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♣r♦♣❛❣❛t❡ ❛❧♦♥❣ t❤❡ ✐♥✈❡rt❡❞ ♠✐❝r♦str✐♣ ❧✐♥❡ ❜✉t t❤❡ ♦t❤❡r ♠♦❞❡s ❛r❡ st♦♣♣❡❞ ✐♥ t❤❡
❢r❡q✉❡♥❝② ❜❛♥❞ ❢r♦♠ ✹✽ t♦ ✼✷ ●❍③✳ ❚❤❡ s✉❜str❛t❡ ♠❛t❡r✐❛❧ ✐s ❘♦❣❡rs ❘❖✹✵✵✸ ✇✐t❤
r❡❧❛t✐✈❡ ♣❡r♠✐tt✐✈✐t② εr ❂ ✸✳✺✺✱ ❧♦ss t❛♥❣❡♥t tanδ ❂ ✵✳✵✵✷✼ ✭s♣❡❝✐✜❡❞ ❛t ✶✵ ●❍③ ❜②
❘♦❣❡rs✮ ❛♥❞ t❤✐❝❦♥❡ss hs ❂ ✵✳✷ ♠♠✳ ❚❤❡ ♠♦t✐✈❛t✐♦♥s t♦ s❡❧❡❝t ❘❖✹✵✵✸ ❛r❡ t❤❛t ✐t
❤❛s ❛ ❧♦✇❡r ❧♦ss ✈❛❧✉❡ t❤❛♥ tr❛❞✐t✐♦♥❛❧ P❈❇ s✉❜str❛t❡ ❋❘✹ ❛♥❞ ✐s ♠❡❝❤❛♥✐❝❛❧❧② r✐❣✐❞
❡♥♦✉❣❤ ❢♦r ♦✉r ❝❛s❡✳

❚❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❛ ✷×✷✲❡❧❡♠❡♥t s✉❜✲❛rr❛② ✐s ✜rst❧② ❞❡s✐❣♥❡❞ ✉s✐♥❣ ♣❡r✐♦❞✐❝
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✷✳ ❉❡s✐❣♥ ❢♦r ✷×✷ ❙✉❜✲❛rr❛②
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❋✐❣✉r❡ ✷✿ ❉❡t❛✐❧❡❞ ✸✲❉ ✈✐❡✇ ♦❢ ✷ × ✷ s❧♦ts s✉❜✲❛rr❛②✳
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✭❛✮
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✭❝✮
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z
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L𝑊𝑚1 𝑊𝑚2
𝑊𝑚3

𝑊𝑚4

✭❞✮

❋✐❣✉r❡ ✸✿ ●❡♦♠❡tr✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢ ❛ ✷×✷ s❧♦ts ❛rr❛②✳ ✭❛✮ ❚♦♣ r❛❞✐❛t✐♦♥ s❧♦ts ❧❛②❡r✳ ✭❜✮ ❇❛❝❦❡❞
❝❛✈✐t② ❧❛②❡r✳ ✭❝✮ ❈♦✉♣❧✐♥❣ ❤♦❧❡ ❧❛②❡r✳ ✭❞✮ ❋❡❡❞ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦s ❧❛②❡r✳

❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✐♥ ❈❙❚ ▼✐❝r♦✇❛✈❡ ❙t✉❞✐♦ ✐♥ ♦r❞❡r t♦ ❡✈❛❧✉❛t❡ t❤❡ r❛❞✐❛t✐♦♥
♣❛tt❡r♥ ❛♥❞ ❞✐r❡❝t✐✈✐t② ♦❢ t❤❡ ✇❤♦❧❡ ❛rr❛② ❛♥t❡♥♥❛✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳ ■t ❝♦♥s✐sts ♦❢
❛ r❛❞✐❛t✐♥❣ s❧♦t ❧❛②❡r✱ ❛ ❝❛✈✐t② ❧❛②❡r✱ ❛ P❈❇ ♠✐❝r♦str✐♣ ❧❛②❡r ❛♥❞ ❛ ❜❡❞ ♦❢ ♥❛✐❧s ❛t t❤❡
❜♦tt♦♠✳ ■♥st❡❛❞ ♦❢ ❛ ♥♦r♠❛❧ ❤♦❧❧♦✇ r❡❝t❛♥❣✉❧❛r ✇❛✈❡❣✉✐❞❡ ❝❛✈✐t②✱ ✇❡ ❤❛✈❡ ✉t✐❧✐③❡❞
❛ ❣r♦♦✈❡ ❣❛♣ ❝❛✈✐t② ❤❡r❡ ❢♦r ❡❛s② ♠❛♥✉❢❛❝t✉r❡✳ ❚❤❡ ❣r♦♦✈❡ ❣❛♣ ❝❛✈✐t② ✐s ♣❛rt✐t✐♦♥❡❞
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P❛♣❡r ✷✳ ❉❡s✐❣♥ ❛♥❞ ❋❛❜r✐❝❛t✐♦♥ ♦❢ ❛ ❍✐❣❤ ●❛✐♥ ✻✵✲●❍③ ❈❛✈✐t②✲❜❛❝❦❡❞✳✳✳
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❋✐❣✉r❡ ✹✿ ❚❤❡ s✐♠✉❧❛t❡❞ ❞✐r❡❝t✐✈✐t② ❛♥❞ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✷×✷ s✉❜✲❛rr❛②✳

✐♥t♦ ❢♦✉r s♣❛❝❡s ❜② t✇♦ s❡ts ♦❢ ♠❡t❛❧❧✐❝ ❜❧♦❝❦s ❡①t❡♥❞✐♥❣ ✐♥ t❤❡ x ❛♥❞ y ❞✐r❡❝t✐♦♥s✳
❚❤❡ P❈❇ ♠✐❝r♦str✐♣ ❧❛②❡r ❢❡❡❞s t❤❡ ❢♦✉r s♣❛❝❡s ♦❢ ❣r♦♦✈❡ ❣❛♣ ❝❛✈✐t② ✇✐t❤ ✐❞❡♥t✐❝❛❧
♣❤❛s❡ ❛♥❞ ❛♠♣❧✐t✉❞❡ ❜② t❤❡ ❝❡♥t❡r ❝♦✉♣❧✐♥❣ ❤♦❧❡ ✐♥ t❤❡ ❝❛✈✐t② ❧❛②❡r✳

