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❆❜str❛❝t

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

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

♣❡rt✉r❜✐♥❣ t❤❡ ❜❛♥❞✇✐❞t❤✳ ❚❤✐s ✐s ❞♦♥❡ ❜② ✉t✐❧✐③✐♥❣ t❤❡ ❛s②♠♣t♦t✐❝ ❜❡❤❛✈✐♦r

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

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

s②♥t❤❡s✐③❡❞ ❜② sq✉❛r❡ ♣❛t❝❤❡s✳ ■t ✐s s❤♦✇♥ t❤❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ❛r❡ ♥♦t ✐♥✲

✢✉❡♥❝❡❞ ❜② t❤❡s❡ ♠♦❞✐✜❝❛t✐♦♥s✳ ❆ t❤✐♥ ✇✐❞❡❜❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r

✭❈❈❆✮ ✐s ♣r❡s❡♥t❡❞ ✇✐t❤ ✷✽✪ r❡❞✉❝t✐♦♥ ♦❢ t❤✐❝❦♥❡ss ❛♥❞ ✺✼✪ ✐♥❝r❡❛s❡ ♦❢ ❜❛♥❞✲

✇✐❞t❤ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❙❛❧✐s❜✉r② s❝r❡❡♥✳ ■t ✐s ❛❧s♦ ❡①♣❧❛✐♥❡❞ ✇❤② s♦♠❡

♦♣t✐♠✐③❡❞ ♠❡t❛♠❛t❡r✐❛❧ ❞❡s✐❣♥s ❢❛✐❧ t♦ ❝♦♠♣❡t❡ ✇✐t❤ t❤❡ ❈❈❆ ♠❡t❤♦❞✳ ❋♦r

❤✐❣❤ ♣❡r♠✐tt✐✈✐t② ❧❛②❡rs✱ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ❈❈❆ ✐s ❛ ❜❡tt❡r s♦❧✉t✐♦♥ t❤❛♥

t❤❡ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡r ❛♥❞ ✐♠♣r♦✈❡♠❡♥ts ❜♦t❤ ✐♥ t❤✐❝❦♥❡ss ❛♥❞ ❜❛♥❞✇✐❞t❤

❛r❡ ♣♦ss✐❜❧❡✳ ❆ t❤r❡❡ ❧❛②❡r❡❞ ✉❧tr❛ ✇✐❞❡❜❛♥❞ ✭✹✕✷✹ ●❍③✮ ❈❈❆ ✐s ♣r❡s❡♥t❡❞

✇✐t❤ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ ✶✺✳✶ ♠♠✳ ❋✐♥❛❧❧②✱ ❛ ❞❡s✐❣♥ ❝❛♣❛❜❧❡ ♦❢ ❤❛♥❞❧✐♥❣ ♦❜❧✐q✉❡

❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❢♦r ❜♦t❤ ♣♦❧❛r✐③❛t✐♦♥s ❛♥❞ ❢✉❧✜❧❧✐♥❣ ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐❝❛❧✱

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

❡♥t✐r❡ ❈✱ ❳ ❛♥❞ ❑✉ r❛❞❛r ❜❛♥❞s ✭✹✕✶✽ ●❍③✮✱ s❤♦✇✐♥❣ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t

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

✶ ■♥tr♦❞✉❝t✐♦♥

❚❤❡ ❞❡s✐❣♥ ♦❢ r❛❞❛r ❛❜s♦r❜❡rs ❣♦❡s ❜❛❝❦ t♦ t❤❡ ✇♦r❧❞ ✇❛r ■■✱ ✇❤❡r❡ ❙❛❧✐s❜✉r② ❬✺❪ ❛♥❞
❏❛✉♠❛♥♥ ❛❜s♦r❜❡rs ❬✷✱ ✸❪ ✇❡r❡ ✐♥tr♦❞✉❝❡❞✳ ■♥ t❤❡s❡ ❛❜s♦r❜❡rs✱ ❤♦♠♦❣❡♥♦✉s r❡s✐st✐✈❡
s❤❡❡ts ✇✐t❤ ❞✐✛❡r❡♥t r❡s✐st✐✈✐t② ✈❛❧✉❡s ❛r❡ ♣❧❛❝❡❞ ❛ q✉❛rt❡r ♦❢ ❛ ✇❛✈❡❧❡♥❣t❤ ✭❛t ♠✐❞✲
❢r❡q✉❡♥❝②✮ ❛♣❛rt t♦ ❛❜s♦r❜ ♣♦✇❡r ❢r♦♠ t❤❡ ✐♥❝✐❞❡♥t ✇❛✈❡✳ ❆❧t❤♦✉❣❤ t❤❡s❡ ❛❜s♦r❜❡rs
❛r❡ s✐♠♣❧❡ t♦ ♠❛♥✉❢❛❝t✉r❡✱ t❤❡② ❞♦ ♥♦t ♣♦ss❡ss ✇✐❞❡❜❛♥❞ r❡s♣♦♥s❡ ✉♥❧❡ss ❛ ❧❛r❣❡
♥✉♠❜❡r ♦❢ ❧❛②❡rs ❛r❡ ✉s❡❞✳ ❚❤✐s ✐s ✐♠♣r❛❝t✐❝❛❧ ✐♥ ♠♦st ❛♣♣❧✐❝❛t✐♦♥s ❞✉❡ t♦ t❤✐❝❦♥❡ss
❛♥❞ ✇❡✐❣❤t r❡str✐❝t✐♦♥s✳

❚♦ ❛❝❤✐❡✈❡ ❛ ✇✐❞❡r ❢r❡q✉❡♥❝② r❡s♣♦♥s❡✱ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs ✇❡r❡ ✐♥tr♦❞✉❝❡❞
❬✾❪✳ ■♥st❡❛❞ ♦❢ ♣❧❛✐♥ r❡s✐st✐✈❡ s❤❡❡ts✱ ♣❡r✐♦❞✐❝ ♣❛tt❡r♥s ❝❛❧❧❡❞ ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡
s✉r❢❛❝❡s ❛r❡ ❡♠♣❧♦②❡❞✳ ❚❤❡ t②♣❡ ♦❢ ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡ s✉r❢❛❝❡s ✉s❡❞ ✐♥ t❤❡ ❞❡s✐❣♥
❛r❡ ❜❛♥❞✲st♦♣ r❡s♦♥❛t✐♥❣ s✉r❢❛❝❡s ✇❤✐❝❤ ❛r❡ ♠♦❞❡❧❡❞ ❜② s❡r✐❡s ❘▲❈ r❡s♦♥❛t♦rs ❛t
t❤❡ ♦♣❡r❛t✐♥❣ ❜❛♥❞✳ ❚❤❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡ ♦❢ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ❝♦♥s✐sts ♦❢
t❤r❡❡ st❡♣s✿

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

✷✳ ❙②♥t❤❡s✐③❡ t❤❡ ❘▲❈ ❝✐r❝✉✐ts ♦❢ t❤❡ ♣r❡✈✐♦✉s st❡♣ ❜② s✉✐t❛❜❧❡ r❡s✐st✐✈❡ ❢r❡q✉❡♥❝②
s❡❧❡❝t✐✈❡ s✉r❢❛❝❡s✳

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

❚❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ❛♥❞ ✐ts ❛❞❥✉st♠❡♥t t♦ ❞✐✛❡r❡♥t ❞❡s✐❣♥
r❡q✉✐r❡♠❡♥ts ✐s ❛ str❛✐❣❤t❢♦r✇❛r❞ t❛s❦✱ ❜✉t ✐♥ t❤❡ s②♥t❤❡s✐③✐♥❣ st❡♣✱ ♣❛r❛♠❡t❡rs s✉❝❤
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❛s r❡❛❧✐③❛❜✐❧✐t②✱ s❡♥s✐t✐✈✐t② ❛♥❞ s✐♠♣❧✐❝✐t② ♦❢ t❤❡ ❢✉❧❧ ✇❛✈❡ ❛♥❛❧②s✐s ❛♥❞ ❛❞❥✉st♠❡♥t
s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤✐s ♠❛❦❡s t❤❡ ♠❡t❤♦❞ ❞❡♣❡♥❞❡♥t ♦♥ ❛ r✐❝❤ ❧♦♦❦✉♣ t❛❜❧❡ ♦❢
♣❛r❛♠❡tr✐❝ ❛♥❛❧②s✐s ♦❢ ❞✐✛❡r❡♥t ♣❡r✐♦❞✐❝ str✉❝t✉r❡s✳ ■♥ t❤✐s ♣❛♣❡r ❛ s✐♠♣❧❡ ❞❡s✐❣♥
♠❡t❤♦❞✱ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✱ ✐s ♣r♦♣♦s❡❞✳ ❇② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❛s②♠♣t♦t✐❝
❜❡❤❛✈✐♦r ♦❢ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs✱ ✐t ✐s s❤♦✇♥ t❤❛t ❧♦✇✲♣❛ss ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡
s✉r❢❛❝❡s ❝❛♥ r❡♣❧❛❝❡ t❤❡ r❡s♦♥❛t✐♥❣ str✉❝t✉r❡s ❛t ❧♦✇ ❢r❡q✉❡♥❝②✳ ❇② ♣r♦✈✐❞✐♥❣ ❛ ❢❛✐r
❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r t❤❡ ❤✐❣❤❡st ❛❝❤✐❡✈❛❜❧❡ ❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝② ❢♦r t❤❡ ❝❧❛ss ♦❢ ❝✐r❝✉✐t
❛♥❛❧♦❣ ❛❜s♦r❜❡rs ✇✐t❤ ♠❛①✐♠✉♠ t❤r❡❡ ❋❙❙ ❧❛②❡rs ✭✐♥❝❧✉❞✐♥❣ ❏❛✉♠❛♥♥ ❛♥❞ ❝❛♣❛❝✐t✐✈❡
❝✐r❝✉✐t ❛❜s♦r❜❡r ❛s s♣❡❝✐❛❧ ❝❛s❡s✮✱ ✐t ✐s ❡①♣❧❛✐♥❡❞ ✐♥ ❞❡t❛✐❧ ✇❤② t❤✐s r❡♣❧❛❝❡♠❡♥t ❤❛s
✐♠♣❡r❝❡♣t✐❜❧❡ ❡✛❡❝t ♦♥ ❜❛♥❞✇✐❞t❤ ✭❜② ♣r♦♣❡r ❞❡s✐❣♥✮✳ ❚❤❡r❡❢♦r❡✱ ✐♥st❡❛❞ ♦❢ ✉t✐❧✐③✐♥❣
r❡s♦♥❛t✐♥❣ ❘▲❈ ❝✐r❝✉✐ts ✭❋✐❣✳ ✶✮ t❤❡ ❛❜s♦r❜❡r ✐s ❢♦r♠❡❞ ❜② ❧♦✇✲♣❛ss ❘❈ ❝✐r❝✉✐ts✱ s❡❡
❋✐❣s✳ ✹ ❛♥❞ ✶✶✭❛✮✳ ❚❤✐s ❤❛s s♦♠❡ ✈❛❧✉❛❜❧❡ ❜❡♥❡✜ts✿

✶✳ ❉❡s✐❣♥s ✇✐t❤ t❤✐♥♥❡r t♦t❛❧ t❤✐❝❦♥❡ss ❛♥❞ st✐❧❧ ❝♦♠♣❛r❛❜❧❡ ❜❛♥❞✇✐❞t❤s ❛r❡ ♣♦s✲
s✐❜❧❡ ✐♥ s♦♠❡ ❛♣♣❧✐❝❛t✐♦♥s ✭❢♦r ❡①❛♠♣❧❡✱ s❡❡ s✉❜s❡❝t✐♦♥s ✸✳✶✱ ✸✳✷✮✳

✷✳ ❙②♠♠❡tr✐❝ sq✉❛r❡ ♣❛t❝❤❡s ❝❛♥ ❜❡ ✉s❡❞ t♦ s②♥t❤❡s✐③❡ t❤❡ ❘❈ ❝✐r❝✉✐ts✳

✸✳ ❋♦r ❧❛r❣❡ ✇✐❞t❤ t♦ ♣❡r✐♦❞✐❝✐t② r❛t✐♦s ✭w/a > 0.7✱ s❡❡ ❋✐❣✳ ✹✮✱ t❤❡ ❧♦✇✲♣❛ss ❘❈
♠♦❞❡❧ ♦❢ t❤❡ sq✉❛r❡ ♣❛t❝❤ ♣❡r✐♦❞✐❝ ❛rr❛② ✐s ✈❛❧✐❞ ♦✈❡r ❛ ✈❡r② ❧❛r❣❡ ❜❛♥❞✇✐❞t❤✱
s❡❡ ❋✐❣✳ ✺✳ ❚❤✐s ✐s ♥♦t ❡❛s② t♦ ❛❝❤✐❡✈❡ ✇✐t❤ r❡s♦♥❛t✐♥❣ ♣❛tt❡r♥s ❜❡❝❛✉s❡ ❤❛r✲
♠♦♥✐❝s ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ r❡s♦♥❛♥❝❡ r❡str✐❝t t❤❡ ❘▲❈ ♠♦❞❡❧ ❜❛♥❞✇✐❞t❤✱ s❡❡
❋✐❣✳ ✻✳

