♠F' ❣0❛♥❞❡' 0❡3✉✐❡0❡♥ 0❡❞❡' ♠F' ❝♦♠♣❧✐✲

❝❛❞❛'✳ ◆♦0♠❛❧♠❡♥(❡✱ ❧♦' ❞✐'❡B❛❞♦0❡' ❞❡ ❛♠♣❧✐✜❝❛❞♦0❡' ♣0❡✜❡0❡♥

❛❞❛♣(❛❝✐♦♥❡' 0❡❛❝(✐✈❛' ❛♥(❡' 3✉❡ 0❡'✐'(✐✈❛'✱ ❞❡❜✐❞♦ ❛ ❧❛ ♣D0❞✐❞❛

❞❡ '❡B❛❧ 3✉❡ ✐♠♣❧✐❝❛♥ ❡'(❛' I❧(✐♠❛'✳

✸✳✷✳✶✳✸ ❆❞❛♣)❛❝✐♦♥ ❞❡ ✐♠♣❡❞❛♥❝✐❛ ♣❛0❛ ❣❛♥❛♥❝✐❛ ♠2①✐♠❛

J❛0❛ ❡①❛♠✐♥❛0 ❡❧ ❡❢❡❝(♦ ❞❡ ❧❛' 0❡❞❡' ❞❡ ❛❞❛♣(❛❝✐;♥✱ ❞❡ ✐♥✐❝✐♦

❛'✉♠✐0❡♠♦' 3✉❡ ♥♦ ❡'(F♥ ♣0❡'❡♥(❡'✳ ▲❛ 0❡❞ ❡♥ ❧❛ ❋✐❣✉0❛ ✸✳✷ '❡

0❡❞✉❝❡ ❛❧ (0❛♥'✐'(♦0 ❝♦♥ '✉' 0❡❞❡' ❞❡ ❛❧✐♠❡♥(❛❝✐;♥✱ ❧❛' ❝✉❛❧❡' ♥♦

❛❢❡❝(❛♥ ❛ ❧❛ '❡B❛❧ ❞❡ ❘❋✱ '❡❣I♥ ♥✉❡'(0❛ ❤✐♣;(❡'✐'✳ ❉❡♥♦(❛♠♦' ❧♦'

♣❛0F♠❡(0♦' ❞❡❧ (0❛♥'✐'(♦0 ❝♦♥ ❡❧ '✉♣❡0>♥❞✐❝❡ ✭◗✮✳ ▲❛ ❡①♣0❡'✐;♥

❡♥ ✭✸✳✺✮ ❝♦♥ ΓS = ΓL = 0 ♥♦' ❞❛ ❛'> ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦(❡♥❝✐❛ ❞❡❧

❛♠♣❧✐✜❝❛❞♦0 '✐♠♣❧✐✜❝❛❞♦✳

GT ,mismatched = ∣S2

(
1

Q)∣2 ✭✸✳✶✷✮

❊♥ ❡'(❛ ❝♦♥✜❣✉0❛❝✐;♥ '✐♠♣❧✐✜❝❛❞❛✱ ❧❛ ❡♥(0❛❞❛ ❞❡❧ (0❛♥'✐'(♦0
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♥♦ ❛❜$♦%❜❡ '♦❞❛ ❧❛ ♣♦'❡♥❝✐❛ ❞✐$♣♦♥✐❜❧❡ ❞❡❧ ❣❡♥❡%❛❞♦%✱ ♣♦%/✉❡ $✉

❝♦❡✜❝✐❡♥'❡ ❞❡ %❡✢❡①✐4♥ ♥♦ ❡$ ❝❡%♦✳ ❊❧ ❝♦❝✐❡♥'❡ ❡♥'%❡ ❧❛ ♣♦'❡♥❝✐❛

❞✐$♣♦♥✐❜❧❡ ❞❡❧ ❣❡♥❡%❛❞♦% ② ❧❛ ❛❜$♦%❜✐❞❛ ♣♦% ❧❛ ❡♥'%❛❞❛ ❞❡❧ '%❛♥✲

$✐$'♦% ❡$✿

PAV ,generator

Pin,transistor

=
1

1 − ∣S1

(
1
Q)∣2 ✭✸✳✶✸✮

❉❡ ♠❛♥❡%❛ $✐♠✐❧❛%✱ ❧❛ ❞❡$❛❞❛♣'❛❝✐4♥ ❛ ❧❛ $❛❧✐❞❛ ✐♠♣✐❞❡ /✉❡ ❧❛

$❛❧✐❞❛ ❞❡❧ '%❛♥$✐$'♦% '%❛♥$✜❡%❛ '♦❞❛ ❧❛ ♣♦'❡♥❝✐❛ ❞✐$♣♦♥✐❜❧❡ ❛ ❧❛

❝❛%❣❛✳ ❊❧ ❝♦❝✐❡♥'❡ ❡♥'%❡ ❧❛ ♣♦'❡♥❝✐❛ ❞✐$♣♦♥✐❜❧❡ ❞❡$❞❡ ❧❛ $❛❧✐❞❛ ❞❡❧

'%❛♥$✐$'♦% ② ❧❛ '%❛♥$❢❡%✐❞❛ ❛ ❧❛ ❝❛%❣❛ ❡$✿

PAV ,transistor

Pload

=
1

1 − ∣S2

(
2
Q)∣2 ✭✸✳✶✹✮

❈✉❛♥❞♦ ❡❧ '%❛♥$✐$'♦% $❡ ❛❞❛♣'❛ ❛ ❧❛ ❡♥'%❛❞❛ ② ❛ ❧❛ $❛❧✐❞❛✱ ❧♦$

❞♦$ ❝♦❝✐❡♥'❡$ ❡♥ ✭✸✳✶✸✮ ② ✭✸✳✶✹✮ $❡ ✈✉❡❧✈❡ ✉♥✐'❛%✐♦$✳ ❙✉♣♦♥✐❡♥✲

❞♦ /✉❡ ❧❛$ ❞♦$ %❡❞❡$ ❞❡ ❛❞❛♣'❛❝✐4♥ ♥♦ ♣%❡$❡♥'❛♥ ♣E%❞✐❞❛$ ② /✉❡

❡❧ '%❛♥$✐$'♦% ❡$ ✉♥✐❧❛'❡%❛❧ (s1(
2
Q)

= 0)✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦'❡♥❝✐❛

❛❞❛♣'❛❞❛ $❡ ✈❡ ✐♥❝%❡♠❡♥'❛❞❛ ♣♦% ❧♦$ ❞♦$ ❝♦❝✐❡♥'❡$ ♠❡♥❝✐♦♥❛❞♦$

❛♥'❡%✐♦%♠❡♥'❡✱ %❡$✉❧'❛♥❞♦✿

GTmatched =
1 − ∣ΓS ∣2

∣1 − s1
(
1
Q)ΓS ∣2 ∣s2(

1

Q)∣2 1 − ∣ΓL∣2
∣1 − s2

(
2
Q)ΓL∣2 ✭✸✳✶✺✮

❉❡ ✭✸✳✶✺✮ $❡ ❞❡❞✉❝❡ /✉❡ ❧❛ ♠G①✐♠❛ ❣❛♥❛♥❝✐❛ ❞❡ '%❛♥$❞✉❝✲

❝✐4♥ $❡ ❝♦♥$✐❣✉❡ ❝✉❛♥❞♦ ❝❛❞❛ ✉♥♦ ❞❡ ❧♦$ 'E%♠✐♥♦$ (1 − ∣ΓS ∣2)∣1 −
s1

(
1
Q)ΓS ∣−2✱ ∣s2(

1
Q)∣2✱ (1−∣ΓL∣2)∣1−s2(

2
Q)ΓL∣−2 ❛❧❝❛♥③❛♥ $✉ ♠G①✐♠♦✳

I✉❡❞❡ ❞❡♠♦$'%❛%$❡ /✉❡ ❡❧ ♣%✐♠❡% ② '❡%❝❡% ❢❛❝'♦% ❞❡ ❧❛ ❣❛♥❛♥❝✐❛

❛❧❝❛♥③❛♥ $✉ ♠G①✐♠♦ ❝✉❛♥❞♦ ΓS = s1
(
1
Q)∗

✱ ΓL = s2
(
2
Q)∗

② /✉❡ ❡$♦$

♠G①✐♠♦$ $♦♥ ✐❣✉❛❧❡$ ❛ (1− ∣s1(
1
Q)∣2)−1 ② (1− ∣s2(

2
Q)∣2)−1 %❡$♣❡❝'✐✲

✈❛♠❡♥'❡✳
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❈✉❛♥$♦ ♠'( ❞❡(❛❞❛♣$❛❞♦ ❡($, ✉♥ $-❛♥(✐($♦-✱ ♠❛②♦- (❡-' ❡❧ ✐♥✲

❝-❡♠❡♥$♦ ❞❡ ❣❛♥❛♥❝✐❛ ♣-♦❞✉❝✐❞♦ ♣♦- ❧❛( -❡❞❡( ❞❡ ❛❞❛♣$❛❝✐5♥✳

▲❛ ❡①♣-❡(✐5♥ ❡♥ ✭✸✳✶✺✮ ❞❛ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛ ♠'①✐♠❛

❛❜(♦❧✉$❛ ❝♦♥ ❞✐(♣♦(✐$✐✈♦( ♣❡-❢❡❝$❛♠❡♥$❡ ❛❞❛♣$❛❞♦( ✉(❛♥❞♦ -❡❞❡(

❞❡ ❛❞❛♣$❛❝✐5♥ (✐♥ ♣,-❞✐❞❛(✳

❙✐♥ ❡♠❜❛-❣♦✱ ❧♦( $-❛♥(✐($♦-❡( ✉♥✐❧❛$❡-❛❧❡( ♥✉♥❝❛ (♦♥ ✉♥✐❧❛$❡-❛✲

❧❡(✱ ♠'( ❜✐❡♥ (✉ ❝♦❡✜❝✐❡♥$❡ ❞❡ $-❛♥(♠✐(✐5♥ ✐♥✈❡-(❛ ❡( ❞✐($✐♥$♦ ❞❡

❝❡-♦✱ ❛✉♥C✉❡ (✉ ❛♠♣❧✐$✉❞ ❡( ♠'( ♣❡C✉❡D❛ C✉❡ ❧❛ ❞❡❧ ❝♦❡✜❝✐❡♥$❡ ❞❡

$-❛♥(♠✐(✐5♥ ❞✐-❡❝$❛✳ ❯♥❛ ❞❡ ❧❛( ❝♦♥(❡❝✉❡♥❝✐❛( ❞❡ ❡($❛ (✐$✉❛❝✐5♥

❡( C✉❡ ❡❧ ❝♦❡✜❝✐❡♥$❡ ❞❡ -❡✢❡①✐5♥ ❞❡ ❡♥$-❛❞❛ ✭(❛❧✐❞❛✮ ❞❡❧ $-❛♥(✐($♦-

❞❡♣❡♥❞❡ ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ C✉❡ $❡-♠✐♥❛ ❧❛ (❛❧✐❞❛ ✭❡♥$-❛❞❛✮✳ ▲♦(

♣❛-'♠❡$-♦( [S] ❞❡❧ $-❛♥(✐($♦- (♦♥✱ ♣♦- ❞❡✜♥✐❝✐5♥✱ ♠❡❞✐❞♦( ❝♦♥
❧♦( ♣✉❡-$♦( $❡-♠✐♥❛❞♦( ❡♥ ✺✵ ♦❤♠✐♦(✳ ❊♥$♦♥❝❡(✱ s1

(
1
Q) (s2(

2
Q)) ❡(

❡❧ ❝♦❡✜❝✐❡♥$❡ ❞❡ -❡✢❡①✐5♥ ❞❡ ❡♥$-❛❞❛ ✭(❛❧✐❞❛✮ ❞❡❧ $-❛♥(✐($♦- ❝✉❛♥✲

❞♦ ❧❛ (❛❧✐❞❛ ✭❡♥$-❛❞❛✮ (❡ $❡-♠✐♥❛ ❝♦♥ ✺✵ ♦❤♠✐♦(✳ J♦- $❛♥$♦✱ (✐

❝♦♠❡♥③❛♠♦( ♣♦- ❛❞❛♣$❛- ❧❛ ❡♥$-❛❞❛✱ $❡♥❡♠♦( C✉❡ ❞✐(❡D❛- ✉♥❛

-❡❞ C✉❡ $-❛♥(❢♦-♠❡ s1
(
1
Q)
❡♥ ✺✵ ♦❤♠✐♦(✳ ❆❤♦-❛✱ (✐ ❝♦♥(✐❞❡-❛♠♦(

❡❧ ❡❢❡❝$♦ ❞❡ ❧❛ -❡❞ ❞❡ ❛❞❛♣$❛❝✐5♥ ❞❡ ❡♥$-❛❞❛✱ ♣♦❞-❡♠♦( ✈❡- C✉❡ ❧❛

-❡✢❡①✐5♥ ❛ ❧❛ (❛❧✐❞❛ ❞❡❧ ❞✐(♣♦(✐$✐✈♦ ②❛ ♥♦ ❡( (s2(
2
Q))✳ ❆M♥ ❛(N✱ ❛M♥

♣♦❞-N❛♠♦( ✐♥$❡♥$❛- ❛❞❛♣$❛- ❡❧ ♥✉❡✈♦ ❝♦❡✜❝✐❡♥$❡ ❞❡ -❡✢❡①✐5♥ ❛ ❧❛

(❛❧✐❞❛ ❛ ✺✵ ♦❤♠✐♦(✳ J♦- ❞❡(❣-❛❝✐❛✱ ❧❛ -❡❞ ❞❡ ❛❞❛♣$❛❝✐5♥ ❞❡ (❛❧✐❞❛

♠♦❞✐✜❝❛ ❡❧ ❝♦❡✜❝✐❡♥$❡ ❞❡ -❡✢❡①✐5♥ ❛ ❧❛ ❡♥$-❛❞❛✱ ♣❡-❥✉❞✐❝❛♥❞♦ ❛(N

❧❛ ❛❞❛♣$❛❝✐5♥ ❡♥ ❧❛ ❡♥$-❛❞❛✳ J❛-❛ ❝♦--❡❣✐- ❡($♦✱ ❞❡❜❡-N❛ (❡- ♣♦(✐✲

❜❧❡ ❝❛♠❜✐❛- ❧❛ -❡❞ ❞❡ ❛❞❛♣$❛❝✐5♥ ❛ ❧❛ ❡♥$-❛❞❛ ♣❛-❛ ♣♦❞❡- $❡♥❡-

❡♥ ❝✉❡♥$❛ ❡❧ s1
(
1
Q)
♠♦❞✐✜❝❛❞♦✱ ♣❡-♦ ❡($♦ ❝❛♠❜✐❛-N❛ (s2(

2
Q)) ② ❛(N

(✉❝❡(✐✈❛♠❡♥$❡✱ ♦❜$❡♥✐❡♥❞♦ ❧❛ ♠✐(♠❛ ❝♦♥❝❧✉(✐5♥ C✉❡ (✐ ❝♦♠❡♥③'✲

-❛♠♦( ♣♦- ❧❛ ❛❞❛♣$❛❝✐5♥ ❛ ❧❛ (❛❧✐❞❛✳

J♦❞-N❛ ❝♦♥(✐❞❡-❛-(❡ C✉❡ ✉♥❛ ♣♦(✐❜✐❧✐❞❛❞ ♣❛-❛ ❛❞❛♣$❛- ✉♥ $-❛♥✲

(✐($♦- ❜✐❧❛$❡-❛❧ ❡( -❡$-♦❝❡❞❡- ♠♦❞✐✜❝❛♥❞♦ ❧❛( -❡❞❡( ❞❡ ❛❞❛♣$❛❝✐5♥

❛ ❧❛ ❡♥$-❛❞❛ ② (❛❧✐❞❛✳ ❚❛❧ ♣-♦❝❡❞✐♠✐❡♥$♦ ♥♦-♠❛❧♠❡♥$❡ ❝♦♥✈❡-❣❡

❞❡(♣✉,( ❞❡ ✈❛-✐❛( ✐$❡-❛❝✐♦♥❡( ② ♣♦❞-N❛ (❡- ❜❛($❛♥$❡ $❡❞✐♦(♦✱ ♣❛-$✐✲

❝✉❧❛-♠❡♥$❡ ♣❛-❛ ❛♠♣❧✐✜❝❛❞♦-❡( ❞❡ ❜❛♥❞❛ ❛♥❝❤❛✳ ❯♥ ❛❧$❡-♥❛$✐✈❛

♠'( ❡✜❝✐❡♥$❡ ② ❝✐❡♥$N✜❝❛ ❡( ❧❛ ❛❞❛♣$❛❝✐5♥ ❝♦♥❥✉❣❛❞❛ (✐♠✉❧$'♥❡❛✳
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▲♦" ❝♦❡✜❝✐❡♥(❡" ❞❡ *❡✢❡①✐-♥ ❞❡ ❡♥(*❛❞❛ ② "❛❧✐❞❛ ❞❡❧ (*❛♥"✐"(♦*

"♦♥✿

ΓI
(
N
Q)

= s1
(
1

Q)
+

s2
(
1
Q)s1

(
2
Q)ΓML

1 − s2
(
2
Q)ΓML

, ΓOU
(
T
Q)

= s2
(
2

Q)
+

s2
(
1
Q)s1

(
2
Q)ΓMS

1 − s2
(
2
Q)ΓMS

✭✸✳✶✻✮

❞♦♥❞❡ ΓMS ② ΓML "♦♥ ❧♦" ❝♦❡✜❝✐❡♥(❡" ❞❡ *❡✢❡①✐-♥ ♣*❡"❡♥(❛❞♦"

❛ ❧❛ ❡♥(*❛❞❛ ② ❛ ❧❛ "❛❧✐❞❛ ❞❡❧ (*❛♥"✐"(♦* ♣♦* ❧❛" *❡❞❡" ❞❡ ❛❞❛♣(❛✲

❝✐-♥ *❡"♣❡❝(✐✈❛"✳

▲❛ ❡♥(*❛❞❛ ② "❛❧✐❞❛ ❡"(❛*;♥ "✐♠✉❧(;♥❡❛♠❡♥(❡ ❛❞❛♣(❛❞❛" "✐

ΓMS = ΓI
∗

N ; ΓML = ΓOU
∗

T ✭✸✳✶✼✮

❈♦♠❜✐♥❛♥❞♦ ❧♦" ❝♦❡✜❝✐❡♥(❡" ❞❡ ❧❛ ❡①♣*❡"✐-♥ ❡♥ ✭✸✳✶✻✮ ❝♦♥ ❧❛"

❝♦♥❞✐❝✐♦♥❡" ❡♥ ✭✸✳✶✼✮✱ ② ❞❡"♣✉B" ❞❡ ❛❧❣✉♥❛ ♠❛♥✐♣✉❧❛❝✐-♥✱ ♦❜(❡♥❡✲

♠♦" ❧♦" ❝♦❡✜❝✐❡♥(❡" ❞❡ *❡✢❡①✐-♥ ❡♥ ❧♦" (❡*♠✐♥❛❧❡" ❞❡❧ (*❛♥"✐"(♦*

♣❛*❛ ❛❞❛♣(❛❝✐-♥ "✐♠✉❧(;♥❡❛✿

ΓMS =
B1 ±

√
B2

1
− 4∣C1∣2

2C1

; ΓML =
B2 ±

√
B2

2
− 4∣C2∣2

2C2

✭✸✳✶✽✮

❞♦♥❞❡

B1 = 1 + ∣s1(
1

Q)∣2 − ∣s2(
2

Q)∣2 − ∣∆∣2 ✭✸✳✶✾✮

B2 = 1 + ∣s2(
2

Q)∣2 − ∣s1(
1

Q)∣2 − ∣∆∣2 ✭✸✳✷✵✮

C1 = s1
(
1

Q)
− s2

(
2

Q)∗∆ ✭✸✳✷✶✮

C2 = s2
(
2

Q)
− s1

(
1

Q)∗∆ ✭✸✳✷✷✮

② ∆ ❡" ❡❧ ❞❡(❡*♠✐♥❛♥(❡ ❞❡ ❧❛ ♠❛(*✐③ ❢♦*♠❛❞❛ ♣♦* ❧♦" ♣❛*;♠❡✲

(*♦" ❞❡ ❙❝❛((❡*✐♥❣
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∆ = s1
(
1

Q)s2
(
2

Q)
− s1

(
2

Q)s2
(
1

Q)
✭✸✳✷✸✮

▲❛' ❞♦' ❡①♣-❡'✐♦♥❡' ❡♥ ✭✸✳✶✽✮ ❞❡✈✉❡❧✈❡♥ ❞♦' ✈❛❧♦-❡' ❞✐'5✐♥✲

5♦' ❝❛❞❛ ✉♥❛ ❞❡ ❡❧❧❛'✳ ❙✐♥ ❡♠❜❛-❣♦✱ 5❛♥ '=❧♦ ✉♥♦ 5✐❡♥❡ ❛♠♣❧✐5✉❞

♠❡♥♦- >✉❡ ✶✱ ② ♣♦- 5❛♥5♦ ❡' ❧❛ '♦❧✉❝✐=♥ ✈@❧✐❞❛✳ ❆❞❡♠@'✱ '✐ ❡❧

5-❛♥'✐'5♦- ❡' ♣♦5❡♥❝✐❛❧♠❡♥5❡ ✐♥❡'5❛❜❧❡✱ ❡♥5♦♥❝❡' ❛♠❜❛' ♣❛-❡❥❛'

5❡♥❞-@♥ ❛♠♣❧✐5✉❞ ✉♥✐5❛-✐❛✳ ❊'5♦ ♣-❡✈✐❡♥❡ ❡❧ ❞✐'❡D♦ ❞❡ ❧❛ -❡❞ ❞❡

❛❞❛♣5❛❝✐=♥ ❝♦♥❥✉❣❛❞❛✱ ❝♦♠♦ ♣♦❞❡♠♦' ❞❡♠♦'5-❛- ❢@❝✐❧♠❡♥5❡✳

❱❛♠♦' ❛ ❝♦♥'✐❞❡-❛-✱ ♣♦- ❡❥❡♠♣❧♦✱ ❧❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥ ❞❡ '❛✲

❧✐❞❛ ❡♥ ❡❧ ❡'>✉❡♠@5✐❝♦ ❞❡ ❧❛ ❋✐❣✉-❛ ✸✳✷✳ ❙❡❛ Γload ❡❧ ❝♦❡✜❝✐❡♥5❡

❞❡ -❡✢❡①✐=♥ ❞❡❧ ❣❡♥❡-❛❞♦-✱ >✉❡ ❝✉♠♣❧❡ ∣Γload∣ < 1✱ ② ✈❛♠♦' ❛

❞❡♥♦5❛- ❧♦' ♣❛-@♠❡5-♦' ❞❡ ❙❝❛55❡-✐♥❣ ❞❡ ❧❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥ ❞❡

'❛❧✐❞❛ ❝♦♥ ❡❧ '✉♣❡-J♥❞✐❝❡ ✭♦✉5✮✳ ■❣♥♦-❛♥❞♦ ❧❛ -❡❞ ❞❡ ❛❧✐♠❡♥5❛❝✐=♥✱

♦ ❝♦♥'✐❞❡-@♥❞♦❧❛ ♣❛-5❡ ❞❡ ❧❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥✱ 5❡♥❡♠♦' >✉❡ ❧❛

♠@①✐♠❛ ❛♠♣❧✐5✉❞ ❞❡❧ ❝♦❡✜❝✐❡♥5❡ ❞❡ -❡✢❡①✐=♥ ✈✐'5♦ ♣♦- ❧❛ '❛❧✐❞❛

❞❡❧ 5-❛♥'✐'5♦- ❡'

∣Γout,P l∣ ≤ ∣s2(
2
out)∣ + ∣Γload∣

1 + ∣s2(
2
out)∣∣Γload∣ ✭✸✳✷✹✮

❞♦♥❞❡ ❡❧ '✐❣♥♦ ✐❣✉❛❧ '❡ ❛♣❧✐❝❛ '=❧♦ ❡♥ ❡❧ ❝❛'♦ ❞❡ -❡❞❡' ❞❡ ❛❞❛♣✲

5❛❝✐=♥ ♣✉-❛♠❡♥5❡ -❡❛❝5✐✈❛'✳

▲❛ -❡❧❛❝✐=♥ ❛♥5❡-✐♦- ✐♠♣❧✐❝❛ >✉❡ ∣Γout,P l∣ = 1 '✐ ② '=❧♦ '✐ ∣s2(
2
out)∣ =

1✳ ❉❡ ♥✉❡✈♦✱ ❡'5♦ '=❧♦ ❡' ♣♦'✐❜❧❡ '✐ ❧❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥ ♥♦ ♣-❡✲

'❡♥5❛ ♣N-❞✐❞❛'✱ ✐♠♣❧✐❝❛♥❞♦ ❡'♦ >✉❡ ∣s2(
1
out)∣ = ∣s1(

2
out)∣ = 0✳ ❖ ❡♥

♦5-❛' ♣❛❧❛❜-❛'✱ ♥♦ ❤❛② 5-❛♥'♠✐'✐=♥ ❡♥5-❡ ❧♦' ❞♦' ♣✉❡-5♦' ❞❡ ❧❛

-❡❞✳ Q♦- 5❛♥5♦✱ ✉♥❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥ ♣✉❡❞❡ ♣-❡'❡♥5❛- ✉♥❛ ❝❛-❣❛

♣✉-❛♠❡♥5❡ -❡❛❝5✐✈❛ '✐ '❡ ❧❛ ❛✐'❧❛ ❞❡ ❧❛ ❝❛-❣❛✱ ② ♥♦ '❡ ❧❡ 5-❛♥'✲

✜❡-❡ ♥✐♥❣✉♥❛ ♣♦5❡♥❝✐❛✳ ❉❡ ❢♦-♠❛ '✐♠✐❧❛-✱ ♣♦❞-J❛♠♦' ❛'✉♠✐- >✉❡

❧❛ ❝❛-❣❛ ❡' ♣✉-❛♠❡♥5❡ -❡'✐'5✐✈❛ ✲❝✉❛❧>✉✐❡- -❡❛❝5❛♥❝✐❛ ❡♥ '❡-✐❡ '❡

❝♦♥'✐❞❡-❛ ❝♦♠♦ ♣❛-5❡ ❞❡ ❧❛ -❡❞ ❞❡ ❛❞❛♣5❛❝✐=♥✲✱ ② ♥♦-♠❛❧✐③❛ ❧♦'

♣❛-@♠❡5-♦' ❙ ❡♥ ❧❛ -❡'✐'5❡♥❝✐❛ ❞❡ ❝❛-❣❛✳ ❊♥ ❡'5❡ ❝❛'♦✱ ❡❧ ❝♦❡✜❝✐❡♥✲

5❡ ❞❡ -❡✢❡①✐=♥ ✈✐'5♦ ♣♦- ❧❛ '❛❧✐❞❛ ❞❡❧ 5-❛♥'✐'5♦- ❝♦✐♥❝✐❞❡ ❝♦♥ ❡❧ ❞❡
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❧❛ ❡♥$%❛❞❛ ❞❡ ❧❛ %❡❞ ❞❡ ❛❞❛♣$❛❝✐*♥✱ ② $✐❡♥❡ ❛♠♣❧✐$✉❞ ✉♥✐$❛%✐❛ /*❧♦

/✐ ❧♦/ ❞♦/ ♣✉❡%$♦/ ❞❡ ❧❛ %❡❞ ❞❡ ❛❞❛♣$❛❝✐*♥ ❡/$1♥ ❛✐/❧❛❞♦/✳ ◆*$❡/❡

4✉❡ ❛/✉♠✐♠♦/ ✉♥ ✈❛❧♦% ❣❡♥7%✐❝♦ ♣❛%❛ ❡❧ ❝♦❡✜❝✐❡♥$❡ ❞❡ %❡✢❡①✐*♥ ❞❡

❝❛%❣❛✿ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❝❛%❣❛ ♥♦ $✐❡♥❡ ❡❢❡❝$♦ ❡♥ ♥✉❡/$%❛/ ❝♦♥/✐❞❡✲

%❛❝✐♦♥❡/✱ ❛ ♠❡♥♦/ 4✉❡ /❡❛ ♣✉%❛♠❡♥$❡ %❡❛❝$✐✈❛ ♣♦% ❡❧❧❛ ♠✐/♠❛❀ ❡♥

❡/❡ ❝❛/♦ ♥✐♥❣✉♥❛ $%❛♥/❢❡%❡♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛ ❛❝$✐✈❛ ❤❛❝✐❛ ❧❛ ❝❛%❣❛