❚❤❡ s❧♦ts ❛r❡ ✉♥✐❢♦r♠❧② s♣❛❝❡❞ ✐♥ ❜♦t❤ x ❛♥❞ y ❞✐r❡❝t✐♦♥s ✇✐t❤ ❛ s♣❛❝✐♥❣ s♠❛❧❧❡r
t❤❛♥ ♦♥❡ ✇❛✈❡❧❡♥❣t❤ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❣r❛t✐♥❣ ❧♦❜❡s ✐♥ ❛ ❧❛r❣❡ ❜r♦❛❞s✐❞❡ ❛rr❛②✳ ❚❤❡
❤✐❣❤❡st ❢r❡q✉❡♥❝② ❢♦r t❤✐s ✇♦r❦ ✐s ✻✻ ●❍③ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✇❛✈❡❧❡♥❣t❤ λ ✐s
❛❜♦✉t ✹✳✺ ♠♠✳ ❚❤❡r❡❢♦r❡✱ t❤❡ s❧♦t s♣❛❝❡ ds ✐♥ t❤✐s ✇♦r❦ ✐s ❝❤♦s❡♥ ❛s ✹ ♠♠✳ ❖♥
t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ✈❛❧✉❡ W ❛♥❞ L s❤♦✉❧❞ ❜❡ ✐♥t❡❣❡r t✐♠❡s ♦❢ t❤❡ ♣✐♥s ♣❡r✐♦❞✱
♥❛♠❡❧② W = Mp ❛♥❞ L = Np✳ ●✐✈❡♥ t❤❡ ❛❜♦✈❡✲♠❡♥t✐♦♥❡❞ ❝♦♥s✐❞❡r❛t✐♦♥s✱ ✇❡ s❡❧❡❝t
W = L = 10p = 8 ♠♠✳ ❚❤❡ ❞❡t❛✐❧❡❞ ❣❡♦♠❡tr✐❝❛❧ ❞❡♠♦♥str❛t✐♦♥s ♦❢ t❤❡ ❛♥t❡♥♥❛ s✉❜✲
❛rr❛② ❛r❡ s❤♦✇♥ ✐♥ ❚❆❇▲❊ ■✳ ■♥ ❋✐❣✳ ✹ t❤❡ ❣r❡❡♥ ❧✐♥❡ s❤♦✇s t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t
♦❢ t❤❡ s✉❜✲❛rr❛② ❛♥❞ ❛♥ ✶✹✳✺✪ ✐♠♣❡❞❛♥❝❡ ❜❛♥❞✇✐❞t❤ ✭♦✈❡r ✺✼✲✻✺✳✼ ●❍③✮ ✇✐t❤ t❤❡
✐♥♣✉t r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❜❡❧♦✇ ✲✶✺ ❞❇ ✐s ❛❝❤✐❡✈❡❞✳ ❚❤❡ ❜❧✉❡ ❧✐♥❡ ✇✐t❤ sq✉❛r❡ ♠❛r❦
✐♥ t❤❡ ✜❣✉r❡ ✐❧❧✉str❛t❡s t❤❡ s✐♠✉❧❛t❡❞ ❞✐r❡❝t✐✈✐t② ♦❢ t❤❡ ✶✻×✶✻ s❧♦t ❛rr❛② ✐♥ ✐♥✜♥✐t❡
❛rr❛② ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❛♥t❡♥♥❛ ❡✣❝✐❡♥❝② ✐s ❤✐❣❤❡r t❤❛♥ ✾✵✪ ❢r♦♠ ✺✼ t♦
✻✺✳✾ ●❍③✳

✸ ❉❡s✐❣♥ ♦❢ ❋❡❡❞✐♥❣ ❉✐str✐❜✉t✐♦♥ ◆❡t✇♦r❦

❈♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❣r♦♦✈❡ ❛♥❞ t❤❡ r✐❞❣❡ ❣❛♣ ✇❛✈❡❣✉✐❞❡ str✉❝t✉r❡s ❬✷❪✱ t❤❡ ❢❡❡❞✐♥❣
❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦ ❜❛s❡❞ ♦♥ t❤❡ ■▼●❲ t❡❝❤♥♦❧♦❣② ❤❛s s♦♠❡ ♦❜✈✐♦✉s ❛❞✈❛♥t❛❣❡s✳
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✸✳ ❉❡s✐❣♥ ♦❢ ❋❡❡❞✐♥❣ ❉✐str✐❜✉t✐♦♥ ◆❡t✇♦r❦