❚❤❡ ♣r♦❝❡ss ♦❢ ❋❙❙ ♣❛tt❡r♥ s❡❧❡❝t✐♦♥ ❛♥❞ t❤❡ r❡q✉✐r❡❞ r✐❝❤ ❧♦♦❦✉♣ t❛❜❧❡s ♦❢
♣❛r❛♠❡tr✐❝ ❛♥❛❧②s✐s ♦❢ r❡s♦♥❛t✐♥❣ s✉r❢❛❝❡s ❛r❡ ♦♠✐tt❡❞✱ ✇❤✐❝❤ s✐♠♣❧✐✜❡s t❤❡ ❞❡s✐❣♥
♣r♦❜❧❡♠ s✐❣♥✐✜❝❛♥t❧②✳ ❚❤❡ ♠❡t❤♦❞ ♦❢ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✐s ♣r❡s❡♥t❡❞ ✐♥
t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥ ❛♥❞ ♠❛♥② ❞❡s✐❣♥ ❡①❛♠♣❧❡s ❛r❡ ♣r♦✈✐❞❡❞ t♦ ❞❡♠♦♥str❛t❡ t❤❡
♣♦t❡♥t✐❛❧s ❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ♠❡t❤♦❞✳ ❙♣❡❝✐❛❧❧② ✐t ✐s s❤♦✇♥ t❤❛t ✐♥ s♦♠❡ ❝❛s❡s
t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✐s t❤❡ ♦♥❧② ♣♦ss✐❜❧❡ ♦r t❤❡ ❜❡st ❞❡s✐❣♥ ✇❤❡♥ ❝♦♠♣❛r❡❞
t♦ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❏❛✉♠❛♥♥ ❛♥❞ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs✳

✷ ❋r♦♠ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r t♦ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t

❛❜s♦r❜❡r

❚❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ ❛ t②♣✐❝❛❧ t❤r❡❡ ❧❛②❡r❡❞ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ✐s s❤♦✇♥ ✐♥
❋✐❣✳ ✶✳ ❚❤❡ ♣r♦❝❡❞✉r❡ ♦❢ ✜♥❞✐♥❣ t❤❡ ♣r♦♣❡r ❘▲❈ ✈❛❧✉❡s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t
♠♦❞❡❧ ❢♦r ♠❛t❝❤✐♥❣ ✐t t♦ ❢r❡❡ s♣❛❝❡ ✐♠♣❡❞❛♥❝❡ ✐♥ t❤❡ ♦♣❡r❛t✐♥❣ ❢r❡q✉❡♥❝② ❜❛♥❞ ✐s ❛
str❛✐❣❤t❢♦r✇❛r❞ t❛s❦✳ ■t ❝❛♥ ❜❡ ❞♦♥❡ ❜② ✉t✐❧✐③✐♥❣ t❤❡ ❙♠✐t❤ ❝❤❛rt ❬✾❪ ♦r ❛ s✐♠✉❧❛t✐♥❣
s♦❢t✇❛r❡✳ ❍❡♥❝❡❢♦rt❤✱ ✐t ✐s ❛ss✉♠❡❞ t❤❛t t❤✐s st❡♣ ✐s ❞♦♥❡ ❢♦r t❤❡ ❝✐r❝✉✐t ❛♥❛❧♦❣
❛❜s♦r❜❡r✳ ❚❤❡ ❝✉♠❜❡rs♦♠❡ st❡♣ ✐s t❤❡ s②♥t❤❡s✐s ♦❢ t❤❡s❡ ❘▲❈ ✈❛❧✉❡s ❜② r❡s✐st✐✈❡
❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡ s✉r❢❛❝❡s✳ ❚❤❡r❡ ❡①✐sts ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❣❡♦♠❡tr✐❡s t❤❛t ❛r❡ ❜❛♥❞✲
st♦♣✱ ❡q✉✐✈❛❧❡♥t t♦ s❡r✐❡s ❘▲❈ r❡s♦♥❛t♦r ♦✈❡r ❛ ❝❡rt❛✐♥ ❢r❡q✉❡♥❝② ❜❛♥❞✱ s❡❡ ❋✐❣✳ ✷✳
❚❤❡ ❜❛♥❞✇✐❞t❤ ♦✈❡r ✇❤✐❝❤ t❤❡ ❘▲❈ ♠♦❞❡❧ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ✐s ✉♥✐t ❝❡❧❧ ❣❡♦♠❡tr② ❞❡✲
♣❡♥❞❡♥t✱ s❡❡✱ ❡✳❣✳✱ ❋✐❣✳ ✻✳ ❆ ❝♦♠♠♦♥ ♠✐s❜❡❧✐❡❢ ✐s t❤❛t ❛ ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡ s✉r❢❛❝❡
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❋✐❣✉r❡ ✸✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s❡r✐❡s ❘▲❈ r❡s♦♥❛t♦r ❜❛♥❞✇✐❞t❤ ✭❡q✉✐✈❛❧❡♥t t♦ ❋❙❙
str✉❝t✉r❡ ✐t ♠♦❞❡❧s✮ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ s✐♥❣❧❡ ❧❛②❡r ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r✳
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   w = 13 mm

w = 12 mm

w = 11 mm
w(mm)  R (Ω) C (pF)

13  123 0.172 

12 144 0.116 

11 165 0.08 

Equivalent Circuit Elements

❋✐❣✉r❡ ✺✿ ❋r❡q✉❡♥❝② r❡s♣♦♥s❡ ✭r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✮ ❛♥❞ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❡❧❡♠❡♥t
✈❛❧✉❡s ❢♦r ❛ t②♣✐❝❛❧ sq✉❛r❡ ♣❛t❝❤✱ ❛t ♥♦r♠❛❧ ✐♥❝✐❞❡♥❝❡✳✭a = 14 mm, Rs = 100 Ω/Sq✮



✺

✇✐t❤ ❧❛r❣❡r tr❛♥s♠✐ss✐♦♥✴r❡✢❡❝t✐♦♥ ❜❛♥❞✇✐❞t❤ ❛❧✇❛②s r❡s✉❧ts ✐♥ ✇✐❞❡r ❛❜s♦r♣t✐♦♥ ❢r❡✲
q✉❡♥❝② r❡s♣♦♥s❡✳ ❈♦♥s❡q✉❡♥t❧② ✐t ✐s t❡♠♣t✐♥❣ t♦ ❝♦♥str✉❝t t❤❡ ❛❜s♦r❜❡r ❜② ❝♦♠♣❧❡①
❣❡♦♠❡tr② ♣❛tt❡r♥s ✭❡✳❣✳✱ ♦♣t✐♠✐③❡❞ ✉♥✐t ❝❡❧❧ ❡❧❡♠❡♥ts✮ ✐♥ ❤♦♣❡ ♦❢ ❛❝❤✐❡✈✐♥❣ s✐❣♥✐✜✲
❝❛♥t ❜❛♥❞✇✐❞t❤ ✐♠♣r♦✈❡♠❡♥t✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ s❤♦✇s t❤❛t ✐t ✐s ♥♦t ❛❧✇❛②s
tr✉❡✳ ❈♦♥s✐❞❡r ❛ s✐♥❣❧❡ ❧❛②❡r ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ✇✐t❤ ❛ t❤✐❝❦♥❡ss ❡q✉❛❧ t♦ λ/4@
✺ GHz✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ t❤❡ ❛❜s♦r❜❡r ❝♦♥s✐sts ♦❢ ❛ s❡r✐❡s ❘▲❈ ❝✐r❝✉✐t
✭♠♦❞❡❧✐♥❣ t❤❡ r❡s♦♥❛t✐♥❣ ❋❙❙ ❧❛②❡r✮ ❛♥❞ ❛ tr❛♥s♠✐ss✐♦♥ ❧✐♥❡ ♣❛r❛❧❧❡❧ t♦ t❤❡ ❘▲❈
♥❡t✇♦r❦ ❛♥❞ s❤♦rt ❝✐r❝✉✐t❡❞ ❛t t❤❡ ♦t❤❡r ❡♥❞ ✭t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡✮✳ ❚❤❡ r❡s♦♥❛♥❝❡
❢r❡q✉❡♥❝② ✭Fr✮✱ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✭C✮ ❛♥❞ t❤❡ r❡s✐st❛♥❝❡ ✭R✮ ♦❢ t❤❡ ❘▲❈ ❝✐r❝✉✐t ❛r❡
♦♣t✐♠✐③❡❞ t♦ ♦❜t❛✐♥ t❤❡ ❧❛r❣❡st ❛❝❤✐❡✈❛❜❧❡ 20 dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ✭✸✕✼ GHz✮✳
❚❤❡ ♦♣t✐♠✐③❛t✐♦♥ r❡s✉❧ts ✐♥ Fr = 4.77GHz✱ C = 0.1616 pF ❛♥❞ R = 309.6Ω✳ ■t ✐s
✇❡❧❧✲❦♥♦✇♥ t❤❛t ❢♦r ✜①❡❞ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝② ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❡♥❧❛r❣❡s
t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ ❛ s❡r✐❡s ❘▲❈ ❝✐r❝✉✐t✳ ❇✉t ❛s s❡❡♥ ❢r♦♠ t❤❡ ❋✐❣✳ ✸✱ ❛❧t❤♦✉❣❤ t❤❡
❘▲❈ ❝✐r❝✉✐t ❜❛♥❞✇✐❞t❤ ❤❛s ✐♥❝r❡❛s❡❞ t❤❡ ♦♣♣♦s✐t❡ t❛❦❡s ♣❧❛❝❡ ❢♦r t❤❡ ❛❜s♦r♣t✐♦♥
❜❛♥❞✇✐❞t❤✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✈❡r② ✐♠♣♦rt❛♥t t♦ s②♥t❤❡s✐③❡ t❤❡ ♦♣t✐♠❛❧ ▲✱❈ ✈❛❧✉❡s
❢♦r ❛❜s♦r♣t✐♦♥✱ ❛s ❛❝❝✉r❛t❡❧② ❛s ♣♦ss✐❜❧❡✳ ❚❤✐s ♠✐❣❤t ❜❡ ❞♦♥❡ ✇✐t❤ ❛♥ ❋❙❙ ♣❛tt❡r♥
✇❤✐❝❤ ✐s ♥♦t t❤❡ ♠♦st ✇✐❞❡❜❛♥❞ ❋❙❙ ♣❛tt❡r♥ ✇❤❡♥ ❝♦♥s✐❞❡r❡❞ ❛s ❛ s♣❛t✐❛❧ ✜❧t❡r ✭r❡✲
✢❡❝t✐♦♥✴tr❛♥s♠✐ss✐♦♥ r❡s♣♦♥s❡✮✳ ❙✉❝❝❡ss❢✉❧ s②♥t❤❡s✐s ♦❢ t❤❡s❡ ❘▲❈ ✈❛❧✉❡s r❡q✉✐r❡s ❛
r✐❝❤ ❞❛t❛❜❛s❡ ♦❢ ♣❛r❛♠❡tr✐❝ ❛♥❛❧②s✐s ♦❢ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❋❙❙ str✉❝t✉r❡s✳ ❖♠✐tt✐♥❣
t❤❡s❡ r✐❝❤ ❧♦♦❦✉♣ t❛❜❧❡s ♦❢ ❘▲❈ ✈❛❧✉❡s ❛♥❞ s✐♠♣❧✐❢②✐♥❣ t❤❡ s②♥t❤❡s✐s ♣r♦❝❡ss ✐s ✈❡r②
❤❡❧♣❢✉❧ ❛♥❞ t✐♠❡✲s❛✈✐♥❣✳