❡/ ♣♦/✐❜❧❡✱ ✐♥❞❡♣❡♥❞✐❡♥$❡♠❡♥$❡ ❞❡ ❝✉❛❧4✉✐❡% ♦$%❛ ❝✐%❝✉♥/$❛♥❝✐❛✳

▲❛ ♠✐/♠❛/ ❝♦♥/✐❞❡%❛❝✐♦♥❡/ /❡ ❛♣❧✐❝❛♥ ❛ ❧❛ %❡❞ ❞❡ ❛❞❛♣$❛❝✐*♥ ❞❡

❡♥$%❛❞❛✳ ▲❛ ❝♦♥❝❧✉/✐*♥ ❡/ 4✉❡ ❧❛/ ❛❞❛♣$❛❝✐♦♥❡/ ❝♦♥❥✉❣❛❞❛/ /✐♠✉❧✲

$1♥❡❛/ /♦♥ ✐♠♣♦/✐❜❧❡/ /✐ ❡❧ $%❛♥/✐/$♦% ❡/ ♣♦$❡♥❝✐❛❧♠❡♥$❡ ✐♥❡/$❛❜❧❡✳

❯♥❛ ✈❡③ 4✉❡ ❧♦/ ❝♦❡✜❝✐❡♥$❡/ΓMS ② ΓML /♦♥ ❝♦♥♦❝✐❞♦/ ♠❡❞✐❛♥✲

$❡ ✭✸✳✷✶✮ ② ✭✸✳✷✸✮✱ ♣♦❞❡♠♦/ ❞✐♠❡♥/✐♦♥❛% ❧❛ %❡❞ ❞❡ ❛❞❛♣$❛❝✐*♥ ❞❡

❢♦%♠❛ /✐♠✐❧❛% ❛ ✉♥ $%❛♥/✐/$♦% ✉♥✐❧❛$❡%❛❧✱ $❡♥✐❡♥❞♦ ❛ Γ∗MS ② Γ∗ML

❝♦♠♦ ❝♦❡✜❝✐❡♥$❡/ ❞❡ %❡✢❡①✐*♥ ❞❡ ❡♥$%❛❞❛ ② /❛❧✐❞❛✱ %❡/♣❡❝$✐✈❛♠❡♥✲

$❡✳

❙✉/$✐$✉②❡♥❞♦ ❧♦/ ❝♦❡✜❝✐❡♥$❡/ ❞❡ ✭✸✳✷✶✮ ❡♥ ✭✸✳✺✮✱ ♦❜$❡♥❡♠♦/ ❧❛

♠1①✐♠❛ ❣❛♥❛♥❝✐❛ ❞❡ $%❛♥/❞✉❝❝✐*♥ ❞❡ ✉♥ $%❛♥/✐/$♦% ♥♦ ✉♥✐❧❛$❡%❛❧

♣❡%❢❡❝$❛♠❡♥$❡ ❛❞❛♣$❛❞♦✳

GT =
∣s2(

1
Q)∣2(1 − ∣ΓMS ∣2)(1 − ∣ΓML∣2)

∣1 − (s1(
1
Q)ΓMS + s2

(
2
Q)ΓML + s1

(
2
Q)s2

(
1
Q)ΓMSΓML) + s1

(
1
Q)ΓMSs2

(
2
Q)ΓML∣2

✭✸✳✷✺✮

❈♦♠♦ ♣✉❡❞❡ ♦❜/❡%✈❛%/❡✱ ❧♦/ ❝♦❡✜❝✐❡♥$❡/ ΓMS = Γ∗IN ② ΓML =

Γ∗OUT ❞❛❞♦/ ♣♦% ✭✸✳✷✸✮ ♥♦ /♦♥ ❢M/✐❝❛♠❡♥$❡ %❡❛❧✐③❛❜❧❡/ /✐ ❡❧ $%❛♥✲

/✐/$♦% ❡/ ✐♥❡/$❛❜❧❡❀ ❡♥$♦♥❝❡/ ❧❛ ♠1①✐♠❛ ❣❛♥❛♥❝✐❛ ❞❡ ❧❛ ✭✸✳✷✺✮ ♥♦

❡/ ❛❧❝❛♥③❛❜❧❡✳ ▲❛ ♠1①✐♠❛ ❣❛♥❛♥❝✐❛ ♣❛%❛ ✉♥ $%❛♥/✐/$♦% ♣♦$❡♥❝✐❛❧✲

♠❡♥$❡ ✐♥❡/$❛❜❧❡ ✈✐❡♥❡ ❞❛❞❛ ♣♦% ❧❛ ❡①♣%❡/✐*♥✿

GT =
∣s2(

1
Q)∣2

∣s1(
2
Q)∣2(K −

√
K2

− 1) ✭✸✳✷✻✮

▲❛ ❣❛♥❛♥❝✐❛ ❞❡ $%❛♥/❞✉❝❝✐*♥ ❞❡ ❧❛ ❡①♣%❡/✐*♥ ✭✸✳✷✻✮ ❡/ ✉♥❛ ❢✉♥✲

❝✐*♥ ❞❡❝%❡❝✐❡♥$❡ ♠♦♥♦❧M$✐❝❛ ❞❡❧ ❢❛❝$♦% ❞❡ ❡/$❛❜✐❧✐❞❛❞✱ ② ❛❧❝❛♥③❛ /✉
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♠!①✐♠♦ ❡♥ ❧❛ ❝♦♥❞✐❝✐+♥ ❞❡ ❡,-❛❜✐❧✐❞❛❞ ♠/♥✐♠❛ ✭❑❂✶✮✳ ❊❧ ✈❛❧♦8

8❡,✉❧-❛♥-❡ ❡, ❧❛ ❣❛♥❛❝✐❛ ♠!①✐♠❛ ❡,-❛❜❧❡✿

GMSG =
∣s21∣2∣s12∣2 ✭✸✳✷✼✮

❊❧ ✈❛❧♦8 ❞❡ ✭✸✳✷✼✮ ❡, ❡❧ ♠!①✐♠♦ -❡+8✐❝❛♠❡♥-❡ ❛❧❝❛♥③❛❜❧❡ ♣♦8 ❡❧

❛♠♣❧✐✜❝❛❞♦8 B✉❡ ,❡ ❤❛ ❡,-✉❞✐❛❞♦ ❡♥ ❡,-❛ ,❡❝❝✐+♥✱ ,✐ ❧❛, 8❡❞❡, ❞❡

❛❞❛♣-❛❝✐+♥ ♣8❡,❡♥-❛♥ ❧❛ ♠/♥✐♠❛ ♣E8❞✐❞❛ ❞❡ ❞✐,✐♣❛❝✐+♥ ♥❡❝❡,❛8✐❛

♣❛8❛ ❧❛ ❡,-❛❜✐❧✐③❛❝✐+♥ ❞❡❧ -8❛♥,✐,-♦8✳

▲♦, ❛♠♣❧✐✜❝❛❞♦8❡, B✉❡ ❡♠♣❧❡❛♥ -8❛♥,✐,-♦8❡, ♣♦-❡♥❝✐❛❧♠❡♥-❡

✐♥❡,-❛❜❧❡, ♥❡❝❡,✐-❛♥ ,❡8 ❡,-❛❜✐❧✐③❛❞♦,✱ ♣❛8-✐❝✉❧❛8♠❡♥-❡ ❝✉❛♥❞♦ ❧❛,

✐♠♣❡❞❛♥❝✐❛, -❡8♠✐♥❛❞♦8❛, ,♦♥ -❛❧❡, B✉❡ ❡❧ ❝♦❡✜❝✐❡♥-❡ ❞❡ 8❡✢❡①✐+♥

✈✐,-♦ ♣♦8 ❡❧ -8❛♥,✐,-♦8 ✈✐❡♥❡ ❞❡ ❧❛ 8❡❣✐+♥ ❞❡ ✐♥❡,-❛❜✐❧✐❞❛❞✱ ❝♦♥ ❡❧

❝♦♥,❡❝✉❡♥-❡ 8✐❡,❣♦ ❞❡ ♦,❝✐❧❛❝✐♦♥❡,✳ ▲❛ ❡,-❛❜✐❧✐③❛❝✐+♥ ♣8❡✈✐❡♥❡ ❡❧

✉,♦ ❞❡ 8❡❞❡, ❞❡ ❛❞❛♣-❛❝✐+♥ ♣✉8❛♠❡♥-❡ 8❡❛❝-✐✈❛,✱ ❡♥ ❡❧ ,❡♥-✐❞♦ ❞❡

B✉❡ ♣✉❡❞❡♥ -8❛,❧❛❞❛8 ❧❛, 8❡❣✐♦♥❡, ✐♥❡,-❛❜❧❡, ❞❡,❞❡ ✉♥❛ ♣♦8❝✐+♥

❞❡ ❧❛ ❝❛8-❛ ❞❡ ❙♠✐-❤ ❤❛,-❛ ♦-8❛✱ ,✐❡♠♣8❡ ♣❡8♠❛♥❡❝✐❡♥❞♦ ❞❡♥-8♦

❞❡❧ ❝/8❝✉❧♦ ✉♥✐❞❛❞ (∣Γ∣ = 1)✳ ❊♥ ✈❡③ ❞❡ ❡,♦✱ ♥❡❝❡,✐-❛♠♦, ❡①♣✉❧,❛8
❧❛, 8❡❣✐♦♥❡, ✐♥❡,-❛❜❧❡, ❢✉❡8❛ ❞❡ ❧❛ ❈❛8-❛ ❞❡ ❙♠✐-❤✳ ❊, ❞❡❝✐8✱ ❧❛,

8❡❞❡, ❞❡ ❛❞❛♣-❛❝✐+♥ ❝♦♥ ♣E8❞✐❞❛, ,❡8!♥ ♥❡❝❡,❛8✐❛, ② ❧❛, 8❡❞❡, ❞❡

❛❞❛♣-❛❝✐+♥ ❞❡ ❡♥-8❛❞❛ ② ,❛❧✐❞❛ ❞❡❜❡8!♥ ✐♥❝❧✉✐8 8❡,✐,-❡♥❝✐❛,✱ B✉❡

♣♦❞8!♥ ,❡8 ♦ ❜✐❡♥ ❝♦♥❝❡♥-8❛❞❛, ♦ ❜✐❡♥ ❡❧❡♠❡♥-♦, ❝♦♥ ♣E8❞✐❞❛, ❡♥

❡❧❡♠❡♥-♦, 8❡❛❝-✐✈♦, ♥♦ ✐❞❡❛❧❡,✳

▲❛ ❣❛♥❛♥❝✐❛ ❝♦♥ ❛❞❛♣-❛❝✐+♥ ,✐♠✉❧-!♥❡❛ ❡, ❧❛ ♠!①✐♠❛ ♣♦,✐❜❧❡✿

❛ ♠❡❞✐❞❛ B✉❡ ❡❧ ❝♦❡✜❝✐❡♥-❡ ❞❡ 8❡✢❡①✐+♥ ❞❡❧ ❣❡♥❡8❛❞♦8 ✭❝❛8❣❛✮

❞✐✜❡8❡ ❞❡ ΓMS (ΓML)✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡❝8❡❝❡✳ ▲♦, ❝♦❡✜❝✐❡♥-❡, ❞❡
8❡✢❡①✐+♥ ❞❡ ❧❛, -❡8♠✐♥❛❝✐♦♥❡, B✉❡ ♣8♦❞✉❝❡♥ ❧❛ ♠✐,♠❛ ❣❛♥❛♥❝✐❛

❝♦♥,-✐-✉②❡♥ ❧♦, ❧✉❣❛8❡, ❡♥ ❡❧ ♣❧❛♥♦ Γ ❝♦♥ ❢♦8♠❛ ❞❡ ❝/8❝✉❧♦, ② ,♦♥

❝♦♥♦❝✐❞♦, ❝♦♥ ❡❧ ♥♦♠❜8❡ ❞❡ ❝/8❝✉❧♦, ❞❡ ❣❛♥❛♥❝✐❛ ❝♦♥,-❛♥-❡✳ ❊❧

-8❛-❛♠✐❡♥-♦ ❝♦♠♣❧❡-♦ ❞❡ ❧♦, ❝/8❝✉❧♦, ❞❡ ❣❛♥❛♥❝✐❛ ❡♥✈✉❡❧✈❡ ♠✉✲

❝❤♦, ❝❛,♦,✿ ❡♥-8❛❞❛ ② ,❛❧✐❞❛✱ ❣❛♥❛♥❝✐❛ ❞❡ -8❛♥,❞✉❝-♦8✱ ❣❛♥❛♥❝✐❛

❞❡ ♣♦-❡♥❝✐❛ ❞✐,♣♦♥✐❜❧❡ ② ♦♣❡8❛-✐✈❛ ❝♦♥ -8❛♥,✐,-♦8❡, ✉♥✐❧❛-❡8❛❧❡,✱

❜✐❧❛-❡8❛❧❡,✱ ❡,-❛❜❧❡, ❡ ✐♥❡,-❛❜❧❡,✳ ❙❡ ❡,-✉❞✐❛8! ❛ ❝♦♥-✐♥✉❛❝✐+♥ ❡❧

❝❛,♦ ❞❡ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦-❡♥❝✐❛ ❞❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦8 ♣❡8❢❡❝-❛♠❡♥-❡
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❛❞❛♣#❛❞♦✱ ❝♦♥ ✉♥ #)❛♥*✐*#♦) ❜✐❧❛#❡)❛❧ ❡*#❛❜❧❡✳ ❇❛❥♦ ❡*#❛* ♣)❡♠✐✲

*❛*✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦#❡♥❝✐❛ ❞✐*♣♦♥✐❜❧❡ ② ❞❡ #)❛♥*❞✉❝❝✐6♥ ❝♦✐♥❝✐✲

❞❡♥✳ ▲❛* ❧♦❝❛❧✐③❛❝✐♦♥❡* ❝♦♥*#❛♥#❡* ❞✐*♣♦♥✐❜❧❡* *♦♥ ❝9)❝✉❧♦* ❡♥ ❡❧

♣❧❛♥♦ ❞❡❧ ❝♦❡✜❝✐❡♥#❡ ❞❡ )❡✢❡①✐6♥ ❞❡ ❡♥#)❛❞❛ (ΓS) ❝♦♥ ❝❡♥#)♦ ②

)❛❞✐♦✿

CA =

GA

∣s2
(
1
Q)∣2

(s1(
1
Q)∗

− s2
(
2
Q)∆∗)

1 + GA

∣s2
(
1
Q)∣2

(∣s1(
1
Q)∣2 − ∣∆∣2)

✭✸✳✷✽✮

RA =

√
1 + 2K ∣s2(

1
Q)s2

(
1
Q)∣ GA

∣s2
(
1
Q)∣2

+ ∣s2(
1
Q)s2

(
1
Q)∣2 G2

A

∣s2
(
1
Q)∣4

∆∣2)
∣1 + ∣s1(

1
Q)∣2 GA

∣s2
(
1
Q)∣2

− ∣∆∣2∣
✭✸✳✷✾✮

❞♦♥❞❡ GA ❡* ❧❛ ❣❛♥❛♥❝✐❛ ❞✐*♣♦♥✐❜❧❡ D✉❡ *❡ ♦❜#✐❡♥❡ ❝✉❛♥❞♦ ❡❧

❝♦❡✜❝✐❡♥#❡ ❞❡ )❡✢❡①✐6♥ ❞❡ ❡♥#)❛❞❛ *❡ ♠✉❡✈❡ ❛❧)❡❞❡❞♦) ❞❡❧ ❝9)❝✉❧♦✳

▲♦* ❝9)❝✉❧♦* ❞❡ ❣❛♥❛♥❝✐❛ ❝♦♥*#❛♥#❡* ♣)♦♣♦)❝✐♦♥❛♥ ✉♥❛ )❡♣)❡✲

*❡♥#❛❝✐6♥ ✐♥#✉✐#✐✈❛ ❞❡ ❧❛ *❡♥*✐❜✐❧✐❞❛❞ ❞❡ ❧❛ ❣❛♥❛♥❝✐❛ ❛♥#❡ ❧♦* ❝♦❡✲

✜❝✐❡♥#❡* ❞❡ )❡✢❡①✐6♥ ❞❡ ❡♥#)❛❞❛ ② *❛❧✐❞❛✿ ✉♥❛ )❡❣✐6♥ ❞❡ ❧❛ ❝❛)#❛

❞❡ ❙♠✐#❤ ♣♦❜❧❛❞❛ ❝♦♥ ♠✉❝❤♦* ✭♣♦❝♦*✮ ❝9)❝✉❧♦* ❞❡ ❣❛♥❛♥❝✐❛ ✐♥❞✐❝❛

✉♥❛ *❡♥*✐❜✐❧✐❞❛❞ ❛❧#❛ ✭❜❛❥❛✮✳

◆♦)♠❛❧♠❡♥#❡✱ ❡❧ ❝♦❡✜❝✐❡♥#❡ ❞❡ #)❛♥*✐♠✐*✐6♥ ❞✐)❡❝#❛ ❞❡❧ #)❛♥✲

*✐*#♦) ② ❧❛ ❣❛♥❛♥❝✐❛ ♠I①✐♠❛ ❞❡❝)❡❝❡♥ ❝♦♥ ❧❛ ❢)❡❝✉❡♥❝✐❛✱ ❝♦♥ ✉♥❛

♣❡♥❞✐❡♥#❡ ❞❡ ✉♥♦* 20 ❞❇ ♣♦) ❞K❝❛❞❛✳ ❊*#❡ ❝♦♠♣♦)#❛♠✐❡♥#♦ #❡♥✲

❞)I ❞♦* ❡❢❡❝#♦* ♣)✐♥❝✐♣❛❧❡* ❡♥ ❡❧ ❞✐*❡M♦ ❞❡ ❧❛ )❡❞ ❞❡ ❛❞❛♣#❛❝✐6♥✿

✶✳ ❙✐ ♥♦ *❡ ♣♦♥❡ ❧❛ *✉✜❝✐❡♥#❡ ♣)❡❝❛✉❝✐6♥✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡❧ ❛♠✲

♣❧✐✜❝❛❞♦) #✐❡♥❞❡ ❛ ❝)❡❝❡) ❛ ❜❛❥❛ ❢)❡❝✉❡♥❝✐❛✳ ❆❧❣✉♥❛* ✈❡❝❡*✱

❧❛ ❣❛♥❛♥❝✐❛ ❛ ❜❛❥❛ ❢)❡❝✉❡♥❝✐❛ ♣♦❞)9❛ *❡) ✐♥❝❧✉*♦ ♠I* ❛❧#❛
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 ✉❡ ❡❧ ✈❛❧♦'  ✉❡ (♦♠❡ ❡♥ ❧❛ ❜❛♥❞❛ ❞❡ ✐♥(❡'./✳ ❉❡ ❡/(❡ ♠♦✲

❞♦✱ ❧❛/ /❡4❛❧❡/ ❢✉❡'❛ ❞❡ ❧❛ ❜❛♥❞❛ ❞❡ ✐♥(❡'./✱ ✐♥❝❧✉②❡♥❞♦ ❡❧

'✉✐❞♦✱ ♣✉❡❞❡♥ '❡❞✉❝✐' ❡❧ '❛♥❣♦ ❞✐♥:♠✐❝♦ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦'✱

❝❛✉/❛♥❞♦ ✐♥(❡'♠♦❞✉❧❛❝✐<♥ ❝♦♥ ❧❛ /❡4❛❧ =(✐❧✳ ❊❧ ❝❛/♦ ❡①('❡♠♦

/❡'@❛  ✉❡ /❡4❛❧❡/ ❞❡ ❡♥('❛❞❛ ❞❡ ❜❛❥❛ ❢'❡❝✉❡♥❝✐❛ ② '❡❧❛(✐✈❛✲

♠❡♥(❡ ❢✉❡'(❡/ /❛(✉'❛/❡♥ ❡❧ ❛♠♣❧✐✜❝❛❞♦'✱ ❝♦♠♣'♦♠❡(✐❡♥❞♦ ❛/@

/✉ ❢✉♥❝✐♦♥❛♠✐❡♥(♦✳ B♦' (❛♥(♦✱ ❧❛/ '❡❞❡/ ❞❡ ❛❞❛♣(❛❝✐<♥ ♣❛✲

/♦ ❞❡ ❛❧(❛ /♦♥ ♣'❡❢❡'✐❜❧❡/ ❛ ❧❛/ ❞❡ ♣❛/♦ ❞❡ ❜❛❥❛✱ ♣♦' ✉❡ ❧❛

❢❛❧(❛ ❞❡ ❣❛♥❛♥❝✐❛ ❛/♦❝✐❛❞❛ ❛ ❧❛ ❞❡/❛❞❛♣(❛❝✐<♥ ❤❛❝❡  ✉❡ /❡

❞❡❝'❡♠❡♥(❡ ❧❛ ❣❛♥❛♥❝✐❛ ❛ ❢'❡❝✉❡♥❝✐❛/ ♠❡♥♦'❡/ ❛ ❧❛ ♠@♥✐♠❛

♦♣❡'❛(✐✈❛✱ ♦♣♦♥✐.♥❞♦/❡ ❛ ❧❛ /✉❜✐❞❛ ♥❛(✉'❛❧ ❞❡ ❧❛ ❣❛♥❛♥❝✐❛

❞❡❧ ('❛♥/✐/(♦'✳

✷✳ ▲❛ ❞✐/♠✐♥✉❝✐<♥ ♥❛(✉'❛❧ ❞❡ ❧❛ ❣❛♥❛❝✐❛ ❛ ❜❛❥❛/ ❢'❡❝✉❡♥❝✐❛/✱

❝♦♠❜✐♥❛❞❛ ❝♦♥ ❧♦/ ❧@♠✐(❡/ ❡♥ ❧❛ ❛❞❛♣(❛❝✐<♥ ❞❡ ✐♠♣❡❞❛♥❝✐❛

❡♥ ❜❛♥❞❛ ❛♥❝❤❛✱ ♥♦/ ❧❧❡✈❛♥ ❛ ✉♥❛ ❡/('❛(❡❣✐❛ ✐♥(❡'❡/❛♥(❡ ♣❛✲

'❛ ❡❧ ❞✐/❡4♦ ❞❡ ❛♠♣❧✐✜❝❛❞♦'❡/ ❞❡ ❜❛♥❞❛ ❛♥❝❤❛✳ ❊❧ ('❛♥/✐/(♦'

❡/ ❛❞❛♣(❛❞♦ ❛ ❧❛ ♠:①✐♠❛ ❢'❡❝✉❡♥❝✐❛ /♦❧❛♠❡♥(❡❀ ❛ ❢'❡❝✉❡♥✲

❝✐❛/ ♠:/ ❜❛❥❛/✱ ✉♥❛ ❞❡/❛❞❛♣(❛❝✐<♥ ❝♦♥('♦❧❛❞❛ ❝♦♠♣❡♥/❛ ❡❧

❛✉♠❡♥(♦ ❞❡ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡❧ ❞✐/♣♦/✐(✐✈♦ ❛♣❧❛♥:♥❞♦❧❛✳

✸✳✷✳✷ ❆♠♣❧✐✜❝❛❞♦-❡/ ❞❡ ❜❛❥♦ -✉✐❞♦

▲♦/ ❛♠♣❧✐✜❝❛❞♦'❡/ ❛4❛❞❡♥ '✉✐❞♦ ❛ ❧❛ /❡4❛❧ ❛♠♣❧✐✜❝❛❞❛✳ ❊/

✐♠♣♦'(❛♥(❡  ✉❡ ❡❧ '✉✐❞♦ ❛4❛❞✐❞♦ /❡❛ (❛♥ ❜❛❥♦ ❝♦♠♦ /❡❛ ♣♦/✐❜❧❡✱

♣❛'(✐❝✉❧❛'♠❡♥(❡ /✐ ❧❛/ /❡4❛❧❡/  ✉❡ ❤❛♥ ❞❡ /❡' ❛♠♣❧✐✜❝❛❞❛/ /♦♥ ❞.✲

❜✐❧❡/✳ B♦❞❡♠♦/ ❡①♣'❡/❛' ❡/(❡ ❝♦♥❝❡♣(♦ ❡♥ (.'♠✐♥♦/ ❝✉❛♥(✐(❛(✐✈♦/

❞✐❝✐❡♥❞♦  ✉❡ ❧❛ ✜❣✉'❛ ❞❡ '✉✐❞♦ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦' ❞❡❜❡ /❡' ❧♦ ♠:/

❜❛❥❛ ♣♦/✐❜❧❡✳

❊❧ ❢❛❝(♦' ❞❡ '✉✐❞♦ ❞❡ ✉♥❛ '❡❞ ❧✐♥❡❛❧ ❞❡ ❞♦/ ♣✉❡'(♦/ ❣❡♥.'✐❝❛

✈✐❡♥❡ ❞❛❞♦ ♣♦' ❧❛ ❡①♣'❡/✐<♥✿

F = Fmin +
Rn

Re(YS)∣YS − Yopt∣2 ✭✸✳✸✵✮

❞♦♥❞❡ YS ❡/ ❧❛ ❛❞✐♠✐(❛♥❝✐❛ ❛ ❧❛ /❛❧✐❞❛ ❞❡ ❧❛ '❡❞ ❞❡ ❡♥('❛❞❛✳
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❊❧ "❡❣✉♥❞♦ )*+♠✐♥♦ ❡♥ ❡❧ ♠✐❡♠❜+♦ ✜♥❛❧ ❞❡ ❧❛ ❡❝✉❛❝✐2♥ ❛♥)❡+✐♦+

❡" "✐❡♠♣+❡ ♥♦ ♥❡❣❛)✐✈♦✱ ❞❛❞♦ 6✉❡ ❧❛ +❡"✐")❡♥❝✐❛ ❞❡ +✉✐❞♦ Rn ② ❧❛

❛❞♠✐)❛♥❝✐❛ ❞❡❧ ❣❡♥❡+❛❞♦+ Re(Ys) ❧♦ "♦♥✳ 9♦+ )❛♥)♦✱ ❡❧ ❢❛❝)♦+ ❞❡
+✉✐❞♦ ❛❧❝❛♥③❛ "✉ ♠<♥✐♠♦ Fmin "✐ ❡❧ )*+♠✐♥♦ ♠❡♥❝✐♦♥❛❞♦ ❛♥)❡+✐♦+✲

♠❡♥)❡ "❡ ❞❡"✈❛♥❡❝❡✱ ❧♦ 6✉❡ "✐❣♥✐✜❝❛ 6✉❡ Ys = Yopt✳ ❊❧ ♣❛+>♠❡)+♦

Rn ❞❡)❡+♠✐♥❛ ❝2♠♦ ❞❡ +>♣✐❞♦ ❛✉♠❡♥)❛ ❡❧ ❢❛❝)♦+ ❞❡ +✉✐❞♦ ♣❛+❛

✉♥❛ ❞❡"✈✐❛❝✐2♥ ❞❛❞❛ ❞❡ ❧❛ ❛❞♠✐)❛♥❝✐❛ ❞❡❧ ❣❡♥❡+❛❞♦+ ❛ ♣❛+)✐+ ❞❡

Yopt✳ ◆2)❡"❡ 6✉❡ ❡❧ ❢❛❝)♦+ ❞❡ +✉✐❞♦ ❞❡♣❡♥❞❡ )❛♥ "2❧♦ ❞❡ ❧❛ ❛❞♠✐✲

)❛♥❝✐❛ ❞❡ ❡♥)+❛❞❛✱ ♥♦ ❞❡ ❧❛ "❛❧✐❞❛✳

❚♦❞❛" ❧❛" ❝♦♥"✐❞❡+❛❝✐♦♥❡" ❛♥)❡+✐♦+❡" "❡ ❛♣❧✐❝❛♥ ❛ ❝✉❛❧6✉✐❡+ +❡❞

❧✐♥❡❛❧ ❞❡ ❞♦" ♣✉❡+)♦"✱ ❡♥ ♣❛+)✐❝✉❧❛+ ❛ )+❛♥"✐")♦+❡" ② ❛♠♣❧✐✜❝❛❞♦✲

+❡"✳ ❙✐♥ ❡♠❜❛+❣♦✱ ❡♥ ❡❧ ❝❛"♦ ❞❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦+ ❝♦♠♣❧❡)♦✱ ❡❧ B♥✐❝♦

♣❛+>♠❡)+♦ +❡❧❡✈❛♥)❡ ❡" ❧❛ ✜❣✉+❛ ❞❡ +✉✐❞♦ ❡♥ ✺✵ ♦❤♠✐♦"✱ ❞❛❞♦ 6✉❡

*"❛ ❡" ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ )+❛❜❛❥♦✳ ❊❧ ❝❛"♦ ❞❡ ✉♥ "♦❧♦ )+❛♥"✐")♦+ ❡"

❞✐❢❡+❡♥)❡✱ ♣♦+6✉❡ ❡❧ "❡) ❝♦♠♣❧❡)♦ ❞❡ ♣❛+>♠❡)+♦" ❞❡ +✉✐❞♦ ❡" ♥❡❝❡✲

"❛+✐♦ ♣❛+❛ ♦❜)❡♥❡+ ❡❧ ♠❡❥♦+ ❝♦♠♣♦+)❛♠✐❡♥)♦ ❡♥ ❝✉❛♥)♦ ❛ +✉✐❞♦ ❡♥

❡❧ ❛♠♣❧✐✜❝❛❞♦+ ❝♦♠♣❧❡)♦✳ ❊❧ ❞✐"❡G♦ ❞❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦+ ❞❡ ❜❛❥♦

+✉✐❞♦ ✭▲◆❆✮ ❜❛">♥❞♦"❡ ❡♥ ❧❛ ❝♦♥✜❣✉+❛❝✐2♥ ❞❡ ❧❛ ❋✐❣✉+❛ ✸✳✷ ❝♦♥✲

"✐")❡ ❡♥ ❞✐"❡G❛+ ✉♥❛ +❡❞ ❞❡ ❛❞❛♣)❛❝✐2♥ ❞❡ ❡♥)+❛❞❛ 6✉❡ ♣+❡"❡♥)❡

✉♥❛ ❛❞♠✐)❛♥❝✐❛ ❛ ❧❛ ❡♥)+❛❞❛ ❞❡❧ )+❛♥"✐")♦+ )❛♥ ♣+2①✐♠❛ ❝♦♠♦ "❡❛

♣♦"✐❜❧❡ ❛ Yopt✳

▲❛ ❡①♣+❡"✐2♥ ❡♥ ✭✸✳✸✵✮ ♥♦" "✉❣✐❡+❡ ✉♥ ♠*)♦❞♦ ♣❛+❛ ♠❡❞✐+ ❧♦"