❚❛❜❧❡ ✶✿ ❉✐♠❡♥s✐♦♥❛❧ P❛r❛♠❡t❡rs ♦❢ ✷×✷ ✉♥✐t ❝❡❧❧ r❡❢❡rr✐♥❣ t♦ ❋✐❣✳ ✸

❙✉❜str❛t❡ ▼❛t❡r✐❛❧ ❘♦❣❡rs ✹✵✵✸ ✭ε∗❂✸✳✺✺✮

W ✽ ♠♠

L ✽ ♠♠

dx ✹ ♠♠

dy ✹ ♠♠

Ws ✶✳✼✹✽ ♠♠

Ls ✷✳✽✸✷ ♠♠

Wr1 ✵✳✻✸✼ ♠♠

Lr1 ✶✳✶✶✶ ♠♠

Wr2 ✵✳✽✶✶ ♠♠

Lr2 ✶✳✷✼✼ ♠♠

Wc ✶✳✵✼✶ ♠♠

Lc ✷✳✼✹✷ ♠♠

Wm1 ✶✳✽✽✸ ♠♠

Wm2 ✵✳✻✵✼ ♠♠

Wm3 ✶✳✻✹✷ ♠♠

Wm4 ✶✳✵✺ ♠♠

❋✐rst ♦❢ ❛❧❧✱ ✐t ❤❛s ❛ ✉♥✐❢♦r♠ ❜❡❞ ♦❢ ♥❛✐❧s ✇❤✐❧❡ t❤❡ ♦t❤❡rs ❞♦ ♥♦t✳ ❚❤✐s ✉♥✐❢♦r♠ ♣✐♥
str✉❝t✉r❡ ♠❛❦❡s t❤❡ ❢❛❜r✐❝❛t✐♦♥ ♠✉❝❤ ❡❛s✐❡r ❛♥❞ ❝❤❡❛♣❡r✳ ❙❡❝♦♥❞❧②✱ ❢❛❜r✐❝❛t✐♦♥ ♦❢
♠✐❝r♦str✐♣ ❝✐r❝✉✐tr② ♦♥ P❈❇ ❜② ❡t❝❤✐♥❣ ✐s ❛❝❝✉r❛t❡ ❛♥❞ ✈❡r② ❧♦✇ ❝♦st✳ ❚❤✐r❞❧②✱ t❤❡♦✲
r✐❡s ❛♥❞ ❞❡s✐❣♥ ♣r✐♥❝✐♣❧❡s ♦❢ tr❛❞✐t✐♦♥❛❧ ✐♥✈❡rt❡❞ ♠✐❝r♦str✐♣ t❡❝❤♥✐q✉❡ ❛r❡ ♠❛t✉r❡❞ s♦
✇❡ ❝❛♥ ❞✐r❡❝t❧② ✉t✐❧✐③❡ t❤❡♠ ✇✐t❤ ❧✐tt❧❡ ♠♦❞✐✜❝❛t✐♦♥s✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ t❤❡ ■▼●❲
str✉❝t✉r❡ ✐s ❛ttr❛❝t✐✈❡ ✐♥ ❢❡❡❞✐♥❣ ♥❡t✇♦r❦s ❢♦r s❧♦t ❛♥t❡♥♥❛ ❛rr❛②s ❛t ♠♠❲ ❢r❡q✉❡♥✲
❝✐❡s✳

❉❡s♣✐t❡ ✐ts ❛❞✈❛♥t❛❣❡s✱ t❤❡r❡ ❛r❡ st✐❧❧ ❝❤❛❧❧❡♥❣❡s ✐♥ ❞❡s✐❣♥ ♦❢ ■▼●❲ ❢❡❡❞✐♥❣ ❞✐s✲
tr✐❜✉t✐♦♥ ♥❡t✇♦r❦s✳ ■♥ ❬✺❪ ❛ ♣❧❛♥❛r ❤♦r♥ ❛rr❛② ❢❡❞ ❜② ❛♥ ■▼●❲ ❢❡❡❞✐♥❣ ♥❡t✇♦r❦
❤❛s ❜❡❡♥ ❛❧r❡❛❞② ❡①♣♦✉♥❞❡❞✳ ❙✐♥❝❡ t❤❡ ♠❡t❛❧❧✐❝ ♣✐♥ s✉r❢❛❝❡ ❝❛♥ ❜❡ ♠♦❞❡❧❡❞ ❛♣♣r♦①✲
✐♠❛t❡❧② ❜② P▼❈ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱ t❤❡ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦ ✐♥ ❬✺❪ ✇❛s ❞❡s✐❣♥❡❞
✇✐t❤ ❛♥ ✐❞❡❛❧ P▼❈ ❝♦♥❞✐t✐♦♥ ✐♥st❡❛❞ ♦❢ t❤❡ r❡❛❧ ♠❡t❛❧❧✐❝ ♣✐♥ str✉❝t✉r❡ ❧♦❝❛t❡❞ ❛t t❤❡
❜♦tt♦♠ ♣❧❛t❡✳ ❉✐✛❡r❡♥t❧②✱ t❤❡ ❝♦r♣♦r❛t❡✲❢❡❡❞ ♥❡t✇♦r❦ ✐♥ t❤❡ ♣r❡s❡♥t ✇♦r❦ ✐s ❞❡s✐❣♥❡❞
❜② ❛♣♣❧②✐♥❣ t❤❡ r❡❛❧ ♣✐♥ str✉❝t✉r❡ ✐♥ t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ❜❡❝❛✉s❡ t❤❡r❡ ❡①✐sts ❡✈❛♥❡s✲
❝❡♥t ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s ✐♥ t❤❡ s✉❜str❛t❡ ❛♥❞ t❤❡ ♣✐♥ str✉❝t✉r❡✱ ✇❤✐❝❤ t❤♦✉❣❤ s♠❛❧❧
❛✛❡❝ts t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ q✉❛s✐✲❚❊▼ ♠♦❞❡ ❛♥❞ ❧♦ss❡s✳ ❚❤❡r❡❢♦r❡✱ ❛ss✉♠✐♥❣ ❛♥
✐❞❡❛❧ P▼❈ ❝♦♥❞✐t✐♦♥ t♦ r❡♣❧❛❝❡ t❤❡ ♠❡t❛❧❧✐❝ ♣✐♥s str✉❝t✉r❡ ♠❛② ❣✐✈❡ r✐s❡ t♦ ❛ s✐❣♥✐✜✲
❝❛♥t ❡rr♦r ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ ❢❡❡❞✐♥❣ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦s✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✭❛✮ ❧❡❢t✱
❛ s✐♠♣❧❡ str❛✐❣❤t ■▼●❲ str✉❝t✉r❡ ✐s ✜rst❧② ♠♦❞❡❧❡❞ ✐♥ ❈❙❚ ▼✐❝r♦✇❛✈❡ ❙t✉❞✐♦ ✇✐t❤
P▼❈ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❛t t❤❡ ❜♦tt♦♠ ♣❧❛t❡✳ ❚❤❡♥ ✇❡ ❛❧s♦ ♠♦❞❡❧❡❞ t❤❡ ♣❡r✐♦❞✐❝
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❋✐❣✉r❡ ✺✿ ❉✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ t❤❡ ✐❞❡❛❧ ♠♦❞❡❧ ❛♥❞ t❤❡ r❡❛❧✐st✐❝ ♠♦❞❡❧✳ ✭❛✮ ❚❤❡ ❧❡❢t ✜❣✉r❡ ✐❧❧✉str❛t❡s
❛ ❝♦✈❡r❡❞ ♠✐❝r♦str✐♣ ❧✐♥❡ ✇✐t❤ P▼❈ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❛t t❤❡ ❜♦tt♦♠✳ ■♥ t❤❡ r✐❣❤t ♦♥❡ t❤❡ P▼❈
❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✐s r❡♣❧❛❝❡❞ ❜② ♠❡t❛❧❧✐❝ ♣✐♥s✳ ✭❜✮ ❚❤❡ ❜❧❛❝❦ s♦❧✐❞ ❧✐♥❡ s❤♦✇s t❤❡ s✐♠✉❧❛t❡❞
r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✇✐t❤ t❤❡ P▼❈ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❛t t❤❡ ❜♦tt♦♠✳ ❚❤❡ r❡❞ ❞❛s❤ ❧✐♥❡ ✐♥❞✐❝❛t❡s
t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✇✐t❤ t❤❡ ♠❡t❛❧❧✐❝ ♣✐♥s ❛t t❤❡ ❜♦tt♦♠ ✐♥ t❤❡ ✜rst str✉❝t✉r❡✳