❚❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ♣❛♣❡r ❛✐♠s ❛t t❤❡s❡ ❣♦❛❧s✳ ❚❤❡
✐❞❡❛ ✐s t♦ r❡♣❧❛❝❡ ❜❛♥❞✲st♦♣ r❡s♦♥❛t✐♥❣ ❡❧❡♠❡♥ts ❜② ❧♦✇✲♣❛ss r❡s✐st✐✈❡✲❝❛♣❛❝✐t✐✈❡
✭s❡r✐❡s ❘❈✮ ♦♥❡s✳ ❚❤❡ s❡r✐❡s ❘❈ ❝✐r❝✉✐ts ❛r❡ s②♥t❤❡s✐③❡❞ ❜② ♦♥❡ ♦❢ t❤❡ s✐♠♣❧❡st
♣❛tt❡r♥s ❢♦r ❋❙❙ str✉❝t✉r❡s✱ t❤❡ sq✉❛r❡ ♣❛t❝❤✱ s❡❡ ❋✐❣✳ ✹✳ ❚✇♦ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ♦❢
t❤❡ ❣❡♦♠❡tr②✱ ♣❡r✐♦❞✐❝✐t② ✭a✮ ❛♥❞ ✇✐❞t❤ ✭w✮✱ s✐♠♣❧✐❢② t❤❡ ❛♥❛❧②s✐s ❛♥❞ ❛❞❥✉st♠❡♥t ♦❢
t❤❡ ❛❜s♦r❜❡r✳ ❖♥❡ ✐♠♣♦rt❛♥t ❢❡❛t✉r❡ ♦❢ t❤❡ sq✉❛r❡ ♣❛t❝❤ ✐s t❤❡ s✐♠♣❧❡ r❡❧❛t✐♦♥s❤✐♣
❜❡t✇❡❡♥ ❘❈ ✈❛❧✉❡s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❛♥❞ t❤❡ ♣❛tt❡r♥ ❞✐♠❡♥s✐♦♥s ❛♥❞ t❤❡
s❤❡❡t r❡s✐st✐✈✐t② ✭❛♥❞ t❤❡ ♣❡r♠✐tt✐✈✐t② ❛♥❞ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦✈❡r t❤❡② ❛r❡
❡♠❜❡❞❞❡❞ ✐♥✮✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❜② ❛ ❢❡✇ ♥✉♠❜❡r ♦❢ s✐♠✉❧❛t✐♦♥s✱
❢♦r ❡①❛♠♣❧❡ t❤❡ ✈❛❧✉❡s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✺✳ ❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ ❢❛❝t ❛❜♦✉t t❤❡
sq✉❛r❡ ♣❛t❝❤ ❛rr❛② ✐s t❤❛t t❤❡ ❘❈ ♠♦❞❡❧ ✐s ✈❛❧✐❞ ♦✈❡r ❛ ✈❡r② ❧❛r❣❡ ❜❛♥❞✇✐❞t❤ ✇❤✐❝❤
❝❛♥ ♥♦t ❜❡ ❛❝❤✐❡✈❡❞ ❜② r❡s♦♥❛t✐♥❣ ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈❡ s✉r❢❛❝❡s ❞✉❡ t♦ t❤❡ ❤❛r♠♦♥✐❝s
♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ r❡s♦♥❛♥❝❡✳

✷✳✶ ▲♦✇ ❢r❡q✉❡♥❝② r❡❣✐♠❡

■♥ t❤✐s ♣❛rt ✐t ✐s s❤♦✇♥ t❤❛t ❜❛s❡❞ ♦♥ t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❛❧♦❣
❛❜s♦r❜❡r✱ t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡ ❢r♦♠ t❤❡ ❘▲❈ ❝✐r❝✉✐t ❝❛♥ ❜❡ r❡❛❧✐③❡❞✳
❚❤❡ ♥❡①t st❡♣ ✐s t♦ s❤♦✇ t❤❛t t❤✐s ❞♦❡s ♥♦t ❛✛❡❝t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ✭❜❛♥❞✇✐❞t❤
♦❢ t❤❡ ❛❜s♦r❜❡r✮ ❜② ♣r♦♣❡r ❞❡s✐❣♥✳ ❘♦③❛♥♦✈ ❬✶✷❪ ❤❛s s❤♦✇♥ ❛ ♣❤②s✐❝❛❧ ❜♦✉♥❞ ♦♥
t❤❡ ❧♦✇❡st ❛❝❤✐❡✈❛❜❧❡ ❢r❡q✉❡♥❝② ♦❢ ❛♥ ❛❜s♦r❜❡r ❢♦r ❛ ❣✐✈❡♥ r❡✢❡❝t❛♥❝❡ ❛♥❞ t❤✐❝❦♥❡ss✳
❚❤❡ ❜♦✉♥❞ ✐s ✈❛❧✐❞ ❢♦r ❛♥② ♠❡t❛❧ ❜❛❝❦❡❞ ❛❜s♦r❜❡r ✇✐t❤ ❛r❜✐tr❛r② ❞✐s♣❡rs✐✈❡ r❡❧❛t✐♦♥
♦❢ ♣❡r♠✐tt✐✈✐t② ❛♥❞ ♣❡r♠❡❛❜✐❧✐t② s❛t✐s❢②✐♥❣ ❑r❛♠❡rs✲❑r♦♥✐❣ r❡❧❛t✐♦♥s ❛♥❞ ✐s ❞❡r✐✈❡❞
❢r♦♠ t❤❡ ❛♥❛❧②t✐❝✐t② ♦❢ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ✉♣♣❡r ❤❛❧❢✲♣❧❛♥❡ ♦❢ t❤❡ ❝♦♠♣❧❡①



✻

♣❧❛♥❡ ω ❬✶✶❪✳ ❚❤❡ ❜♦✉♥❞ ❢♦r ❛ ♠✉❧t✐❧❛②❡r❡❞ ❛❜s♦r❜❡r ✐s

| ln ρ0|(λmax − λmin) < 2π2
∑

i

µs,idi ✭✷✳✶✮

■♥ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥ ρ0 ✐s t❤❡ ♠❛①✐♠✉♠ ❛❧❧♦✇❛❜❧❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✱ µs,i ✐s t❤❡
st❛t✐❝ ♣❡r♠❡❛❜✐❧✐t② ♦❢ ❧❛②❡r i✱ ❛♥❞ di ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❧❛②❡r✳
❋♦r ❛ ❜r♦❛❞❜❛♥❞ ❛❜s♦r❜❡r t❤❛t ❝♦♥t❛✐♥s ♥♦ ♠❛❣♥❡t✐❝ ♠❛t❡r✐❛❧ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥
s✐♠♣❧✐✜❡s t♦

λmaxΓ0 ≤ 172 d ✭✷✳✷✮

✇❤❡r❡ Γ0 ✐s t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐♥ dB ❛♥❞ d ✐s t❤❡ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❛❜s♦r❜❡r✳
❋♦r ❛ ❣✐✈❡♥ r❡t✉r♥ ❧♦ss ❛♥❞ t❤✐❝❦♥❡ss ❊q✳ ✷✳✷ ❝♦♥✜♥❡s t❤❡ ❧♦✇❡st ❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝②
t♦ ❛ t❤❡♦r❡t✐❝❛❧ ❧✐♠✐t✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢❛❝t ❢♦r ♦✉r ♣✉r♣♦s❡ ✐s t❤❛t ❜❡❧♦✇ ❛♥❞
❝❧♦s❡ t♦ t❤✐s ❢r❡q✉❡♥❝② ❛♥② ♠❡t❛❧ ❜❛❝❦❡❞ ❛❜s♦r❜❡r ✐s ✐♥❞✉❝t✐✈❡✳ ■t ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞
❜❡tt❡r ❢r♦♠ t❤❡ ❛s②♠♣t♦t✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ ❛ ♠❡t❛❧ ❜❛❝❦❡❞
s❧❛❜ ❬✶❪ ✇❤✐❝❤ ✐s ✉s❡❞ ✐♥ t❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ ❛❜♦✈❡ ❢♦r♠✉❧❛s

lim
|λ|→∞

ρ(λ) = −1 + j4πµd/λ ✭✷✳✸✮

✐♠♣❧②✐♥❣ ❛♥ ✐♥❞✉❝t✐✈❡ ❧♦❛❞✳ ❆ ❜❡tt❡r ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ✐❞❡❛ ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ t❤❡
❧♦✇ ❢r❡q✉❡♥❝② ❜❡❤❛✈✐♦r ♦❢ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ✐♥ t❤❡ ❙♠✐t❤ ❝❤❛rt ♦❢ ❋✐❣✳ ✼✳

◆♦✇ t❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ✐s r❡✈✐❡✇❡❞✱ s❡❡ ❋✐❣✳ ✶✳
❈♦♥s✐❞❡r t❤❡ ❜✐❣ ❛rr♦✇ ✐♥ t❤❡ ✜❣✉r❡ ♣♦✐♥t✐♥❣ t♦✇❛r❞s t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡✳ ❋r♦♠
t❤❡ ❛❜♦✈❡ st❛t❡♠❡♥ts ✐t ✐s ❦♥♦✇♥ t❤❛t ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❘▲❈ ✈❛❧✉❡s ♦❢ ❡q✉✐✈❛❧❡♥t
✐♠♣❡❞❛♥❝❡s ❛♥❞ ♣❡r♠✐tt✐✈✐t② ❛♥❞ t❤✐❝❦♥❡ss❡s ♦❢ ❧❛②❡rs✱ t❤❡ ❡q✉✐✈❛❧❡♥t ❧♦❛❞ s❡❡♥ ❢r♦♠
t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ s✐❞❡ ✐s ✐♥❞✉❝t✐✈❡ ❛t ❧♦✇ ❢r❡q✉❡♥❝②✳ ❚❤❡r❡❢♦r❡✱ ❛❞❞✐t✐♦♥❛❧ ✐♥❞✉❝t❛♥❝❡
✐♥ t❤❡ ❘▲❈ ❝✐r❝✉✐t ♦❢ t❤❡ s✉❝❝❡❡❞✐♥❣ ❧❛②❡r ✐s ♠♦r❡ ❞❡str✉❝t✐✈❡ t❤❛♥ ❜❡✐♥❣ ❡✛❡❝t✐✈❡
❢♦r ♠❛t❝❤✐♥❣✳ ❖♥❧② ❛ ❝❛♣❛❝✐t✐✈❡ ❧♦❛❞ ✐s r❡q✉✐r❡❞ t♦ ❝♦♠♣❡♥s❛t❡ t❤❡ ❡q✉✐✈❛❧❡♥t ❧♦❛❞
✐♥❞✉❝t❛♥❝❡✳ ❚❤❡r❡❢♦r❡✱ ❛t ❧♦✇ ❢r❡q✉❡♥❝② ❜❛♥❞ t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡
❢r♦♠ t❤❡ r❡s♦♥❛t✐♥❣ ❘▲❈ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✇✐t❤♦✉t ❝❛✉s✐♥❣ ♠✐s♠❛t❝❤✳

✷✳✷ ❍✐❣❤ ❢r❡q✉❡♥❝② ❜❛♥❞

❚❤❡ t❤❡♦r❡t✐❝❛❧ ❜♦✉♥❞ ♦❢ t❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✭❊q✳✷✳✷✮✱ ❧✐♠✐ts t❤❡ ❧♦✇❡st ♣♦ss✐❜❧❡
❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝② ❢♦r ❛ ❣✐✈❡♥ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛♥❞ t❤✐❝❦♥❡ss✱ ❛♥❞ ❣✐✈❡s ♥♦
❝♦♥str❛✐♥t ♦♥ t❤❡ ❤✐❣❤❡st ♣♦ss✐❜❧❡ ❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝② ✭❢♦r ✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡r✮✳
●❡♥❡r❛❧❧② t❤❡ ❤✐❣❤❡st ❛❜s♦r♣t✐♦♥ ❢r❡q✉❡♥❝② ✐s ❧✐♠✐t❡❞ ❜② t❤❡ ❞❡s✐❣♥ ♠❡t❤♦❞ ❛♥❞ t❤❡
str✉❝t✉r❡ ♦❢ ❛♥ ❛❜s♦r❜❡r✳

■♥ ✇❤❛t ❢♦❧❧♦✇s✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❝❧❛ss ♦❢ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs ♦❢ ♠❛①✐♠✉♠
t❤r❡❡ ❋❙❙ ❧❛②❡rs ✭t❤❡ s❝❤❡♠❛t✐❝ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✮✱ ✐♥❝❧✉❞✐♥❣ ❏❛✉♠❛♥♥ ❛♥❞ ❝❛♣❛❝✐✲
t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡rs✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❢❛❝t♦rs ❧✐♠✐t t❤❡ ❤✐❣❤❡st ♣♦ss✐❜❧❡ ❜❛♥❞✇✐❞t❤ ♦❢
t❤✐s ❝❧❛ss ♦❢ ❛❜s♦r❜❡rs✳

✶✳ ❚❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❛♥t ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ✐♠♣❡❞❛♥❝❡ ❛t ❞✐st❛♥❝❡ d
❢r♦♠ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✭Zeq = j Z0√

ǫr
tan(2π

√
ǫr d/λ0)✮✳
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✷✳ ❚❤❡ ❣r❛t✐♥❣ ❧♦❜❡s ✇❤❡♥ ❋❙❙ ♣❛tt❡r♥ ❛r❡ ✉s❡❞ t♦ ❝♦♥str✉❝t t❤❡ ❛❜s♦r❜❡r✳

✸✳ ❚❤❡ ❤✐❣❤❡r ❤❛r♠♦♥✐❝s ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ r❡s♦♥❛♥❝❡ ✐♥ ❝❛s❡ ♦❢ r❡s♦♥❛t✐♥❣ ❋❙❙
♣❛tt❡r♥s ✭♥♦t ✐♥ ❝❛s❡ ♦❢ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r✱ ❧♦✇✲♣❛ss ❜❡❤❛✈✐♦r ✐♥ t❤❡
♦♣❡r❛t✐♥❣ ❜❛♥❞✇✐❞t❤✮✳