♣❛+>♠❡)+♦" ❞❡ +✉✐❞♦ ❞❡ ✉♥❛ +❡❞ ❞❡ ❞♦" ♣✉❡+)♦"✱ ② ❞❡ ✉♥ )+❛♥"✐"✲

)♦+ ❡♥ ♣❛+)✐❝✉❧❛+✱ ❜❛"❛❞♦ ❡♥ ♠B❧)✐♣❧❡" ♠❡❞✐❞❛" ❞❡❧ ❢❛❝)♦+ ❞❡ +✉✐❞♦

❝♦♥ ❞✐❢❡+❡♥)❡" ✐♠♣❡❞❛♥❝✐❛" ❞❡ ❡♥)+❛❞❛✳ ▲❛ ❋✐❣✉+❛ ✸✳✹ ♠✉❡")+❛ ❧❛

❝♦♥✜❣✉+❛❝✐2♥ ♥❡❝❡"❛+✐❛ ♣❛+❛ ✐♠♣❧❡♠❡♥)❛+ ❧❛ ♠❡❞✐❞❛ ❞❡❧ ♣❛+>♠❡✲

)+♦ ❞❡ +✉✐❞♦ ❞❡❧ )+❛♥"✐")♦+✳ ❊❧ ♥♦✐#❡ ✜❣✉(❡ ♠❡*❡( ♠✐❞❡ ❧❛ ✜❣✉+❛ ❞❡

+✉✐❞♦ ❞❡❧ )+❛♥"✐")♦+ ❝♦♥ ❞✐❢❡+❡♥)❡" ❝❛+❣❛" ❞❡ ❡♥)+❛❞❛✱ ♣+♦♣♦+❝✐♦✲

♥❛❞❛" ♣♦+ ❡❧ #*✉❜ *✉♥❡(✳ ❊❧ ❛♥❛❧✐③❛❞♦+ ❞❡ +❡❞ ♠✐❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛

♣+❡"❡♥)❛❞❛ ❛ ❧❛ ❡♥)+❛❞❛ ❞❡❧ )+❛♥"✐")♦+✳ ▲❛" ❞♦" +❡❞❡" ❚✲❜✐❛% ♥♦

❛❢❡❝)❛♥ ❛ ❧❛ ♠❡❞✐❞❛ ❞❛❞♦ 6✉❡ ❡")>♥ ❝❛❧✐❜+❛❞❛" ❞❡ ❛♥)❡♠❛♥♦✳ ▲❛"

♣♦"✐❜❧❡" ❞✐❢❡+❡♥❝✐❛" ❡♥ ❧♦" ❞♦" ❝❛♠✐♥♦" ❞❡❧ ❝♦♥♠✉)❛❞♦+ )❛♠❜✐*♥

"♦♥ )❡♥✐❞❛" ❡♥ ❝✉❡♥)❛ ❝♦♥ ❞✐❢❡+❡♥)❡" )*❝♥✐❝❛" ❞❡ ❝❛❧✐❜+❛❝✐2♥✳

❊❧ ♣+♦❝❡❞✐♠✐❡♥)♦ ❞❡ ♠❡❞✐❞❛ ❝♦♥"✐")❡ ❡♥ ❧♦" "✐❣✉✐❡♥)❡" ♣❛"♦"✿
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✶✳ ❈♦♥ ❡❧ ❝♦♥♠✉*❛❞♦- ❡♥ ❧❛ ♣♦/✐❝✐1♥ ✶✱ ♠♦❞✐✜❝❛- ❧❛ ❛❞♠✐*❛♥✲

❝✐❛ ❞❡❧ ❣❡♥❡-❛❞♦- ♠❡❞✐❛♥*❡ ❡❧  !✉❜ !✉♥❡&✱ ♣❛-❛ ♠✐♥✐♠✐③❛- ❧❛

✜❣✉-❛ ❞❡ -✉✐❞♦ ♠❡❞✐❞❛ ♣♦- ❡❧ ♥♦✐ ❡ ✜❣✉&❡ ♠❡!❡&✳ ❊❧ ❢❛❝*♦-

❞❡ -✉✐❞♦ ❝♦--❡/♣♦♥❞✐❡♥*❡ ❡/ Fmin✳

✷✳ ▼❛♥*❡♥❡- ❡❧  !✉❜ !✉♥❡& ❡♥ ❡❧ ❡/*❛❞♦ ❡♥❝♦♥*-❛❞♦ ❡♥ ✶ ② ❡❧

❝♦♥♠✉*❛❞♦- ❡♥ ❧❛ ♣♦/✐❝✐1♥ ✷✳ ▲❛ ❛❞♠✐*❛♥❝✐❛ ♠❡❞✐❞❛ ♣♦- ❡❧

❛♥❛❧✐③❛❞♦- ❞❡ -❡❞ ❡/ Yopt✳

✸✳ ◆♦-♠❛❧♠❡♥*❡ 1/Yopt ❡/ ❞✐❢❡-❡♥*❡ ❞❡ 50Ω✳ ?❛-❛ ♣♦❞❡- ❡①♣❧♦✲

*❛- ❡/*❛ ❞✐❢❡-❡♥❝✐❛✱ ♠❡❞✐- ❧❛ ✜❣✉-❛ ❞❡ -✉✐❞♦ ❡♥ ✺✵ ♦❤♠✐♦/✱

F50Ω✳ ?♦♥❡- ❡❧ ❝♦♥♠✉*❛❞♦- ❡♥ ❧❛ ♣♦/✐❝✐1♥ ✷✱ ② ❛❥✉/*❛- ❡❧  !✉❜

!✉♥❡& ♣❛-❛ ♠✐♥✐♠✐③❛- ❡❧ ❝♦❡✜❝✐❡♥*❡ ❞❡ -❡✢❡①✐1♥ ♠❡❞✐❞♦ ♣♦-

❡❧ ❛♥❛❧✐③❛❞♦- ❞❡ -❡❞✳ ❆ ❝♦♥*✐♥✉❛❝✐1♥✱ ♠♦✈❡- ❡❧ ❝♦♥♠✉*❛❞♦-

❛ ❧❛ ♣♦/✐❝✐1♥ ✶✿ ❡❧ ❢❛❝*♦- ❞❡ -✉✐❞♦ ♠❡❞✐❞♦ ❝♦✐♥❝✐❞❡ ❝♦♥ F50Ω✳

✹✳ ▲❛ ❊❝✉❛❝✐1♥ ✭✸✳✸✵✮ ♥♦/ ❞✐❝❡ L✉❡ ❧❛ -❡/✐/*❡♥❝✐❛ ❞❡ -✉✐❞♦ ❡/

✉♥❛ ❢✉♥❝✐1♥ ❞❡ ❧♦/ ♣❛-M♠❡*-♦/ ❤❛❧❧❛❞♦/ ❡♥ ❧♦/ ♣✉♥*♦/ ✶✱ ✷ ②

✸✳ ?♦- ❡❥❡♠♣❧♦✿

Rn = (F50Ω − Fmin) R0∣1 −R0Yopt∣2 ✭✸✳✸✶✮
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❋✐❣✉$❛ ✸✳✹✿ ❈♦♥✜❣✉$❛❝✐/♥ ♣❛$❛ ❧❛ ♠❡❞✐❞❛ ❞❡ ❧♦5 ♣❛$6♠❡7$♦5 ❞❡ $✉✐❞♦ ❞❡❧

7$❛♥5✐57♦$✳

❖❜"#$✈❡"❡ '✉❡ ❝✉❛♥❞♦ ❡❧ ❝♦♥♠✉0❛❞♦$ ❡"01 ❡♥ ❧❛ ♣♦"✐❝✐4♥ ✷✱ ❡❧

✈♦❧0❛❥❡ Vdd "❡ ❛♣❧✐❝❛ ❛❧ ♣✉❡$0♦ ❞❡ ♠❡❞✐❞❛ ❞❡❧ ❛♥❛❧✐③❛❞♦$ ❞❡ $❡❞✳

❊"0♦ ♣♦❞$;❛ "❡$ ♣❡❧✐❣$♦"♦ ♣❛$❛ ❡❧ ✐♥"0$✉♠❡♥0♦✱ ❞❡♣❡♥❞✐❡♥❞♦ ❞❡❧

✈♦❧0❛❥❡ ② ❞❡❧ 0✐♣♦ ❞❡❧ ✐♥"0$✉♠❡♥0♦ ♠✐"♠♦✳ >♦$ 0❛♥0♦✱ ❡" $❡❝♦♠❡♥✲

❞❛❜❧❡ ❞❡"❝♦♥❡❝0❛$ Vdd✱ ❛♥0❡" ❞❡ ♣♦♥❡$ ❡❧ ❝♦♠✉0❛❞♦$ ❡♥ ❧❛ ♣♦"✐❝✐4♥

✷✳

>♦❞❡♠♦" ❛♥❛❧✐③❛$ ♠1" ❛"♣❡❝0♦" ❞❡❧ ❛♠♣❧✐✜❝❛❞♦$ ❞❡ ❜❛❥♦ $✉✐❞♦

❡①♣$❡"❛♥❞♦ ❡❧ ❢❛❝0♦$ ❞❡ $✉✐❞♦ ❡♥ ❢♦$♠❛ ❞❡ ❝♦❡✜❝✐❡♥0❡" ❞❡ $❡✢❡✲

①✐4♥ ❡♥ ❧✉❣❛$ ❞❡ ❛❞♠✐0❛♥❝✐❛"✳ ▲❛" ❛❞♠✐0❛♥❝✐❛" ❞❡❧ ❣❡♥❡$❛❞♦$ ②

4♣0✐♠❛ "❡ $❡❧❛❝✐♦♥❛♥ ❝♦♥ "✉" $❡"♣❡❝0✐✈♦" ❝♦❡✜❝✐❡♥0❡" ❞❡ ❧❛ ❢♦$♠❛✿

Ys =
1

R0

1 − Γs

1 + Γs

; Yopt =
1

R0

1 − Γopt

1 + Γopt

✭✸✳✸✷✮

❙✉"0✐0✉②❡♥❞♦ ❧❛ ❡①♣$❡"✐4♥ ❛♥0❡$✐♦$ ❡♥ ❧❛ ❊❝✉❛❝✐4♥ ✭✸✳✸✵✮✱ ♦❜✲

0❡♥❡♠♦"✿
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F = Fmin + 4
Rn

R0

∣Yopt − Γs∣2(1 − ∣Γs∣2)∣1 + Γopt∣2 ✭✸✳✸✸✮

$❛&❛ ❝✉❛❧*✉✐❡& ❢❛❝.♦& ❞❡ &✉✐❞♦ *✉❡ ❝✉♠♣❧❛ F > Fmin ❧❛ ❊❝✉❛✲

❝✐5♥ ✭✸✳✸✸✮ ❞❡✈✉❡❧✈❡ ❧♦8 ✈❛❧♦&❡8 ❞❡❧ ❝♦❡✜❝✐❡♥.❡ ❞❡ &❡✢❡①✐5♥Γs *✉❡

♣&♦❞✉❝❡♥ F ✳ ❚♦❞♦8 ❧♦8 ✈❛❧♦&❡8 ❞❡ Γs *✉❡ 8❡ ❝♦&&❡8♣♦♥❞❡♥ ❝♦♥ ✉♥

✈❛❧♦& ❝♦♥8.❛♥.❡ ❞❡ F 8❡ ♠✉❡8.&❛♥ ❡♥ ❝=&❝✉❧♦8✱ ❝♦♥♦❝✐❞♦8 ❝♦♠♦

❝=&❝✉❧♦8 ❞❡ &✉✐❞♦ ❝♦♥8.❛♥.❡✳ ❈♦♥ ✉♥ ♣&♦❝❡❞✐♠✐❡♥.♦ 8✐♠✐❧❛& ✉8❛❞♦

❡♥ ❡❧ ❞❡ ❧♦8 ❝=&❝✉❧♦8 ❞❡ ❡8.❛❜✐❧✐❞❛❞ ♣♦❞❡♠♦8 ❞❡.❡&♠✐♥❛& ❡❧ ❝❡♥.&♦

CF ② &❛❞✐♦ RF ❞❡ ❧♦8 ❝=&❝✉❧♦8 ❞❡ &✉✐❞♦ ❝♦♥8.❛♥.❡✿

CF =
Γopt

1 + F−Fmin

4

Ro

Rn
∣1 + Γopt∣2 ✭✸✳✸✹✮

RF =

F−Fmin

4

R0

Rn
∣1 + Γopt∣2

1 + F−Fmin

4

Ro

Rn
∣1 + Γopt∣2

%&&'1 +
1 − ∣Γopt∣2

F−Fmin

4

Ro

Rn
∣1 + Γopt∣2 ✭✸✳✸✺✮

❚❛❧ ❝♦♠♦ 8❡ ✈✐♦ ❝♦♥ ❡❧ ❝=&❝✉❧♦ ❞❡ ❣❛♥❛♥❝✐❛ ❝♦♥8.❛♥.❡✱ ✉♥❛

&❡❣✐5♥ ❞❡❧ ♣❧❛♥♦ Γs ❞❡♥8❛♠❡♥.❡ ♣♦❜❧❛❞❛ ♣♦& ❝=&❝✉❧♦8 ❞❡ &✉✐❞♦

❞❡♥♦.❛ ✉♥❛ ❛❧.❛ 8❡♥8✐❜✐❧✐❞❛❞ ❞❡❧ ❢❛❝.♦& ❞❡ &✉✐❞♦ ❛❧ ❝♦❡✜❝✐❡♥.❡ ❞❡

&❡✢❡①✐5♥ ❞❡ ❡♥.&❛❞❛✳

❖❜8G&✈❡8❡ *✉❡ ΓMS ♥♦ ❝♦✐♥❝✐❞❡ ❝♦♥ Γopt✱ ② ♣♦& .❛♥.♦ ❧❛ &❡❞

❞❡ ❛❞❛♣.❛❝✐5♥ ❞❡ ❡♥.&❛❞❛ ❞✐8❡H❛❞❛ ♣❛&❛ ❡❧ ❢❛❝.♦& ❞❡ &✉✐❞♦ ♠=♥✐✲

♠♦ ♥♦ ♣&♦♣♦&❝✐♦♥❛ ❧❛ ♠I①✐♠❛ ❣❛♥❛♥❝✐❛ ② ✈✐❝❡✈❡&8❛✳ $♦& .❛♥.♦✱

❡❧ ❞✐8❡H♦ ❞❡ ❧❛ &❡❞ ❞❡ ❛❞❛♣.❛❝✐5♥ ❞❡ ❡♥.&❛❞❛ ♣♦❞&=❛ ♣❡&8❡❣✉✐&

&✉✐❞♦ ♠=♥✐♠♦✱ ❣❛♥❛♥❝✐❛ ♠I①✐♠❛ ♦ ✉♥ ❝♦♠♣&♦♠✐8♦ ❡♥.&❡ ❛♠❜♦8✳

❙✐♥ ❡♠❜❛&❣♦✱ ❧❛ ❢❛❧.❛ ❞❡ ❣❛♥❛♥❝✐❛ ❛8♦❝✐❛❞❛ ❛ ❧❛ ♠=♥✐♠❛ ✜❣✉&❛ ❞❡

&✉✐❞♦ ✐♠♣❧✐❝❛ ✉♥❛ ❢❛❧.❛ ❞❡ ❛❞❛♣.❛❝✐5♥ ❛ ❧❛ ❡♥.&❛❞❛✳ $♦& ❡❥❡♠♣❧♦✱

8✐ ❧❛ ❣❛♥❛♥❝✐❛ ❛8♦❝✐❛❞❛ ❝♦♥ Γopt ❡8 ✶ ❞❇ ♠❡♥♦& *✉❡ ❡❧ ♠I①✐♠♦✱

❡♥.♦♥❝❡8 ❧❛ ♣G&❞✐❞❛ ❞❡ &❡.♦&♥♦ ❞❡ ❡♥.&❛❞❛ ♣❛&❛ ❡❧ &✉✐❞♦ ♠=♥✐♠♦

❡8 −10 log(1 − 10− 1

10) ≈ 6,9dB✳ ❊8.❛ &❡❧❛.✐✈❛♠❡♥.❡ ♠❛❧❛ ❛❞❛♣.❛✲

❝✐5♥ ❛ ❧❛ ❡♥.&❛❞❛ ♣♦❞&=❛ ❝♦♠♣&♦♠❡.❡& ❡❧ ❢✉♥❝✐♦♥❛♠✐❡♥.♦ ❞❡ ✉♥❛

❝❛❞❡♥❛ *✉❡ ✐♥❝❧✉②❡8❡ ❛❧ ❛♠♣❧✐✜❝❛❞♦&✳
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✸✳✷✳✸ ❆♠♣❧✐✜❝❛❞♦-❡/ ❞❡ ♣♦0❡♥❝✐❛

▲❛ ❞❡✜♥✐❝✐(♥ ❞❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦. ❞❡ ♣♦/❡♥❝✐❛ ✭1❆✮ ❡4 ✉♥ /❛♥/♦

❛.❜✐/.❛.✐❛✳ ❯♥ ❝.✐/❡.✐♦ ❛♠♣❧✐❛♠❡♥/❡ ✉4❛❞♦ ✲❛✉♥9✉❡ ♥♦ ❞❡❧ /♦❞♦

.✐❣✉.♦4♦✲ ❡4 9✉❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦. ❞❡ ♣♦/❡♥❝✐❛ ❡4 ✉♥ ❛♠♣❧✐❢❝❛❞♦.

❝✉②❛ ♣♦/❡♥❝✐❛ ❞❡ 4❛❧✐❞❛ 4❡ ❛❝❡.❝❛ ❛ 4✉ ♣✉♥/♦ ❞❡ ❝♦♠♣.❡4✐(♥ ❞❡ ✶

❞❇✳ ❇❛❥♦ ❡4❡ ♣.✐4♠❛✱ ❧♦4 ❛4♣❡❝/♦4 ♥♦ ❧✐♥❡❛❧❡4 ❞❡❧ ❞✐4♣♦4✐/✐✈♦ ❛❝/✐✈♦

4♦♥ ♥♦ ❞❡4♣.❡❝✐❛❜❧❡4✳ ❉❡ ♠♦❞♦ ❝♦♥/.❛.✐♦✱ ❧❛4 4❡❝❝✐♦♥❡4 ❛♥/❡.✐♦.❡4

❛4✉♠C❛♥ 9✉❡ ❡❧ /.❛♥4✐4/♦. ❡.❛ ✉♥ ❞✐4♣♦4✐/✐✈♦ ♣✉.❛♠❡♥/❡ ❧✐♥❡❛❧ ②

❧✐♠✐/❛❜❛♥ ❧❛ ✐♥✢✉❡♥❝✐❛ ❞❡ ❣❡♥❡.❛❞♦.❡4 ❉❈ ② .❡❞❡4 ❞❡ ❝♦♥/✐♥✉❛

❝♦♠♦ ❡❧❡♠❡♥/♦4 ❞❡ ❧❛4 .❡❞❡4 ❞❡ ❛❞❛♣/❛❝✐(♥✱ ❝♦♥ ♣♦4✐❜❧❡4 ❡❢❡❝/♦4

❝♦❧❛/❡.❛❧❡4 ❡♥ ❧❛ ❣❛♥❛♥❝✐❛ ② ✜❣✉.❛ ❞❡ .✉✐❞♦✳ ❆❞❡♠F4✱ ❡❧ G♥✐❝♦

❡❢❡❝/♦ ❞❡❧ ♣✉♥/♦ ❞❡ ♦♣❡.❛❝✐(♥ ❡.❛ ❡❧ ❞❡ ❝❛♠❜✐❛. ❧♦4 ♣❛.F♠❡/.♦4

❞❡ .✉✐❞♦ ② ❞❡ ❙❝❛//❡.✐♥❣ ❞❡❧ /.❛♥4✐4/♦.✳ ❋✐♥❛❧♠❡♥/❡✱ ❧❛ ♣♦/❡♥❝✐❛

❞❡ ❉❈ ❡.❛ G♥✐❝❛♠❡♥/❡ ❞❡♣❡♥❞✐❡♥/❡ ❞❡ ❧❛ /❡♥4✐(♥ ❞❡ ❝♦♥/✐♥✉❛ ❞❡

❛❧✐♠❡♥/❛❝✐(♥✱ ♥♦ ❞❡ ❧❛ ❛♠♣❧✐/✉❞ ❞❡ ❧❛ 4❡J❛❧ ❞❡ ❘❋✳ ▲❛ ♣.✐♥❝✐♣❛❧

❧✐♠✐/❛❝✐(♥ ❞❡ ❡4/❛ ❛♣.♦①✐♠❛❝✐(♥ ❡4 9✉❡ ♥♦ ❞❛ ♥✐♥❣✉♥❛ ✐❞❡❛ ❞❡

❝(♠♦ ❞❡/❡.♠✐♥❛. ❧❛ ♠F①✐♠❛ 4❛❧✐❞❛ ❞❡ ❘❋ 9✉❡ ❡❧ ❛♠♣❧✐✜❝❛❞♦. ❡4

❝❛♣❛③ ❞❡ ♣.♦♣♦.❝✐♦♥❛.✳ ❊♥ ❡4/❛ 4❡❝❝✐(♥✱ ❡①❛♠✐♥❛.❡♠♦4 ❛❧❣✉♥♦4

❞❡ ❡4♦4 ❛4♣❡❝/♦4 9✉❡ ♥♦ 4❡ /♦❝❛.♦♥✱ ❛♥❛❧✐③❛♥❞♦ ❝(♠♦ ❧❛4 ❝❛.❛❝/❡✲

.C4/✐❝❛4 ❞❡❧ /.❛♥4✐4/♦.✱ ❡❧ ♣✉♥/♦ ❞❡ ♦♣❡.❛❝✐(♥ ② ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡

❝❛.❣❛ ❞❡/❡.♠✐♥❛♥ ❧❛ ♣♦/❡♥❝✐❛ ❞❡ 4❛❧✐❞❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦.✳ ❚❛♠❜✐P♥

4❡ ❛❜♦.❞❛.F♥ ❛❧❣✉♥❛4 ❝❛.❛❝/❡.C4/✐❝❛4 4♦❜.❡ ❧❛4 ❞✐❢❡.❡♥/❡4 ❝❧❛4❡4 ❞❡

❧♦4 ❛♠♣❧✐✜❝❛❞♦.❡4 ❞❡ ♣♦/❡♥❝✐❛✳

✸✳✷✳✸✳✶ ❖♣'✐♠✐③❛❝✐-♥ ❞❡ ❧❛ ♣♦'❡♥❝✐❛ ❞❡ 3❛❧✐❞❛ ❝♦♥ ❝❛♣❛❝✐❞❛❞❡3

♣❛453✐'❛3 ❞❡❧ '4❛♥3✐3'♦4 ❞❡3♣4❡❝✐❛❜❧❡3

❊!"❛ !❡❝❝✐'♥ ❞❡!❝*✐❜❡ ❛❧❣✉♥❛! "/❝♥✐❝❛! ❜0!✐❝❛! ♣❛*❛ ♦❜"❡♥❡* ❧❛

♠0①✐♠❛ ♣♦"❡♥❝✐❛ ❞❡ *❛❞✐♦❢*❡❝✉❡♥❝✐❛ ❞❡ !❛❧✐❞❛ ❡♥ ✉♥ "*❛♥!✐!"♦*

❞❛❞♦✳ ▲♦! ❝♦♥❝❡♣"♦! 8✉❡ !❡ ❛❜♦*❞❛*0♥ ❛♥❛❧✐③❛♥ ❝'♠♦ ❧♦! "*❛♥✲

!✐!"♦*❡! ❝♦♥✈✐❡*"❡♥ ❧❛ ♣♦"❡♥❝✐❛ ❡♥ ❉❈ ❛ ♣♦"❡♥❝✐❛ ❡♥ ❘❋✱ ② ❧♦!

❢❛❝"♦*❡! ❧✐♠✐"❛♥"❡! ❛!♦❝✐❛❞♦!✳ ❆❞❡♠0!✱ !❡ ❛!✉♠✐*0 8✉❡ ❧❛ ❝♦**✐❡♥✲

"❡ ❞❡ !❛❧✐❞❛ ❞❡❧ "*❛♥!✐!"♦* ❡! ❞✐!"✐♥"❛ ❞❡ ❝❡*♦ ♣❛*❛ ❡❧ ❝✐❝❧♦ ❝♦♠♣❧❡"♦

❞❡ ❧❛ !❡C❛❧ ❞❡ ❘❋✳ ❊!"❡ "✐♣♦ ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥"♦ ♥♦*♠❛❧♠❡♥"❡ ❡!

*❡❢❡*✐❞♦ ❝♦♠♦ ❞❡ ❝❧❛!❡ ❆✳
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❋✐❣✉$❛ ✸✳✺✿ ❆♠♣❧✐✜❝❛❞♦$ ❝♦♥ ✉♥ 3$❛♥4✐43♦$✳

❈♦♥ ♦❜❥❡&♦ ❞❡ ✐♥✈❡*&✐❣❛- ❧♦* ❡❢❡❝&♦* ❞❡ ❧❛* ❝❛-❛❝&❡-1*&✐❝❛* ❞❡❧

&-❛♥*✐*&♦-✱ ❡❧ ♣✉♥&♦ ❞❡ ❢✉♥❝✐♦♥❛♠✐❡♥&♦ ❡♥ ❉❈ ② ❧❛ ❝❛-❣❛ ❞❡ *❛❧✐❞❛✱

❝♦♥*✐❞❡-❛-❡♠♦* ❞❡ ✐♥✐❝✐♦ ❧❛ ❡*&-✉❝&✉-❛ ❡♥ ❧❛ ❋✐❣✉-❛ ✸✳✺ ❞❡-✐✈❛❞❛

❞❡ ❧❛ ❋✐❣✉-❛ ✸✳✷✳ ❈♦♠♦ ❡♥ ❧❛ -❡❞ ♦-✐❣✐♥❛❧✱ ❡❧ *1♠❜♦❧♦ ❞❡❧ &-❛♥*✐*&♦-

❡* ❡❧ ❝♦--❡*♣♦♥❞✐❡♥&❡ ❛ ✉♥ ❋❊❚✱ ♣❡-♦ -❡♣-❡*❡♥&❛ ✉♥ ❞✐*♣♦*✐&✐✈♦

❣❡♥?-✐❝♦✳ ❊♥ ❡❧ ❝❛*♦ ❞❡ ✉♥ ❇❏❚✱ ❧❛ ❝♦--✐❡♥&❡ ❞❡ ❜❛*❡ Ib✱ ❧❛ ❝♦✲

--✐❡♥&❡ ❞❡ ❝♦❧❡❝&♦- Ice✱ ② ❡❧ ✈♦❧&❛❥❡ ❡♥&-❡ ❝♦❧❡❝&♦- ② ❡♠✐*♦- Vce

-❡❡♠♣❧❛③❛♥ ❛❧ ✈♦❧&❛❥❡ ❡♥&-❡ ♣✉❡-&❛ ② ❢✉❡♥&❡ Vgs✱ ❝♦--✐❡♥&❡ ❞❡ ❞-❡✲

♥❛❞♦- Ids② ✈♦❧&❛❥❡ ❡♥&-❡ ❞-❡♥❛❞♦- ② ❢✉❡♥&❡ Vds -❡*♣❡❝&✐✈❛♠❡♥&❡✳

❆ ♣❛-&✐- ❞❡ ❛❤♦-❛✱ ❧❛* ✈❛-✐❛❜❧❡* Vds,ce✱ Ids,ce ❞❡♥♦&❛-F♥ ❡❧ ✈♦❧&❛❥❡

② ❝♦--✐❡♥&❡ ❣❡♥?-✐❝♦* ❞-❡♥❛❞♦-✲❢✉❡♥&❡ ② ❝♦❧❡❝&♦-✲❡♠✐*♦-✳ ❉❡ ♠❛✲

♥❡-❛ *✐♠✐❧❛-✱ ❧❛ ✈❛-✐❛❜❧❡ xin -❡♣-❡*❡♥&❛-F ♦ ❜✐❡♥ ❡❧ ✈♦❧&❛❥❡ ❡♥&-❡

♣✉❡-&❛ ② ❢✉❡♥&❡ ♦ ❧❛ ❝♦--✐❡♥&❡ ❞❡ ❜❛*❡ ❞❡♣❡♥❞✐❡♥❞♦ ❞❡ ❝❛❞❛ ❝❛*♦✳

❈♦♠♣❛-❛❞❛ ❝♦♥ ❧❛ -❡❞ ❞❡ ❧❛ ❋✐❣✉-❛ ✸✳✷✱ ❧❛ ❞❡ ❧❛ ❋✐❣✉-❛ ✸✳✺✱

&✐❡♥❡ ❛❧❣✉♥❛* *✐♠♣❧✐✜❝❛❝✐♦♥❡* ② ❡*♣❡❝✐✜❝❛❝✐♦♥❡* ❛❞✐❝✐♦♥❛❧❡*✿

✶✳ ▲❛* ❞♦* -❡*✐*&❡♥❝✐❛* ❡♥ *❡-✐❡ ❝♦♥ ❧♦* ❞♦* ❣❡♥❡-❛❞♦-❡* ❉❈ ♥♦

*❡ ✐♥❞✐❝❛♥✳

✷✳ ▲❛* -❡❞❡* ❞❡ ❛❧✐♠❡♥&❛❝✐K♥ *♦♥ ♣✉-❛♠❡♥&❡ ✐❞❡❛❧❡*✱ ❡♥ &❛♥✲

&♦ L✉❡ ❧❛* ❞♦* ✐♥❞✉❝&❛♥❝✐❛* Lgg✱ Ldd ② ❧❛* ❞♦* ❝❛♣❛❝✐&❛♥✲
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❝✐❛# Cgg✱ Cdd #❡ #✉♣♦♥❡♥ ❝♦♥ ✈❛❧♦, ✐♥✜♥✐.♦✳ ❉❡ ❡#.❡ ♠♦❞♦✱