♣✐♥s str✉❝t✉r❡ ✐♥ ❋✐❣✳ ✺✭❛✮ r✐❣❤t ✐♥ ♦r❞❡r t♦ s❡❡ t❤❡ ❡✛❡❝t ♦❢ t❤❡ r❡❛❧ ♣✐♥ str✉❝t✉r❡✳
❚❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡s✉❧ts ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✭❜✮ ❢♦r ❜♦t❤ ♠♦❞❡❧s ✈❡r✐✜❡❞ t❤❡ ❡①✐st✐♥❣
❡rr♦r ✐♥ ❬✺❪✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✉t✐❧✐③❡ t❤❡ r❡❛❧ ♣✐♥ str✉❝t✉r❡ ✐♥ t❤❡ ♣r❡s❡♥t ❞❡s✐❣♥ ♦❢ t❤❡
✇❤♦❧❡ ❢❡❡❞✐♥❣ ♥❡t✇♦r❦ t♦ ♦❜t❛✐♥ ❛❝❝✉r❛t❡ ♣❡r❢♦r♠❛♥❝❡s✳

❚❤❡ ■▼●❲ ❢❡❡❞✐♥❣ ❡❧❡♠❡♥t ❢♦r t❤❡ ✷×✷ s✉❜✲❛rr❛② ✐s ♣r❡s❡♥t ✐♥ ❙❡❝t✐♦♥ ■■✳ ❚✲
❥✉♥❝t✐♦♥ ♣♦✇❡r ❞✐✈✐❞❡rs ✇✐t❤ ♠❛t❝❤✐♥❣ ❝✐r❝✉✐ts ❛r❡ ✉s❡❞ ✐♥ ♦✉r ❢❡❡❞✐♥❣ ♥❡t✇♦r❦✳
❊ss❡♥t✐❛❧❧② ❛ ❚✲❥✉♥❝t✐♦♥ ♣♦✇❡r ❞✐✈✐❞❡r ✐s ❛ s✐♠♣❧❡ t❤r❡❡✲♣♦rt ♥❡t✇♦r❦ t❤❛t ❝❛♥ ❜❡
✉t✐❧✐③❡❞ ❢♦r ♣♦✇❡r ❞✐✈✐s✐♦♥ ♦r ❝♦♠❜✐♥✐♥❣✳ ❚❤❡r❡❜②✱ t❤❡ ❚✲❥✉♥❝t✐♦♥ ✐s ❛ ❝❡♥tr❛❧ ❝♦♠✲
♣♦♥❡♥t ✐♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦ ❢♦r ❢❡❡❞✐♥❣ t❤❡ ❛♥t❡♥♥❛ ❛rr❛②✳ ■♥ t❤✐s ✇♦r❦ ✇❡
❞❡s✐❣♥❡❞ ❛ ❚✲❥✉♥❝t✐♦♥ ♣♦✇❡r ❞✐✈✐❞❡r ✇✐t❤ ♠❡t❛❧❧✐❝ ♣✐♥s ❛t t❤❡ ❜♦tt♦♠ ✐♥ ❈❙❚ ▼✐✲
❝r♦✇❛✈❡ ❙t✉❞✐♦✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳ ■♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❝♦rr❡❝t tr❛♥s✐t✐♦♥ ♣❡r❢♦r♠❛♥❝❡
❛♥ ♦♣t✐♠✐③❡❞ ♥✉♠❡r✐❝❛❧ ♣♦rt ❬✶✹❪ ❤❛s ❜❡❡♥ ✉t✐❧✐③❡❞ ❞✉r✐♥❣ t❤❡ ❡♥t✐r❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡✳
❚❤❡ ❚✲❥✉♥❝t✐♦♥ t❤❡♥ ❤❛s ❜❡❡♥ ♦♣t✐♠✐③❡❞ ❢♦r t❤❡ ♠✐♥✐♠✉♠ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛♥❞
t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙✲♣❛r❛♠❡t❡rs ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✱ ✐♥ ✇❤✐❝❤ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣✲
❝✐❡♥t S11 ✐s ❜❡❧♦✇ ✲✸✵ ❞❇ ❢r♦♠ ✺✼ t♦ ✻✻ ●❍③✳ ❆❧s♦✱ ❢♦r t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❧♦ss
❝❛✉s❡❞ ❜② t❤❡ s✉❜str❛t❡✱ ❛❧✉♠✐♥✉♠ ♣✐♥s ❛♥❞ ❝♦♣♣❡r str✐♣ ✇❡ ❤❛✈❡ t✇✐❝❡ s✐♠✉❧❛t❡❞ t❤❡
❚✲❥✉♥❝t✐♦♥✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ t❤❡ ❧♦ss② ❝❛s❡ ❛r❡ ❛r♦✉♥❞ ✵✳✷ ❞❇ ❧♦✇❡r
t❤❛♥ t❤❡s❡ ✈❛❧✉❡s ♦❢ t❤❡ ❧♦ss❧❡ss ❝❛s❡ ❛♥❞ t❤❡ ❧❡❛❦❛❣❡ ❧♦ss ✐s ❛ ♥❡❣❧✐❣✐❜❧❡ ✈❛❧✉❡ ♦❢ ✵✳✵✷
❞❇✳