❈♦♥s✐❞❡r t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ t❤❡ t❤r❡❡ ❧❛②❡r❡❞ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r
♦❢ ❋✐❣✳ ✶✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ✜rst ❧❛②❡r ✐s ✐♥❞✐❝❛t❡❞ ❜② d1 ❛♥❞ ✐s ✉s✉❛❧❧② ❛❜♦✉t ❛
q✉❛rt❡r ♦❢ ✇❛✈❡❧❡♥❣t❤ ❛t ♠✐❞✲❢r❡q✉❡♥❝②✳ ❆t t❤✐s ❢r❡q✉❡♥❝② t❤❡ ♣❤❛s❡ ❞✐✛❡r❡♥❝❡ ♦❢
t❤❡ r❡✢❡❝t❡❞ ✇❛✈❡ ❢r♦♠ t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ❣❡♥❡r❛t❡s ❛♥ ♦♣❡♥ ❝✐r❝✉✐t ❛t t❤❡ ♣♦✐♥t ✭✶❛✮
♦❢ ❋✐❣✳ ✶✱ ❛♥❞ ♠❛❦❡s ♥♦ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❡q✉✐✈❛❧❡♥t ❧♦❛❞ ✐♠♣❡❞❛♥❝❡ s❡❡♥ ❛t ♣♦✐♥t
✭✶❜✮✳ ❆t t✇✐❝❡ ♦❢ t❤✐s ❢r❡q✉❡♥❝② ✭♦♥❡ ♦❝t❛✈❡ ❤✐❣❤❡r✮✱ t❤❡ r❡✈❡rs❡ ❤❛♣♣❡♥s ❛♥❞ t❤❡
❣r♦✉♥❞ ♣❧❛♥❡ ❣❡♥❡r❛t❡s ❛ s❤♦rt ❝✐r❝✉✐t ❛t ♣♦✐♥t ✭✶❛✮✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ✐♥❞❡♣❡♥❞❡♥t
♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❧♦❛❞ ✭❋❙❙ str✉❝t✉r❡ t②♣❡✮ t❤❡ ✐♠♣❡❞❛♥❝❡ s❡❡♥ ❛t ♣♦✐♥t ✭✶❜✮ ✐s s❤♦rt
❝✐r❝✉✐t✳ ■♥ ❝❛s❡ ♦❢ ❛ s✐♥❣❧❡ ❧❛②❡r ❛❜s♦r❜❡r ✐t r❡s✉❧ts ✐♥ t♦t❛❧ r❡✢❡❝t✐♦♥ ✐♥❞❡♣❡♥❞❡♥t
♦❢ t❤❡ t②♣❡ ♦❢ ❋❙❙ ❧❛②❡r ✉s❡❞✳ ❋♦r t✇♦ ❛♥❞ t❤r❡❡ ❧❛②❡r❡❞ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r
✐t ❝❛✉s❡s t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❧❛②❡r ♥✉♠❜❡rs ✭t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡ ✐s s❤✐❢t❡❞ t♦ ♣♦✐♥t
✭✶❜✮✮ ✇❤✐❝❤ ♠♦st❧② r❡s✉❧ts ✐♥ ❛ ❤✐❣❤ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ❚❤❡ s♦❧✉t✐♦♥ ✐s t♦ ✉s❡
♠❛♥② ❧❛②❡rs s✉❝❤ t❤❛t✱ r❡❞✉❝t✐♦♥ ♦❢ ♦♥❡ ❧❛②❡r ❞♦❡s ♥♦t r❡❞✉❝❡ t❤❡ ♦r❞❡r ♦❢ ❛❜s♦r❜❡r
s✐❣♥✐✜❝❛♥t❧② ✳ ❚❤✐s ✐s ✐♠♣r❛❝t✐❝❛❧ ❢♦r ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs ✭t❤❡ ❣r❛t✐♥❣ ❧♦❜❡s ❛♥❞
❤✐❣❤❡r ❤❛r♠♦♥✐❝s ❛❧s♦ ❧✐♠✐t t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝②✮ ❛♥❞ ✐♥ ❝❛s❡ ♦❢ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡r ✐t
r❡s✉❧ts ✐♥ t❤✐❝❦♥❡ss❡s ✇❤✐❝❤ ❧✐♠✐t t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ❛❜s♦r❜❡r✳

❚❤❡ ♥❡①t ❢❛❝t♦r ❧✐♠✐t✐♥❣ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❜❛♥❞✇✐❞t❤ ✐s t❤❡ ❡①❝✐t❛t✐♦♥ ♦❢ ❣r❛t✲
✐♥❣ ❧♦❜❡s ❛t ❢r❡q✉❡♥❝✐❡s ❧❛r❣❡r t❤❛♥ t❤❡ ❧♦✇❡st ❝✉t♦✛ ❢r❡q✉❡♥❝② ✭❋❧♦q✉❡t✬s ♠♦❞❡s✮✳
❚❤✐s ❢r❡q✉❡♥❝② ✐s ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s♣❛t✐❛❧ ♣❡r✐♦❞✐❝✐t② ♦❢ t❤❡ ❋❙❙ ❬✾❪✳
❈♦♥s❡q✉❡♥t❧② ✐t ♠✐❣❤t s❡❡♠ t❤❛t ❞❡❝r❡❛s✐♥❣ t❤❡ s♣❛t✐❛❧ ♣❡r✐♦❞✐❝✐t② ✐s ❛ s✐♠♣❧❡ s♦❧✉✲
t✐♦♥✳ ❯♥❢♦rt✉♥❛t❡❧②✱ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♣❡r✐♦❞✐❝✐t② ♠❛❦❡s t❤❡ s②♥t❤❡s✐③✐♥❣ ♣r♦❝❡ss ♦❢
❘▲❈ ❝✐r❝✉✐ts ✐♠♣r❛❝t✐❝❛❧ ❜② r❡❞✉❝✐♥❣ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ✐♥❝r❡❛s✐♥❣ t❤❡ r❡s♦♥❛♥❝❡
❢r❡q✉❡♥❝②✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♠✐♥✐♠✉♠ ♣♦ss✐❜❧❡ ♣❡r✐♦❞✐❝✐t② ✐s ✉s✉❛❧❧② ❞✐❝t❛t❡❞ ❜② t❤❡
❧❛r❣❡st ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❛❜s♦r❜❡r ❝✐r❝✉✐t ♠♦❞❡❧ ✇❤✐❝❤ ✐s s②♥t❤❡s✐③❡❞ ❜② t❤❡ ❋❙❙✳
❚♦ ✈❡r✐❢② t❤❡ st❛t❡♠❡♥ts ❛♥ ❡①❛♠♣❧❡ ✐s ♣r♦✈✐❞❡❞ ❢♦r ❛ ❧♦ss❧❡ss ✭P❊❈✮ sq✉❛r❡ r✐♥❣
♣❛tt❡r♥✳ ❚❤❡ ❧♦ss❧❡ss ❝❛s❡ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❡♠♣❤❛s✐③❡ ❥✉st t❤❡ ❡✛❡❝t ♦❢ ♣❡r✐♦❞✐❝✐t②
r❡❞✉❝t✐♦♥ ♦♥ t❤❡ ❝✐r❝✉✐t ❡❧❡♠❡♥ts ✭s✐♥❝❡ t❤❡ ❧♦ss ✇✐❧❧ ✐♥✢✉❡♥❝❡ t❤❡ ✐♥❞✉❝t❛♥❝❡ ✈❛❧✉❡
❛♥❞ ❝♦♥s❡q✉❡♥t❧② t❤❡ r❡s♦♥❛♥❝❡ ❢r❡q✉❡♥❝②✮✳ ❚❛❜❧❡ ✷✳✷ r❡♣r❡s❡♥ts t❤❡ ▲❈ ✈❛❧✉❡s ❢♦r
❛ t②♣✐❝❛❧ sq✉❛r❡ r✐♥❣ ✭ ♣❡r✐♦❞✐❝✐t② ❂ ✶✹ mm✱ ✇✐❞t❤ ♦❢ ♦✉t❡r sq✉❛r❡ ❂ ✶✷ mm ❛♥❞
r✐♥❣ t❤✐❝❦♥❡ss ❂ ✶ mm✮ ✇❤❡♥ ✐ts ❞✐♠❡♥s✐♦♥s ❛r❡ ❛❧❧ s❝❛❧❡❞ ❜② t❤❡ ❣✐✈❡♥ ❢❛❝t♦r✳ ❆s
s❡❡♥ ❢r♦♠ t❤❡ t❛❜❧❡ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✈❛❧✉❡ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ s❝❛❧❡ ❢❛❝t♦r✳

❙❝❛❧❡ Fr(GHz) ❈ ✭ pF✮ ▲ ✭ nH✮
1 10 0.1 2.54
0.8 12.51 0.08 2.02
0.6 16.68 0.06 1.52

❚❛❜❧❡ ✶✿ ❊✛❡❝t ♦❢ s❝❛❧✐♥❣ ♦♥ ▲❈ ✈❛❧✉❡s ♦❢ t❤❡ sq✉❛r❡ r✐♥❣✳

❚❤❡ t❤✐r❞ ❧✐♠✐t✐♥❣ ❢❛❝t♦r ✐s t❤❡ ❤❛r♠♦♥✐❝s ♦❢ t❤❡ ❢✉♥❞❛♠❡♥t❛❧ r❡s♦♥❛♥❝❡✱ r❡✲
str✐❝t✐♥❣ t❤❡ ❢r❡q✉❡♥❝② ❜❛♥❞ ♦✈❡r ✇❤✐❝❤ t❤❡ ❘▲❈ ♠♦❞❡❧ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❋❙❙



✽

♣❛tt❡r♥✳ ❚❤✐s ❢❡❛t✉r❡ ✐s s❦✐♣♣❡❞ ✐♥ ❝❛s❡ ♦❢ sq✉❛r❡ ♣❛t❝❤❡s ✭w/a ≥ 0.7✮✱ s✐♥❝❡ t❤❡②
❛r❡ ❧♦✇✲♣❛ss str✉❝t✉r❡s ❛♥❞ ❞♦ ♥♦t ♣♦ss❡ss ❛♥② r❡s♦♥❛♥❝❡ ❛♥❞ ❤❛r♠♦♥✐❝s ♦✈❡r ❛ ✈❡r②
❧❛r❣❡ ❜❛♥❞✇✐❞t❤✳ ❚❤❡r❡❢♦r❡✱ t❤❡ sq✉❛r❡ ♣❛t❝❤ ❝❛♥ ❜❡ ♠♦❞❡❧❡❞ ♠♦r❡ ❛❝❝✉r❛t❡❧② ♦✈❡r
❛ ✈❡r② ✇✐❞❡❜❛♥❞ ❜❛♥❞✇✐❞t❤ t❤❛♥ r❡s♦♥❛t✐♥❣ ♣❛tt❡r♥s✳ ❚❤✐s ✐s ♦♥❡ ♠❛❥♦r r❡❛s♦♥ ✇❤②
t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡rs ✐♥ ♣r❛❝t✐❝❡ ❛r❡ ♠♦r❡ ❝♦♥✈❡♥✐❡♥t t♦ ✇♦r❦ ✇✐t❤ t❤❛♥
t❤❡ r❡s♦♥❛t✐♥❣ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs✳ ❋✐❣✳ ✻✭❛✮ s❤♦✇s t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢
t❤❡ sq✉❛r❡ r✐♥❣ ♦❢ t❤❡ ♣r❡✈✐♦✉s ❡①❛♠♣❧❡ ❛♥❞ ❋✐❣✳ ✻✭❜✮ t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ ❛
✇✐❞❡❜❛♥❞ r❡s♦♥❛t✐♥❣ ♣❛tt❡r♥✱ t❤❡ ❤❡①❛❣♦♥ r✐♥❣✳ ❆❧s♦ t❤❡ ▲❈ ♠♦❞❡❧s ❛r❡ ❝♦♠♣❛r❡❞
✇✐t❤ t❤❡ ❛❝t✉❛❧ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡s t♦ s❤♦✇ t❤❡ ❧✐♠✐t❛t✐♦♥ ♦❢ t❤❡✐r ❜❛♥❞✇✐❞t❤s✳ ■♥
❋✐❣✳ ✻✭❝✮ ❛ s❧✐❣❤t ❞❡✈✐❛t✐♦♥ ❢r♦♠ ♥♦r♠❛❧ ✐♥❝✐❞❡♥❝❡ ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❡①❝✐t❡ t❤❡ ❤❛r✲
♠♦♥✐❝s str♦♥❣ ❡♥♦✉❣❤ ❢♦r ✈✐s✉❛❧✐③❛t✐♦♥✳ ❋♦r ❛ ❢❛✐r ❝♦♠♣❛r✐s♦♥ t❤❡ s❛♠❡ ♣❡r✐♦❞✐❝✐t②
❛s t❤❡ sq✉❛r❡ ♣❛t❝❤❡s ♦❢ ❋✐❣✳ ✺ ✐s ✉s❡❞ ❢♦r t❤❡ r✐♥❣ ❡❧❡♠❡♥ts✳ ❈♦♠♣❛r❡ t❤❡ ❜❛♥❞✇✐❞t❤
♦❢ t❤❡ ❘▲❈ ♠♦❞❡❧s ♦❢ ❋✐❣✳ ✻ ✇✐t❤ t❤❡ ✈❡r② ❛❝❝✉r❛t❡ ❘❈ ♠♦❞❡❧ ♦❢ ❋✐❣✳ ✺✳