❧❛# ✐♥❞✉❝.❛♥❝✐❛# ✭❝❛♣❛❝✐.❛♥❝✐❛#✮ ♣,❡#❡♥.❛♥ ✐♠♣❡❞❛♥❝✐❛ ❝❡,♦

✭✐♥✜♥✐.❛✮ ❡♥ ❝♦♥.✐♥✉❛ ❡ ✐♠♣❡❞❛♥❝✐❛ ✐♥✜♥✐.❛ ✭❝❡,♦✮ ❡♥ ❛❧.❛#

❢,❡❝✉❡♥❝✐❛#✳

✸✳ ◆♦ ❛♣❛,❡❝❡♥ ❧❛# ,❡❞❡# ❞❡ ❛❞❛♣.❛❝✐8♥ ❞❡ ❡♥.,❛❞❛ ② ❞❡ #❛❧✐❞❛✳

✹✳ ❊❧ ❣❡♥❡,❛❞♦, #✐♥✉#♦✐❞❛❧ ❞❡ ❘❋ ❝♦♥ #✉ ✐♠♣❡❞❛♥❝✐❛ ❡♥ #❡,✐❡Zs

♣,♦♣♦,❝✐♦♥❛ #✉✜❝✐❡♥.❡ ♣♦.❡♥❝✐❛ ❛❧ .,❛♥#✐#.♦, ♣❛,❛ ♠♦❞✉❧❛,

❧❛ ❝♦,,✐❡♥.❡ ❛ ❧❛ #❛❧✐❞❛✳

✺✳ ▲❛ ,❡#✐#.❡♥❝✐❛ RLOAD ♠♦❞❡❧❛ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✲B✉❡ #❡ #✉♣♦♥❡

,❡#✐#.✐✈❛✲ B✉❡ ❧❛ ,❡❞ ❞❡ ❛❞❛♣.❛❝✐8♥ ❞❡ #❛❧✐❞❛ ❧❡ ♣,❡#❡♥.❛ ❛ ❧❛

#❛❧✐❞❛ ❞❡❧ .,❛♥#✐#.♦,✳

✻✳ ❊❧ .,❛♥#✐#.♦, ❡# ♣✉,❛♠❡♥.❡ ✉♥✐❧❛.❡,❛❧✱ ② ♥♦ ❡①✐#.❡♥ ❡❧❡♠❡♥.♦#

♣❛,E#✐.♦# ,❡❛❝.✐✈♦# B✉❡ ❝♦♥❡❝.❡♥ ❝♦♥ #✉ #❛❧✐❞❛✳

✼✳ ▲❛# ❝✉,✈❛# ❞❡ ❝♦♥.✐♥✉❛ ❞❡❧ .,❛♥#✐#.♦, #♦♥ ♣❡,❢❡❝.❛♠❡♥.❡ ❤♦,✐✲

③♦♥.❛❧❡# ❡♥ #✉ ,❡❣✐8♥ ❞❡ #❛.✉,❛❝✐8♥✳ ❊♥ ✉♥ ▼❊❙❋❊❚ ♦ ❇❏❚✱

❡#.♦ #✐❣♥✐✜❝❛ B✉❡ λ = 0 ♦ B✉❡ VAF =∞ ,❡#♣❡❝.✐✈❛♠❡♥.❡✳

✽✳ ▲❛ ,❡❣✐8♥ ❝✉❛❞,E.✐❝❛ ❞❡❧ ❞✐#♣♦#✐.✐✈♦ ❞❡❣❡♥❡,❛ ❡♥ ❡❧ ♣✉♥.♦

Vds,ce = 0✳ ❊♥ ✉♥ ▼❊❙❋❊❚ ❡#.♦ ❡B✉✐✈❛❧❡ ❛ ❞❡❝✐, B✉❡ #✉

♣❛,E♠❡.,♦ α .✐❡♥❞❡ ❛ ∞✳

✾✳ ▲♦# Ids,ce ❝♦,,❡#♣♦♥❞✐❡♥.❡# ❛ ✐♥❝,❡♠❡♥.♦# ✐❣✉❛❧❡# ❞❡xin ❡#.❛✲

,E♥ ❡B✉✐❡#♣❛❝✐❛❞♦#✳ ❖ ❡♥ ♦.,❛# ♣❛❧❛❜,❛#✱ ❛#✉♠✐,❡♠♦# B✉❡ ❧❛

❝♦,,✐❡♥.❡ ❞❡ #❛❧✐❞❛ ❞❡❧ .,❛♥#✐#.♦, ❡# ❧✐♥❡❛❧♠❡♥.❡ ❞❡♣❡♥❞✐❡♥.❡

❞❡ ❧❛ ❡①❝✐.❛❝✐8♥ ❞❡ ❡♥.,❛❞❛✱ Ids,ce = B1xin +B0✱ ❞♦♥❞❡ B1 ②

B0 #♦♥ ❝♦♥#.❛♥.❡#✳

✶✵✳ ▲❛ ❡♥.,❛❞❛ ❞❡❧ .,❛♥#✐#.♦, #❡ ❝♦♠♣♦,.❛ ❝♦♠♦ ✉♥❛ ,❡❞ ❧✐♥❡❛❧✳

▲❛# #✉♣♦#✐❝✐♦♥❡# ✶✱ ✸ ② ✹ .✐❡♥❡♥ ❝♦♠♦ T♥✐❝♦ ♦❜❥❡.✐✈♦ #✐♠♣❧✐❝❛,

❧❛ ❞❡#❝,✐♣❝✐8♥ ② ♥♦ .✐❡♥❡♥ ✐♠♣❧✐❝❛❝✐♦♥❡# ✐♠♣♦,.❛♥.❡#✳ ▲❛ ♥T♠❡,♦

✷ ♥♦ ✐♠♣❧✐❝❛ ❢❛❧.❛ ❞❡ ❣❡♥❡,❛❧✐❞❛❞✱ ❡♥ .❛♥.♦ ❡♥ ❝✉❛♥.♦ ❝✉❛❧B✉✐❡,

❡❧❡♠❡♥.♦ ♥♦ ✐❞❡❛❧ ❞❡ ❧❛# ,❡❞❡# ❞❡ ❛❧✐♠❡♥.❛❝✐8♥ ♣✉❡❞❡♥ #❡, ❝♦♥#✐✲

❞❡,❛❞❛# ❝♦♠♦ ♣❛,.❡ ❞❡ ❧❛ ,❡❞ ❞❡ ❛❞❛♣.❛❝✐8♥ ❝♦,,❡#♣♦♥❞✐❡♥.❡✳ ▲❛#

❤✐♣8.❡#✐# ,❡#.❛♥.❡# #♦♥ ♥❡❝❡#❛,✐❛# ♣❛,❛ ❛❜♦,❞❛, ✉♥ .,❛.❛♠✐❡♥.♦

❛♥❛❧W.✐❝♦ ♠E# ❢E❝✐❧ ❞❡❧ ♣,♦❜❧❡♠❛✳
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❉❡ ❛❝✉❡%❞♦ ❝♦♥ ❧❛* ❤✐♣./❡*✐* ✹✱ ② ✽ ❤❛*/❛ ✶✵✱ ❧❛ ❝♦%%✐❡♥/❡ ❞❡ *❛✲

❧✐❞❛ ❞❡❧ /%❛♥*✐*/♦% ❡* ❧❛ *✉♠❛ ❞❡ ✉♥ /8%♠✐♥♦ ❉❈ ❞❡❜✐❞♦ ❛❧ /8%♠✐♥♦

❞❡ ❝♦♥/✐♥✉❛ ❞❡ ❧❛ ❡♥/%❛❞❛✱ ♠;* ✉♥ /8%♠✐♥♦ *✐♥✉*♦✐❞❛❧ ❞❡❜✐❞♦ ❛❧

❣❡♥❡%❛❞♦% ❞❡ ❘❋✳ @♦% ❡❥❡♠♣❧♦✿

Ids,ce(t) = Iq + Ipeaksen(ω0t) ✭✸✳✸✻✮

❊❧ /8%♠✐♥♦ Iq ❡♥ ❧❛ ❡①♣%❡*✐.♥ ❛♥/❡%✐♦% ❡* ❧❛ ❝♦%%✐❡♥/❡ ❞❡ %❡✲

♣♦*♦ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦%✱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛J✉❡❧❧❛ J✉❡ ♣%♦♣♦%❝✐♦♥❛ Vq

❝✉❛♥❞♦ ♥♦ ❡①✐*/❡ ✉♥❛ *❡K❛❧ ❞❡ ❡♥/%❛❞❛ ❞❡ ❘❋✳

◆✉❡*/%❛ ❛♣%♦①✐♠❛❝✐.♥ ❞❡❧ ♠♦❞❡❧♦ *❡%; ✈;❧✐❞❛ ❤❛*/❛ J✉❡Ids,ce ≥

0✱ ♣♦% /❛♥/♦ ❧❛ ❝♦%%✐❡♥/❡ ❞❡ %❡♣♦*♦ ♥♦ ❞❡❜❡ *❡% ♠❡♥♦% J✉❡ ❧❛ ❝♦✲

%%✐❡♥/❡ ❞❡ ♣✐❝♦ ✭♣❡❛❦✮ ❞❡ ❘❋✱ Iqpeak✳ ❇❛❥♦ ❡*/❛ *✉♣♦*✐❝✐.♥ ❧❛ ❝♦✲

%%✐❡♥/❡ ❞✐%❡❝/❛ ❞❡ ✉♥ ❛♠♣❧✐✜❝❛❞♦% ❞❡ ❝❧❛*❡ ❆ ❡* ✐♥❞❡♣❡♥❞✐❡♥/❡ ❞❡

❧❛ *❡K❛❧ ❞❡ ❡♥/%❛❞❛✱ ② ♣♦% /❛♥/♦ ❞❡ ❧❛ ♣♦/❡♥❝✐❛ ❞❡ *❛❧✐❞❛✳

▲❛ ❝❛♣❛❝✐/❛♥❝✐❛ ❞❡ ❜❧♦J✉❡♦ ❞❡ ❉❈ ♣❡%♠✐/❡ J✉❡ /❛♥ *.❧♦ ❧❛ ❝♦✲

%%✐❡♥/❡ ❞❡ ❛❧/❛ ❢%❡❝✉❡♥❝✐❛ ✢✉②❛✳ ❊♥/♦♥❝❡*✱ ❧❛ ❝♦%%✐❡♥/❡ J✉❡ ❛/%❛✲

✈✐❡*❛ RLOAD✱ J✉❡ ❝♦✐♥❝✐❞❡ ❝♦♥ ❧❛ J✉❡ ❛/%❛✈✐❡*❛ Cdd✱ ❡*✿

ILOAD(t) = ILOADpeaksen(ω0t) ✭✸✳✸✼✮

▲❛ ❝♦%%✐❡♥/❡ J✉❡ ♣%♦♣♦%❝✐♦♥❛ ❡❧ ❣❡♥❡%❛❞♦% ❉❈✱ Vq✱ J✉❡ ❝♦✐♥❝✐✲

❞❡ ❝♦♥ ❧❛ J✉❡ ❛/%❛✈✐❡*❛ ❧❛ ✐♥❞✉❝/❛♥❝✐❛ Ldd✱ ❡* ❧❛ *✉♠❛ ❞❡ ❧❛* ❞♦*

❝❛♥/✐❞❛❞❡* ❡♥ ✭✸✳✸✻✮ ② ❧❛ ✭✸✳✸✼✮✳ ❆❞❡♠;*✱ ♥✐♥❣✉♥❛ ❝♦%%✐❡♥/❡ ❞❡

❘❋✱ ♣✉❡❞❡ ❛/%❛✈❡*❛% ❧❛ ✐♥❞✉❝/❛♥❝✐❛Ldd ❞❡❜✐❞♦ ❛ ❧❛ ❡*♣❡❝✐✜❝❛❝✐.♥

✷✳ @♦% /❛♥/♦✿

Isupply(t) = Ids,ce(t)+ILOAD(t) = Iq+(Ipeak+ILOADpeak)sen(ω0t) = Iq
✭✸✳✸✽✮

▲❛ ❊❝✉❛❝✐.♥ ✭✸✳✸✽✮ ✐♠♣❧✐❝❛ J✉❡ Ipeak = −ILOAD,peak✱ ❝♦♥ ❧♦

J✉❡ ❧❛ ❝♦%%✐❡♥/❡ ❡♥ ✭✸✳✸✼✮ %❡*✉❧/❛ *❡%✿
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ILOAD(t) = −Ipeaksen(ω0t) ✭✸✳✸✾✮

❊❧ ✈♦❧)❛❥❡ ❞❡ ❝❛/❣❛ ❡1 ✐❣✉❛❧ ❛ ❧❛ ❝♦//✐❡♥)❡ ❡♥ ✭✸✳✸✾✮ ♠✉❧)✐♣❧✐❝❛✲

❞❛ ♣♦/ ❧❛ /❡1✐1)❡♥❝✐❛ RLOAD✳ ❊♥)♦♥❝❡1✱ ❛♣❧✐❝❛♥❞♦ 1✉♣❡/♣♦1✐❝✐9♥✱

)❡♥❡♠♦1 :✉❡✿

Vds,ce(t) = Vq −RLOADIpeaksen(ω0t) ✭✸✳✹✵✮

❉❡ ❢♦/♠❛ 1✐♠✐❧❛/ ❛ ❧♦ :✉❡ 1❡ ❝♦♥1✐❞❡/9 ♣❛/❛ ✭✸✳✸✻✮✱ ♥✉❡1)/♦ ♠♦✲

❞❡❧♦ 1❡/A ✈A❧✐❞♦ ❤❛1)❛ :✉❡ Vds,ce ≥ 0✳ C♦/ )❛♥)♦ RLOADIpeakq ≤ Vq

❞❡❜❡ ❝✉♠♣❧✐/1❡ ② ❡♥ ❝♦♥1❡❝✉❡♥❝✐❛ ❡❧ ✈♦❧)❛❥❡ ❞❡ ❝❛/❣❛ ♣✐❝♦ ♥♦ ❞❡❜❡

1❡/ ♠❛②♦/ :✉❡ Vq )❛♠♣♦❝♦✳

❊①)/❛②❡♥❞♦ ❡❧ ❢❛❝)♦/ Ipeaksen(ω0t) ❞❡ ✭✸✳✹✵✮ ② 1✉1)✐)✉②❡♥❞♦

❡❧ /❡1✉❧)❛❞♦ ❡♥ ✭✸✳✸✼✮✱ ♦❜)❡♥❡♠♦1 ❧❛ /❡❧❛❝✐9♥ ❡♥)/❡ ❧❛ ❝♦//✐❡♥)❡ ❞❡

1❛❧✐❞❛ ❞❡❧ )/❛♥1✐1)♦/ ② 1✉ ✈♦❧)❛❥❡✿

Ids,ce(t) = Iq +
Vq

RLOAD

−

Vds,ce(t)
RLOAD

✭✸✳✹✶✮

▲❛ ❊❝✉❛❝✐9♥ ✭✸✳✹✶✮ ❡1 ❧❛ ♠✉② ❝♦♥♦❝✐❞❛ ❡①♣/❡1✐9♥ ❞❡ ❧J♥❡❛ ❞❡

❝❛/❣❛✱ :✉❡ ❞❡1❝/✐❜❡ ✉♥❛ ❧J♥❡❛ /❡❝)❛ :✉❡ ♣❛1❛ ❛ )/❛✈K1 ❞❡❧ ♣✉♥✲

)♦ (Vq, Iq)✳ ▲❛1 ✐♥)❡/1❡❝❝✐♦♥❡1 ❞❡ ❧❛ ❧J♥❡❛ ❞❡ ❝❛/❣❛ ❝♦♥ ❧♦1 ❡❥❡1

❞❡ ❝♦♦/❞❡♥❛❞❛1 Vds,ce ✭Ids,ce✮ 1❡ ❤❛❧❧❛♥ ✐♠♣♦♥✐❡♥❞♦ Ids,ce = 0

✭Vds,ce = 0✮✳ ▲♦1 ✈❛❧♦/❡1 /❡1✉❧)❛♥)❡1 1♦♥ Vx = RLOADIq + Vq

✭Ix = Iq + VqR−
1

LOAD✮✳

❈♦♥1✐❞❡/❛/❡♠♦1 )/❡1 ❝❛1♦1 ❞✐1)✐♥)♦1✿

✶✳ RLOAD <
Vq

Iq
✳ ❊♥ ❡1)❡ ❝❛1♦ ❧❛ ❝♦//✐❡♥)❡ ❞❡ ❡:✉❧✐❜/✐♦ ❡1 ❡❧ ❢❛❝✲

)♦/ ❧✐♠✐)❛♥)❡ ♣❛/❛ ❡❧ ✈♦❧)❛❥❡ ♣✐❝♦ ❞❡ 1❛❧✐❞❛ ❞❡ ❘❋✱ :✉❡ )✐❡♥❡

✉♥ ✈❛❧♦/ ♠A①✐♠♦ ❞❡ IqRLOAD✳ ▲❛ ♣♦)❡♥❝✐❛ ❞❡ ❘❋ ❛ ❧❛ 1❛❧✐❞❛

❡1 PLOADα = (IqRLOAD)2/(2RLOAD) = 0,5I2qRLOAD✳ C♦/

)❛♥)♦ ❧❛ ♣♦)❡♥❝✐❛ ❞❡ 1❛❧✐❞❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦/ 1❡ ✐♥❝/❡♠❡♥)❛

❝♦♥ ❧❛ /❡1✐1)❡♥❝✐❛ ❞❡ ❝❛/❣❛✳

✷✳ RLOAD >
Vq

Iq
✳ ❊♥ ❡1)❡ ❝❛1♦✱ ❧❛ ❧✐♠✐)❛❝✐9♥ ❞❡❧ ♣✐❝♦ ❞❡❧ ✈♦❧)❛❥❡
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❞❡ ❝❛$❣❛ ✈✐❡♥❡ ❞❛❞❛ ♣♦$ ❡❧ ✈♦❧,❛❥❡ ♣$♦♣♦$❝✐♦♥❛❞♦ ❛ ❧❛ .❛❧✐❞❛✳

❊❧ ♠2①✐♠♦ ✈♦❧,❛❥❡ ❞❡ ♣✐❝♦ ❛ ❧❛ .❛❧✐❞❛ ❡. ✐❣✉❛❧ ❛ Vq✱ ❝♦♥

✉♥❛ ♣♦,❡♥❝✐❛ $❡.✉❧,❛♥,❡ ❞❡ PLOAD,β = 0,5V 2
q R

−1

LOAD✳ ▲❛

♣♦,❡♥❝✐❛ ❞❡ .❛❧✐❞❛ .❡ ❞❡❝$❡♠❡♥,❛ ❝♦♥ ❧❛ $❡.✐.,❡♥❝✐❛ ❞❡ ❝❛$❣❛✱

❡♥ ♦♣♦.✐❝✐7♥ ❛❧ ❝❛.♦ ✭❛✮✳

✸✳ RLOAD =
Vq

Iq
✳ ❊♥ ❡.,❡ ❝❛.♦ ❧♦. ❞♦. ❢❛❝,♦$❡. ❧✐♠✐,❛♥,❡. ✭❛✮ ②

✭❜✮ ❞❛♥ ❡❧ ♠✐.♠♦ $❡.✉❧,❛❞♦✳ ▲❛ ♠2①✐♠❛ ♣♦,❡♥❝✐❛ ❡.PLOAD =

0,5I2qRLOAD = 0,5VqIq✳

❈♦♠❜✐♥❛♥❞♦ ❧❛. ,$❡. ❡①♣$❡.✐♦♥❡. ♣❛$❛ ❧❛ ♣♦,❡♥❝✐❛✱ ♦❜,❡♥✐❞❛.

❡♥ ✭❛✮✱ ✭❜✮ ② ✭❝✮✱ ♦❜,❡♥❡♠♦.✿

PLOAD,max =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I2qRLOAD

2
si RLOAD <

Vq

Iq

I2qRLOAD

2
=

V 2

q

2RLOAD
=

VqIq
2

si RLOAD =
Vq

Iq

V 2

q

2RLOAD
si RLOAD >

Vq

Iq

✭✸✳✹✷✮

▲❛ ❊❝✉❛❝✐7♥ ✭✸✳✹✷✮ ♥♦. ❞✐❝❡ B✉❡ ❧❛ ❝❛$❣❛ ♠2①✐♠❛ ♣❛$❛ ❧❛ ♠2✲

①✐♠❛ ♣♦,❡♥❝✐❛ ❞❡ .❛❧✐❞❛ ❡. ❧❛ B✉❡ ❡.♣❡❝✐✜❝❛ ❡❧ ❝❛.♦ ✭❝✮✳ ❊.,♦ ❡.✱

❡♥ ♥✉❡.,$❛. ❤✐♣7,❡.✐. .✐♠♣❧✐✜❝❛❞❛.✱ ❧❛ $❡❞ ❞❡ ❛❞❛♣,❛❝✐7♥ ❞❡ .❛❧✐❞❛

❞✐.❡F❛❞❛ ♣❛$❛ ♠❛①✐♠✐③❛$ ❧❛ ♣♦,❡♥❝✐❛ ❞❡ .❛❧✐❞❛ ,✐❡♥❡ B✉❡ ,$❛♥.✲

❢♦$♠❛$ ❧♦. 50Ω ❡♥ RLOAD = Vq/Iq✳

❆❧ ❝✉♠♣❧✐$.❡ ❡.,❛ ❝♦♥❞✐❝✐7♥✱ Vds,ce .❡ ♠✉❡✈❡ ❡♥,$❡ ❝❡$♦ ② 2Vq✱

② ❡.,❡ ♠2①✐♠♦ ❞❡❜❡ .❡$ ♠❡♥♦$ B✉❡ ❡❧ B✉❡ .✉♣♦♥❞$I❛ ❧❛ $✉♣,✉$❛

✭❜$❡❛❦❞♦✇♥✮ ❞❡❧ ❞✐.♣♦.✐,✐✈♦✱ ❝♦♥ ✉♥ ❝✐❡$,♦ ♠❛$❣❡♥✳ L♦$ ,❛♥,♦ ❡❧

✈♦❧,❛❥❡ ❉❈ ❛♣❧✐❝❛❞♦ ❛❧ ❡❧❡❝,$♦❞♦ ❞❡ .❛❧✐❞❛ ❞❡❧ ,$❛♥.✐.,♦$ ,✐❡♥❡ B✉❡

.❡$ ♠2. ♣❡B✉❡F♦ B✉❡ ❧❛ ♠✐,❛❞ ❞❡❧ ✈♦❧,❛❥❡ ❞❡ $✉♣,✉$❛ ❞❡ ❧❛ ✉♥✐7♥

❡♥,$❡ ❞$❡♥❛❞♦$ ② ♣✉❡$,❛ ♦ ❝♦❧❡❝,♦$ ② ❜❛.❡✳ ❉❡ ♠❛♥❡$❛ .✐♠✐❧❛$✱ ❧❛

❝♦$$✐❡♥,❡ ❞❡ .❛❧✐❞❛ ❡. ✉♥❛ .✐♥✉.♦✐❞❡ ❡♥ ❧❛ B✉❡ ❡❧ ♠I♥✐♠♦ ❡. ❝❡$♦

② ❡❧ ♠2①✐♠♦ ❡. 2Iq✳ ❡.,♦ ❡.✱ ❧❛ ❝♦$$✐❡♥,❡ ❞❡ ❡B✉❧✐❜$✐♦ ♥❡❝❡.✐,❛ .❡$

♠❡♥♦$ B✉❡ ❧❛ ❝♦$$✐❡♥,❡ ♠2①✐♠❛ ♣❡$♠✐,✐❞❛ ♣❛$❛ ❡❧ ,$❛♥.✐.,♦$✱ ,❛❧

② ❝♦♠♦ ❧❛ ❡.♣❡❝✐✜B✉❡ ❡❧ ❢❛❜$✐❝❛♥,❡✳ ◆7,❡.❡ B✉❡ .✐ ❧❛ $❡.✐.,❡♥❝✐❛
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❞❡ ❝❛$❣❛ &❡ ❤❛❝❡ ♠❛②♦$ +✉❡ RLOADα✱ ❡♥/♦♥❝❡& ❡❧ ♣✐❝♦ ♣♦&✐/✐✈♦

❞❡ Vds,ce &❡ ✈✉❡❧✈❡ ♠❛②♦$ +✉❡ 2Vq✱ ❝♦♥ ❡❧ ❝♦♥&❡❝✉❡♥/❡ $✐❡&❣♦ ❞❡

❞❛4♦ ♣❡$♠❛♥❡♥/❡ ❛❧ ❞✐&♣♦&✐/✐✈♦✳

❉❡ ✭✸✳✸✽✮ ② ❝♦♥&✐❞❡$❛❝✐♦♥❡& +✉❡ ❧❡ &✐❣✉❡♥✱ &❡ ❞❡❞✉❝❡ +✉❡ ❧❛

❝♦$$✐❡♥/❡ ❞❡ &❛❧✐❞❛ ❉❈ ❞❡❧ ❣❡♥❡$❛❞♦$ Vq ❝♦✐♥❝✐❞❡ ❝♦♥ Iq✱ ✐♥❞❡♣❡♥✲

❞✐❡♥/❡♠❡♥/❡ ❞❡❧ ✈❛❧♦$ ❞❡ RLOAD✳ ▲❛ ♣♦/❡♥❝✐❛ ❉❈ ❛❜&♦$❜✐❞❛ ♣♦$

❡❧ ❛♠♣❧✐✜❝❛❞♦$ ✲/❛♠❜✐@♥ ❝♦♥♦❝✐❞❛ ❝♦♠♦ ♣♦/❡♥❝✐❛ ❞❡ ❡♥/$❛❞❛ ❉❈✲

❡& ❡♥/♦♥❝❡&✿

PDC = VqIq ✭✸✳✹✸✮

▲❛ ❝❛♥/✐❞❛❞ ❡♥ ❧❛ ❊❝✉❛❝✐D♥ ✭✸✳✹✸✮ ❝♦♥&✐❞❡$❛ ✐♥&✐❣♥✐✜❝❛♥/❡ ❧❛

♣♦/❡♥❝✐❛ ❞❡ ❘❋ ② ❉❈ ❛❜&♦$❜✐❞❛ ❞❡&❞❡ ❧❛ ❡♥/$❛❞❛✱ +✉❡ ❡& ♥♦$♠❛❧✲

♠❡♥/❡ ✉♥❛ ♣❡+✉❡4❛ ❢$❛❝❝✐D♥ ❞❡ ❧❛ ♣$♦♣✐❛ PDC ✳

❯♥❛ ❝✉❛❧✐❞❛❞ ✐♠♣♦$/❛♥/❡ ❞❡ ❧♦& I❆& ❡& &✉ ❝❛♣❛❝✐❞❛❞ ❞❡ ♣$♦✲

♣♦$❝✐♦♥❛$ ✉♥❛ ❛❧/❛ ♣♦/❡♥❝✐❛ ❞❡ ❘❋ ❝♦♥ ✉♥ ❝♦♥&✉♠♦ ❞❡ ♣♦/❡♥❝✐❛

❉❈ ❧♦ ♠K& ♣❡+✉❡4❛ ♣♦&✐❜❧❡✳ ❊❧ ♣❛$K♠❡/$♦ ❝✉❛♥/✐/❛/✐✈♦ ♣❛$❛ ❡&✲

/❛ ❝❛$❛❝/❡$L&/✐❝❛ ❡& ❧❛ ❡✜❝✐❡♥❝✐❛ ❞❡❧ ❞$❡♥❛❞♦$ ♦ ❞❡❧ ❝♦❧❡❝/♦$✱ ♦ ❞❡

♠❛♥❡$❛ ♠K& &✐♠♣❧❡✱ ❧❛ ❡✜❝✐❡♥❝✐❛✱ ❞❡✜♥✐❞❛ ❝♦♠♦✿

η =
PLOAD

PDC

✭✸✳✹✹✮

❖/$❛ ❞❡✜♥✐❝✐D♥ ✐♠♣♦$/❛♥/❡ ❡& ❧❛ ❡✜❝✐❡♥❝✐❛ ❞❡ ♣♦/❡♥❝✐❛ ❛4❛❞✐✲

❞❛ ✭I❆❊✮✱ +✉❡ /✐❡♥❡ ❡♥ ❝✉❡♥/❛ ❧❛ ♣♦/❡♥❝✐❛ ❞❡ ❘❋ ❛ ❧❛ ❡♥/$❛❞❛✿

PAE =
PLOAD − PIN

PDC

=
PLOAD −G−1PPLOAD

PDC

= (1 −
1

GP

)η

✭✸✳✹✺✮

▲❛ $❛③D♥ ♣♦$ ❧❛ +✉❡ &❡ ❡♠♣❧❡❛ ❡❧ /@$♠✐♥♦ ❛&❛❞✐❞♦ ❡& ♣♦$+✉❡

❧❛ ❞❡✜♥✐❝✐D♥ ❞❡ I❆❊ ❡❧✐♠✐♥❛ ❧❛ ❝♦♥/$✐❜✉❝✐D♥ ❞❡ ❧❛ ❡♥/$❛❞❛ ❛ ❧❛

♣♦/❡♥❝✐❛ ❞❡ ❘❋❀ I❆❊ /✐❡♥❞❡ ❛ η ❝✉❛♥❞♦ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦/❡♥❝✐❛

♦♣❡$❛/✐✈❛ /✐❡♥❞❡ ❛ ✐♥✜♥✐/♦✳ ◆♦$♠❛❧♠❡♥/❡ ❧❛& ❞♦& ❝❛♥/✐❞❛❞❡& ❡♥

✭✸✳✹✻✮ ② ✭✸✳✹✺✮ &❡ ❡①♣$❡&❛♥ ❡♥ /❛♥/♦ ♣♦$ ❝✐❡♥/♦✳
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❊♥ ♥✉❡$%&♦ ❝❛$♦✱ ✭✸✳✹✷✮ ② ✭✸✳✹✸✮ ❞❛♥ ❧❛ ♠5①✐♠❛ ♣♦%❡♥❝✐❛ ❞❡

❘❋ ② ❉❈ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦&✳ ❊♥ ❡❧ ♠❡❥♦& ❝❛$♦✱ ♣❛&❛RLOAD = Vq/Iq✱
② ❝♦♥ ❧❛ ❝♦&&✐❡♥%❡ ❞❡ $❛❧✐❞❛ ❛❧ ♠5①✐♠♦✱ %❛♠❜✐@♥ %❡♥❞&❡♠♦$ ❡✜✲