❚❤❡ ❛✐♠ ♦❢ t❤❡ ♠❛t❝❤✐♥❣ ♥❡t✇♦r❦s ✐s t♦ ❡❧✐♠✐♥❛t❡ t❤❡ r❡✢❡❝t✐♦♥ ❡✛❡❝t ♦♥ t❤❡
❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦s✳ ■♥ t❤✐s ✇♦r❦ ✇❡ ❛♣♣❧② ❛ ❝❧❛ss✐❝❛❧ s❡❝♦♥❞ ♦r❞❡r ❜✐♥♦♠✐❛❧
✐♠♣❡❞❛♥❝❡ tr❛♥s❢♦r♠❡r ❢♦r ✐♠♣❡❞❛♥❝❡ ♠❛t❝❤✐♥❣✳ ❆❧❧ ❝❤❛r❛❝t❡r✐st✐❝ ✐♠♣❡❞❛♥❝❡s ❛♥❞
❧♦❛❞ ✐♠♣❡❞❛♥❝❡s ❤❛✈❡ ❜❡❡♥ ♦❜t❛✐♥❡❞ ❢r♦♠ ♦♣t✐♠✐③❡❞ ♥✉♠❡r✐❝❛❧ ♣♦rts ✐♥tr♦❞✉❝❡❞ ✐♥
❬✶✹❪✳ ❍❡r❡ ✇❡ s❤♦✉❧❞ ♥♦t✐❝❡ t❤❛t ♣❛rt ✶ ♦❢ ♠❛t❝❤✐♥❣ ♠✐❝r♦str✐♣ ✐♥ ❋✐❣✳ ✽ ❤❛s ❜❡❡♥
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✸✳ ❉❡s✐❣♥ ♦❢ ❋❡❡❞✐♥❣ ❉✐str✐❜✉t✐♦♥ ◆❡t✇♦r❦

Input Part

Output Part

Substrate

Roger4003
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Simulated S21 and S31 with lossless substrate and metal

Simulated S21 and S31 with lossy substrate and metal

❋✐❣✉r❡ ✼✿ ❙✐♠✉❧❛t❡❞ ❙✲♣❛r❛♠❡t❡rs ♦❢ s✐♥❣❧❡ ❚✲❥✉♥❝t✐♦♥ ✐♥ ❋✐❣✳ ✻ ❢♦r ❜♦t❤ ❧♦ss② ❛♥❞ ❧♦ss❧❡ss ❝❛s❡s✳
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❋✐❣✉r❡ ✽✿ ■❧❧✉str❛t✐♦♥ ❢♦r t❤❡ ✇❤♦❧❡ ❢❡❡❞✐♥❣ ♥❡t✇♦r❦s ✐♥❝❧✉❞✐♥❣ ❚✲❥✉♥❝t✐♦♥ ♣♦✇❡r ❞✐✈✐❞❡rs✱ ♠❛t❝❤✐♥❣
♠✐❝r♦str✐♣s ❛♥❞ ❛ tr❛♥s✐t✐♦♥ ♣♦✇❡r ❞✐✈✐❞❡r ❢r♦♠ ❲❘✲✶✺ t♦ t❤❡ ■▼●❲ str✉❝t✉r❡✳

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

❚❤❡ ✐♥♣✉t ♣♦rt ♦❢ t❤❡ ❛rr❛② ❛♥t❡♥♥❛ ✐s r❡q✉✐r❡❞ t♦ ❜❡ ❲❘✲✶✺ r❡❝t❛♥❣✉❧❛r ✇❛✈❡❣✲
✉✐❞❡✳ ❆ ♥♦✈❡❧ ♣♦✇❡r ❞✐✈✐❞❡r tr❛♥s✐t✐♦♥ ✐♥ ❬✶✺❪ ✇❛s ❛♣♣❧✐❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❚❤❡ s✐♠✉❧❛t❡❞
r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ tr❛♥s✐t✐♦♥ ✐s ❜❡❧♦✇ ✲✷✵ ❞❇ ❛♥❞ t❤❡ ♣❤❛s❡s ♦❢ t❤❡ ♦✉t♣✉t
♣♦rts ❤❛✈❡ ✶✽✵ ❞❡❣r❡❡ ❞✐✛❡r❡♥❝❡✳ ❚❤❡ ❝♦♠♣❧❡t❡ ❝♦r♣♦r❛t❡✲❢❡❡❞ ♥❡t✇♦r❦ ❝♦♥s✐sts ♦❢
t✇♦ ✸✷✲✇❛② ♣♦✇❡r ❞✐✈✐❞❡rs ❝♦♥♥❡❝t❡❞ t♦ t❤❡ tr❛♥s✐t✐♦♥ ♦❢ ❲❘✲✶✺ ✐♥ t❤❡ ❝❡♥t❡r✳ ❉✉❡
t♦ t❤❡ ♦✉t✲♦❢✲♣❤❛s❡ ♦✉t♣✉t ♦❢ t❤❡ tr❛♥s✐t✐♦♥✱ t❤❡ t✇♦ ✸✷✲✇❛② ♣♦✇❡r ❞✐✈✐❞❡rs ❛r❡ ✐♥ ❛
♠✐rr♦r ❣❡♦♠❡tr② ✐♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ s❛♠❡ ♣❤❛s❡ ❡①❝✐t❛t✐♦♥s ❢♦r ❛❧❧ s❧♦ts✳ ❚❤❡ ✜♥❛❧
❞❡s✐❣♥❡❞ str✉❝t✉r❡ ♦❢ t❤❡ ❢❡❡❞✐♥❣ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✳ ❋✐♥❛❧❧②✱
t❤❡ ✇❤♦❧❡ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦ ✐s ♦♣t✐♠✐③❡❞ ❜② ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ✐♥ ❈❙❚ ▼✐❝r♦✇❛✈❡
❙t✉❞✐♦✳