❋r♦♠ t❤❡ ❛❜♦✈❡ st❛t❡♠❡♥ts ♦♥ ❤✐❣❤ ❢r❡q✉❡♥❝② ❜❛♥❞ ❧✐♠✐ts ❛♥❞ t❤❡ t❤❡♦r❡t✐❝❛❧
❧✐♠✐ts ♦❢ t❤❡ ♣r❡✈✐♦✉s s✉❜s❡❝t✐♦♥ ❢♦r t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❜❛♥❞✱ ✐t ✐s ❝♦♥❝❧✉❞❡❞ t❤❛t ❢♦r
t❤❡ ❝❧❛ss ♦❢ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ✇✐t❤ ♠❛①✐♠✉♠ t❤r❡❡ ❋❙❙ ❧❛②❡rs ✭❏❛✉♠❛♥♥ ❛♥❞
❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐ts ✐♥❝❧✉❞❡❞✮ t❤❡ ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ❤❛r❞❧② ❝♦✈❡rs ✸ ♦❝t❛✈❡s✳ ■❢
t❤✐s ❛❝❤✐❡✈❛❜❧❡ ❜❛♥❞✇✐❞t❤ ✐s ❝♦✈❡r❡❞ ❜② ❛ s✐♠♣❧❡✱ ❢❛st ❛♥❞ ✢❡①✐❜❧❡ ♠❡t❤♦❞✱ t❤❡r❡ ✐s
♥♦ ♥❡❡❞ t♦ ❧♦♦❦ ❢♦r ♠♦r❡ ❝♦♠♣❧❡① ❞❡s✐❣♥s✳ ❚❤❡ ❞❡s✐❣♥ ❡①❛♠♣❧❡s ♦❢ t❤❡ ♥❡①t s❡❝t✐♦♥
❛♥❞ t❤❡✐r ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ ❜❡st ❛❜s♦r❜❡rs ♣✉❜❧✐s❤❡❞ ✈❡r✐❢② t❤✐s ❢❛❝t✳

❇❡❢♦r❡ ❡♥❞✐♥❣ t❤❡ s❡❝t✐♦♥ t❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ ❋✐❣✳ ✶ ✐s r❡❝♦♥s✐❞❡r❡❞✳ ■t ✇❛s
s❤♦✇♥ t❤❛t t❤❡ ❡❧✐♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡s ❢r♦♠ t❤❡ ❘▲❈ ❝✐r❝✉✐ts ❞♦❡s ♥♦t ❛✛❡❝t
t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❛❜s♦r♣t✐♦♥ s✐♥❝❡ t❤❡ ✐♥❞✉❝t❛♥❝❡ ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❣r♦✉♥❞ ♣❧❛♥❡✳
❇✉t ❡❧✐♠✐♥❛t✐♦♥ ♦❢ t❤❡ ✐♥❞✉❝t❛♥❝❡s ❢r♦♠ t❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ❞❡❝r❡❛s❡s t❤❡ ❝✐r❝✉✐t
♦r❞❡r✱ s♦ ❤♦✇ ❝❛♥ ✐t ❛❝❤✐❡✈❡ t❤❡ s❛♠❡ ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ❛s t❤❡ ❝✐r❝✉✐t ❛♥❛❧♦❣
❛❜s♦r❜❡rs❄ ❚❤❡ ❛♥s✇❡r t♦ t❤❡ q✉❡st✐♦♥ ✐s t❤❡ r❡❛❧ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t
❛❜s♦r❜❡rs✳ ■♥ ❝♦♥tr❛st t♦ ❝✐r❝✉✐t ❛♥❛❧♦❣ ♦r ❏❛✉♠❛♥♥ ❛❜s♦r❜❡rs✱ t❤❡ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs
❛r❡ ♥♦t r❡str✐❝t❡❞ t♦ ❜❡ ❛ q✉❛rt❡r ♦❢ ❛ ✇❛✈❡❧❡♥❣t❤ ❛t ❛ ❝❡♥t❡r ❢r❡q✉❡♥❝②✳ ❚❤❡r❡❢♦r❡✱
❡q✉❛❧ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥❞✉❝t❛♥❝❡s r❡❞✉❝❡❞✱ ♥❡✇ ✈❛r✐❛❜❧❡ ✭t❤✐❝❦♥❡ss✮ ✐s ❛❞❞❡❞ t♦
t❤❡ ❝✐r❝✉✐t✳ ❚❤✐s ❦❡❡♣s t❤❡ ♦r❞❡r ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ✉♥❝❤❛♥❣❡❞✳ ❚❤❡
✢❡①✐❜✐❧✐t② ♦❢ ❧❛②❡r t❤✐❝❦♥❡ss r❡s✉❧ts s♦♠❡t✐♠❡s ✐♥ ❞❡s✐❣♥s t❤✐♥♥❡r t❤❛♥ ❝♦♥✈❡♥t✐♦♥❛❧
♠❡t❤♦❞s✱ ✇❤✐❝❤ ✐s ✈❡r② ✐♥t❡r❡st✐♥❣ ❢♦r s♦♠❡ ❛♣♣❧✐❝❛t✐♦♥s ✭♠❛②❜❡ ✇✐t❤ ❛ tr❛❞❡♦✛
❢♦r s♠❛❧❧ ❜❛♥❞✇✐❞t❤ r❡❞✉❝t✐♦♥✱ ❝❛s❡ ❞❡♣❡♥❞❡♥t✮✳ ❚♦ ✈❡r✐❢② t❤❛t t❤✐s r❡♣❧❛❝❡♠❡♥t ♦❢
✈❛r✐❛❜❧❡s ✐s ♣♦ss✐❜❧❡ ❛ ❞❡s✐❣♥ ❡①❛♠♣❧❡ ✐♥ ❝✐r❝✉✐t ♠♦❞❡❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳ ❆ ❝❛♣❛❝✐t✐✈❡
❝✐r❝✉✐t ❛❜s♦r❜❡r ❛♥❞ ❛ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ❛r❡ ❞❡s✐❣♥❡❞ ✭t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts✮
❛♥❞ ❝♦♠♣❛r❡❞ t♦ ✈❡r✐❢② t❤❛t t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ✐♥❞✉❝t❛♥❝❡s ❝❛♥ ❜❡ ❝♦♠♣❡♥s❛t❡❞ ❜②
✈❛r✐❛❜❧❡ tr❛♥s♠✐ss✐♦♥s ❧✐♥❡ ❧❡♥❣t❤s ✭❞✐❡❧❡❝tr✐❝ ❧❛②❡r t❤✐❝❦♥❡ss❡s✮✳

✸ ❉❡s✐❣♥ ❡①❛♠♣❧❡s✱ ❝♦♠♣❛r✐s♦♥s ❛♥❞ ❡①♣❧❛♥❛t✐♦♥s

■♥ t❤✐s s❡❝t✐♦♥ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ❡①❛♠♣❧❡s ❛r❡ ♣r♦✈✐❞❡❞ t♦ ❞❡♠♦♥str❛t❡ t❤❡ ❤✐❣❤ ♣♦t❡♥✲
t✐❛❧s ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✳ ❈♦♠♣❛r✐s♦♥s t♦ ✇❡❧❧✲❦♥♦✇♥ ✇✐❞❡❜❛♥❞ ❞❡s✐❣♥s
s❤♦✇ t❤❛t ✐♠♣r♦✈❡♠❡♥ts ✐♥ ❜♦t❤ t❤✐❝❦♥❡ss ❛♥❞ ❜❛♥❞✇✐❞t❤ ❛r❡ ♣♦ss✐❜❧❡✳ ■♥ t❤❡ ✜rst
t❤r❡❡ ❡①❛♠♣❧❡s ❛❧❧ t❤❡ ♣❤②s✐❝❛❧ ❛♥❞ ❡❧❡❝tr✐❝❛❧ ❞❡t❛✐❧s ♦❢ t❤❡ ❛❜s♦r❜❡rs ❛r❡ ♣r❡s❡♥t❡❞
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Solid Curve : EM Simulation
Dashed Curve : LC Model
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Dashed Curve : Square Ring
Solid Curve : Hexagon Ring

(C)

❋✐❣✉r❡ ✻✿ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✭tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥t✮ ♦❢ ❛ sq✉❛r❡ ❛♥❞ ❤❡①❛❣♦♥
r✐♥❣ ✐♥❞✐❝❛t✐♥❣ t❤❡ ❡✛❡❝t ♦❢ ❤❛r♠♦♥✐❝s ♦♥ t❤❡ ❘▲❈ ♠♦❞❡❧ ❜❛♥❞✇✐❞t❤✳ ✭❛✮ ◆♦r♠❛❧
✐♥❝✐❞❡♥❝❡✱ ❙q✉❛r❡ r✐♥❣ ✭❜✮ ◆♦r♠❛❧ ✐♥❝✐❞❡♥❝❡✱ ❍❡①❛❣♦♥ r✐♥❣ ✭❝✮ ❖❜❧✐q✉❡ ❛♥❣❧❡ ♦❢
✐♥❝✐❞❡♥❝❡❂ ✶✺◦✳ ✭♣❡r✐♦❞✐❝✐t② ✐♥ ①✲❞✐r❡❝t✐♦♥ ✶✳✹ cm✮
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❋✐❣✉r❡ ✼✿ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ ❛ t❤r❡❡ ❧❛②❡r❡❞ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r ❝♦♠✲
♣❛r❡❞ ✇✐t❤ ❛ t❤r❡❡ ❧❛②❡r❡❞ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✳ ✭❈✐r❝✉✐t ▼♦❞❡❧✱ ❖♣❡r❛t✐♥❣
❜❛♥❞ ✸✕✶✽ GHz✱ r❡t✉r♥ ❧♦ss ❂ ✷✺ dB✮