❝✐❡♥❝✐❛ ❞❡❧ 50%✿

ηmax =
VqIq/2

VqIq
= 50% ✭✸✳✹✻✮

▲❛ ♣♦%❡♥❝✐❛ %♦%❛❧ ❞❡ ❡♥%&❛❞❛ ❉❈ ❡$ ✐❣✉❛❧ ❛ ❧❛ $✉♠❛ ❞❡ ❧❛ ♣♦✲

%❡♥❝✐❛ ❘❋ ❡♥%&❡❣❛❞❛ ❛ ❧❛ ❝❛&❣❛ ♠5$ ❧❛ ❞✐$✐♣❛❞❛ ♣♦& ❡❧ %&❛♥$✐$%♦&✳

❊$%❛ F❧%✐♠❛ ❡$✿

Ptransistor = PDC − PLOAD = (1 −
PLOAD

PDC

)PDC = (1 −
η

100
)VqIq

✭✸✳✹✼✮

❚❡♥✐❡♥❞♦ ❡♥ ❝✉❡♥%❛ ❞❡$❞❡ ✭✸✳✹✶✮ ❤❛$%❛ ❧❛ ✭✸✳✹✼✮✱ $❡ ❝♦♥❝❧✉②❡

K✉❡ ❧❛ ❡✜❝✐❡♥❝✐❛ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦& $❡ ❞❡$✈❛♥❡❝❡ $✐ ♥♦ ❤❛② $❡M❛❧ ❞❡

❡♥%&❛❞❛✳ ❚❡♥✐❡♥❞♦ ❡$♦ ❡♥ ❝✉❡♥%❛✱ ❧❛ ❞✐$✐♣❛❝✐N♥ ❞❡ ♣♦%❡♥❝✐❛ ❞❡❧

%&❛♥$✐$%♦& ❛❧❝❛♥③❛ $✉ ♠5①✐♠♦✱ Ptransistor,max = VqIq ② ❞✐$♠✐♥✐②❡

❤❛$%❛ ❛❧❝❛♥③❛& ❧❛ ♠✐%❛❞ ❞❡ $✉ ✈❛❧♦& ❝✉❛♥❞♦ ❧❛ ♣♦%❡♥❝✐❛ ❞❡ ❘❋ ❞❡

$❛❧✐❞❛ ❛❧❝❛♥③❛ $✉ ♠5①✐♠♦ ❛❜$♦❧✉%♦✳

✸✳✷✳✸✳✷ ▲♦❛❞ ♣✉❧❧

▲❛ $❡❝❝✐N♥ ❛♥%❡&✐♦& ❝♦♥$✐❞❡&❛❜❛ ❧❛ ♣♦%❡♥❝✐❛ ❞❡ $❛❧✐❞❛ ♠5①✐♠❛

❡♥ ✉♥ ❛♠♣❧✐✜❝❛❞♦& ✐❞❡❛❧✳ ❊♥ ❡$%❡ ❛♣❛&%❛❞♦ $❡ ❝♦♠♣❧❡%❛ ❧❛ ❞✐$✲

❝✉$✐N♥✱ ❞❡$❝&✐❜✐❡♥❞♦ ✉♥ ♠@%✐♦❞♦ ❣❡♥❡&❛❧ ♣❛&❛ ❡♥❝♦♥%&❛& ❧❛ ❝❛&❣❛

N♣%✐♠❛ K✉❡ ♣&♦♣♦&❝✐♦♥❛ ❧❛ ♣♦%❡♥❝✐❛ ♠5①✐♠❛ ❞❡ ✉♥ %&❛♥$✐$%♦& ❞❛✲

❞♦✱ ❛ ✉♥❛ ❢&❡❝✉❡♥❝✐❛ ② ✈❛❧♦& ❞❡ ❝♦♥%✐♥✉❛ ❡$♣❡❝Q✜❝♦$✳ ❊$%❡ ♠@%♦❞♦

$❡ ❝♦♥♦❝❡ ❝♦♠♦ ❧♦❛❞ ♣✉❧❧✐♥❣✱ ② ♣✉❡❞❡ $❡& ❛♣❧✐❝❛❞♦ ♥♦ $N❧♦ ♣❛&❛

♠❛①✐♠✐③❛& ❧❛ ♣♦%❡♥❝✐❛ ❞❡ $❛❧✐❞❛✱ $✐♥♦ %❛♠❜✐@♥ ♣❛&❛ ♦%&♦$ ❝♦♠✲

♣♦&%❛♠✐❡♥%♦$ ♥♦ ❧✐♥❡❛❧❡$✱ ❝♦♠♦ ❧✐♥❡❛❧✐❞❛❞✱ ❡✜❝✐❡♥❝✐❛✱ ❝♦♥%❡♥✐❞♦

❛&♠N♥✐❝♦ ② ❛$Q $✉❝❡$✐✈❛♠❡♥%❡✳ ❆❞❡♠5$✱ ❡❧ ❧♦❛❞ ♣✉❧❧✱ ♣✉❡❞❡ ❜❛$❛&✲

$❡ %❛♥%♦ ❡♥ ♠❡❞✐❞❛$ ❝♦♠♦ ❡♥ $✐♠✉❧❛❝✐♦♥❡$✳
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▲❛ ❋✐❣✉&❛ ✸✳✻ ♠✉❡,-&❛ ❧❛ ❝♦♥✜❣✉&❛❝✐3♥ ❡①♣❡&✐♠❡♥-❛❧ ❞❡❧ ❧♦❛❞✲

♣✉❧❧✳ ❉♦, ❣❡♥❡&❛❞♦&❡, ❉❈ ② ❜✐❛, ❚ ❞❡-❡&♠✐♥❛♥ ❡❧ ♣✉♥-♦ ❞❡ ♦♣❡✲

&❛❝✐3♥ ❉❈ &❡=✉❡&✐❞♦ ♣❛&❛ ❡❧ -&❛♥,✐,-♦&✱ ❝♦♥ ❡❢❡❝-♦, ❞❡ ❘❋ ❞❡,✲

♣&❡❝✐❛❜❧❡,✳ ❉❡ ♥✉❡✈♦✱ ❧❛, &❡❞❡, ❞❡ ❛❧✐♠❡♥-❛❝✐3♥ ,♦♥ ❣❡♥B&✐❝❛, ②

❡❧ -&❛♥,✐,-♦& ♣✉❡❞❡ ,❡& ❜✐♣♦❧❛& ♦ ❞❡ ❡❢❡❝-♦ ❞❡ ❝❛♠♣♦✱ ❛✉♥=✉❡ ❡❧

,C♠❜♦❧♦ ✉,❛❞♦ ,❡❛ ❡❧ ❞❡❧ ▼❊❙❋❊❚✳

❯♥ ❣❡♥❡&❛❞♦& ❞❡ ❘❋ ,❡ ❝♦♠✉♥✐❝❛ ❝♦♥ ❧❛ ❡♥-&❛❞❛ ❞❡❧ -&❛♥,✐,-♦&

❛ -&❛✈B, ❞❡❧ ❝❛♠✐♥♦ ❞❡ ❘❋ ❞❡❧ ❜✐❛, ❚ ❞❡ ❡♥-&❛❞❛✳ ❊♥ ❛❧❣✉♥♦,

❝❛,♦,✱ ✉♥❛ &❡❞ ❞❡ ❛❞❛♣-❛❝✐3♥ ❞❡ ❡♥-&❛❞❛ ,❡ ❝♦❧♦❝❛ ❡♥-&❡ ❡❧ ❣❡♥❡✲

&❛❞♦& ❞❡ ❘❋ ② ❧❛ ❡♥-&❛❞❛ ❞❡ -&❛♥,✐,-♦&✳ ❊❧ ❞✐,❡H♦ ✉♥✐❧❛-❡&❛❧ ❡, ❡❧

I♥✐❝♦ ♣♦,✐❜❧❡ ♣❛&❛ ❡,-❛ &❡❞✱ ❡♥ -❛♥-♦ =✉❡ ❧❛ ❝❛&❣❛ ❞❡ ,❛❧✐❞❛ ❞❡❧

-&❛♥,✐,-♦& ❡, ✈❛&✐❛❜❧❡ ♣♦& ❞❡✜♥✐❝✐3♥✱ ❝♦♠♦ ✈❡&❡♠♦, ❡♥ ❜&❡✈❡✳ ❊♥

❝✉❛❧=✉✐❡& ❝❛,♦✱ ❡❧ ❣❡♥❡&❛❞♦& ❞❡ ❘❋ ❞❡ ❡♥-&❛❞❛ ✲❛❞❛♣-❛❞♦ ♦ ♥♦✲

-✐❡♥❡ ,✉✜❝✐❡♥-❡ ♣♦-❡♥❝✐❛ ♣❛&❛ ❛❝-✐✈❛& ❡❧ -&❛♥,✐,-♦&✳

▲❛ ,❛❧✐❞❛ ❞❡❧ -&❛♥,✐,-♦& ,❡ ❝♦♥❡❝-❛ ❛ ✉♥❛ ❝❛&❣❛ ✈❛&✐❛❜❧❡ ❛ -&❛✈B,

❞❡❧ ❝❛♠✐♥♦ ❞❡ ❘❋ ❞❡ ❧❛ ❜✐❛, ❚ ❞❡ ,❛❧✐❞❛✳ ▲❛ ❝❛&❣❛ ✈❛&✐❛❜❧❡ ❝♦♥✲

,✐,-❡ ❡♥ ✉♥  !✉❜ !✉♥❡& ✭♦  !✉❜ !✉♥❡& ❞♦❜❧❡✮✱ ✉♥ ❝♦♥♠✉-❛❞♦& ② ✉♥

❛❝♦♣❧❛❞♦& ❞✐&❡❝❝✐♦♥❛❧✳ ❊❧ ❝♦♥♠✉-❛❞♦& ② ❡❧ ❛❝♦♣❧❛❞♦& ❞✐&❡❝❝✐♦♥❛❧

♣&❡,❡♥-❛♥ ✉♥❛ ❛-❡♥✉❛❝✐3♥ ❞❡,♣&❡❝✐❛❜❧❡✳ ❯♥ ♠❡❞✐❞♦& ❞❡ ♣♦-❡♥❝✐❛

❛❞❛♣-❛❞♦ ,❡ ❝♦♥❡❝-❛ ❛ ❧❛ ,❛❧✐❞❛ ❞❡❧  !✉❜ !✉♥❡&✱ ❤❛❝✐❡♥❞♦ =✉❡ ❧❛

✐♠♣❡❞❛♥❝✐❛ &❡,✉❧-❛♥-❡ ♥♦ ,❡❛ ♣✉&❛♠❡♥-❡ &❡❛❝-✐✈❛✱ ♠✐❡♥-&❛, =✉❡

,❡ ♠✐❞❡ ❧❛ ♣♦-❡♥❝✐❛ ❞❡ ,❛❧✐❞❛ ❞❡❧ -&❛♥,✐,-♦&✳

❯♥ ❛♥❛❧✐③❛❞♦& ❞❡ ❡,♣❡❝-&♦ ,❡ ❝♦♥❡❝-❛ ❛❧ ♣✉❡&-♦ ❛❝♦♣❧❛❞♦ ❞❡❧

❛❝♦♣❧❛❞♦& ❞✐&❡❝❝✐♦♥❛❧ ② ,❡❧❡❝❝✐♦♥❛ ✉♥❛ ♣❡=✉❡H❛ ❢&❛❝❝✐3♥ ✭❞❡❧ ♦&✲

❞❡♥ ❞❡ ❡♥-&❡ ✲✶✵ ❛ ✲✸✵ ❞❇✮ ❞❡ ❧❛ ,❡H❛❧ ❞❡ ,❛❧✐❞❛ ❞❡❧ -&❛♥,✐,-♦&✳

❚❛♠❜✐B♥ ♣✉❡❞❡ ❝♦♥-&♦❧❛& ♣❡=✉❡H❛, ♦,❝✐❧❛❝✐♦♥❡, ❞❡❧ -&❛♥,✐,-♦&✳

❯♥ ❛♥❛❧✐③❛❞♦& ✈❡❝-♦&✐❛❧ ❞❡ &❡❞ -❛♠❜✐B♥ ,❡ ❝♦♥❡❝-❛ ❛❧ ❝♦♥♠✉-❛✲

❞♦&✱ ② ♠✐❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ✈✐,-❛ ♣♦& ❡❧ -&❛♥,✐,-♦&✳ ❯♥ ❛♠♣❡&C♠❡✲

-&♦✱ ❝✉②❛ ❢✉♥❝✐3♥ ❡, ♠❡❞✐& ❧❛ ✐♥-❡♥,✐❞❛❞ ❞❡❧ ❞&❡♥❛❞♦&✱ ❝♦♠♣❧❡-❛

❧❛ ❝♦♥✜❣✉&❛❝✐3♥✳

▲❛, ♠❡❞✐❞❛, ❞❡ ❧♦❛❞✲♣✉❧❧ ❝♦♥,-❛♥ ❞❡ ❞♦, ♣❛,♦,✿
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❋✐❣✉$❛ ✸✳✻✿ ❚❡,- ❞❡ ❝♦♥✜❣✉$❛❝✐3♥ ♣❛$❛ ❡❧ ❧♦❛❞ ♣✉❧❧ ❞❡❧ -$❛♥,✐,-♦$✳

✶✳ ❈♦♥ ❡❧ ❝♦♥♠✉*❛❞♦- ❡♥ ❧❛ ♣♦/✐❝✐1♥ ✶✱ ❧❛ ♣♦*❡♥❝✐❛ ❞❡ ❘❋ ❞❡

❡♥*-❛❞❛ ② ❡❧  !✉❜ !✉♥❡& /❡ ❛❥✉/*❛♥ ♣❛-❛ ♠❛①✐♠✐③❛- ❧❛ ♣♦✲

*❡♥❝✐❛ ♠❡❞✐❞❛ ♣♦- ❡❧ ♠❡❞✐❞♦- ❞❡ ♣♦*❡♥❝✐❛✳ ❯♥❛ ✈❡③ <✉❡ /❡

❡♥❝✉❡♥*-❛ ❡❧ ♠=①✐♠♦✱ ❡❧ ❡/♣❡❝*-♦ ❞❡ /❛❧✐❞❛ ❞❡❜❡ ❝♦♥*❡♥❡- ❧❛

❢-❡❝✉❡♥❝✐❛ ❞❡ ❡♥*-❛❞❛ ② /✉/ ❛-♠1♥✐❝♦/✳ ❈✉❛❧<✉✐❡- ❝♦♠♣♦♥❡♥✲

*❡ ❡/♣❡❝*-❛❧ ❞✐/*✐♥*❛ ❛ ❧❛/ ❛♥*❡-✐♦-❡/ -❡✈❡❧❛-@❛♥ ❧❛ ♣-❡/❡♥❝✐❛

❞❡ ♦/❝✐❧❛❝✐♦♥❡/✳ ❊♥ ❡/*❡ ❝❛/♦✱ ❧❛ ❝❛-❣❛ ❤❛❧❧❛❞❛ ❞❡❜❡ /❡- -❡❝❤❛✲

③❛❞❛✱ ♣♦-<✉❡ ❧❛/ ♦/❝✐❧❛❝✐♦♥❡/ ❝♦--♦♠♣❡♥ ❧❛ /❡D❛❧ E*✐❧ ② ❞❛♥

✉♥ ✈❛❧♦- ❞❡ ❧❛ ♣♦*❡♥❝✐❛ ♠❡❞✐❞❛ ❞❡♠❛/✐❛❞♦ ♦♣*✐♠✐/*❛✳ ❯♥❛

✈❡③ <✉❡ ❡♥❝♦♥*-❛♠♦/ ✉♥❛ ❝❛-❣❛ 1♣*✐♠❛ ❧✐❜-❡ ❞❡ ♦/❝✐❧❛❝✐♦♥❡/✱

✜❥❛♠♦/ ❡❧ !✉♥❡& ② ❣✉❛-❞❛♠♦/ ❧❛ ♣♦*❡♥❝✐❛ ❞❡ /❛❧✐❞❛✱ ♥✐✈❡❧ ❞❡

❧♦/ ❛-♠1♥✐❝♦/ ② ❧❛ ❝♦--✐❡♥*❡ ❞❡ *-❛♥/✐/*♦-✳ ❉❡/♣✉H/ ❞❡ ❡/*♦✱

❡❧ ❣❡♥❡-❛❞♦- ❞❡ ❝♦♥*✐♥✉❛ ❞❡❧ ❞-❡♥❛❞♦- /❡ ❛♣❛❣❛ ✭Vdd = 0✮✱

❛♥*❡/ ❞❡ ♣❛/❛- ❛❧ /✐❣✉✐❡♥*❡ ♣✉♥*♦✳

✷✳ ❈♦♥ ❡❧ ❝♦♥♠✉*❛❞♦- ❡♥ ❧❛ ♣♦/✐❝✐1♥ ✷ ② ❧❛ /❛❧✐❞❛ ❞❡❧ *-❛♥/✐/*♦-

/✐♥ ♥✐✈❡❧ ❞❡ ❝♦♥*✐♥✉❛✱ ❡❧ ❛♥❛❧✐③❛❞♦- ❞❡ -❡❞ ♠✐❞❡ ❡❧ ❝♦❡✜❝✐❡♥*❡

❞❡ -❡✢❡①✐1♥ ❝♦♠♣❧❡❥♦ <✉❡ /❡ ♣-❡/❡♥*❛ ❛ ❧❛ /❛❧✐❞❛ ❞❡❧ *-❛♥/✐/✲

*♦-✱ *❛❧ ❝♦♠♦ /❡ ❤✐③♦ ❡♥ ❡❧ ♣❛/♦ ❛♥*❡-✐♦-✳ ❊/*♦ -❡<✉✐❡-❡ <✉❡

❧♦/ ❞♦/ ❝❛♠✐♥♦/ A
1
❤❛/*❛ A3 ② A2 ❤❛/*❛ A3 /❡❛♥ ✐❣✉❛❧❡/ ♦

❝❛❧✐❜-❛❞♦/ ❝♦--❡❝*❛♠❡♥*❡✳ ❈♦♠♦ /❡ ❤✐③♦ ❡♥ ❡❧ ♣❛/♦ ✶✱ ❣✉❛-✲

❞❛♠♦/ ❡❧ ❝♦❡✜❝✐❡♥*❡ ❞❡ -❡✢❡①✐1♥ ♠❡❞✐❞♦ ❡♥ ❧❛ ❢-❡❝✉❡♥❝✐❛ ❞❡

*-❛❜❛❥♦✳

▲❛ ❣❡♥❡-❛❝✐1♥ ❞❡ ❝♦❡✜❝✐❡♥*❡/ ❞❡ -❡✢❡①✐1♥ *❡1-✐❝♦/ ❛-❜✐*-❛-✐♦/

-❡<✉✐❡-❡ <✉❡ ❡❧ ❝♦♥♠✉*❛❞♦- *❡♥❣❛ ✉♥❛ ♣H-❞✐❞❛ ❞❡ ✐♥/❡-❝✐1♥ ❜❛❥❛✱

②❛ <✉❡ /✐ ♥♦ ❧❛ ✐♠♣❡❞❛♥❝✐❛ <✉❡ ❡❧ *-❛♥/✐/*♦- ✈❡ /❡-@❛ ✐♥/❡♥/✐❜❧❡ ❛

❧❛/ -❡❣✉❧❛❝✐♦♥❡/ ❞❡❧  !✉❜ !✉♥❡&✳ ❊/ ♣♦- ❡/*❛ -❛③1♥ <✉❡ ❧♦/ ❞✐/♣♦✲
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❊❧ (❡ ✉❧"❛❞♦ ❞❡ ❡ "❡ ♣(♦❝❡❞✐♠✐❡♥"♦ ❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❝❛(✲

❣❛ .♣"✐♠❛ ♣❛(❛ ❧❛ ♣♦"❡♥❝✐❛ ❞❡  ❛❧✐❞❛ ♠*①✐♠❛ ❡♥ ✉♥❛ ❢(❡❝✉❡♥❝✐❛

❞❛❞❛✳ ❉❡ ❢♦(♠❛ ❛❧"❡(♥❛"✐✈❛✱ ❡❧ ♠✐ ♠♦ ♣(♦❝❡❞✐♠✐❡♥"♦ ♣✉❡❞❡ ❛♣❧✐✲

❝❛( ❡ ♣❛(❛ ♦♣"✐♠✐③❛( ❧❛ ❡✜❝✐❡♥❝✐❛✱ ❧❛ ❧✐♥❡❛❧✐❞❛❞ ♦ ❝✉❛❧;✉✐❡( ♦"(❛

❝❛(❛❝"❡(< "✐❝❛ ♥♦ ❧✐♥❡❛❧✱ ✐♥❝❧✉②❡♥❞♦ ❧❛ ❝♦♠❜✐♥❛❝✐♦♥❡ ✳ ❯♥❛ ✈❡③

;✉❡ ❧❛ ❝❛(❣❛ .♣"✐♠❛ ❡ ❝♦♥♦❝✐❞❛✱ ❧❛ (❡❞ ❞❡ ❛❞❛♣"❛❝✐.♥ "✐❡♥❡ ;✉❡

"(❛♥ ❢♦(♠❛( ❧♦ 50Ω ❛ ❧❛ ❝❛(❣❛✳

❆❧❣✉♥❛ ✈❡❝❡ ✱ ❡❧ ♣(♦❝❡❞✐♠✐❡♥"♦ ❞❡ ❧♦❛❞✲♣✉❧❧ ✐♥❝❧✉②❡ ❛❧❣✉♥♦ 

♣❛ ♦ ❛❞✐❝✐♦♥❛❧❡ ♣❛(❛ ❞❡"❡(♠✐♥❛( ❝♦♠♣♦("❛♠✐❡♥"♦ ♥♦ ❧✐♥❡❛❧❡ 

❞❡❧ "(❛♥ ✐ "♦( ♣❛(❛ ✉♥❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❝❛(❣❛ ;✉❡  ❡❛ ❧✐❣❡(❛♠❡♥✲

"❡ ❞✐ "✐♥"❛ ❞❡ ❧❛ .♣"✐♠❛✳ ❊❧ (❡ ✉❧"❛❞♦ ❡ ✉♥ ❝♦♠♣♦("❛♠✐❡♥"♦ ♥♦

❧✐♥❡❛❧ ;✉❡ ❡ ✉♥❛ ❢✉♥❝✐.♥ "❛❜✉❧❛( ❞❡ ❧❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ❝❛(❣❛ ♦ ❡❧

❝♦❡✜❝✐❡♥"❡ ❞❡ (❡✢❡①✐.♥✱ ;✉❡  ♦♥ ✈❛(✐❛❜❧❡ ❝♦♠♣❧❡❥❛ ✳ ▲❛ ✜❣✉(❛ 

❞❡ ❝♦♥"♦(♥♦  ♦♥ ❧❛ (❡♣(❡ ❡♥"❛❝✐.♥ ♠* ✉ ❛❞❛ ♣❛(❛ ❡ "❛ ❢✉♥❝✐.♥

❞❡ ❞♦ ✈❛(✐❛❜❧❡ ✳ ❉❡♣❡♥❞✐❡♥❞♦ ❞❡❧ ❝♦♠♣♦("❛♠✐❡♥"♦ ♥♦ ❧✐♥❡❛❧ ❞❡

✐♥"❡(D ✱ "❡♥❡♠♦ ✜❣✉(❛ ❞❡ ♣♦"❡♥❝✐❛ ❞❡  ❛❧✐❞❛✱ ❡✜❝✐❡♥❝✐❛✱ ♣✉♥"♦

❞❡ ❝♦♠♣(❡ ✐.♥ ❞❡ ✶❞❇ ② ❛ <  ✉❝❡ ✐✈❛♠❡♥"❡✳ ❯♥ ♣(♦❣(❛♠❛ ♣♦( ♦(✲

❞❡♥❛❞♦( ♣✉❡❞❡ ❤❛❝❡( ✉♥ ❜❛((✐❞♦ ❞❡ ♠❡❞✐❞❛ ✱ ❣❡♥❡(❛♥❞♦ ❧❛ ❝❛(❣❛

❞❡  ❛❧✐❞❛ ② ❧❛ ✜❣✉(❛ ❞❡ ❝♦♥"♦(♥♦✳

▲❛ ❋✐❣✉(❛ ✸✳✼ ♠✉❡ "(❛ ❧❛ ❣(*✜❝❛ ❞❡ ❝♦♥"♦(♥♦ ❞❡ ❧♦❛❞✲♣✉❧❧ ❞❡❧

❛♠♣❧✐✜❝❛❞♦( ❡♥ ❧❛ ❋✐❣✉(❛ ✸✳✷ ✭❛✮✳ ▲❛ ✐♠♣❡❞❛♥❝✐❛ ❞❡ ♥♦(♠❛❧✐③❛✲

❝✐.♥ ♣❛(❛ ❡ ❛ ❝❛("❛ ❞❡ ❙♠✐"❤ ❡ Rnorm = RLOAD,opt = Vcc/Iq =
1kΩ✱ ;✉❡ ❡ ❧❛ ❝❛(❣❛ .♣"✐♠❛ ❛♣(♦①✐♠❛❞❛ ❞❛❞❛ ♣♦( ❡❧ ♠D"♦❞♦

❡♠♣❧❡❛❞♦ ❡♥ ❧❛  ❡❝❝✐.♥ ❛♥"❡(✐♦(✳ ▲♦ ♣✉♥"♦  ❡O❛❧❛❞♦ ❡♥ ❝❛❞❛

❧<♥❡❛ ♣(❡ ❡♥"❛♥ ❝♦❡✜❝✐❡♥"❡ ❞❡ (❡✢❡①✐.♥ ❞❡ ❝❛(❣❛ ❝♦♥ "❛♥"❡ ;✉❡

♣(♦♣♦(❝✐♦♥❛♥ ❧❛ ♠✐ ♠❛ ♣♦"❡♥❝✐❛ ❞❡  ❛❧✐❞❛✳ ❉❡ ♠❛♥❡(❛ ❝❧❛(❛✱ ❧❛ 

♠❡❞✐❞❛ ❝♦♥ ❧♦❛❞✲♣✉❧❧  ♦♥ ✜♥✐"❛ ❡♥ ♥P♠❡(♦✱ ② ❡♥ ❝♦♥ ❡❝✉❡♥❝✐❛

❧❛ ❧<♥❡❛ ❞❡ ❝♦♥"♦(♥♦  ♦♥ ❧✐♥❡❛❧❡ ❞❡✜♥✐❞❛ ❛ "(♦③♦ ✳ ❯♥❛ (❡❣✐.♥

❞❡ ❧❛ ❈❛("❛ ❞❡ ❙♠✐"❤ ❞❡♥ ❛♠❡♥"❡ ♣♦❜❧❛❞❛ ❝♦♥ ❧<♥❡❛ ❞❡ ❝♦♥"♦(♥♦

❞❡♥♦"❛ ✉♥❛ ❛❧"❛  ❡♥ ✐❜✐❧✐❞❛❞ ❞❡ ❧♦ ❝♦♠♣♦("❛♠✐❡♥"♦ ♥♦ ❧✐♥❡❛❧❡ 

❛ ❧❛ ❝❛(❣❛ ❞❡  ❛❧✐❞❛✳

▲❛ ✐♠♣❡❞❛❝✐❛ ❞❡ ❝❛(❣❛ ❡❢❡❝"✐✈❛ .♣"✐♠❛ ❡♥ ❧❛ ❋✐❣✉(❛ ✸✳✼ ❡ 
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ZLOAD,opt = (0,472 + j0,198)Rnorm = (472 + j198)Ω✱ ♠✐❡♥%&❛(