✹ ❙✐♠✉❧❛t❡❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ❘❡s✉❧ts

❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❛♥❞ t❤❡ ✜♥❛❧ ♠❛♥✉❢❛❝t✉r❡❞ ♣r♦t♦t②♣❡ ♦❢ t❤❡ ✶✻×✶✻ s❧♦t ❛rr❛②
❛♥t❡♥♥❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✾✳ ❚❤❡ ♠❡t❛❧❧✐❝ ♣❛rts ♦❢ t❤❡ ❛♥t❡♥♥❛ ❛r❡ ❢❛❜r✐❝❛t❡❞ ❜②
❊❧❡❝tr✐❝❛❧ ❉✐s❝❤❛r❣✐♥❣ ▼❛❝❤✐♥✐♥❣ ✭❊❉▼✮ ❚❡❝❤♥♦❧♦❣②✱ ✇❤❡r❡ t❤❡ ♣r♦t♦t②♣❡ ✐s ❡t❝❤❡❞
❜② r❡❝✉rr✐♥❣ ❡❧❡❝tr✐❝ ❞✐s❝❤❛r❣❡s ❜❡t✇❡❡♥ t❤❡ ✇♦r❦♣✐❡❝❡ ❛♥❞ ❡❧❡❝tr♦❞❡s✳ ❚❤❡ ❞❡s✐❣♥❡❞
❛rr❛② ❛♣❡rt✉r❡ ❞✐♠❡♥s✐♦♥ ✐s ✻✹ × ✻✹ mm2 ✳

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

✶✵✷
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Top radiating layer

Backed cavity layer

Coupling hole layer

Bottom bed of nails

Feeding microstrip

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✾✿ ✭❛✮ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛rr❛② ❛♥t❡♥♥❛ ✐♥ ❈❙❚ ▼✐❝r♦s✇❛✈❡ st✉❞✐♦ ✳ ■♥ ♦r❞❡r
t♦ ♦❜s❡r✈❡ t❤❡ ♠✐❝r♦str✐♣ ❛♥❞ ✇❛✈❡❣✉✐❞❡ ♦♣❡♥ ❞❡t❛✐❧s t❤❡ s✉❜str❛t❡ ✐s ❤✐❞❞❡♥✳ ✭❜✮ P❤♦t♦❣r❛❣❤ ♦❢
t❤❡ ♣r♦♣♦s❡❞ ✶✻×✶✻ ❛rr❛② ❛♥t❡♥♥❛ ❢❛❜r✐❝❛t❡❞ ❜② ❊❉▼ t❡❝❤♥♦❧♦❣②✳
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Measured S11

Simulated S11

❋✐❣✉r❡ ✶✵✿ ❈♦♠♣❛r✐s♦♥ ♦❢ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ♣r♦♣♦s❡❞ ✶✻×✶✻ s❧♦t
❛rr❛② ❛♥t❡♥♥❛✳

✶✵✸
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.

✭❞✮

❋✐❣✉r❡ ✶✶✿ ▼❡❛s✉r❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛rr❛② ❛♥t❡♥♥❛ ✐♥ ❊✲♣❧❛♥❡ ❛t
✭❛✮ ✺✼ ●❍③✳ ✭❜✮ ✻✵ ●❍③✳ ✭❝✮ ✻✶ ●❍③ ❛♥❞ ✭❞✮ ✻✻ ●❍③✳

✐♥ ❋✐❣✳ ✶✵✳ ❚❤❡ ♠❡❛s✉r❡❞ S11 ✐s ❛ ❜✐t ❤✐❣❤❡r t❤❛♥ t❤❡ s✐♠✉❧❛t✐♦♥ ♦♥❡✳ ❍♦✇❡✈❡r✱ ✐t ✐s
st✐❧❧ ❜❡❧♦✇ ✲✶✵ ❞❇ ❢r♦♠ ✺✹✳✺ t♦ ✻✻ ●❍③ ✭✶✾✳✷✪ ✐♠♣❡❞❛♥❝❡ ❜❛♥❞✇✐❞t❤✮✳ ❆s ❞✐s❝✉ss❡❞
✐♥ ❬✶✸❪✱ t❤❡ ❞✐s♣❡rs✐♦♥ ❞✐❛❣r❛♠ ♦❢ t❤❡ ✇❤♦❧❡ str✉❝t✉r❡ ✐s ❛✛❡❝t❡❞ ❜② ❞✐♠❡♥s✐♦♥s ♦❢
♠❡t❛❧❧✐❝ ♣✐♥s✱ t❤❡ t❤✐❝❦♥❡ss ♦❢ s✉❜str❛t❡ ❛♥❞ t❤❡ ❤❡✐❣❤t ♦❢ ❛✐r ❣❛♣✳ ❚❤❡r❡❢♦r❡✱ ❛♥②
♠❛♥✉❢❛❝t✉r❡ t♦❧❡r❛♥❝❡s ♦❢ t❤❡ ❜❡❞ ♦❢ ♥❛✐❧s ❛♥❞ t❤❡ ❤❡✐❣❤t ❝❤❛♥❣❡ ♦❢ ❛✐r ❣❛♣ ✇✐❧❧ ❝❛✉s❡
❛ s❤✐❢t ❢♦r t❤❡ ♣❛r❛❧❧❡❧ st♦♣❜❛♥❞ ❬✶✻❪✳