✶✶

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

✸✳✶ ❚❤✐♥ ✇✐❞❡❜❛♥❞ ❆❜s♦r❜❡r

❉❡s✐❣♥✐♥❣ ❛ t❤✐♥ ❛❜s♦r❜❡r ✇✐t❤ ❛ ✇✐❞❡❜❛♥❞ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✐s ❛ ❝❤❛❧❧❡♥❣✐♥❣ ♣r♦❜✲
❧❡♠✳ ❋r♦♠ t❤❡ t❤❡♦r❡t✐❝❛❧ ❜♦✉♥❞ ✭❊q✳ ✷✳✶✮ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t r❡❞✉❝t✐♦♥ ♦❢ t❤✐❝❦♥❡ss
r❡❞✉❝❡s t❤❡ ❜❛♥❞✇✐❞t❤✳ ❆ ❝♦♠♠♦♥ ❛♣♣r♦❛❝❤ t♦ ❝♦♥str✉❝t s✉❝❤ ❛♥ ❛❜s♦r❜❡r ✐s t♦ ✉s❡
♠❡t❛♠❛t❡r✐❛❧s ✱ s♦♠❡t✐♠❡s ❛❝❝♦♠♣❛♥✐❡❞ ✇✐t❤ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ♦♣t✐♠✐③❛t✐♦♥ ❬✹✱ ✻✕
✽❪✳ ❚❤❡ ❞❡s✐❣♥s ♣r♦♣♦s❡❞ ❜② t❤❡ ♣❛♣❡rs ❛r❡ ❡①tr❡♠❡❧② ♥❛rr♦✇❜❛♥❞ ✭❧❡ss t❤❛♥ ✶✵✪✱
❡✳❣✳✱ ❞❡s✐❣♥s ✐♥ ❬✼❪✮ ✇❤✐❝❤ ✐♥ ♠♦st ❝❛s❡s ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❡❛s✐❧② ❜② ❛ ❙❛❧✐s❜✉r② t❤✐♥
❛❜s♦r❜❡r ✭❤✐❣❤ ♣❡r♠✐tt✐✈✐t② ❢♦r t❤❡ s✉❜str❛t❡✮✳ ■t ✐s s❤♦✇♥ t❤❛t t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t
♠❡t❤♦❞ ✐s ❛❜❧❡ t♦ ♦✛❡r ❛ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t ❜♦t❤ ✐♥ t❤✐❝❦♥❡ss ❛♥❞ ❜❛♥❞✇✐❞t❤
❝♦♠♣❛r❡❞ t♦ t❤❡ ❙❛❧✐s❜✉r② s❝r❡❡♥ ❜② ♣r♦♣❡r ❞❡s✐❣♥✳ ■t ✐s ❡①♣❧❛✐♥❡❞ ✇❤② s♦♠❡ ♦❢ t❤❡
♣r♦♣♦s❡❞ ♠❡t❛✲s✉r❢❛❝❡s ❢❛✐❧ t♦ ❛❝❤✐❡✈❡ ❛♥② ♣r❛❝t✐❝❛❧ ❜❛♥❞✇✐❞t❤✳ ❚❤❡ s❝❤❡♠❛t✐❝ ♦❢
❛ s✐♥❣❧❡ ❧❛②❡r ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✭❜✮✳ ❙✐♥❝❡ t❤❡ ❙❛❧✐s❜✉r②
s❝r❡❡♥ ❤❛s ✐ts ❧❛r❣❡st ❜❛♥❞✇✐❞t❤ ❢♦r s✉❜str❛t❡ ♣❡r♠✐tt✐✈✐t② ǫr = 1✱ t❤❡ ❈❈❆ ✐s ❛❧s♦
❞❡s✐❣♥❡❞ ✇✐t❤ t❤✐s ♣❡r♠✐tt✐✈✐t② t♦ ❡♠♣❤❛s✐③❡ t❤❛t t❤❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ t❤✐❝❦♥❡ss ✐s
❛❝❤✐❡✈❡❞ ❜② t❤❡ ♠❡t❤♦❞ ✐ts❡❧❢ ❛♥❞ ♥♦t ❜② ❤✐❣❤ ♣❡r♠✐tt✐✈✐t② ♦❢ s✉❜str❛t❡✳ ❚❛❜❧❡ ✸✳✶
♣r❡s❡♥ts ✈❛❧✉❡s ♦❢ t❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ❝♦♠♣♦♥❡♥ts ❢♦r ❛❝❤✐❡✈✐♥❣ t❤❡ ❜❡st ♣♦ss✐❜❧❡ ❜❛♥❞✲
✇✐❞t❤ ❢♦r t❤❡ ❣✐✈❡♥ t❤✐❝❦♥❡ss✳ ❆s s❡❡♥ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❈❈❆ ✐s r❡❞✉❝❡❞ ❛❜♦✉t
✷✼✪ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❙❛❧✐s❜✉r② s❝r❡❡♥✳ ❈♦♠♣❛r✐s♦♥ ♦❢ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡
❈❈❆ ✇✐t❤ t❤❡ ❙❛❧✐s❜✉r② s❝r❡❡♥✱ ❋✐❣✳ ✾✱ s❤♦✇s r❡♠❛r❦❛❜❧❡ ❜❛♥❞✇✐❞t❤ ✐♠♣r♦✈❡♠❡♥t
❛❜♦✉t ✺✼✪ ✳ ❚❤❡ ❘❈ ✈❛❧✉❡s ♦❢ t❤❡ t❤✐♥ ❈❈❆✱ r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✸✳✶ ❛r❡ s②♥t❤❡✲
s✐③❡❞ ❜② ❛ r❡s✐st✐✈❡ sq✉❛r❡ ♣❛t❝❤ ✇✐t❤ a = 15mm, w = 13mm ❛♥❞ Rs = 218Ω/Sq✳
❚❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ✷✵ dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤s ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✸✳✶✳ ❚❤✐♥♥❡r
❛❜s♦r❜❡rs ❛r❡ ❛❧s♦ ♣♦ss✐❜❧❡ t♦ ❞❡s✐❣♥ ✐♥ tr❛❞❡♦✛ ✇✐t❤ ❜❛♥❞✇✐❞t❤✳ ■t ✐s ✐♠♣♦rt❛♥t
t♦ ♥♦t✐❝❡ t❤❛t ❛❧t❤♦✉❣❤ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❈❈❆ ✐s r❡❞✉❝❡❞ ❜② ❛ ❢❛❝t♦r ♦❢ ✵✳✼✷✺✱
✐t r❡♣r❡s❡♥ts t❤❡ s❛♠❡ ❧♦✇ ❢r❡q✉❡♥❝② ❜❡❤❛✈✐♦r ❛s t❤❡ ❙❛❧✐s❜✉r② s❝r❡❡♥✱ s❡❡ ❋✐❣✳ ✾✳
■t s❤♦✇s t❤❛t ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✉s❡s t❤❡ ❧♦✇ ❢r❡q✉❡♥❝② ❜❛♥❞ ❞✐❝t❛t❡❞ ❜②
t❤❡ t❤❡♦r❡t✐❝❛❧ ❜♦✉♥❞ ✭❊q✳✷✳✷✮ ♠♦r❡ ❡✣❝✐❡♥t❧② t❤❛♥ ❙❛❧✐s❜✉r②✳ ◆♦✇✱ t✇♦ ✐♠♣♦rt❛♥t
q✉❡st✐♦♥s ❛r❡ ♣♦s❡❞✳ ❚❤❡ ❛♥s✇❡rs t♦ t❤❡♠ ❛r❡ ❤❡❧♣❢✉❧ ❢♦r ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❜❡❛✉t②
♦❢ t❤❡ ❈❈❆ ❛♣♣r♦❛❝❤✳

✶✳ ■s ✐t ♣♦ss✐❜❧❡ t♦ ✐♠♣r♦✈❡ ❜❛♥❞✇✐❞t❤ ❜② ✉s✐♥❣ ❝✐r❝✉✐t ❛♥❛❧♦❣ ✭r❡s♦♥❛t✐♥❣ ❘▲❈✮
❛♣♣r♦❛❝❤❄

✷✳ ❲❤② ❞♦ ♠♦st ♦♣t✐♠✐③❡❞ ♣❛tt❡r♥s ✭♠❡t❛♠❛t❡r✐❛❧s✮ ❢❛✐❧ ✐♥ ❛❝❤✐❡✈✐♥❣ ❛ ❣♦♦❞
❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤❄

❈♦♥s✐❞❡r t❤❡ ❙♠✐t❤ ❝❤❛rt ♦❢ ❋✐❣✳ ✽✭❛✮✳ ❚❤❡ ❝✉r✈❡ ♠❛r❦❡❞ ❜② ✭✶❛✮ r❡♣r❡s❡♥ts t❤❡
✐♠♣❡❞❛♥❝❡ s❡❡♥ ❛t t❤❡ ♣♦✐♥t ✭✶❛✮ ♦❢ t❤❡ s❝❤❡♠❛t✐❝ ♦❢ ❋✐❣✳ ✽✭❜✮✳ ❆s s❡❡♥✱ ✐♥ t❤❡ ✇❤♦❧❡
❛❜s♦r♣t✐♦♥ ❜❛♥❞ t❤✐s ✐♠♣❡❞❛♥❝❡ ✐s ✐♥❞✉❝t✐✈❡ ❢♦r t❤❡ ❣✐✈❡♥ t❤✐❝❦♥❡ss✳ ❚❤❡r❡❢♦r❡✱
❛❞❞✐t✐♦♥❛❧ ✐♥❞✉❝t❛♥❝❡s ✐♥ t❤❡ ❘▲❈ ❝✐r❝✉✐t ✐s ♥♦t ♦♥❧② ❤❡❧♣❢✉❧ ❜✉t ❛❧s♦ ❞❡str✉❝t✐✈❡
❢♦r ♠❛t❝❤✐♥❣✳ ❚❤✐s ✐s ❛ ❣♦♦❞ ❡①❛♠♣❧❡ t♦ s❤♦✇ t❤❛t t❤❡r❡ ❛r❡ ❝❛s❡s ✐♥ ✇❤✐❝❤ t❤❡
❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✐s ♠♦r❡ ✢❡①✐❜❧❡ t❤❛♥ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡r✳

❚♦ ❛♥s✇❡r t❤❡ s❡❝♦♥❞ q✉❡st✐♦♥✱ ❛ ❝❧♦s❡ ❧♦♦❦ ❛t ❛ ♠❡t❛♠❛t❡r✐❛❧ ♣❛tt❡r♥ ❛♥❞ ✐ts
❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✐s ♥❡❡❞❡❞✳ ❋♦r t❤✐s ♣✉r♣♦s❡ t❤❡ ✜rst ♣❛tt❡r♥ ♣r♦♣♦s❡❞ ❜② ❑❡r♥
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▼❡t❤♦❞ ❚❤✐❝❦♥❡ss✭mm✮ R1 ✭Ω✮ C1 ✭ pF✮
❙❛❧✐s❜✉r② 8 367 ✕

❈❛♣❛❝✐t✐✈❡ ❈✐r❝✉✐t 5.8 318.8 ✵✳✶✸✺

❚❛❜❧❡ ✷✿ ❚❤❡ ❡❧❡❝tr✐❝❛❧ ✈❛❧✉❡s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts ❢♦r s❛❧✐s❜✉r② ❛♥❞ ❝❝❛✱ s❡❡
❋✐❣✳ ✽✭❜✮✳

▼❡t❤♦❞ FL(GHz) FH(GHz) BW (GHZ)
❙❛❧✐s❜✉r② 8.18 10.55 2.37

❈❛♣❛❝✐t✐✈❡ ❈✐r❝✉✐t 8.14 ✶✶✳✽✼ 3.73

❚❛❜❧❡ ✸✿ 20 dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s❛❧✐s❜✉r② ❛♥❞ ❝❝❛✳ ✭❋✉❧❧
✇❛✈❡ s✐♠✉❧❛t✐♦♥✱ s❡❡ ❋✐❣✳ ✾✳✮

❛♥❞❲❡r♥❡r ❬✼❪ ✐s ❝♦♥s✐❞❡r❡❞ ❛♥❞ ❛♥ ❡①tr❡♠❡❧② ❛❝❝✉r❛t❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ✈❛❧✐❞
♦✈❡r ❛ ✇✐❞❡❜❛♥❞ ❢r❡q✉❡♥❝② r❛♥❣❡ ✐s ♣r♦♣♦s❡❞✱ s❡❡ ❋✐❣✳ ✶✵✳ ❚♦ s❡❡ t❤❡ r❡s♦♥❛♥❝❡s ♦❢
t❤❡ ♠❡t❛✲s✉r❢❛❝❡ ❝❧❡❛r❧② ❛♥❞ ❢♦❝✉s ♦♥ ✐ts ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ❝❤❛r❛❝t❡r✐st✐❝s ✭r❡❛❝t✐✈❡
♣❛rt ♦❢ ❡q✉✐✈❛❧❡♥t ❧♦❛❞ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ t❤❡ ❧♦ss ❢♦r ♦✉r ♣✉r♣♦s❡✮ t❤❡ ❧♦ss❧❡ss
❝❛s❡ ✭P❊❈✮ ✐s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ✉♥✐t ❝❡❧❧ ♣❛tt❡r♥ ♦❢ t❤❡ ♠❡t❛✲s✉r❢❛❝❡ ✐s s❤♦✇♥ ✐♥
❋✐❣✳ ✶✵✭❛✮ ❛♥❞ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✇❤✐❝❤ ✐s ✈❛❧✐❞ ♦✈❡r t❤❡ ✇❤♦❧❡ ❢r❡q✉❡♥❝② ❜❛♥❞
♦❢ ✐♥t❡r❡st ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✵✭❜✮✳ ❚❤❡ ❝✐r❝✉✐t ♠♦❞❡❧ ❝♦♥s✐sts ♦❢ ❛ ♣❛r❛❧❧❡❧ ▲❈
♥❡t✇♦r❦ ✭L2 ✫ C2✮ ❝♦♥♥❡❝t❡❞ ✭✐♥ ♣❛r❛❧❧❡❧✮ t♦ ❛ s❡r✐❡s ▲❈ ♥❡t✇♦r❦ ✭L1 ✫ C1✮✳ ❚❤❡
♣❛r❛❧❧❡❧ ▲❈ ♥❡t✇♦r❦ ♠♦❞❡❧s t❤❡ ❡✛❡❝t✐✈❡ s❧♦t ❛r❡❛ ♦❢ t❤❡ ♣❛tt❡r♥ ❛♥❞ t❤❡ s❡r✐❡s
▲❈ ✐ts r✐♥❣ ❡✛❡❝t✐✈❡ ❛r❡❛✳ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ♠❡t❛✲s✉r❢❛❝❡ s✐♠✉❧❛t❡❞
✐♥ ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s♦❧✈❡r ✇✐t❤ ❤✐❣❤ ♣r❡❝✐s✐♦♥ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡
❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✵✭❝✮✳ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✭r❡✢❡❝t✐♦♥
❝♦❡✣❝✐❡♥t✮ ♦❢ t❤❡ ♠❡t❛ s✉r❢❛❝❡ ❤❛s ❛ ♥✉❧❧ ❛t ✽✳✹✹ GHz ✭❞✉❡ t♦ t❤❡ ♠✉t✉❛❧ ❡✛❡❝t
♦❢ ♣❛r❛❧❧❡❧ ❛♥❞ s❡r✐❡s r❡s♦♥❛t♦rs✮ ❛♥❞ ❛ ♣❡❛❦ ❛t ✽✳✾✹✹ GHz ✭❞✉❡ t♦ r❡s♦♥❛♥❝❡ ♦❢
t❤❡ s❡r✐❡s ▲❈✮✱ ❛❧s♦ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ s❤♦✇s t❤❛t t❤❡ ❡✛❡❝t✐✈❡ s❧♦t ❤❛s
❛ r❡s♦♥❛♥❝❡ ♦❢ ✶✶✳✺ GHz✳ ❇② ❣✐✈✐♥❣ t❤✐s ✈❛❧✉❡s✱ ✐t ✐s s✉r♣r✐s✐♥❣ t❤❛t t❤❡ ❛❜s♦r❜❡r
♦❢ ❑❡r♥ ❛♥❞ ❲❡r♥❡r ❬✼❪ ✐s ♦♣t✐♠✐③❡❞ ❛t ✻GHz✱ ✇❤❡r❡ t❤❡ ♠❡t❛✲s✉r❢❛❝❡ ✐s ✐♥❞✉❝t✐✈❡✳
❚❤❡r❡❢♦r❡✱ t❤❡② ❤❛❞ t♦ ✉s❡ ❛ s✉❜str❛t❡ ✇✐t❤ ǫr = 6 t♦ ❧♦✇❡r ❞♦✇♥ t❤❡ r❡s♦♥❛♥❝❡
❢r❡q✉❡♥❝✐❡s ❛♥❞ ✐♥❝r❡❛s✐♥❣ t❤❡ ❝❛♣❛❝✐t❛♥❝❡s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✇✐t❤♦✉t ♣❛②✐♥❣
❛tt❡♥t✐♦♥ t❤❛t ❢♦r t❤✐s ❤✐❣❤ ♣❡r♠✐tt✐✈✐t② t❤❡ t❤✐❝❦♥❡ss t♦ ✇❛✈❡❧❡♥❣t❤ r❛t✐♦ ✐s ♥♦t 1/10
❛♥❞ ✐♥❝r❡❛s❡s t♦ 0.245 ✐✳❡✳ t❤❡ ❡❧❡❝tr✐❝❛❧ t❤✐❝❦♥❡ss ♦❢ ❙❛❧✐s❜✉r② s❝r❡❡♥✱ ❜✉t st✐❧❧ t❤❡✐r
❞❡s✐❣♥ ❞♦❡s ♥♦t ❤❛✈❡ ❛♥② ❜❛♥❞✇✐❞t❤ ✐♠♣r♦✈❡♠❡♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐♠♣❧❡ ❙❛❧✐s❜✉r②
s❝r❡❡♥✳ ❚♦ s✉♠♠❛r✐③❡✱ ✐❢ ❛♥② ✉♥✐t ❝❡❧❧ ♣❛tt❡r♥ ❢♦r t❤❡ ❋❙❙✱ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✇❤❛t
✐s ♥❛♠❡❞ ✭♠❡t❛✲s✉r❢❛❝❡ ♦r ❛rt✐✜❝✐❛❧ ♠❛❣♥❡t✐❝ ❝♦♥❞✉❝t♦r ❛♥❞ s♦ ♦♥✮ ✐s ❣♦✐♥❣ t♦ ❜❡
✉s❡❞ ❢♦r ❝♦♥str✉❝t✐♥❣ ❛ t❤✐♥ ❛❜s♦r❜❡r✱ ✐t ♠✉st ❜❡ ❝❛♣❛❝✐t✐✈❡ ✐♥ t❤❡ ✇❤♦❧❡ ❛❜s♦r♣t✐♦♥
❜❛♥❞✳ ❚❤❡r❡❢♦r❡✱ ❢♦r❝✐♥❣ t❤❡ ♦♣t✐♠✐③❡r t♦ s❡❛r❝❤ ❛♠♦♥❣ ❛ s❡t ♦❢ ♣❛tt❡r♥s t❤❛t t❤❡②
❤❛✈❡ r❡❞✉♥❞❛♥t ✐♥❞✉❝t❛♥❝❡s ✇✐❧❧ ♥♦t r❡s✉❧t ✐♥ ❣♦♦❞ ❞❡s✐❣♥s✳
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zHG 31.8  
801.0  gaM