)✉❡ ❧❛ ZLOAD = Rnorm = 1kΩ ❝♦&&❡(♣♦♥❞❡ ❛ ✉♥❛ ♣♦%❡♥❝✐❛ ❞❡

(❛❧✐❞❛ ❛♣&♦①✐♠❛❞❛♠❡♥%❡ ✶✱✺❞❇ ♠❡♥♦& )✉❡ ❡❧ ♠4①✐♠♦✳ ▲❛ ♣❛&%❡

&❡❛❝%✐✈❛ ❞❡ ZLOAD,opt ❝♦♠♣❡♥(❛ ❞❡ ❛❧❣9♥ ♠♦❞♦ ❧❛ &❡❛❝%❛♥❝✐❛ ♣❛✲

&4(✐%❛ ❞❡❧ %&❛♥(✐(%♦&✱ ② ❧❛ ♣❛&%❡ &❡❛❧ ❡( ♠❡♥♦& )✉❡ Vcc/Iq = 1kΩ✱

❞❡❜✐❞♦ ❛ )✉❡ ❧❛ ❝♦&&✐❡♥%❡ ♠❡❞✐❛ ❞❡❧ ❝♦❧❡❝%♦& (❡ ✐♥❝&❡♠❡♥%❛ ❛ ❛❧%❛

♣♦%❡♥❝✐❛ ❞❡ (❛❧✐❞❛✳

◆>%❡(❡ %❛♠❜✐?♥ )✉❡ ❧❛ ❝❛&❣❛ >♣%✐♠❛ ❡♥ ❧❛ ❋✐❣✉&❛ ✸✳✼ (❡ ❡♥✲

❝✉❡♥%&❛ ❡♥ ❡❧ (❡♠✐♣❧❛♥♦ ✐♥❞✉❝%✐✈♦ ❞❡ ❧❛ ❝❛&%❛ ❞❡ ❙♠✐%❤✱ ❞❛❞♦ )✉❡

❝♦♠♣❡♥(❛♥ ❧❛ ❝❛♣❛❝✐%❛♥❝✐❛ ❞❡ (❛❧✐❞❛ ❞❡❧ %&❛♥(✐(%♦&✳

❊❧ ♠?%♦❞♦ ❞❡ ❧♦❛❞✲♣✉❧❧ ❡( ❜❛(%❛♥%❡ ❣❡♥❡&❛❧✿ ♣♦& ❡❥❡♠♣❧♦ ♣♦❞&H❛

(❡& ✉(❛❞♦ ♣❛&❛ ❤❛❧❧❛& ❧❛ ❝❛&❣❛ ♣❛&❛ ❧❛ ♠4①✐♠❛ ❣❛♥❛♥❝✐❛ ❧✐♥❡❛❧✳ ❊♥

❡(%❡ ❝❛(♦✱ ❧❛( ❧H♥❡❛( ❞❡ ❝♦♥%♦&♥♦ (❡&H❛♥ ❧♦( ❝H&❝✉❧♦( ❞❡ ❣❛♥❛♥❝✐❛

❝♦♥(%❛♥%❡ ❛ ❧❛ (❛❧✐❞❛✳

❯♥ ♠?%♦❞♦ ♠4( &❡❝✐❡♥%❡ ❞❡ ❞✐(❡J♦ (❡ ❜❛(❛ ❡♥ (✐♠✉❧❛❝✐♦♥❡( ♥♦

❧✐♥❡❛❧❡( ❝♦♥ ♠♦❞❡❧♦( ❞❡ %&❛♥(✐(%♦& ♥♦ ❧✐♥❡❛❧❡( ❛❞❡❝✉❛❞♦(✳ ❆❧❣✉♥♦(

♠?%♦❞♦( &❡♣&♦❞✉❝❡♥ ❡❧ %❡(% ❞❡ ❧❛ ❋✐❣✉&❛ ✸✳✻ ❡♥ ❡❧ (✐♠✉❧❛❞♦&✱ ❡♥✲

❝♦♥%&❛♥❞♦ ❧❛ ❝❛&❣❛ >♣%✐♠❛ ② ❛❧❣✉♥❛( ✈❡❝❡( ❧♦( ❝♦♥%♦&♥♦( ❞❡ ❝❛&❣❛✳

❉❡(♣✉?( ❞❡ ❡(♦✱ ❡❧ ❞✐(❡J♦ ❞❡ ❧❛ &❡❞ ❞❡ ❛❞❛♣%❛❝✐>♥ ❞❡ (❛❧✐❞❛ ❝♦♥✲

%✐♥9❛ ❡①❛❝%❛♠❡♥%❡ ✐❣✉❛❧ ❛ ❝♦♠♦ (❡ ❤❛❝❡ ❝♦♥ ❡❧ ♠?%♦❞♦ ❞❡ ❞✐(❡J♦

❞❡ ❧♦❛❞✲♣✉❧❧ ❡①♣❡&✐♠❡♥%❛❧✳ ❚❛❧ ♠?%♦❞♦ ❡( ❛❧❣✉♥❛( ✈❡❝❡( ❧❧❛♠❛❞♦

❧♦❛❞ ♣✉❧❧✐♥❣ (✐♠✉❧❛❞♦✳ ❊♥ ♦%&♦( ❝❛(♦(✱ ❡❧ ❞✐(❡J❛❞♦& ❞❡(❝&✐❜❡ ❡❧

❛♠♣❧✐✜❝❛❞♦& ❝♦♠♣❧❡%♦ ❡♥ ❡❧ (✐♠✉❧❛❞♦& ♥♦ ❧✐♥❡❛❧✱ ✐♥❝❧✉②❡♥❞♦ ❧❛

&❡❞ ❞❡ ❛❞❛♣%❛❝✐>♥ ❞❡ ❡♥%&❛❞❛✱ ❡❧ ♠♦❞❡❧♦ ❞❡❧ %&❛♥(✐(%♦& ♥♦ ❧✐♥❡❛❧

② ❧❛ &❡❞ ❞❡ ❛❞❛♣%❛❝✐>♥ ❞❡ (❛❧✐❞❛✳ ▲♦( ♣❛&4♠❡%&♦( ❞❡❧ 9❧%✐♠♦ ❡❧❡✲

♠❡♥%♦ (♦♥ ❡♥%♦♥❝❡( ♦♣%✐♠✐③❛❞♦( ❤❛(%❛ )✉❡ ❡❧ ♠❡❥♦& ✈❛❧♦& ♣♦(✐❜❧❡

(❡❛ ❛❧❝❛♥③❛❞♦✳

❆♠❜♦( ♠?%♦❞♦( ❞❡ ❞✐(❡J♦✱ ❡①♣❡&✐♠❡♥%❛❧ ② ❞❡ (✐♠✉❧❛❝✐>♥ ♣♦&

♦&❞❡♥❛❞♦&✱ ♣&❡(❡♥%❛♥ ✈❡♥%❛❥❛( ② ❞❡(✈❡♥%❛❥❛(✳ ❊❧ ♠?%♦❞♦ ❡①♣❡&✐✲

♠❡♥%❛❧ ❡( ♥♦&♠❛❧♠❡♥%❡ ♠4( ♣&❡❝✐(♦ ② ♠❡♥♦( ✢❡①✐❜❧❡✱ ❡♥ %❛♥%♦

)✉❡ ❧❛ ❝❛&❣❛ >♣%✐♠❛ ♦❜%❡♥✐❞❛ (❡ &❡✜❡&❡ ❛ ✉♥ ❝♦♠♣♦&%❛♠✐❡♥%♦

❜✐❡♥ ❞❡✜♥✐❞♦✱ )✉❡ ♥♦ %✐❡♥❡ ✉♥❛ &❡❧❛❝✐>♥ ❞✐&❡❝%❛ ❝♦♥ ❧♦( ♦%&♦(❀ ♣♦&

❡❥❡♠♣❧♦✱ ❧❛ ❝❛&❣❛ >♣%✐♠❛ ♣❛&❛ ❧❛ ♣♦%❡♥❝✐❛ ♣♦❞&H❛ (❡& ♠✉② ❞✐❢❡&❡♥✲
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 ❡ ❞❡ ❧❛ %✉❡ '❡ ♦❜ ❡♥❞+,❛ ♣❛+❛ ❧❛ ❡✜❝✐❡♥❝✐❛✳ 2♦+ '✐ ❡' ♦ ♥♦ ❢✉❡+❛

♣♦❝♦✱ ❧♦' ❝♦♠♣♦+ ❛♠✐❡♥ ♦' ♥♦ ❧✐♥❡❛❧❡' ❞❡❧ ❛♠♣❧✐✜❝❛❞♦+ ♥♦ ❞❡✲

♣❡♥❞❡♥ ❡①❝❧✉'✐✈❛♠❡♥ ❡ ❞❡ ❧❛ ❝❛+❣❛ ❞❡ ❧❛ ❢+❡❝✉❡♥❝✐❛ ❢✉♥❞❛♠❡♥ ❛❧✳

▼;' ❜✐❡♥✱ ❧❛ ❝❛+❣❛ ❛+♠<♥✐❝❛  ❛♠❜✐=♥ ✐♥✢✉②❡✱ ② ❡' ♦ ❡' ❝♦♠♣❧❡❥♦

❞❡ ❝♦♥ +♦❧❛+ ✐♥❞❡♣❡♥❞✐❡♥ ❡♠❡♥ ❡ ❞❡ ❧❛ ♣+❡'❡♥ ❡ ❡♥ ❧❛ ❢+❡❝✉❡♥❝✐❛

❢✉♥❞❛♠❡♥ ❛❧✳ ❙✐♥ ❡♠❜❛+❣♦✱ ❛❧❣✉♥❛' ❝❛+❣❛' ❡❧❡❝ +<♥✐❝❛' ✈❛+✐❛❜❧❡'

❝♦♥ +♦❧❛❞❛' ♣♦+ ♦+❞❡♥❛❞♦+  ✐❡♥❡♥ ❧❛ ❝❛♣❛❝✐❞❛❞ ❞❡ ❣❡♥❡+❛+ ❝❛+❣❛'

❛+❜✐ +❛+✐❛' ❡♥ ❛+♠<♥✐❝♦' ❞✐' ✐♥ ♦'✱ ❛✉♥%✉❡ '❡  +❛ ❛ ♣♦+ '✉♣✉❡' ♦

❞❡ ❞✐'♣♦'✐ ✐✈♦' ❜❛' ❛♥ ❡ ❝❛+♦'✳ 2♦+ ❡❧ ❝♦♥ +❛+✐♦ ❧❛ '✐♠✉❧❛❝✐<♥ ❡'

♠;' ✢❡①✐❜❧❡✱ ❡♥ ❡❧ '❡♥ ✐❞♦ ❞❡ %✉❡ ❡❧ ♠✐'♠♦ ♠♦❞❡❧♦ ♥♦ ❧✐♥❡❛❧ ♣✉❡✲

❞❡ '❡+ ✉'❛❞♦ ♣❛+❛ ♦♣ ✐♠✐③❛+ ❝✉❛❧%✉✐❡+ ❝♦♠♣♦+ ❛♠✐❡♥ ♦ ♥♦ ❧✐♥❡❛❧✳

❆❞❡♠;'✱ ❡❧ ❛♥;❧✐'✐' ❝♦♠♣❧❡ ♦ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦+  ✐❡♥❡ ❡♥ ❝✉❡♥ ❛ ❧❛

❝❛+❣❛ ❛+♠<♥✐❝❛ ❡♥ ❝♦♥'✐❞❡+❛❝✐<♥ ❞❡ ♠❛♥❡+❛ ❛✉ ♦♠; ✐❝❛✳ ▲❛ ♣+✐♥✲

❝✐♣❛❧ ❞❡'✈❡♥ ❛❥❛ ❞❡ ❧❛ '✐♠✉❧❛❝✐<♥ ❡' '✉ ♠❡♥♦+ ♣+❡❝✐'✐<♥ ✐♥❤❡+❡♥ ❡

❛ ❧❛ ♠✐'♠❛ ♥❛ ✉+❛❧❡③❛ ❞❡ ❧❛ '✐♠✉❧❛❝✐<♥ ♥♦ ❧✐♥❡❛❧❀ ♠✉❝❤❛' ✈❡❝❡'

♥✐ '✐%✉✐❡+❛ ❝♦♥✈❡+❣❡✱ ♣❛+ ✐❝✉❧❛+♠❡♥ ❡ ❡♥ ❝♦♥❞✐❝✐♦♥❡' ❞❡ ❛❧ ❛ ❝♦♠✲

♣+❡'✐<♥✳

❋✐❣✉$❛ ✸✳✼✿ ❈♦♥-♦$♥♦. ❞❡ ❧♦❛❞ ♣✉❧❧ ❞❡❧ ❛♠♣❧✐✜❝❛❞♦$ ❞❡ ❧❛ ❋✐❣✉$❛ ✸✳✷✳
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✸✳✸ ▼❡③❝❧❛❞♦*❡+

❯♥ ♠❡③❝❧❛❞♦( ❞❡ ❢(❡❝✉❡♥❝✐❛ ♦✱ ❛❜&❡✈✐❛♥❞♦✱ ✉♥ ♠❡③❝❧❛❞♦( ❡,

✉♥❛ &❡❞ ♥♦ ❧✐♥❡❛❧ ❞❡ .&❡, ♣✉❡&.♦,✳ ❊♥ ❡❧ ♠❡③❝❧❛❞♦& ❞❡❧ &❡❝❡♣.♦&✱

❞♦, ❞❡ ❧♦, ♣✉❡&.♦, ,♦♥ ❡♥.&❛❞❛,✿ ❡❧ ❞❡ (❛❞✐♦ ❢(❡❝✉❡♥❝✐❛ ✭❘❋✮ ② ❡❧

❞❡❧ ♦-❝✐❧❛❞♦( ❧♦❝❛❧ ✭▲❖✮❀ ❛ ❧❛ ,❛❧✐❞❛ ,❡ ❧❛ ❞❡♥♦♠✐♥❛ ♥♦&♠❛❧♠❡♥.❡

♣✉❡&.♦ ❞❡ ❢(❡❝✉❡♥❝✐❛ ✐♥.❡(♠❡❞✐❛ ✭■❋✮✳ ❊♥ ❡❧ ♠❡③❝❧❛❞♦& ❞❡❧ .&❛♥,✲

♠✐,♦&✱ ❧❛, ❡♥.&❛❞❛, ,♦♥ ■❋ ② ▲❖✱ ♠✐❡♥.&❛, @✉❡ ❧❛ ,❛❧✐❞❛ ❡, ❘❋✳ ❊♥

❡❧ ♣&✐♠❡& ♥✐✈❡❧ ❞❡ ❡,@✉❡♠❛.✐③❛❝✐A♥ ✐❞❡❛❧✱ ✉♥ ♠❡③❝❧❛❞♦& .&❛❜❛❥❛

❝♦♠♦ ✉♥ ❞❡.❡❝.♦& ❞❡ ♣&♦❞✉❝.♦✱ ❡♥ .❛♥.♦ @✉❡ ❧❛ ,❡C❛❧ ❞❡ ,❛❧✐❞❛ ❡,

❡❧ ♣&♦❞✉❝.♦ ❞❡ ❞♦, ,❡C❛❧❡, ❞❡ ❡♥.&❛❞❛✳ ▲❛ ❋✐❣✉&❛ ✸✳✽ ♠✉❡,.&❛ ❡❧

,G♠❜♦❧♦ ❡,.H♥❞❛& ❞❡ ✉♥ ♠❡③❝❧❛❞♦&✳ ▲❛ ❝&✉③ ❞❡♥.&♦ ❞❡❧ ,G♠❜♦❧♦ ❡,

✉♥ ,G♠❜♦❧♦ ❞❡ ❧❛ ❡,@✉❡♠❛.✐③❛❝✐A♥ ✐❞❡❛❧ ❞❡❧ ❝♦♠♣♦♥❡♥.❡✳ ❉❡♥.&♦

❞❡❧ ❝♦♥.❡①.♦ ❞❡ ❡,.❛ ,❡❝❝✐A♥✱ ❡❧ .K&♠✐♥♦ ,❡C❛❧ ❡, ✉♥❛ ❞❡♥♦♠✐♥❛✲

❝✐A♥ ❣❡♥K&✐❝❛ ♣❛&❛ ✉♥ ✈♦❧.❛❥❡✱ ❝♦&&✐❡♥.❡ ♦ ❝✉❛❧@✉✐❡& ❝♦♠❜✐♥❛❝✐A♥

❧✐♥❡❛❧ ❞❡ ❧♦, ❞♦,✱ .❛❧❡, ❝♦♠♦ ♦♥❞❛, ✐♥❝✐❞❡♥.❡, ♦ &❡✢❡❥❛❞❛,✳

❋✐❣✉$❛ ✸✳✽✿ ❙+♠❜♦❧♦ ❞❡❧ ♠❡③❝❧❛❞♦$

✸✳✸✳✶ ❉❡%❡❝%♦( ❞❡ ♣(♦❞✉❝%♦

❈♦♠❡♥③❛♥❞♦ ❞❡,❞❡ ❧❛ ❡,@✉❡♠❛.✐③❛❝✐A♥ ❞❡❧ ❞❡.❡❝.♦& ❞❡ ♣&♦✲

❞✉❝.♦✱ ② ❛,✉♠✐❡♥❞♦ @✉❡ ❧❛, ,❡C❛❧❡, ❞❡ ❡♥.&❛❞❛ ,♦♥ ,✐♥✉,♦✐❞❛❧❡,✱

❧❛, ,❡C❛❧❡, ❛♣❧✐❝❛❞❛, ❡♥ ❧❛, ❡♥.&❛❞❛, ❞❡ ❘❋ ② ▲❖ &❡,♣❡❝.✐✈❛♠❡♥.❡

,♦♥✿

vRF(t) = vRcos(ωRt +ϕR); vLO(t) = vLcos(ωLt +ϕL) ✭✸✳✹✽✮
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▲❛ "❛❧✐❞❛ ❞❡ ■❋✱ ♣+♦♣♦+❝✐♦♥❛❧ ❛❧ ♣+♦❞✉❝0♦ ❞❡ ❧❛" ❞♦" ❡♥0+❛❞❛"

❡"✱ ♣♦+ 0❛♥0♦✿

vIF (t) = 2kIFvRF(t)vLO(t) = 2kIFvRvLcos(ωRt +ϕR)cos(ωLt +ϕL)

= kIFvRvLcos[(ωR + ωL)t +ϕR +ϕL] + kIFvRvLcos[(ωR − ωL)t +ϕR −ϕL]

✭✸✳✹✾✮

❞♦♥❞❡ ❧❛ ❝♦♥"0❛♥0❡ 2kIF 0✐❡♥❡ ✉♥❛ ❞✐♠❡♥"✐9♥ ❛❞❡❝✉❛❞❛ ♣❛+❛

❛❞❛♣0❛+ ❧❛ "❛❧✐❞❛ ❝♦♥ ❧❛" ❡♥0+❛❞❛"✳

▲❛ ❊❝✉❛❝✐9♥ ✭✸✳✹✾✮ ♥♦" ❞✐❝❡ ;✉❡ ❧❛ "❡<❛❧ ❞❡ ■❋ ❡" ❧❛ "✉♠❛ ❞❡

❞♦" ♣+♦❞✉❝0♦" ❞❡ ❝♦♥✈❡+"✐9♥ "✐♥✉"♦✐❞❛❧❡"✱ ❡①♣+❡"❛❞♦" ♣♦+ ❧♦" ❞♦"

❝♦"❡♥♦" ❡♥ ❡❧ ❝✉❛+0♦ 0?+♠✐♥♦ ❞❡ ❧❛ ❡❝✉❛❝✐9♥✳ ▲❛ ❢+❡❝✉❡♥❝✐❛ ② ❧❛

❢❛"❡ ✐♥"0❛♥0B♥❡❛ ❞❡❧ ♣+✐♠❡+ ✭"❡❣✉♥❞♦✮ ❝♦♠♣♦♥❡♥0❡ "✐♥✉"♦✐❞❛❧ ❞❡

■❋ ❡" ✐❣✉❛❧ ❛ ❧❛ "✉♠❛ ✭❞✐❢❡+❡♥❝✐❛✮ ❞❡ ❧❛" ❞♦" ❢+❡❝✉❡♥❝✐❛" ❞❡ ❡♥0+❛✲

❞❛ ② ❞❡ ❧❛" ❢❛"❡" +❡"♣❡❝0✐✈❛♠❡♥0❡❀ ♣♦+ ❡"0❛ +❛③9♥✱ ♥♦+♠❛❧♠❡♥0❡

"♦♥ +❡❢❡+✐❞❛" ❝♦♠♦ ❡❧ ♣+♦❞✉❝0♦ ❞❡ ❝♦♥✈❡+"✐9♥ ❞❡ ❧❛  ✉♠❛ ② ❧❛

❞✐❢❡(❡♥❝✐❛✳ ●❡♥❡+❛❧♠❡♥0❡✱ 0❛♥ "9❧♦ ✉♥❛ ❞❡ ❧❛" ❞♦" "❡<❛❧❡" ❡" H0✐❧✱

② "❡ ✉0✐❧✐③❛ ✉♥ ✜❧0+♦ ♣❛+❛ ❡❧✐♠✐♥❛+ ❧❛ ♥♦ ❞❡"❡❛❞❛✳ ▲❛ ❢+❡❝✉❡♥❝✐❛

"✉♠❛ "✐❡♠♣+❡ ❡" ♠❛②♦+ ;✉❡ ❧❛ ❞❡ ❘❋✱ ❛"K ;✉❡ ❝✉❛♥❞♦ ❡❧ ♣+♦❞✉❝✲

0♦ "✉♠❛ ❡" ❡❧ ;✉❡ ♥♦" "✐+✈❡✱ ❛❧ ♠❡③❝❧❛❞♦+ "❡ ❧❡ +❡✜❡+❡ ❛ ✈❡❝❡"

❝♦♠♦ ✉♥ ✉♣❝♦♥✈❡( ✐♦♥ ♠✐①❡(✳ ❊♥ ❡❧ ❝❛"♦ ❝♦♥0+❛+✐♦✱ ❧❛ ❞❡♥♦♠✐♥❛✲

❝✐9♥ ❞♦✇♥❝♦♥✈❡( ✐♦♥ ♠✐①❡( ♥♦ "✐❡♠♣+❡ ❡" ❛♣+♦♣✐❛❞❛✱ ❞❛❞♦ ;✉❡

❧❛ ❞✐❢❡+❡♥❝✐❛ ❞❡ ❢+❡❝✉❡♥❝✐❛ ❡" ♠B" ❜❛❥❛ ;✉❡ ❧❛ ❞❡ ❘❋ "✐ ② "9❧♦ "✐

ωL < 2ωR✳ ❊❧ ❝♦"❡♥♦ ♥♦ ✈❛+K❛ "✐ ❤❛② ✉♥❛ ✐♥✈❡+"✐9♥ ❞❡ "✐❣♥♦ ❡♥ "✉

❛+❣✉♠❡♥0♦✱ ♣♦+ ❧♦ ;✉❡ ❧❛ ❞✐❢❡+❡♥❝✐❛ ❞❡ ❢+❡❝✉❡♥❝✐❛ ♥♦ ❝❛♠❜✐❛ "✐

ωL = ωR ±∆ω✳

▲❛ ❡①♣+❡"✐9♥ ❡♥ ✭✸✳✹✾✮ 0❛♠❜✐?♥ ♠✉❡"0+❛ ;✉❡ ❧❛ ❛♠♣❧✐0✉❞ ❞❡

❧♦" ❞♦" 0?+♠✐♥♦" ❞❡ ■❋ ❡" ♣+♦♣♦+❝✐♦♥❛❧ ❛❧ ♣+♦❞✉❝0♦ ❞❡ ❧❛" ❞♦" ❛♠✲

♣❧✐0✉❞❡" ❞❡ ❡♥0+❛❞❛✳ ❙✐♥ ❡♠❜❛+❣♦✱ ❧❛ ❛♠♣❧✐0✉❞ ❞❡ ▲❖ ❡" ♥♦+♠❛❧✲

♠❡♥0❡ ❝♦♥"0❛♥0❡ ❝♦♥ ❡❧ 0✐❡♠♣♦✳ ❆❞❡♠B"✱ ❡♥ ♠❡③❝❧❛❞♦+❡" +❡❛❧❡"✱

❧❛" ✈❛+✐❛❝✐♦♥❡" ❞❡ ❛♠♣❧✐0✉❞ ❞❡ ■❋ "♦♥ ♠❡♥♦" ;✉❡ ♣+♦♣♦+❝✐♦♥❛❧❡"

❛ ✈❛+✐❛❝✐♦♥❡" ❡♥ ❧❛ ❛♠♣❧✐0✉❞ ❞❡ ▲❖✱ ♣+♦✈♦❝❛♥❞♦ ;✉❡ ❡"0❡ H❧0✐♠♦

"❡ ❡♥❝✉❡♥0+❡ ❛❝♦0❛❞♦ ♣♦+ ✉♥♦" ❧K♠✐0❡" ❞❡0❡+♠✐♥❛❞♦"✳ R♦+ 0❛♥✲

0♦✱ ♣♦❞❡♠♦" ✐♥❝❧✉✐+ ❧❛ ❛♠♣❧✐0✉❞ ❞❡ ▲❖ ❞❡♥0+♦ ❞❡ ❧❛ ❝♦♥"0❛♥0❡



✺✹ ❋❯◆❉❆▼❊◆❚❖ ❚❊)❘■❈❖

KIF = vLkIF ② !❡❡#❝!✐❜✐! ❧❛ #❡)❛❧ ❞❡ #❛❧✐❞❛ ❞❡ ■❋ ❝♦♠♦✿

vIF (t) =KIFvRcos[(ωR+ωL)t+ϕR+ϕL]+kIFvRcos[(ωR−ωL)t+ϕR−ϕL]
✭✸✳✺✵✮

❯♥❛ ❡#♣❡❝✐✜❝❛❝✐:♥ ✐♠♣♦!;❛♥;❡ ❞❡❧ ♠❡③❝❧❛❞♦! ❡# ❧❛ ❣❛♥❛♥❝✐❛

❞❡ ❝♦♥✈❡)*✐+♥ ✲♥♦!♠❛❧♠❡♥;❡ ❡①♣!❡#❛❞❛ ❡♥ ❞❇✲ @✉❡ ❡# ❡❧ ❝♦❝✐❡♥✲

;❡ ❡♥;!❡ ❧❛ ♣♦;❡♥❝✐❛ ❞❡❧ ♣!♦❞✉❝;♦ ❞❡ ■❋ ✭#✉♠❛ ♦ ❞✐❢❡!❡♥❝✐❛✮ ②

❧❛ ♣♦;❡♥❝✐❛ ❞❡ ❘❋✳ ❙✐ ❧❛# #❡)❛❧❡# ❝♦♥#✐❞❡!❛❞❛# ❡♥ ❧❛# ❡❝✉❛❝✐♦♥❡#

❛♥;❡!✐♦!❡# #♦♥ ❞❡❧ ♠✐#♠♦ ;✐♣♦✱ ♣♦! ❡❥❡♠♣❧♦ ✈♦❧;❛❥❡#✱ ❧❛ ❝♦♥#;❛♥;❡

KIF ❡# ✉♥ ♥H♠❡!♦ ♣✉!♦✳ I❡!♦ ❛❞❡♠J#✱ #✐ ❘❋ ❡ ■❋ ;✐❡♥❡♥ ❧❛ ♠✐#♠❛

✐♠♣❡❞❛♥❝✐❛ ❞❡ ♥♦!♠❛❧✐③❛❝✐:♥✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ❝♦♥✈❡!#✐:♥ ❡#✿

CGdB = 10log10(
PIF

PRF

) = 10log10(
k2IFv

2

R

v2R
) = 20log10(KIF )dB

✭✸✳✺✶✮

❈♦♥ ❣!❛♥ ❢!❡❝✉❡♥❝✐❛✱ ❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ❝♦♥✈❡!#✐:♥ ❡# ♥❡❣❛;✐✈❛✱ ②

#✉ ✈❛❧♦! ❛❜#♦❧✉;♦ ❡# ❞❡♥♦♠✐♥❛❞♦ ♣-)❞✐❞❛ ❞❡ ❝♦♥✈❡)*✐+♥✳

❊♥ ♣!✐♥❝✐♣✐♦✱ ❧❛# ❞♦# ❢❛#❡# ❞❡ ❘❋ ② ▲❖ ✭φR, φL✮✱ ✈❛!Q❛♥ ❝♦♥

❡❧ ;✐❡♠♣♦✱ ② ❛♠❜❛# ✈❛!✐❛❝✐♦♥❡# ;✐❡♥❡♥ ✉♥ ✐♠♣❛❝;♦ ❡♥ ❧❛ #❡)❛❧ ■❋✳

❊♥ ♣❛!;✐❝✉❧❛!✱ #✐ ❧❛ #❡)❛❧ ▲❖ ❡# ❛❢❡❝;❛❞❛ ♣♦! ❡❧ !✉✐❞♦ ❞❡ ❢❛#❡✱ R#;❛

#❡ ❛)❛❞❡ ❛ ❧♦# ♣!♦❞✉❝;♦# ❞❡ ❝♦♥✈❡!#✐:♥ ❝♦♠♦ !✉✐❞♦ ❞❡ ❢❛#❡ ❝♦♥ ❡❧

♠✐#♠♦ ♥✐✈❡❧ ② ❡#♣❡❝;!♦✳ ❙✐ ❧❛ ❢❛#❡ ❞❡❧ ▲❖ ❡# ❝♦♥#;❛♥;❡✱ ❡♥;♦♥❝❡#

❡# ♣♦#✐❜❧❡ ✉♥❛ ❡❧❡❝❝✐:♥ ❛❞❡❝✉❛❞❛ ❞❡❧ ♦!✐❣❡♥ ❞❡ ;✐❡♠♣♦ ♣❛!❛ ❤❛❝❡!