❚❤❡ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛♥t❡♥♥❛ ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥ ❛♥ ❛♥❡❝❤♦✐❝
❝❤❛♠❜❡r ✐♥ ❯♥✐✈❡rs✐t② ♦❢ ❑❛r❧sr✉❤❡r✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ♥♦r♠❛❧✐③❡❞ r❛✲
❞✐❛t✐♦♥ ♣❛tt❡r♥s ✐♥ ❜♦t❤ ❊✲ ❛♥❞ ❍✲♣❧❛♥❡s ❛t ❢♦✉r ❢r❡q✉❡♥❝✐❡s ♦❢ ✺✼✱ ✻✵✱ ✻✶ ❛♥❞ ✻✻
●❍③ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣s✳ ✶✶ ❛♥❞ ✶✷✳ ❚❤❡ ♠❡❛s✉r❡❞ ❝♦✲♣♦❧❛r✐③❡❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s
s❤♦✇ ❛ ✈❡r② ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ s✐♠✉❧❛t❡❞ r❡s✉❧ts✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞
r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ❛r❡ s②♠♠❡tr✐❝❛❧✱ ❛♥❞ t❤❡ ✜rst r❡❧❛t✐✈❡ s✐❞❡✲❧♦❜❡ ❧❡✈❡❧s ✐♥ ❜♦t❤ ❊✲
❛♥❞ ❍✲♣❧❛♥❡s ❛r❡ ❛r♦✉♥❞ ✲✶✸ ❞❇✳ ❚❤❡ ♠❡❛s✉r❡❞ ❣r❛t✐♥❣ ❧♦❜❡s ♦❢ t❤❡ ❢❛❜r✐❝❛t❡❞ ❛rr❛②
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.

✭❛✮

-80 -60 -40 -20 0 20 40 60 80
-80

-70

-60

-50

-40

-30

-20

-10

0

Angle [degree]

R
el

a
ti

v
e 

A
m

p
li

tu
d

e 
[d

B
]

 

 

Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.

✭❜✮

-80 -60 -40 -20 0 20 40 60 80
-80

-70

-60

-50

-40

-30

-20

-10

0

Angle [degree]

R
el

a
ti

v
e 

A
m

p
li

tu
d

e 
[d

B
]

 

 

Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.
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Sim.Co-pol.

Mea.Co-pol.

Mea.Cross-pol.

✭❞✮

❋✐❣✉r❡ ✶✷✿ ▼❡❛s✉r❡❞ ❛♥❞ s✐♠✉❧❛t❡❞ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛rr❛② ❛♥t❡♥♥❛ ✐♥ ❍✲♣❧❛♥❡ ❛t
✭❛✮ ✺✼ ●❍③✳ ✭❜✮ ✻✵ ●❍③✳ ✭❝✮ ✻✶ ●❍③✳ ❛♥❞ ✭❞✮ ✻✻ ●❍③✳
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✐♥ ❜♦t❤ ❊✲ ❛♥❞ ❍✲♣❧❛♥❡s ❛r❡ ❜❡❧♦✇ ✲✷✵ ❞❇ ♦✈❡r t❤❡ ❞❡s✐r❡❞ ❢r❡q✉❡♥❝② ❜❛♥❞✳ ❚❤❡
❝r♦ss✲♣♦❧❛r✐③❡❞ ✈❛❧✉❡s ❛r❡ ❜❡❧♦✇ ✲✹✵ ❞❇ ❛t ❛❧❧ ❢r❡q✉❡♥❝✐❡s✳

❚❤❡ s✐♠✉❧❛t❡❞ ❛♥❞ t❤❡ ♠❡❛s✉r❡❞ ❣❛✐♥s ♦❢ t❤❡ ❛rr❛② ❛♥t❡♥♥❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳
✶✸✳ ❚❤❡ ♣✐♥❦ s♦❧✐❞ ❧✐♥❡ ✐♥ ❋✐❣✳ ✶✸ ✐♥❞✐❝❛t❡s t❤❡ s✐♠✉❧❛t❡❞ ❣❛✐♥ ❛❢t❡r s❡tt✐♥❣ ✉♣ t❤❡
♠♦❞✐✜❡❞ ❧♦ss t❛♥❣❡♥t ♦❢ t❤❡ s✉❜str❛t❡ ✭❚❤❡ ❧♦ss t❛♥❣❡♥t ✈❛❧✉❡ ♦❢ ❘❖✹✵✵✸ ✐s ♠❛♥✉❛❧❧②
♠♦❞✐✜❡❞ ❛s ✵✳✵✶ ❛t ✻✵✲●❍③ ✐♥ ❈❙❚ ♠♦❞❡❧✮✳ ❚❤✐s ♠♦❞✐✜❝❛t✐♦♥ ❤❡❧♣s ✉s ❛❝❝✉r❛t❡❧②
♣r❡❞✐❝t t❤❡ r❡❛❧ ❣❛✐♥ ♦❢ t❤❡ ❛♥t❡♥♥❛✳ ❚❤❡ ❜❧✉❡ ❞❛s❤ ❧✐♥❡ ✐♥ ❋✐❣✳ ✶✸ s❤♦✇s t❤❡ ♠❡❛✲

❚❛❜❧❡ ✷✿ ❈❖▼P❆❘■❙❖◆ ❇❊❚❲❊❊◆ ❚❍❊ P❘❖P❖❙❊❉ ❆◆❉ ❘❊P❖❘❚❊❉ ✻✵✲●❍③
P▲❆◆❆❘ ❆◆❚❊◆◆❆ ❆❘❘❆❨❙

P❡r❢♦r♠❛♥❝❡ ❘❡❢✳❬✶✾❪ ❘❡❢✳❬✹❪ Pr❡s❡♥t ❲♦r❦

❚❡❝❤♥♦❧♦❣② P❧❛t❡ ▲❛♠✐♥❛t❡❞ ❘✐❞❣❡ ●❛♣ ❲❛✈❡❣✉✐❞❡ ■▼●❲

❙✐③❡ ❬❝♠❪ ✻✳✼ × ✻✳✼ ✼ × ✻✳✹ ✻✳✹ × ✻✳✹

◆✉♠❜❡r ♦❢ ❊❧❡♠❡♥ts ✷✺✻ ✷✺✻ ✷✺✻

❋r❡q✉❡♥❝② ❇❛♥❞ ❬●❍③❪ ✺✾✲✻✹ ✺✻✲✻✺✳✼ ✺✹✳✺✲✻✹

❇❛♥❞✇✐❞t❤ ✽✪ ✶✻✪ ✶✼✪

▼❛① ●❛✐♥ ❬❞❇✐❪ ✸✸ ✸✸ ✸✵✳✺

▼✐♥ ❊✣❝✐❡♥❝② ✽✵✪ ✼✵✪ ✹✵✪

s✉r❡❞ ❣❛✐♥✱ ✐❧❧✉str❛t✐♥❣ ❛❜♦✈❡ ✹✵✪ t♦t❛❧ ❛♣❡rt✉r❡ ❡✣❝✐❡♥❝② ♦✈❡r t❤❡ ❢r❡q✉❡♥❝② ❜❛♥❞