geD 8.09   gnA

zHG 9.11  
801.0  gaM

geD 611-   gnA

zHG 9.11  
1      gaM

geD 9.41   gnA

zHG 31.8  
1      gaM

geD 8.66   gnA

1a

1b

❋✐❣✉r❡ ✽✿ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ t❤❡ t❤✐♥ ✇✐❞❡❜❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t
❛❜s♦r❜❡r✳ ✭❛✮ ❚❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛t ♣♦✐♥ts 1a ❛♥❞ 1b✳ ✭❜✮ ❚❤❡ s❝❤❡♠❛t✐❝ ♦❢
t❤❡ s✐♥❣❧❡ ❧❛②❡r ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r✳
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Dashed Curve : Salisbury
Solid Curve : Capacitive Circuit 

❋✐❣✉r❡ ✾✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❙❛❧✐s❜✉r② ❛♥❞ t❤❡ t❤✐♥ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r
❜❛♥❞✇✐❞t❤s✳ ✭❋✉❧❧ ✇❛✈❡ s✐♠✉❧❛t✐♦♥✳✮
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( c )

Solid Curve : EM Simulation
Dashed Curve : Equivalent Circuit Model

❋✐❣✉r❡ ✶✵✿ ❚❤❡ ❛❝❝✉r❛t❡ ♠♦❞❡❧ ♦❢ ❛ ♠❡t❛♠❛t❡r✐❛❧ ❋❙❙✳ ✭❛✮ ❚❤❡ ♣❛tt❡r♥ ♦❢ t❤❡
✉♥✐t ❝❡❧❧ ✭♣❡r✐♦❞✐❝✐t② 2.73 cm✮✳ ✭❜✮ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧ ♦❢ t❤❡ ♠❡t❛✲s✉r❢❛❝❡
✭C1 = 0.0057 pF✱ L1 = 55.55 nH✱ Fr1 = 8.944GHz✱ C2 = 0.0628 pF✱ L1 = 3.05 nH✱
Fr2 = 11.5GHz✮✳ ✭❝✮ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ✭r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t✮ ♦❢ t❤❡ ♠❡t❛✲
s✉r❢❛❝❡ ❛♥❞ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♠♦❞❡❧✳ ✭❚❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♥✉❧❧ ❂ ✽✳✹✹GHz
❛♥❞ t❤❡ ♣❡❛❦ ❂ ✽✳✾✹✹GHz✳✮
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▼❡t❤♦❞ R1( Ω) R2( Ω) C2( pF)
❏❛✉♠❛♥♥ 157.08 538.57 ✕
❈❈❆ 130 416.57 0.097

❚❛❜❧❡ ✹✿ ❊q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ✈❛❧✉❡s ❢♦r ❏❛✉♠❛♥♥ ❛♥❞ ❈❈❆✱ s❡❡ ❋✐❣✳ ✶✶✭❛✮✳

▼❡t❤♦❞ d1(mm) d2(mm) d3(mm)
∑

di(mm)
❏❛✉♠❛♥♥ 4.3 4.3 3.6 12.2
❈❈❆ 4.1 3.5 3.4 11

❚❛❜❧❡ ✺✿ ❉✐❡❧❡❝tr✐❝ ❧❛②❡r t❤✐❝❦♥❡ss❡s ❢♦r ❏❛✉♠❛♥♥ ❛♥❞ ❈❈❆✱ s❡❡ ❋✐❣✳ ✶✶✭❛✮✳

✸✳✷ ❍✐❣❤ ❝♦♥tr❛st ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs

■t ✐s ❜❡❧✐❡✈❡❞ t❤❛t ❢♦r ❤✐❣❤ ♣❡r♠✐tt✐✈✐t② ♦❢ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs ✭s♣❛❝❡rs✮✱ t❤❡ ♦♥❧② ♣r❛❝t✐✲
❝❛❧ s♦❧✉t✐♦♥ ✐s t❤❡ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡r✳ ■t ✐s s❤♦✇♥ ❤❡r❡ t❤❛t t❤✐s ✐s ♥♦t tr✉❡ ❛♥❞ s✐❣✲
♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥ts ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ❡♠♣❧♦②✐♥❣ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✳
❚❤❡ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡r ♦❢ ❡①❛♠♣❧❡ ✾✳✸ ♦❢ ▼✉♥❦ ❬✾❪ ✐s s❡❧❡❝t❡❞ ❛s t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞
♦✉r ❞❡s✐❣♥ ✐s ❝♦♠♣❛r❡❞ t♦ ✐t✳ ❚♦ ♣r♦✈❡ t❤❛t t❤❡ ✐♠♣r♦✈❡♠❡♥ts ❛r❡ ❞✉❡ t♦ t❤❡ ♠❡t❤♦❞✱
t❤❡ s❛♠❡ ❞✐❡❧❡❝tr✐❝ ♣r♦✜❧❡ ❛♥❞ ❡①t❡r♥❛❧ s❦✐♥ ❛s ▼✉♥❦ ✐s ✉s❡❞ ❢♦r t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r✲
❝✉✐t ❛❜s♦r❜❡r✳ ❚❤❡ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ❛♥❞ t❤❡ ♣❛r❛♠❡t❡rs
✉s❡❞ ✐♥ t❤❡ ❞❡s✐❣♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✶✭❛✮✳ ❚❛❜❧❡ ✸✳✷ ❣✐✈❡s t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❘❈
❝♦♠♣♦♥❡♥ts ✉s❡❞ ✐♥ t❤❡ ❈❈❆ ❛♥❞ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡rs✳ ❚❛❜❧❡ ✸✳✷ r❡♣r❡s❡♥ts t❤❡
❞✐❡❧❡❝tr✐❝ t❤✐❝❦♥❡ss❡s ✉s❡❞ ✐♥ t❤❡ ❞❡s✐❣♥s✳ ❚❤❡ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❛❜s♦r❜❡r ✐s
r❡❞✉❝❡❞ ❛❜♦✉t ✶✵✪ ❜② ✉s✐♥❣ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t
❜❡❝❛✉s❡ ♦❢ ❤✐❣❤ ♣❡r♠✐tt✐✈✐t② ♦❢ t❤❡ ❧❛②❡rs✱ ✶✳✷ mm t❤✐❝❦♥❡ss r❡❞✉❝t✐♦♥ ✐s ❡q✉✐✈❛❧❡♥t
t♦ ❛ ❧❛r❣❡ ❡❧❡❝tr✐❝❛❧ ❧❡♥❣t❤ r❡❞✉❝t✐♦♥✱ ❛♥❞ ❛♠❛③✐♥❣❧② ✐t ✐s ❛❝❤✐❡✈❡❞ ❥✉st ❜② ❛❞❞✐♥❣
❛ ❝❛♣❛❝✐t❛♥❝❡ ✭❈✷✮ t♦ t❤❡ ❏❛✉♠❛♥♥ ❛❜s♦r❜❡r✱ s❡❡ ❋✐❣✳ ✶✶✭❛✮✳ ▼♦r❡ ✐♥t❡r❡st✐♥❣✱ ✐♥
❛❞❞✐t✐♦♥ t♦ t❤❡ t❤✐❝❦♥❡ss r❡❞✉❝t✐♦♥✱ ✶✺✪ ❜❛♥❞✇✐❞t❤ ✐♠♣r♦✈❡♠❡♥t ✐s ❛❧s♦ ❛❝❤✐❡✈❡❞✳
❚❛❜❧❡ ✸✳✷ ❣✐✈❡s t❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ✷✵dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ t✇♦ ♠❡t❤♦❞s
❛♥❞ ❋✐❣✳ ✶✶✭❜✮ s❤♦✇s t❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ ❜♦t❤ ❛❜s♦r❜❡rs✳ ■t ✐s ✐♠♣♦rt❛♥t t♦
♥♦t❡ t❤❛t ✐♥ s♣✐t❡ ♦❢ ❛ t❤✐❝❦♥❡ss r❡❞✉❝t✐♦♥ t❤❡ ❈❈❆ st✐❧❧ ❤❛s ❛ s❧✐❣❤t❧② ✐♠♣r♦✈❡❞ ❧♦✇
❢r❡q✉❡♥❝② r❡s♣♦♥s❡✳ ❚❤❡ ❘❈ ❝✐r❝✉✐t ♦❢ ❚❛❜❧❡ ✸✳✷ ✐s s②♥t❤❡s✐③❡❞ ❜② ❛ sq✉❛r❡ ♣❛t❝❤
✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛♠❡t❡rs ✿ a = 5mm, w = 4.1mm ❛♥❞ Rs = 278.7Ω/Sq✳ ❈♦♠✲
♣❛r✐s♦♥ ♦❢ t❤✐s ♣❡r✐♦❞✐❝✐t② t♦ t❤❡ ♣r❡✈✐♦✉s ❡①❛♠♣❧❡ ✭✶✺ mm✮ s❤♦✇s ❛ ❧❛r❣❡ r❡❞✉❝t✐♦♥✳
❚❤✐s ✐s ❞♦♥❡ t♦ ❛✈♦✐❞ ❛♥② ❡①tr❛ ♣r♦♣❛❣❛t✐♥❣ ♠♦❞❡ ✭❤✐❣❤❡r ♦r❞❡r ❋❧♦q✉❡t✬s ♠♦❞❡s✮
✐♥ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs ❞✉❡ t♦ ❤✐❣❤ ♣❡r♠✐tt✐✈✐t②✳