φLO = 0✱ ② ❞❡ ❡#;❡ ♠♦❞♦ ❧❛ #❡)❛❧ ❞❡ ■❋ #❡ #✐♠♣❧✐✜❝❛✿

vIF (t) =KIFvRcos[(ωR+ωL)t+φR]+KIFvRcos[(ωR−ωL)t+φR]
✭✸✳✺✷✮

▲❛ ❊❝✉❛❝✐:♥ ✭✸✳✺✷✮ !❡✈❡❧❛ ❝:♠♦ ;❛♥;♦ ❧❛ #❡)❛❧ #✉♠❛ ❝♦♠♦ ❧❛

#❡)❛❧ ❞✐❢❡!❡♥❝✐❛ #♦♥ #✐♥✉#♦✐❞❡# ❝♦♥ ❛♠♣❧✐;✉❞❡# ♣!♦♣♦!❝✐♦♥❛❧❡# ❛ ❧❛

❞❡ ❘❋✳ ❆❞❡♠J#✱ ❝✉❛❧@✉✐❡! ✈❛!✐❛❝✐:♥ ❞❡ ❢❛#❡ ❡♥ ❧❛ #❡)❛❧ ❞❡ ❘❋ #❡

;!❛♥#✜❡!❡ ❛❧ ♣!♦❞✉❝;♦ ❞❡ ❝♦♥✈❡!#✐:♥ #✐♥ ♠♦❞✐✜❝❛❝✐:♥ ❛❧❣✉♥❛✳ ❊♥



▼❊❩❈▲❆❉❖❘❊❙ ✺✺

♦!"❛$ ♣❛❧❛❜"❛$✱ ❧♦$ ♣"♦❞✉❝!♦$ ❞❡ ■❋ $♦♥ "0♣❧✐❝❛$ !"❛$❧❛❞❛❞❛$ ❡♥

❢"❡❝✉❡♥❝✐❛ ❞❡ ❧❛ $❡3❛❧ ❞❡ ❘❋✿ ❝✉❛❧6✉✐❡" ♠♦❞✉❧❛❝✐8♥ ❡♥ ❛♠♣❧✐!✉❞

♦ ❢❛$❡ ❡♥ ❧❛ ❘❋ $❡ "❡♣"♦❞✉❝❡ ❡♥ ❧❛ ■❋✱ ✐❞❡❛❧♠❡♥!❡ $✐♥ ❞✐$!♦"$✐8♥✳

➱$!❛ ❡$ ✉♥❛ ♣"♦♣✐❡❞❛❞ ❝❧❛✈❡ ❞❡ ❧♦$ ♠❡③❝❧❛❞♦"❡$✱ ② $❡ ✉!✐❧✐③❛ ❡♥

"❡❝❡♣!♦"❡$ ♣❛"❛ ❝♦♥✈❡"!✐" ❧❛ $❡3❛❧ ✈❛"✐❛❜❧❡ ❡♥ ❢"❡❝✉❡♥❝✐❛ 6✉❡ $❡

"❡❝✐❜❡✱ ❡♥ ✉♥❛ ❞❡ ❢"❡❝✉❡♥❝✐❛ ✜❥❛✱ ♠❡❞✐❛♥!❡ ❧❛ $✐♥!♦♥✐③❛❝✐8♥ ❞❡ ❧❛

❢"❡❝✉❡♥❝✐❛ ▲❖✳ B♦" ♦!"❛ ♣❛"!❡✱ ❧♦$ !"❛♥$♠✐$♦"❡$ ✉$❛♥ ❧❛ !"❛♥$✲

❧❛❝✐8♥ ❡♥ ❢"❡❝✉❡♥❝✐❛ ♣❛"❛ ❝♦♥✈❡"!✐" ✉♥❛ $❡3❛❧ ♠♦❞✉❧❛❞❛ ❝♦♥ ❡❧

♦❜❥❡!✐✈♦ ❞❡ ❣❡♥❡"❛" ❧❛ $❡3❛❧ ♠♦❞✉❧❛❞❛ "❛❞✐❛❞❛✳

▲❛ "❡❧❛❝✐8♥ ❡♥!"❡ ❧❛ ■❋ ② ❘❋ ❞❡ ✉♥ ❞❡!❡❝!♦" ❞❡ ♣"♦❞✉❝!♦ $❡

❛$❡♠❡❥❛ ❛ ❧❛ ❧✐♥❡❛❧✐❞❛❞✱ ❝♦♥ ❧❛ ❡①❝❡♣❝✐8♥ ❞❡ 6✉❡ ❧❛$ ❢"❡❝✉❡♥❝✐❛$
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♦♣❡"❛ ❧✐♥❡❛❧♠❡♥&❡ ❝✉❛♥❞♦ ❧❛$ ❛♠♣❧✐!✉❞❡$ ❞❡ ■❋ ② ❘❋ $♦♥ ♣"♦♣♦"✲

❝✐♦♥❛❧❡$✱ ❛✉♥6✉❡ ❡❧ ♠❡③❝❧❛❞♦" $❡❛ ✐♥❤❡"❡♥!❡♠❡♥!❡ ♥♦ ❧✐♥❡❛❧✳

❊❧ ❞❡!❡❝!♦" ❞❡ ♣"♦❞✉❝!♦ ❡$ ✉♥ ♠❡③❝❧❛❞♦" ❧✐♥❡❛❧ ❡♥ ❡❧ $❡♥!✐❞♦
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6✉❡ ✉♥ ❧I♠✐!❡ ❡$♣❡❝I✜❝♦ 6✉❡ ❞❡♣❡♥❞❡ ❞❡ ❧❛ ❞❡$✈✐❛❝✐8♥ ❞❡ ❧✐♥❡❛❧✐✲

❞❛❞ ❛❝❡♣!❛❞❛✳ B♦" !❛♥!♦✱ ❧♦$ ♠❡③❝❧❛❞♦"❡$ ♣"♦❞✉❝❡♥ ❝♦♠♣♦♥❡♥!❡$

❛"♠8♥✐❝♦$ ❞❡ ■❋ $✐ ❧❛ ❘❋ ❡$ ✉♥ J♥✐❝♦ !♦♥♦✱ ❡ ✐♥!❡"♠♦❞✉❧❛❝✐8♥ ❝♦♥

♠J❧!✐♣❧❡$ !♦♥♦$❀ ❛❞❡♠L$✱ ❛3❛❞❡♥ "✉✐❞♦ ❛ ❧❛ $❡3❛❧ ❝♦♥✈❡"!✐❞❛✳

✸✳✸✳✷ ❈♦♠♣♦'(❛♠✐❡♥(♦ ♥♦ ❧✐♥❡❛❧ ❞❡❧ ♠❡③❝❧❛❞♦'
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✉♥ ♠❡③❝❧❛❞♦" $❡ ❞❡$✈I❛ ❞❡❧ ♠♦❞❡❧♦ ✐❞❡❛❧ ❞❡ ✉♥ ❞❡!❡❝!♦" ❞❡ ♣"♦❞✉❝✲

!♦✳ ❆6✉I ❝♦♠♣❧❡!❛"❡♠♦$ ❧❛ ❞✐$❝✉$✐8♥ ❛❝❡"❝❛ ❞❡❧ ❝♦♠♣♦"!❛♠✐❡♥!♦

♥♦ ✐❞❡❛❧ ❞❡❧ ♠❡③❝❧❛❞♦" ② ❛❧❣✉♥❛$ ❞❡ $✉$ ✐♠♣❧✐❝❛❝✐♦♥❡$ ❡♥ ❧❛ ♣"L❝✲

!✐❝❛✳

✸✳✸✳✷✳✶ ❈♦♠♣♦)*❛♠✐❡♥*♦/ ♥♦ ❧✐♥❡❛❧❡/ ❝♦♥ ✉♥ /♦❧♦ *♦♥♦ ❞❡ ❘❋

▲❛$ ❡①♣"❡$✐♦♥❡$ ❞❡"✐✈❛❞❛$ ♣❛"❛ ❧♦$ ✈❛"✐♦$ !✐♣♦$ ❞❡ ♠❡③❝❧❛❞♦✲

"❡$ ♥♦$ ♠✉❡$!"❛♥ 6✉❡ ❡❧ ✈♦❧!❛❥❡ ❞❡ $❛❧✐❞❛ ❞❡ ■❋ ❡$ ❧❛ $✉♠❛ ❞❡



✺✻ ❋❯◆❉❆▼❊◆❚❖ ❚❊)❘■❈❖

✉♥ ♥"♠❡%♦ ✲✐❞❡❛❧♠❡♥,❡ ✐♥✜♥✐,♦✲ ❞❡ ❝♦♠♣♦♥❡♥,❡0 ❡0♣❡❝,%❛❧❡0 ❝♦♥

✉♥❛ ❢%❡❝✉❡♥❝✐❛ ❛♥❣✉❧❛% mωR + nωL✱ ❞♦♥❞❡ ωR✱ ωL ② ♠✱ ♥ 0♦♥

❧❛0 ❢%❡❝✉❡♥❝✐❛0 ❛♥❣✉❧❛%❡0 ❡ 5♥❞✐❝❡0 ❞❡ ❘❋ ② ▲❖ %❡0♣❡❝,✐✈❛♠❡♥,❡✳

❆❞❡♠=0✱ ♠✱ ♥ 0♦♥ ❡♥,❡%♦0 ♣♦0✐,✐✈♦0 ♦ ♥❡❣❛,✐✈♦0✱ ✐♥❝❧✉②❡♥❞♦ ❛❧

❝❡%♦✳ ❊♥ ❧❛0 ❝♦♥0✐❣✉✐❡♥,❡0 ❝♦♥0✐❞❡%❛❝✐♦♥❡0✱ ❧❛ ❢%❡❝✉❡♥❝✐❛ ❡0♣✉%✐❛

mωR+nωL 0❡%= %❡❢❡%✐❞❛ ❝♦♠♦ (m,n)✱ ❡♥,%❡ ♣❛%?♥,❡0✐0✿ ♣♦% ❡❥❡♠✲

♣❧♦✱ ❡❧ ❡0♣✉%✐♦ (−2,3)✱ ❡0 ❡❧ ♣%♦❞✉❝,♦ ❞❡ ♠❡③❝❧❛ ❡♥ ❧❛ ❢%❡❝✉❡♥❝✐❛

−2ωR + 3ωL✳

❊❧ ❡0♣✉%✐♦ (m,n) %❡0✉❧,❛ ❞❡ ,♦❞♦0 ❧♦0 ♣%♦❞✉❝,♦0 ❡♥,%❡ ❧♦0 ❢❛❝✲

,♦%❡0 vR
∣
F
m∣
✱ vR

∣
F
m∣+2

✱ vR
∣
F
m∣+4

✳✳✳ ② vL
∣
O
n∣
✱ vL

∣
O
n∣+2

✱ vL
∣
O
n∣+4

✳✳✳ ❞♦♥❞❡

vRF ✱ vLO 0♦♥ ❧♦0 ✈♦❧,❛❥❡0 ❞❡ ❘❋ ② ▲❖✳ ▲♦0 ❢❛❝,♦%❡0 ❞❡ ♦%❞❡♥ ♠=0

❜❛❥♦0 D✉❡ ♣%♦❞✉❝❡♥ ❡❧ ❡0♣✉%✐♦ (m,n) 0♦♥ vR
∣
F
m∣
✱ vL

∣
O
n∣
❀ ♣♦% ,❛♥,♦

♣❛%❛ vRF ✱ vLO ♣❡D✉❡F♦0✱ ❧❛ ❛♠♣❧✐,✉❞ ❞❡❧ ❡0♣✉%✐♦ (m,n) ❡0 ♣%♦✲

♣♦%❝✐♦♥❛❧ ❛ v
∣
R
m∣ v

∣
L
n∣
✳ ❊♥ ♣❛%,✐❝✉❧❛%✱ ❡❧ ♣%♦❞✉❝,♦ ❞❡ ❝♦♥✈❡%0✐G♥

♣%✐♥❝✐♣❛❧ ✭∣m∣ = ∣n∣ = 1✮✱ 0❡ ♦❜,✐❡♥❡ ❞❡ ❧❛0 ❝♦♠❜✐♥❛❝✐♦♥❡0 ✐♥✜♥✐,❛0
❞❡ ♥"♠❡%♦0 ❡♥,❡%♦0 ❞❡ ♣♦,❡♥❝✐❛ ❞❡ ❧❛ 0❡F❛❧ ❞❡ ❘❋✱ ♣♦% ,❛♥,♦ 0✉

❛♠♣❧✐,✉❞ ❡0 ♣%♦♣♦%❝✐♦♥❛❧ ❛ ❧❛ ❞❡ ❘❋ 0G❧♦ ♣❛%❛ ♣❡D✉❡F♦0 ✈❛❧♦%❡0

❞❡ ❡0,❛ "❧,✐♠❛✳

❍❛② D✉❡ %❡0❛❧,❛% D✉❡✱ ♣❛%❛ ✉♥❛ ❝♦♠❜✐♥❛❝✐G♥ ❞❛❞❛ ❞❡ ,♦♥♦0

0✐♥✉0♦✐❞❛❧❡0 ❞❡ ❘❋ ② ▲❖✱ ✉♥ ❣%❛♥ %❛♥❣♦ ❞❡ ❢%❡❝✉❡♥❝✐❛ ❡0,= ♣♦✲

,❡♥❝✐❛❧♠❡♥,❡ ♣%❡0❡♥,❡ ❡♥ ■❋✳ ▲♦0 ✜❧,%♦0 ❛❞❡❝✉❛❞♦0 ❛,❡♥"❛♥ ♣❛%,❡

❞❡❧ ❡0♣❡❝,%♦✱ ♣❡%♦ ♥♦ ❛D✉❡❧❧♦0 ❡0♣✉%✐♦0 D✉❡ ❡0,=♥ ❝❡%❝❛ ❞❡ ❧❛ ■❋

❞❡0❡❛❞❛✳ ❙✐ ♠✱ ♥✱ ♦ ❛♠❜♦0✱ 0♦♥ ❧♦ 0✉✜❝✐❡♥,❡♠❡♥,❡ ❣%❛♥❞❡0✱ ❡♥,♦♥✲

❝❡0 ❡❧ ❝♦❡✜❝✐❡♥,❡ ♥♦ ❧✐♥❡❛❧ ❝♦%%❡0♣♦♥❞✐❡♥,❡ ❡0 ♣❡D✉❡F♦ ② ❡❧ ❡0♣✉%✐♦

0❡ ❛,❡♥"❛ ❞❡ ❢♦%♠❛ ♥❛,✉%❛❧✳ ❉❡ ♠❛♥❡%❛ ❝♦♥,%❛%✐❛✱ ♣❛%❛ ✉♥ ♦%❞❡♥

❞❡ ❛%♠G♥✐❝♦ ❜❛❥♦✱ ✭♣♦% ❡❥❡♠♣❧♦ ∣m∣ = ∣n∣ ≤ 4✮ ❡❧ ♥✐✈❡❧ ❞❡ ❡0♣✉%✐♦
♥♦ ♣✉❡❞❡ 0❡% ❞❡0♣%❡❝✐❛❞♦✳

▲♦0 ❡0♣✉%✐♦0 0✐❡♠♣%❡ ❛❢❡❝,❛♥ ❝✉❛❧D✉✐❡% ❝♦♥✈❡%0✐G♥ ❞❡ ❢%❡❝✉❡♥✲

❝✐❛ ❞❡❧ ♠❡③❝❧❛❞♦%✳ ❙✐ 0✉0 ❢%❡❝✉❡♥❝✐❛0 ❡0,=♥ ❝❡%❝❛ ❞❡ ❧❛ ❜❛♥❞❛ ❞❡

■❋✱ 0✉ ❡❧✐♠✐♥❛❝✐G♥ ♠❡❞✐❛♥,❡ ✜❧,%♦0 0❡ ✈✉❡❧✈❡ ❡♥❣♦%%♦0❛✳ N♦% ❧❛

♠✐0♠❛ %❛③G♥✱ ✉♥ %✉✐❞♦ ❞❡ ❘❋ D✉❡ ,❡♥❣❛ ✉♥❛ ❢%❡❝✉❡♥❝✐❛ ♣%G①✐♠❛

❛ ωR ♣♦❞%5❛ 0❡% ,%❛0♣❛0❛❞❛ ❛ ❧❛ ■❋ ❝♦♠♦ ❡0♣✉%✐♦0✳

❈♦♠♦ ❛❝❧❛%❛❝✐G♥✱ ✈❛♠♦0 ❛ ❝♦♥0✐❞❡%❛% ❡❧ 0✐❣✉✐❡♥,❡ ❡❥❡♠♣❧♦ ❝♦♥



▼❊❩❈▲❆❉❖❘❊❙ ✺✼

❧♦" ♣❛%&♠❡)%♦"✿

fR = ωR/(2π) = 10GHz

fL = ωL/(2π) = 11GHz

+❛"♦ ❞❡ ❜❛♥❞❛ ❞❡ ❘❋✱ 9,2 − 10,7GHz

+❛"♦ ❞❡ ❜❛♥❞❛ ❞❡ ■❋✱ 300 − 1800MHz

❊♥)♦♥❝❡"✱ ❡❧ ♣%♦❞✉❝)♦ ❞❡ ❢%❡❝✉❡♥❝✐❛ ✭✶✱ ✶✮ ❡" fR+fL = 21GHz❀

<✉❡❞❛ ♠✉② ❛❧❡❥❛❞♦ ❞❡❧ ♣❛"♦ ❞❡ ❜❛♥❞❛ ❞❡ ■❋✱ ② ♣✉❡❞❡ "❡% ❢&❝✐❧♠❡♥✲

)❡ ✜❧)%❛❞♦✳ ▲❛ ❢%❡❝✉❡♥❝✐❛ ❞✐❢❡%❡♥❝✐❛ ❡" fR − fL = 1GHz <✉❡ ❡")&

❝❡%❝❛ ❞❡ ❧❛ ❢%❡❝✉❡♥❝✐❛ ❝❡♥)%❛❧ ❞❡ ■❋✱ ② <✉❡ ♣♦% )❛♥)♦ ❡" %❡❝✐❜✐❞❛✳

❉❡"❛❢♦%)✉♥❛❞❛♠❡♥)❡✱ ❡❧ ♣%♦❞✉❝)♦ ✭✲✷✱ ✲✷✮ )✐❡♥❡ ✉♥❛ ❢%❡❝✉❡♥❝✐❛ ✲✷

① ✶✵ ✰ ✷ ① ✶✶ ❂ ✷ ●❍③✱ <✉❡ ❡")& ❝❡%❝❛ ❞❡ ✉♥♦ ❞❡ ❧♦" ❡①)%❡♠♦" ❞❡

❧❛ ■❋✱ ② <✉❡ ❡" ❞✐❢L❝✐❧ ❞❡ ❡❧✐♠✐♥❛%✳ ❆❞❡♠&"✱ ✉♥❛ ✐♥)❡%❢❡%❡♥❝✐❛ ❞❡

❘❋ ❧♦❝❛❧✐③❛❞❛ ❡♥ ✶✵✱✽ ●❍③✱ ❣❡♥❡%❛%L❛ ✉♥❛ ❢%❡❝✉❡♥❝✐❛ ❞✐❢❡%❡♥❝✐❛

❞❡ ✷✵✵ ▼❍③✱ <✉❡ ❡")& ❢✉❡%❛ ❞❡ ❧❛ ❜❛♥❞❛ ❞❡ ■❋✱ ♣❡%♦ )❛♠❜✐Q♥ ❡❧

❡"♣✉%✐♦ ✭✲✷✱ ✷✮ )✐❡♥❡ ✉♥❛ ❢%❡❝✉❡♥❝✐❛ ❞❡ ✲✷ ① ✶✵✱✽ ✰ ✷ ① ✶✶ ❂ ✵✱✹

●❍③✱ <✉❡ ❝❛❡ ❞❡♥)%♦ ❞❡ ❧❛ ❜❛♥❞❛ ❞❡ ■❋ ② <✉❡ ♥♦ ❡" ✜❧)%❛❜❧❡✳

❋✐❣✉$❛ ✸✳✾✿ ❊❥❡♠♣❧♦ ❞❡ ❡2♣❡❝4$♦ ❞❡ ■❋✱ ❝♦♥ ❡①❝✐4❛❝✐9♥ 2✐♥✉2♦✐❞❛❧ ❞❡ ❘❋ ♣❛$❛

4$❡2 ♥✐✈❡❧❡2 ❞❡ ♣♦4❡♥❝✐❛ ❞❡ ❘❋

▲❛ ❋✐❣✉%❛ ✸✳✾ ♠✉❡")%❛ ❡❧ ❡"♣❡❝)%♦ ❞❡ "❛❧✐❞❛ "✐♠✉❧❛❞♦ ❞❡ ♥✉❡"✲
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 !♦ ❡❥❡♠♣❧♦ ❛♥ ❡!✐♦!✳ ◆- ❡.❡ ❝-♠♦ ❧❛ ❛♠♣❧✐ ✉❞ ❞❡❧ ❡.♣✉!✐♦ 2ωR −

2ωL .❡ ✐♥❝!❡♠❡♥ ❛ ❡♥ ✷✵ ❞❇ ❛ ♠❡❞✐❞❛ 5✉❡ ❧❛ ♣♦ ❡♥❝✐❛ ❞❡ ❘❋ .❡

✐♥❝!❡♠❡♥ ❛ ❡♥ ✶✵ ❞❇✱ ♣❛.❛♥❞♦ ❞❡ ✲✻ ❛ ✰✹❞❇♠✱ ♠✐❡♥ !❛. 5✉❡ ❡. ❛

!❡❧❛❝✐-♥ ♥♦ .❡ ♠❛♥ ✐❡♥❡ ♣❛!❛ ❡❧ ✐♥❝!❡♠❡♥ ♦ ❞❡ ❧❛ ♣♦ ❡♥❝✐❛ ❞❡ ❘❋

❡♥ ✉♥♦. ✶✵ ❞❇ ♠>.✳ ▲❛. ❝♦♥.✐❞❡!❛❝✐♦♥❡. ❛❧ ♣!✐♥❝✐♣✐♦ ❞❡ ❧❛ ♣!❡.❡♥ ❡

.❡❝❝✐-♥ ♦❢!❡❝❡♥ ✉♥❛ ❡①♣❧✐❝❛❝✐-♥ .✐♠♣❧❡ ♣❛!❛  ❛❧ ❝♦♠♣♦! ❛♠✐❡♥ ♦✳

B❛!❛ ♣❡5✉❡C♦. ✈❛❧♦!❡. ❞❡ vR✱ vL✱ ❧♦. ♣!♦❞✉❝ ♦. ❞❡ ♠❡③❝❧❛ ❝♦♥

∣m∣ = ∣n∣ = 1 ✭∣m∣ = ∣n∣ = 2✮✱  ✐❡♥❡♥ ✉♥❛ ❛♠♣❧✐ ✉❞ ♣!♦♣!♦❝✐♦♥❛❧

❛ vRvL ✭v2Rv
2

L✮✳ B♦!  ❛♥ ♦ ❡❧ ❝♦❝✐❡♥ ❡ ❡♥ !❡ ❧❛. ❞♦. ❛♠♣❧✐ ✉❞❡.

♠❡♥❝✐♦♥❛❞❛. ♣!❡✈✐❛♠❡♥ ❡ ❡. ♣!♦♣♦!❝✐♦♥❛❧ ❛ vRvL  ❛♠❜✐I♥✳ ❈♦♥✲

.❡❝✉❡♥ ❡♠❡♥ ❡✱ ❧❛ ❞✐❢❡!❡♥❝✐❛ ❡♥ !❡ ❧♦. ♥✐✈❡❧❡. ❞❡❧ ♣!♦❞✉❝ ♦ ❞❡ ■❋

♣!✐♥❝✐♣❛❧ ② ❡❧ ❡.♣✉!✐♦ ✭✷✱ ✲✷✮ .❡ ✐♥❝!❡♠❡♥ ❛ ❡♥ ✶ ❞❇ ❛ ♠❡❞✐❞❛ 5✉❡
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 ✐❣♥✐✜❝❛'✐✈♦✲ ❛ ❝♦♥ ✐❞❡-❛- ❡ ❡❧ ❞❡ ❞♦ '♦♥♦ ❛ ❧❛ ❡♥'-❛❞❛✳ ❙❡❛♥

❧❛  ❡1❛❧❡ ❞❡ ❘❋ ② ▲❖✿

vRF(t) = vR1cos(ωR1t+ϕR1)+vR2cos(ωR2t+ϕR2); vLO(t) = vLcos(ωLt+ϕL)
✭✸✳✺✸✮

❆ ♣❛-'✐- ❞❡ ❛❤♦-❛  ✉♣♦♥❞-❡♠♦ A✉❡ ϕR1 = ϕR2 = ϕL = 0✳

▲❛ ❞✐ ❝✉ ✐B♥  ♦❜-❡ ❧♦ ✈❛-✐♦ '✐♣♦ ❞❡ ♠❡③❝❧❛❞♦-✱ ♠✉❡ '-❛ A✉❡

❡❧ ✈♦❧'❛❥❡ ❞❡ ■❋ ❡ ✉♥❛  ❡1❛❧ ❞❡❧ '✐♣♦✿

∞

∑
k=0

αk[vRF(t) + vLO(t)]
k

✭✸✳✺✹✮

❆❧❣✉♥♦ ❞❡ ❧♦ 'I-♠✐♥♦ -❡ ✉❧'❛♥'❡ ❞❡ ❧❛ ❡①♣❛♥ ✐B♥ ❞❡ ✭✸✳✺✹✮
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K❛-'✐❡♥❞♦ ❞❡ ❧❛ ❊❝✉❛❝✐B♥ ✭✸✳✺✹✮✱ ♣✉❡❞❡ ❞❡♠♦ '-❛- ❡ A✉❡ ❡❧
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❝✉❡♥❝✐❛ ✿

❙❡❣✉♥❞♦ ♦-❞❡♥ ✭❦❂✷✮✿ ❝❡-♦✱ 2ωR1✱ 2ωR2✱ 2ωL ② ωR1 ± ωR2✱

ωR1 ± ωL ωR2 ± ωL✳

❚❡-❝❡- ♦-❞❡♥ ✭❦❂✸✮✿ ωR1✱ ωR2✱ ωL✱ 3ωR1 3ωR2 3ωL✱ ωR1±2ωR2✱

2ωR1±ωR2✱ ωR1±2ωL✱ 2ωR1±ωL✱ ωR2±2ωL✱ 2ωR2±ωL ② 2ωR1±ωL✳

❉❡ ♠♦❞♦ ♠S ❣❡♥❡-❛❧✱ ❝♦♥ ✐❞❡-❛♥❞♦ ❧♦ ♦'-♦ 'I-♠✐♥♦ ❞❡❧  ✉✲

♠❛'♦-✐♦ ❡♥ ✭✸✳✺✹✮✱ '❡♥❡♠♦ A✉❡ ❡❧ ✈♦❧'❛❥❡ ❞❡ ■❋ ✐♥❝❧✉②❡ '♦❞❛ ❧❛ 

❧T♥❡❛ ❡ ♣❡❝'-❛❧❡ ❝♦♥ ❢-❡❝✉❡♥❝✐❛ ωR1ωR2ωL✱ ②  ✉ ❛♠♣❧✐'✉❞ ♣❛-❛

♣❡A✉❡1♦ ✈❛❧♦-❡ ❞❡ vR1✱ vR2✱ vLO ❡ ♣-♦♣♦-❝✐♦♥❛❧ ❛ vmR 1✱ v
p
R2✱ v

n
LO✳

❙✐ ωR1 ≈ ωR2✱ ❡♥'♦♥❝❡ ❧♦ ♣-♦❞✉❝'♦ ❞❡ ♠❡③❝❧❛ ❝♦♥ ♠ ❂ ✷✱ ♣

❂ ✲✶ ② ♥ ❂ ✶✱ ♣-♦❞✉❝❡♥ ■❋ A✉❡ ❡ 'S♥ ♣-B①✐♠❛ ❛ ωR1 + ωLO ≈

ωR2+ωLO✳ ❉❡ ♠❛♥❡-❛  ✐♠✐❧❛-✱ ❧❛ ❝♦♠❜✐♥❛❝✐♦♥❡ ♠ ❂ ✷✱ ♣ ❂ ✲✶ ②
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✶✱✶✺ ●❍③✱ ❧♦- ♣/♦❞✉❝7♦- ❞❡ ✐♥7❡/♠♦❞✉❧❛❝✐9♥ ❞❡ 7❡/❝❡/ ♦/❞❡♥✳

❆❧ ✐♥❝/❡♠❡♥7❛/ ❧❛ ♣♦7❡♥❝✐❛ ❞❡ ❘❋ ❡♥ ✶✵ ❞❇✱ ❞❡-❞❡ ✲✻ ❞❇♠

❤❛-7❛ ✹ ❞❇♠✱ ❧♦- ♥✐✈❡❧❡- ❞❡ ✐♥7❡/♠♦❞✉❧❛❝✐9♥ ❞❡ 7❡/❝❡/ ♦/❞❡♥

-❡ ✐♥❝/❡♠❡♥7❛♥ ❡♥ ✉♥♦- ✸✵ ❞❇✱ ❞❡ ❛❝✉❡/❞♦ ❝♦♥ ❧❛ 7❡♦/I❛

❝♦♥♦❝✐❞❛ ❛❧ /❡-♣❡❝7♦✳

✶✶✲✭✸ ① ✶✵✱✵✺ ✲ ✷ ① ✾✱✾✺✮ ❂ ✵✳✼✺ ●❍③ ② ✶✶ ✲ ✭✷ ① ✶✵✱✵✺ ✲

✸ ① ✾✱✾✺✮ ❂ ✶✱✷✺ ●❍③✱ ❧♦- ♣/♦❞✉❝7♦- ❞❡ ✐♥7❡/♠♦❞✉❧❛❝✐9♥ ❞❡

K✉✐♥7♦ ♦/❞❡♥✳ ❙9❧♦ -♦♥ ✈✐-✐❜❧❡- ❡♥ ❧❛ ♣♦7❡♥❝✐❛ ♠N①✐♠❛ ❞❡ ❘❋

❞❡ ✶✹ ❞❇♠✳

◆♦ -♦♥ ✈✐-✐❜❧❡- ❧♦- ♣/♦❞✉❝7♦- ❞❡ ✐♥7❡/♠♦❞✉❧❛❝✐9♥ ❞❡ ♠❛②♦/

♦/❞❡♥✳

❊-7❡ ❣/✉♣♦ ❞❡ ♦❝❤♦ ❧I♥❡❛- ❡- /❡♣❧✐❝❛❞♦ ❝♦♥ ❛❧❣♦ ❞❡ ❛7❡♥✉❛❝✐9♥

❛❧/❡❞❡❞♦/ ❞❡ ✷ ●❍③✱ K✉❡ ❡- ❧❛ ❞✐❢❡/❡♥❝✐❛ ❡♥7/❡ ❞♦- ✈❡❝❡- ❧❛ ❢/❡✲

❝✉❡♥❝✐❛ ❞❡ ▲❖ ② ❧❛ ❝❡♥7/❛❧ ❞❡ ❘❋✳ ▲♦ ♠✐-♠♦ -✉❝❡❞❡ ❛❧/❡❞❡❞♦/ ❞❡

✸ ② ✹ ●❍③✱ ❝♦♥ ✉♥❛ ❛7❡♥✉❛❝✐9♥ K✉❡ -❡ ✐♥❝/❡♠❡♥7❛ ❝♦♥ ❡❧ ❢❛❝7♦/

♠✉❧7✐♣❧✐❝❛❞♦/ ❞❡ ▲❖✳

❯♥❛ ❛❧7❡/♥❛7✐✈❛ ♣❛/❛ ✐♥✈❡-7✐❣❛/ ❡❧ ❝♦♠♣♦/7❛♠✐❡♥7♦ ♥♦ ❧✐♥❡❛❧

❞❡❧ ♠❡③❝❧❛❞♦/ ❝♦♥-✐-7❡ ❡♥ ✉-❛/ ✉♥ V♥✐❝♦ 7♦♥♦ ❞❡ ❘❋ ❝♦♥ ✉♥ ❜❛✲

//✐❞♦ ❞❡ ❛♠♣❧✐7✉❞✳ ▲❛ ❋✐❣✉/❛ ✸✳✶✶ ♠✉❡-7/❛ ❧❛ ♣♦7❡♥❝✐❛ ❞❡ ■❋ ❝♦♥

/❡-♣❡❝7♦ ❛ ❧❛ ♣♦7❡♥❝✐❛ ❞❡ ❘❋ ② ❞❡❥❛ ✈❡/ ❧❛ ❝❧N-✐❝❛ ❢♦/♠❛ ❞❡ ❧❛

❝♦♠♣/❡-✐9♥✳ ▲❛ ♣♦7❡♥❝✐❛ ❞❡ ❘❋ ② ❞❡ ■❋ ❡♥ ❧❛ ❝♦♠♣/❡-✐9♥ ❞❡ ✶ ❞❇

❡- ■✶ ❞❇ ❂ ✾✱✹✺ ❞❇♠✱ ❖✶ ❞❇ ❂ ✲✶✱✻✺ ❞❇♠✱ /❡-♣❡❝7✐✈❛♠❡♥7❡✳ ▲❛

♣Y/❞✐❞❛ ❞❡ ❝♦♥✈❡/-✐9♥ ❞❡❧ ♠❡③❝❧❛❞♦/ ❡♥ ❡❧ ♣✉♥7♦ ❞❡ ❝♦♥✈❡/-✐9♥

❞❡ ✶ ❞❇ ❡- ❡♥7♦♥❝❡- ✾✱✹✺ ❞❇♠ ✰ ✶✱✻✺ ❞❇♠ ❂ ✶✶✱✶ ❞❇✱ ❝♦♥ ❧❛

♣Y/❞✐❞❛ ❞❡ ❝♦♥✈❡/-✐9♥ ❞❡ ♣❡K✉❡[❛ -❡[❛❧ ❝♦//❡-♣♦♥❞✐❡♥7❡ ❞❡ ✾✱✹✺

✰ ✶✱✻✺ ✲ ✶ ❂ ✶✵✱✶ ❞❇✳

▲❛ ❋✐❣✉/❛ ✸✳✶✶ 7❛♠❜✐Y♥ ✐♥❝❧✉②❡ ❧♦- ♣/♦❞✉❝7♦- ❞❡ ✐♥7❡/♠♦❞✉❧❛✲

❝✐9♥ ❞❡ 7❡/❝❡/ ♦/❞❡♥✱ ❛❞❡♠N- ❞❡ ❧❛ ❧I♥❡❛ ❞❡ ❡①7/❛♣♦❧❛❝✐9♥ ❞❡ ❜❛❥♦
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❋✐❣✉$❛ ✸✳✶✶✿ ❊❥❡♠♣❧♦ ❞❡ ❝✉$✈❛ ❞❡ ❝♦♠♣$❡4✐5♥ 4✐♠✉❧❛❞❛