▼❡t❤♦❞ FL(GHz) FH(GHz) BW (GHZ)
❏❛✉♠❛♥♥ 4.8 15.9 11.1
❈❈❆ 4.69 ✶✼✳✺✷ 12.83

❚❛❜❧❡ ✻✿ 20 dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❥❛✉♠❛♥♥ ❛♥❞ ❝❝❛✳ ✭❋✉❧❧
✇❛✈❡ s✐♠✉❧❛t✐♦♥✱ s❡❡ ❋✐❣✳ ✶✶✭❜✮✳✮
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❋✐❣✉r❡ ✶✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✇✐t❤ t❤❡ ❏❛✉♠❛♥♥ ❛❜✲
s♦r❜❡r ♦❢ ❡①❛♠♣❧❡ ✾✳✸ ♦❢ ▼✉♥❦ ❬✾❪✳ ✭❛✮ ❚❤❡ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❈❈❆✳ ✭❜✮ ❋✉❧❧ ✇❛✈❡
s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ s②♥t❤❡s✐③❡❞ ❈❈❆ ❛❜s♦r❜❡r ❝♦♠♣❛r❡❞ t♦ t❤❡ ❏❛✉♠❛♥♥✳
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❋✐❣✉r❡ ✶✷✿ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ✉❧tr❛ ✇✐❞❡❜❛♥❞ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜✲
s♦r❜❡r✳ ✭❋✉❧❧ ✇❛✈❡ s✐♠✉❧❛t✐♦♥✱ 20 dB ❜❛♥❞✇✐❞t❤ ✹✕✷✹ GHz✱ t♦t❛❧ t❤✐❝❦♥❡ss ❂
15.1mm✳✮

✸✳✸ ❯❧tr❛ ✇✐❞❡❜❛♥❞ ❆❜s♦r❜❡r

❚❤❡ ♠❛✐♥ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs ✭r❡s♦♥❛t✐♥❣ ❘▲❈ ♠❡t❤♦❞✮ ✐s
✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡rs✱ ❡♠♣❧♦②✐♥❣ ❧♦✇ ❝♦♥tr❛st s♣❛❝❡rs ✭❢♦❛♠ ❛♥❞ ❤♦♥❡② ❝♦♠❜✱ ǫr ∼
1.1✮ ❜❡t✇❡❡♥ ❋❙❙ ❧❛②❡rs✳ ❚❤❡ ❛✐♠ ♦❢ t❤✐s s✉❜s❡❝t✐♦♥ ✐s t♦ s❤♦✇ t❤❛t ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t
❛❜s♦r❜❡rs ❝❛♥ ❝♦♠♣❡t❡ ✈❡r② ✇❡❧❧ ✇✐t❤ t❤❡s❡ ✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡rs✳ ❋♦r s✐♠♣❧✐❝✐t② ♦❢
t❤❡ ❡①❛♠♣❧❡ ✭❜✉t ♥♦t ❧❛❝❦ ♦❢ ❣❡♥❡r❛❧✐t②✮ ǫr = 1 ✐s ❝♦♥s✐❞❡r❡❞ ❢♦r ❛❧❧ ❧❛②❡rs✳ ❆ t❤r❡❡
❧❛②❡r ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ✐s ♣r❡s❡♥t❡❞ ✇✐t❤ ✉❧tr❛ ✇✐❞❡❜❛♥❞ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡
❝♦✈❡r✐♥❣ ✹✕✷✹ GHz ❜❛♥❞ ❛♥❞ ❛ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ ✶✺✳✶ mm✳ ❚❤❡ ❢r❡q✉❡♥❝② r❡s♣♦♥s❡
♦❢ t❤❡ ❛❜s♦r❜❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✷✳ ❚❤❡ ❘❈ ✈❛❧✉❡s ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❛r❡
❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✸✳✸✳ ❚❤❡ ❧❛②❡r t❤✐❝❦♥❡ss❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✸✳✸✳ ■t ✐s ✐♥t❡r❡st✐♥❣
t♦ ♥♦t❡ t❤❛t ❧❛②❡rs ❤❛✈❡ ❞✐✛❡r❡♥t t❤✐❝❦♥❡ss❡s ✐♥ ❝♦♥tr❛st t♦ t❤❡ q✉❛rt❡r✲✇❛✈❡❧❡♥❣t❤
❛♣♣r♦❛❝❤✳ ❚❤✐s ❧❡❛❞s t♦ ❛❜s♦r❜❡rs t❤❛t ✉s❡ t❤❡✐r t♦t❛❧ t❤✐❝❦♥❡ss ✭❛♥❞ t❤❡r❡❢♦r❡ t❤❡
❛❜s♦r♣t✐♦♥ ❜❛♥❞ ❞✐❝t❛t❡❞ ❢r♦♠ t❤❡♦r❡t✐❝❛❧ ❛♥❞ ♣r❛❝t✐❝❛❧ ❧✐♠✐ts✮ ♠♦r❡ ❡✣❝✐❡♥t❧②✳ ❚❤❡
❞✐♠❡♥s✐♦♥s ❛♥❞ s❤❡❡t r❡s✐st✐✈✐t② ♦❢ t❤❡ sq✉❛r❡ ♣❛t❝❤❡s t❤❛t s②♥t❤❡s✐③❡ t❤❡ ❘❈ ❝✐r❝✉✐ts
❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ✸✳✸✳



✶✽

R1( Ω) R2( Ω) C2( pF) R3( Ω) C3( pF)
196 424 0.12 779 0.05

❚❛❜❧❡ ✼✿ ❚❤❡ ❘❈ ✈❛❧✉❡s ♦❢ t❤❡ ❯❲❇ ❈❈❆ ❛❜s♦r❜❡r✳

d1(mm) d2(mm) d3(mm) Σdi(mm)
5.8 4.7 4.6 15.1

❚❛❜❧❡ ✽✿ ▲❛②❡r t❤✐❝❦♥❡ss❡s ♦❢ t❤❡ ✉✇❜ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r✳

✸✳✹ ❖❜❧✐q✉❡ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ❛♥❞ ♦t❤❡r ❝♦♥str❛✐♥ts

❋✐♥❛❧❧②✱ ❛ ❞❡s✐❣♥ ✐s ♣r❡s❡♥t❡❞ ✇❤✐❝❤ ❝♦♥s✐❞❡rs ♠♦st ♣♦ss✐❜❧❡ ❝♦♥str❛✐♥ts t❤❛t ❛♥ ❛❝✲
t✉❛❧ ❞❡s✐❣♥ ♠✐❣❤t ❢❛❝❡✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ❤❛✈❡ ❛ ✈❡r② ✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡r ✇❤✐❝❤ s❤♦✇s
❣♦♦❞ ❛❜s♦r♣t✐♦♥ ❜♦t❤ ❛t ♥♦r♠❛❧ ❛♥❞ ♦❜❧✐q✉❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❢♦r ❜♦t❤ ♣♦❧❛r✐③❛✲
t✐♦♥s✳ ■♥ ❛❞❞✐t✐♦♥ ✐t ❢✉❧✜❧❧s s♦♠❡ t❤❡r♠❛❧✱ ♠❡❝❤❛♥✐❝❛❧ ❛♥❞ ❢❛❜r✐❝❛t✐♦♥ ❝♦♥str❛✐♥ts✳
❚❤❡s❡ ❝♦♥str❛✐♥ts ❢♦r❝❡ t❤❡ ❞❡s✐❣♥ t♦ ✉s❡ ❛ ♠✐①t✉r❡ ♦❢ ❧♦✇ ❛♥❞ ❤✐❣❤ ❝♦♥tr❛st ♠❛✲
t❡r✐❛❧s t♦❣❡t❤❡r ✇❤✐❝❤ ❛r❡ ♥♦t ♦♣t✐♠❛❧ ❢♦r ❝♦♥tr♦❧❧✐♥❣ ♦❜❧✐q✉❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✳
■♥ s♣✐t❡ ♦❢ ❛❧❧ r❡str✐❝t✐♦♥s✱ ✐t ✐s s❤♦✇♥ t❤❛t t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞ ✐s ❛❜❧❡ t♦
♣r♦✈✐❞❡ ❛ ❜r✐❧❧✐❛♥t s♦❧✉t✐♦♥✳ ❚❤❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❞❡s✐❣♥ ❛r❡ ❝❧❛ss✐✜❡❞✱ ❜✉t t❤❡ ❢r❡✲
q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ❛❜s♦r❜❡r ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✸ t♦ ❞❡♠♦♥str❛t❡ t❤❡ ❛❜✐❧✐t✐❡s
♦❢ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞✱ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❞❡s✐❣♥s ♦❢ ▼✉♥❦ ❡t

❛❧✳ ❬✶✵❪✱ ✇❤✐❝❤ ❛t t❤❡ ❜❡st ❝❛s❡ ❤❛✈❡ ❛ ✷✵dB ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ♦❢ ✺✲✶✺ GHz✳
❚❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r✱ s❛t✐s❢②✐♥❣ ♠♦r❡ ❝♦♥str❛✐♥ts t❤❛♥ ♦❜❧✐q✉❡ ❛♥❣❧❡ ♦❢
✐♥❝✐❞❡♥❝❡✱ ♦✛❡rs t❤❡ ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤ ✹✕✶✽ GHz ❝♦✈❡r✐♥❣ ❛❧❧ t❤❡ ❈✱ ❳ ❛♥❞ ❑✉
r❛❞❛r ❜❛♥❞s✳

✹ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ♠❡t❤♦❞ ✐s ♣r❡s❡♥t❡❞ ❛s ❛ s✐♠♣❧❡✱ ❢❛st ❛♥❞ ❡✣❝✐❡♥t ✇❛② t♦
❞❡s✐❣♥ ✇✐❞❡❜❛♥❞ r❛❞❛r ❛❜s♦r❜❡rs✳ ❚❤❡ ♠❡t❤♦❞ ✐s ❛ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❝✐r❝✉✐t ❛♥❛✲
❧♦❣ ❛❜s♦r❜❡r ✇✐t❤ s✐♠♣❧❡r ❞❡s✐❣♥ ❛♥❞ ❢❛❜r✐❝❛t✐♦♥ ♣r♦❝❡ss✳ ❇❛s❡❞ ♦♥ ❧♦✇ ❢r❡q✉❡♥❝②
❛s②♠♣t♦t✐❝ ❜❡❤❛✈✐♦r ♦❢ ❝✐r❝✉✐t ❛♥❛❧♦❣ ❛❜s♦r❜❡rs✱ r❡♣❧❛❝❡♠❡♥t ♦❢ t❤❡ r❡s♦♥❛t✐♥❣ ❘▲❈
❝✐r❝✉✐ts ✇✐t❤ ❧♦✇✲♣❛ss ❘❈ ❝✐r❝✉✐ts ✐s s✉❣❣❡st❡❞✳ ❚❤❡ ❘❈ ❝✐r❝✉✐ts ❝❛♥ ❜❡ s②♥t❤❡s✐③❡❞
❜② sq✉❛r❡ ♣❛t❝❤❡s ✇❤✐❝❤ s✐♠♣❧✐✜❡s t❤❡ s②♥t❤❡s✐s ♣r♦❝❡ss✳ ■t ✐s ❡①♣❧❛✐♥❡❞✱ ✇❤② t❤✐s
♠♦❞✐✜❝❛t✐♦♥ ❞♦❡s ♥♦t ❛✛❡❝t ❛❜s♦r♣t✐♦♥ ❜❛♥❞✇✐❞t❤✳ ❉❡s✐❣♥ ❡①❛♠♣❧❡s ❛r❡ ❣✐✈❡♥ t♦
s✉♣♣♦rt t❤❡ ✐❞❡❛s ❛♥❞ ♣r❡s❡♥t ♥❡✇ ❛♥❞ ✐♠♣♦rt❛♥t ❛♣♣❧✐❝❛t✐♦♥s ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r✲
❝✉✐t ♠❡t❤♦❞✳ ❚❤❡ ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞❡ t❤✐♥ ✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡r✱ ❤✐❣❤ ❝♦♥tr❛st ❧❛②❡r
❛❜s♦r❜❡r✱ ✉❧tr❛ ✇✐❞❡❜❛♥❞ ❛❜s♦r❜❡r ❛♥❞ ♠✐①❡❞ ♠❛t❡r✐❛❧ ❞❡s✐❣♥ ❝❛♣❛❜❧❡ ♦❢ ❤❛♥❞❧✐♥❣
♦❜❧✐q✉❡ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡✳ ❈♦♠♣❛r✐s♦♥s t♦ ✇❡❧❧✲❦♥♦✇♥ ❞❡s✐❣♥s s❤♦✇ ✐♠♣r♦✈❡♠❡♥ts

a(mm) w2(mm) Rs2( Ω/Sq) w3(mm) Rs3( Ω/Sq)
10 9.2 338 7.6 422.9

❚❛❜❧❡ ✾✿ ❙②♥t❤❡s✐s ♦❢ t❤❡ t❤❡ ❘❈ ✈❛❧✉❡s ♦❢ ✉✇❜ ❝❝❛ ❜② r❡s✐st✐✈❡ sq✉❛r❡ ♣❛t❝❤❡s✳
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❋✐❣✉r❡ ✶✸✿ ❋r❡q✉❡♥❝② r❡s♣♦♥s❡ ♦❢ t❤❡ ❝❛♣❛❝✐t✐✈❡ ❝✐r❝✉✐t ❛❜s♦r❜❡r ❛t ♥♦r♠❛❧ ❛♥❞
♦❜❧✐q✉❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ✭✸✵◦ ❛♥❞ ✻✵◦✮ ❢♦r ♣❛r❛❧❧❡❧ ❛♥❞ ♣❡r♣❡♥❞✐❝✉❧❛r ♣♦❧❛r✐③❛t✐♦♥s✳

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