♥✐✈❡❧✳ ▲♦( ♣✉♥+♦( ❞❡ ✐♥+❡-❝❡♣+♦ ❞❡ ❡♥+-❛❞❛ ② (❛❧✐❞❛ (♦♥ ■■2✸ ❂

✷✵✱✾ ❞❇♠✱ ❖■2✸ ❂ ✶✵✱✾✹ ❞❇♠ ② ❧❛ ❞✐❢❡-❡♥❝✐❛ ■■2✸ ✲ ■✶ ❞❇ ❂ ✷✵✱✾

✲ ✾✱✹✺ ❂ ✶✶✱✹✺ ❞❇✳
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✸✳✹ ❋✐❧&'♦) ❞❡ ♠✐❝'♦♦♥❞❛)

▲♦" ✜❧%&♦" ❞❡ ♠✐❝&♦♦♥❞❛" "♦♥ ❜❧♦/✉❡" ❢✉♥❞❛♠❡♥%❛❧❡" ❡♥ ♠✉✲

❝❤♦" "✐"%❡♠❛" ❡❧❡❝%&4♥✐❝♦"✱ %❛❧❡" ❝♦♠♦ %❡❧6❢♦♥♦" ♠4✈✐❧❡"✱ ❝♦♠✉✲

♥✐❝❛❝✐♦♥❡" ✐♥❛❧8♠❜&✐❝❛"✱ &❛❞❛&✱ ❡%❝✳ ❊❧ ❡"%✉❞✐♦ ❞❡ ❧♦" ✜❧%&♦" ❞❡

♠✐❝&♦♦♥❞❛" ❡" %❛♥ ❡①%❡♥"♦ /✉❡ ♥✐♥❣=♥ ❧✐❜&♦ ♣✉❡❞❡ ❝✉❜&✐&❧♦ ♣♦& "?

♠✐"♠♦✳ ❊❧ ♣&♦♣4"✐%♦ ❞❡ ❡"%❛ "❡❝❝✐4♥ ❡" ❛❜♦&❞❛& ❛❧❣✉♥♦" ❝♦♥❝❡♣%♦"

❜8"✐❝♦" ❞❡ ❞✐"❡@♦ ❞❡ ✜❧%&♦" ❞❡ ♠✐❝&♦♦♥❞❛" ② ❞❡ "✉ ❢✉♥❝✐♦♥❛♠✐❡♥✲

%♦✳ ❊❧ ❞✐"❡@♦ ❞❡ ✜❧%&♦" ✐♠♣❧✐❝❛ ♠✉❝❤❛" ❛♣&♦①✐♠❛❝✐♦♥❡" %❡4&✐❝❛"✿

❛♥8❧✐"✐" ② "?♥%❡"✐" ❞❡ ❝✐&❝✉✐%♦"✱ %❡♦&?❛ ❞❡ ❝✐&❝✉✐%♦" ❞✐"%&✐❜✉✐❞♦"✱

%❡♦&?❛ ❡❧❡❝%&♦♠❛❣♥6%✐❝❛✳ ❆❞❡♠8" ❞❡ ❧❛ %❡♦&?❛✱ %❛♠❜✐6♥ ❞❡❜❡♥ "❡&

❝♦♥"✐❞❡&❛❞♦" ❛"♣❡❝%♦" ♣&8❝%✐❝♦" ② %❡❝♥♦❧4❣✐❝♦"✳

✸✳✹✳✶ ❉❡✜♥✐❝✐♦♥❡+

▲❛ ♥❡❝❡"✐❞❛❞ ❞❡ ✜❧%&❛& ✉♥❛ "❡@❛❧ ❡❧6❝%&✐❝❛ ♣❛&❛ ❧✐♠♣✐❛&❧❛ ❞❡

❝♦♠♣♦♥❡♥%❡" ♥♦ ❞❡"❡❛❞♦" ❡" %❛♥ ❛♥%✐❣✉❛ ❝♦♠♦ ❡❧ ❡❧❡❝%&♦♠❛❣♥❡✲

%✐"♠♦ ❡♥ "?✳ ▲❛" %6❝♥✐❝❛" ❞❡ "?♥%❡"✐" ❞❡ ❝✐&❝✉✐%♦" ♠8" ♣&✐♠❡&✐③❛"

❢✉❡&♦♥ ❞❡"❛&&♦❧❧❛❞❛" ❛ ♣&✐♥❝✐♣✐♦" ❞❡❧ "✐❣❧♦ ❳❳✳ ❙❡ ❜❛"❛❜❛♥ ❡♥ ❡❧

✉"♦ ❞❡ ❝❡❧❞❛" ❞❡ ❡❧❡♠❡♥%♦" ❝♦♥❝❡♥%&❛❞♦" ❡♥ ❝❛"❝❛❞❛✱ ♣❛&❛ &❡♣&♦✲

❞✉❝✐& ❞❡ ❢♦&♠❛ ❛♣&♦①✐♠❛❞❛ ❧❛" ♣&♦♣✐❡❞❛❞❡" ❞❡ &❡❞❡" ❞✐"%&✐❜✉✐❞❛"✳

▲♦" ✜❧%&♦" ♦❜%❡♥✐❞♦" ❝♦♥"✐"%?❛♥ ❡♥ ❝❛"❝❛❞❛" ❞❡ ❝❡❧❞❛" ❝♦♥ ❡❧❡♠❡♥✲

%♦" ❝♦♥❝❡♥%&❛❞♦"✱ ❝❛❞❛ ✉♥❛ ❞❡ ❡❧❧❛" ❛❞❛♣%❛❞❛" ❛ "✉" ❞♦" ❜❧♦/✉❡"

❛❞②❛❝❡♥%❡"✳ ❆❞❡♠8"✱ ❧❛ ♣&✐♠❡&❛ ❝6❧✉❧❛ "❡ ❛❞❛♣%❛❜❛ ❛ ❧❛ ❢✉❡♥%❡✱

♠✐❡♥%&❛" /✉❡ ❧❛ =❧%✐♠❛ ❧♦ ❤❛❝?❛ ❛ ❧❛ ❝❛&❣❛✳ ➱"%❛ ✐❞❡❛ ❜8"✐❝❛ "✉✲

♣♦♥❡ ❧❛ ❜❛"❡ ❞❡❧ ♠6%♦❞♦ ❞❡ ❞✐"❡@♦ ❞❡❧ ♣❛&8♠❡%&♦ ✐♠❛❣✐♥❛&✐♦✿ ❧❛

♣&✐♥❝✐♣❛❧ ✈❡♥%❛❥❛ ❞❡❧ ♠6%♦❞♦ ❡" "✉ "✐♠♣❧✐❝✐❞❛❞❀ ❧❛ ♣&✐♥❝✐♣❛❧ ❞❡"✲

✈❡♥%❛❥❛ ❡" ❧❛ ❧✐♠✐%❛❝✐4♥ ❡♥ ❡❧ ♣♦%❡♥❝✐❛❧ ❞❡ "✉ ❢✉♥❝✐♦♥❛♠✐❡♥%♦✳ ❍♦②

❡♥ ❞?❛✱ ❡❧ ♠6%♦❞♦ ❞❡ ❞✐"❡@♦ ♠❡❞✐❛♥%❡ ♣❛&8♠❡%&♦ ✐♠❛❣✐♥❛&✐♦ &❛&❛

✈❡③ "❡ ✉"❛✱ "✐❡♥❞♦ ❧✐♠✐%❛❞❛ "✉ ❛♣❧✐❝❛❝✐4♥ ❛ ❝❛"♦" ❡"♣❡❝✐❛❧❡" ❝♦♠♦

❡❧ ❞❡ ❡"%&✉❝%✉&❛" ♣❡&✐4❞✐❝❛"✳ ❊♥ ❝✉❛❧/✉✐❡& ❝❛"♦✱ "❡ ❝♦♥"✐❞❡&❛ /✉❡

"✉" ❝♦♥❝❡♣%♦" ❜8"✐❝♦" %♦❞❛✈?❛ ♣✉❡❞❡♥ "❡& =%✐❧❡" ❡♥ ✉♥ ♥=♠❡&♦ ❞❡

❛♣❧✐❝❛❝✐♦♥❡" ❡♠❡&❣❡♥%❡"✱ %❛❧❡" ❝♦♠♦ ❧♦" ♠❡%❛♠❛%❡&✐❛❧❡" ♦ ❧❛" ❡"✲

%&✉❝%✉&❛" ❡❧❡❝%&4♥✐❝❛" ❞❡ "❛❧%♦ ❞❡ ❜❛♥❞❛ ✭❊❇●✮✱ "✐♥ ❧❛ ♥❡❝❡"✐❞❛❞

❞❡ &❡✐♥✈❡♥%❛& ♥✉❡✈♦" ♠6%♦❞♦"✳

❊❧ ♠6%♦❞♦ ❞❡ ❞✐"❡@♦ ♠♦❞❡&♥♦ ❞❡ ✜❧%&♦" "❡ ❜❛"❛ ❡♥ ✉♥❛ ✐❞❡❛
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❞✐"#✐♥#❛✱ ❞❡"❛((♦❧❧❛❞❛ ❡♥#(❡ ✶✾✷✵ ② ✶✾✸✵✳ ❈♦♥"✐"#❡ ❡♥ ❛♣(♦①✐♠❛( ❧❛

(❡"♣✉❡"#❛ ❞❡ ✉♥ ✜❧#(♦ ✐❞❡❛❧ ❝♦♥ ❢✉♥❝✐♦♥❡" ♠❛#❡♠:#✐❝❛" ;✉❡ ♣✉❡✲

❞❡♥ "❡( ❝♦♥"❡❣✉✐❞❛" ❝♦♥ (❡❞❡" (❡❛❧❡"✳ ▲❛ ❜❛"❡ #❡@(✐❝❛ ❞❡❧ ♠A#♦❞♦

❡" ❧❛ ♠✉② ❝♦♥"♦❧✐❞❛❞❛ #❡♦(B❛ ❞❡ ❧❛" (❡❞❡" ❡❧A❝#(✐❝❛" ❝♦♥❝❡♥#(❛❞❛"✳

❊"#❛ #❡♦(B❛ ♣(♦♣♦(❝✐♦♥❛ ❧❛" #A❝♥✐❝❛" ♣❛(❛ ✐❞❡♥#✐✜❝❛( (❡❞❡" ❢B"✐✲

❝❛♠❡♥#❡ (❡❛❧✐③❛❜❧❡" ❛❞❡♠:" ❞❡ ❧♦" ♣(♦❝❡❞✐♠✐❡♥#♦" ♠❛#❡♠:#✐❝♦"

♣❛(❛ "✐♥#❡#✐③❛(❧❛"✳

❋✐❣✉$❛ ✸✳✶✷✿ ❊,-✉❡♠01✐❝♦ ❜0,✐❝♦ ❞❡ ✉♥ ✜❧1$♦✳ ❘❡❞ ❞❡ ❞♦, ♣✉❡$1♦, ,✐♥ ♣;$❞✐✲

❞❛,✳

❆;✉B ❝♦♥"✐❞❡(❛♠♦" ✉♥ ✜❧#(♦ ❝♦♠♦ ✉♥❛ (❡❞ ❞❡ ❞♦" ♣✉❡(#♦" ✲

✐❞❡❛❧♠❡♥#❡ "✐♥ ♣A(❞✐❞❛"✲ "✐#✉❛❞❛ ❡♥#(❡ ✉♥❛ ❝❛(❣❛ (❡"✐"#✐✈❛ RL ②

✉♥❛ ❢✉❡♥#❡ ❝♦♥ ✉♥❛ (❡"✐"#❡♥❝✐❛ ❡♥ "❡(✐❡RS✱ #❛❧ ② ❝♦♠♦ "❡ ♠✉❡"#(❛

❡♥ ❧❛ ❝♦♥✜❣✉(❛❝✐@♥ ❞❡ ❧❛ ❋✐❣✉(❛ ✸✳✶✷✳ ❊❧ ✜❧#(♦ #✐❡♥❡ ❧❛ ❢✉♥❝✐@♥ ❞❡

#(❛♥"❢❡(✐( ♣♦#❡♥❝✐❛ ❞❡ ❧❛ ❢✉❡♥#❡ ❛ ❧❛ ❝❛(❣❛ ❝♦♥ ✉♥❛ ❛#❡♥✉❛❝✐@♥

❞❡♣❡♥❞✐❡♥#❡ ❞❡ ❧❛ ❢(❡❝✉❡♥❝✐❛✳ ▲♦" (❛♥❣♦" ❞❡ ❢(❡❝✉❡♥❝✐❛ ❞❡ ❜❛❥❛

♦ ❛❧#❛ ❛#❡♥✉❛❝✐@♥ "❡ ❞❡♥♦♠✐♥❛♥ ♣❛"♦" ❞❡ ❜❛♥❞❛ ♦ (❡❝❤❛③♦" ❞❡

❜❛♥❞❛✱ (❡"♣❡❝#✐✈❛♠❡♥#❡✳ ❉❡♣❡♥❞✐❡♥❞♦ ❞❡❧ #✐♣♦ ❞❡ (❡"♣✉❡"#❛✱ ❧♦"

✜❧#(♦" "❡ ❝❧❛"✐✜❝❛♥ ❡♥ ❝✉❛#(♦ ❝❛#❡❣♦(B❛" ♣(✐♥❝✐♣❛❧❡"✿ ♣❛"♦ ❞❡ ❜❛❥❛✱

♣❛"♦ ❞❡ ❛❧#❛✱ ♣❛"♦ ❞❡ ❜❛♥❞❛ ② (❡❝❤❛③♦ ❞❡ ❜❛♥❞❛✳

L♦❞❡♠♦" ❝❛(❛❝#❡(✐③❛( ❡❧ ✜❧#(♦ ♣♦( ♠❡❞✐♦ ❞❡❧ ❝♦❡✜❝✐❡♥#❡ ❞❡

#(❛♥"♠✐"✐@♥ ♦ ♣❛(:♠❡#(♦ ❞❡ "❝❛##❡(✐♥❣ s21✳ L✉❡❞❡ ❞❡♠♦"#(❛("❡

;✉❡ ❝✉❛❞(❛❞♦ ❞❡ ❧❛ ❛♠♣❧✐#✉❞ ❞❡❧ ❝♦❡✜❝✐❡♥#❡ ❞❡ #(❛♥"♠✐"✐@♥ ♣❛(❛

❝✉❛❧;✉✐❡( (❡❞ ❞❡ ♣❛(:♠❡#(♦" ❝♦♥❝❡♥#(❛❞♦" ❡" ✉♥❛ ❢✉♥❝✐@♥ (❛❝✐♦✲

♥❛❧ ❞❡ ❧❛ ❢(❡❝✉❡♥❝✐❛✱ ♦ ❞✐❝❤♦ ❞❡ ♦#(♦ ♠♦❞♦✱ ❡❧ ❝♦❝✐❡♥#❡ ❞❡ ❞♦"

♣♦❧✐♥♦♠✐♦" ❝✉②❛" ✈❛(✐❛❜❧❡" "♦♥ ω ❛❧ ❝✉❛❞(❛❞♦✳
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∣s21∣
2
=
∑M

i=1 aiω
2i

∑N
i=1 biω

2i
✭✸✳✺✺✮

▲❛ ❝❛♥)✐❞❛❞ ❡♥ ❧❛ ✭✸✳✺✺✮ ❡. ❝♦♥♦❝✐❞❛ ❝♦♠♦ ❡❧ ❝♦❝✐❡♥)❡ ❞❡ )1❛♥.✲

❢❡1❡♥❝✐❛ ❞❡ ♣♦)❡♥❝✐❛ ❞❡❧ ✜❧)1♦ ♦✱ ❝✉❛♥❞♦ .❡ ❡①♣1❡.❛ ❡♥ ❞❇✱ ❧❛ ❣❛✲

♥❛♥❝✐❛ ❞❡ ♣♦)❡♥❝✐❛ ♦✱ .✐♠♣❧❡♠❡♥)❡✱ ❧❛ ❣❛♥❛♥❝✐❛✳ ❉❛❞♦ <✉❡ ❡❧ ✜❧)1♦

♥♦ ♣1❡.❡♥)❡ ♣=1❞✐❞❛. ♣✉❡❞❡ ❞❡❝✐1.❡ <✉❡

∣s11∣2 = ∣s22∣2; ∣s11∣2 + ∣s21∣2 = 1 ✭✸✳✺✻✮

▲❛ ❛)❡♥✉❛❝✐?♥ ❞❡❧ ✜❧)1♦ .❡ ♠✐❞❡ ❡♥ ❞❇✱ ② .❡ ❞❡✜♥❡ ❝♦♠♦

L = −10log10∣s21∣2 = −20log10∣s21∣ ✭✸✳✺✼✮

B✉❡❞❡♥ ✉.❛1.❡ ♦)1♦. ♣❛1C♠❡)1♦. ♣❛1❛ ❝❛1❛❝)❡1✐③❛1 ❧❛ 1❡.♣✉❡.✲

)❛ ❞❡❧ ✜❧)1♦✳ B♦1 ❡❥❡♠♣❧♦✱ ❧❛ ♣=1❞✐❞❛ ❞❡ ✐♥.❡1❝✐?♥ ❞❡ ❧❛ ❜❛♥❞❛ ❞❡

♣❛.♦✱ ■▲✱ ② ❧❛ ♣=1❞✐❞❛ ❞❡ 1❡)♦1♥♦✱ ❘▲✳ ▲❛ ♣1✐♠❡1❛ ❝❛♥)✐❞❛❞ ❡. ❡❧

✈❛❧♦1 ♠C①✐♠♦ ❞❡ ❧❛ ❛)❡♥✉❛❝✐?♥ ❡♥ ❧❛ ❜❛♥❞❛ ❞❡ ♣❛.♦

IL =max(−10log10∣s21∣2) = Lmax ✭✸✳✺✽✮

▼✐❡♥)1❛. <✉❡ ❘▲ .❡ ❞❡✜♥❡ ❝♦♠♦ ❡❧ ♠K♥✐♠♦ ✈❛❧♦1 ❛❜.♦❧✉)♦ ❞❡❧

❝♦❡✜❝✐❡♥)❡ ❞❡ 1❡✢❡①✐?♥ ❡♥ ❧❛ ❜❛♥❞❛ ❞❡ ♣❛.♦

RL =min[−10log10∣s11∣2] =min[−10log10(1 − ∣s21∣2)] = ✭✸✳✺✾✮

❊❧ ♣1✐♠❡1 ♣❛.♦ ❡♥ ❡❧ ♣1♦❝❡.♦ ❞❡ ❞✐.❡O♦ ❞❡ ✜❧)1♦. ❡. ❧❛ ❛♣1♦①✐✲

♠❛❝✐?♥✳ ❊❧ ♣1♦❜❧❡♠❛ ❡♥ ❧❛ ❛♣1♦①✐♠❛❝✐?♥ ❝♦♥.✐.)❡ ❡♥ ❡♥❝♦♥)1❛1 ❧♦.

❝♦❡✜❝✐❡♥)❡. ❞❡ ❧♦. ♣♦❧✐♥♦♠✐♦. ❞❡ ❧❛ ❊❝✉❛❝✐?♥ ✭✸✳✺✺✮✱ ❞❛❞❛ ❧❛ ♠❡✲

❥♦1 ❛♣1♦①✐♠❛❝✐?♥ ✲❞❡ ❛❝✉❡1❞♦ ❝♦♥ ❡❧ ❝1✐)❡1✐♦ ♣1♦♣✐♦ ❡.)❛❜❧❡❝✐❞♦✲

❡♥)1❡ ❧❛. 1❡.♣✉❡.)❛. ❞❛❞❛. ♣♦1 ✭✸✳✺✺✮ ② ❧❛ ❞❡.❡❛❞❛✳ ❯♥❛ ✈❡③ <✉❡

❧♦. ♣♦❧✐♥♦♠✐♦. ❤❛♥ .✐❞♦ ❞❡)❡1♠✐♥❛❞♦.✱ ❧❛ )❡♦1K❛ ❞❡ 1❡❞❡. ♥♦. ♣❡1✲

♠✐)❡ .✐♥)❡)✐③❛1 ❡❧ ✜❧)1♦✱ ♣♦1 ❡❥❡♠♣❧♦ ❞❡)❡1♠✐♥❛1 ❧❛ 1❡❞ ❞❡ ♣❛✲



✻✻ ❋❯◆❉❆▼❊◆❚❖ ❚❊)❘■❈❖

 !♠❡$ ♦& ❝♦♥❝❡♥$ ❛❞♦& ✭✐♥❝❧✉②❡♥❞♦ ❧♦& ✈❛❧♦ ❡& ❞❡ $♦❞♦& &✉& ❡❧❡✲

♠❡♥$♦&✮ ♦❜$❡♥✐❡♥❞♦ ❧❛  ❡&♣✉❡&$❛ ❞❛❞❛ ♣♦ ❧❛ ❢✉♥❝✐6♥ ❛♥$❡ ✐♦ ✳

▲❛& $ ❛♥&❢♦ ♠❛❝✐♦♥❡& ❡♥ ❢ ❡❝✉❡♥❝✐❛ ❛❞❡❝✉❛❞❛& ♣❡ ♠✐$❡♥ 9✉❡ ❡&✲

$❡ ♣ ♦❝❡❞✐♠✐❡♥$♦ &❡ ❡①$✐❡♥❞❛ ❛ ✜❧$ ♦& ❝♦♥&$❛♥$❡& ❞❡ ♣❛ !♠❡$ ♦&

❞✐&$ ✐❜✉✐❞♦&✱ ❧♦ 9✉❡ &✉♣♦♥❡ ✉♥ ❝❛&♦ ❞❡ ✐♥$❡ =& ♣❛ ❛ ❛♣❧✐❝❛❝✐♦♥❡&

❞❡ ♠✐❝ ♦♦♥❞❛&✳

❯♥❛ ✈❡③ ❝♦♥&✐❞❡ ❛❞♦ ❡&$♦✱ ❡❧ ♣ ♦❝❡❞✐♠✐❡♥$♦ ❞❡ &@♥$❡&✐& ♠!& ❝♦✲

♠A♥ ♣❛ ❛ ✉♥ ✜❧$ ♦ ❣❡♥= ✐❝♦ ❝♦♠✐❡♥③❛ ❝♦♥ ✉♥ ✜❧$ ♦ ♣❛&♦ ❞❡ ❜❛❥❛

❞❡  ❡❢❡ ❡♥❝✐❛ ❞❡♥♦♠✐♥❛❞♦ ♣ ♦$♦$✐♣♦ ❛ ♣❛ $✐ ❞❡❧ ❝✉❛❧✱ ❞❡&♣✉=& ❞❡

$ ❛♥&❢♦ ♠❛❝✐♦♥❡& ❛❞❡❝✉❛❞❛&✱ ♣✉❡❞❡ ♦❜$❡♥❡ &❡ ❡❧ ✜❧$ ♦ ❝♦♥ ❧❛  ❡&✲

♣✉❡&$❛ ✜♥❛❧ ❞❡&❡❛❞❛✳ ❊♥ ❛❧❣✉♥♦& ❝❛&♦& ♣✉❡❞❡♥ ✉$✐❧✐③❛ &❡ ♠=$♦❞♦&

❞✐&$✐♥$♦& 9✉❡ ♣❡ ♠✐$❡♥ ✉♥❛ &@♥$❡&✐& ❞✐ ❡❝$❛ ❞❡❧ ✜❧$ ♦ ❞❡ ♠✐❝ ♦♦♥✲

❞❛&✳

✸✳✹✳✷ $%♦'♦'✐♣♦ ♣❛+♦ ❞❡ ❜❛❥❛

❊❧ ♣ ♦$♦$✐♣♦ ❡& ✉♥ ✜❧$ ♦ ♣❛&♦ ❞❡ ❜❛❥❛ ❞❡ ♣❛ !♠❡$ ♦& ❝♦♥❝❡♥✲

$ ❛❞♦&✱ ❝♦♥ ✉♥ ❝♦❝✐❡♥$❡ ❞❡ $ ❛♥&❢❡ ❡♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛ ∣s21∣2 9✉❡

❛♣ ♦①✐♠❛ ❧❛  ❡&♣✉❡&$❛ ✐❞❡❛❧ ♣❛&♦ ❞❡ ❜❛❥❛ ♠♦&$ ❛❞❛ ❡♥ ❧❛ ❋✐❣✉✲

 ❛ ✸✳✶✸ ❝♦♠♦ ✉♥❛ ❢✉♥❝✐6♥ ❞❡ ❧❛ ❢ ❡❝✉❡♥❝✐❛ ❛♥❣✉❧❛ ω′✳ ❊❧ ❝♦❝✐❡♥$❡

❞❡ $ ❛♥&❢❡ ❡♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛ ✐❞❡❛❧ ❡& ✐❣✉❛❧ ❛ ✉♥♦ ♦ ❝❡ ♦ ❞❡♣❡♥✲

❞✐❡♥❞♦ ❞❡ &✐ ❧❛ ❢ ❡❝✉❡♥❝✐❛ ω′ ❡& ♠!& ♣❡9✉❡H❛ ♦ ♠!& ❣ ❛♥❞❡ 9✉❡ ❧❛

✉♥✐❞❛❞  ❡&♣❡❝$✐✈❛♠❡♥$❡✳ ▲❛ ❛$❡♥✉❛❝✐6♥ ❝♦  ❡&♣♦♥❞✐❡♥$❡ ❡& ❝❡ ♦

✭♦ ✐♥✜♥✐$♦✮ ♣❛ ❛ ω′ ♠❡♥♦ 9✉❡ ✶ ✭♦ ♠❛②♦ 9✉❡ ✶✮✱ ♠✐❡♥$ ❛& 9✉❡

❧❛ ❣❛♥❛♥❝✐❛ ❞❡ ♣♦$❡♥❝✐❛ ❡& ✵ ❞❇ ✭♦ −∞ ❞❇✮✱  ❡&♣❡❝$✐✈❛♠❡♥$❡✳ ▲❛

 ❡&✐&$❡♥❝✐❛ ❞❡ ❝❛ ❣❛ ❞❡❧ ♣ ♦$♦$✐♣♦ &❡ &✉♣♦♥❡ ✐❣✉❛❧ ❛ ❧❛ ✉♥✐❞❛❞✱ &✐♥

♥✐♥❣✉♥❛ ♣= ❞✐❞❛ ❞❡ ❣❡♥❡ ❛❧✐❞❛❞✿ ❡&$♦ ❡& ❡9✉✐✈❛❧❡♥$❡ ❛ ♥♦ ♠❛❧✐③❛ 

$♦❞❛& ❧❛& ✐♠♣❡❞❛♥❝✐❛& ❞✐✈✐❞✐❡♥❞♦ ♣♦ RL✳ ▲❛ ❞❡&♥♦ ♠❛❧✐③❛❝✐6♥ ❡♥
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