Frequency [GHz]

53 54 55 56 57 58 59 60 61 62 63 64 65 66

S
im

u
la

te
d

 &
 M

ea
su

re
d

 G
a

in
 [

d
B

i]

26

27

28

29

30

31

32

33

34

35

Simulated Gain

Measured Gain

50%

40%

60%

70%

100%

❋✐❣✉r❡ ✶✸✿ ▼❡❛s✉r❡❞ ❣❛✐♥ ❛♥❞ s✐♠✉❧❛t❡❞ ❞✐r❡❝t✐✈✐t② ♦❢ t❤❡ ♣r❡s❡♥t ✶✻ × ✶✻ s❧♦t ❛rr❛② ❛♥t❡♥♥❛✳

✶✵✻



✺✳ ❈♦♥❝❧✉s✐♦♥

✺✹✲✻✹ ●❍③✳ ❲❤❛t ✇❡ s❤♦✉❧❞ ♥♦t✐❝❡ ✐♥ ❋✐❣✳ ✶✸ ✐s t❤❛t t❤❡ ♠❡❛s✉r❡❞ ❣❛✐♥ ❞r♦♣s ✈❡r②
r❛♣✐❞❧② st❛rt✐♥❣ ❢r♦♠ ✻✹ ●❍③✱ t❤♦✉❣❤ ♦✉r ❞❡s✐❣♥ t❛r❣❡t ✐s ✺✼✲✻✻ ●❍③✳ ❚❤❡ s✐♠✐❧❛r
♣❤❡♥♦♠❡♥❛ ❤❛✈❡ ❜❡❡♥ ❛❧s♦ r❡♣♦rt❡❞ ✐♥ ❬✶✼❪ ❛♥❞ ❬✶✽❪✳ ❚❤❡ ♣r♦❜❛❜❧❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r
t❤❡ r❡❞✉❝❡❞ ❛♥t❡♥♥❛ ❣❛✐♥ ✐s t❤❛t t❤❡ tr✉❡ ❧♦ss t❛♥❣❡♥t ♦❢ t❤❡ s✉❜str❛t❡ ♠❛② r❛♣✐❞❧②
❜❡❝♦♠❡ ❧❛r❣❡r ✇✐t❤ t❤❡ ✐♥❝r❡❛s✐♥❣ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ✐s ♣r♦❜❛❜❧② ❡✈❡♥ ❤✐❣❤❡r t❤❛♥
✵✳✵✶ ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝② ❜❛♥❞✳ ❚❤❡ ♦t❤❡r ♣♦ss✐❜❧❡ r❡❛s♦♥ ❢♦r t❤❡ ❣❛✐♥ r❡❞✉❝t✐♦♥ ✐s
t❤❛t t❤❡ t♦♣ r❛❞✐❛t✐♥❣ ❧❛②❡r ✐s ✈❡r② t❤✐♥ ❛♥❞ t❤❡r❡❢♦r❡ ❛♥② ❛ss❡♠❜❧② t♦❧❡r❛♥❝❡ ❝♦✉❧❞
❝❛✉s❡ ✐ts ❞❡❢♦r♠❛t✐♦♥ ✇❤✐❝❤ ❧❡❛❞s t♦ ❧❛r❣❡ ❧❡❛❦❛❣❡ ❧♦ss ❛t ❤✐❣❤ ❢r❡q✉❡♥❝②✳

❲❡ s✉♠♠❛r✐③❡ str✉❝t✉r❛❧ ❝❤❛r❛❝t❡r✐st✐❝s ❛♥❞ ♣❡r❢♦r♠❛♥❝❡s ♦❢ s❡✈❡r❛❧ ✻✵✲●❍③ ❤✐❣❤✲
❣❛✐♥ ❛♥t❡♥♥❛ ❛rr❛②s✱ r❡♣♦rt❡❞ ✐♥ r❡❢❡r❡♥❝❡s ❛♥❞ ❝♦♠♣❛r❡ t❤❡♠ ✇✐t❤ ♦✉r ✇♦r❦ ✐♥ ❚❛❜❧❡
■■✳ ❈♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❞❡s✐❣♥s ✐♥ ❬✶✼❪ ❛♥❞ ❬✶✽❪✱ ♦✉r ✇♦r❦ ❡①❤✐❜✐ts ✇✐❞❡ ✐♠♣❡❞❛♥❝❡
❜❛♥❞✇✐❞t❤✱ ❤✐❣❤❡r ❛♣❡rt✉r❡ ❡✣❝✐❡♥❝② ❛♥❞ ❧♦✇ ❝♦st ♦♥ ❢❛❜r✐❝❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡
♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❧♦ss ✐♥ t❤❡ s✉❜str❛t❡ ♦❢ t❤❡ ❢❡❡❞✐♥❣ ❞✐str✐❜✉t✐♦♥ ♥❡t✇♦r❦✱ t❤❡ r❡❛❧✐③❡❞
❣❛✐♥ ♦❢ ♦✉r ✇♦r❦ ✐s ❧♦✇❡r t❤❛♥ t❤♦s❡ r❡♣♦rt❡❞ ✐♥ ❬✹❪✱ ❬✻❪ ❛♥❞ ❬✶✾❪✳ ❚❤❡r❡❜②✱ t❤❡r❡ ❛r❡
st✐❧❧ s♦♠❡ ✇♦r❦ t♦ ❞♦ ❢♦r t❤❡ ❢✉rt❤❡r ✐♠♣r♦✈❡♠❡♥ts✳

✺ ❈♦♥❝❧✉s✐♦♥

❆ ❤✐❣❤ ❣❛✐♥ ❛♥❞ ✇✐❞❡ ❜❛♥❞✇✐❞t❤ s❧♦t ❛rr❛② ❛♥t❡♥♥❛ ❜❛s❡❞ ♦♥ t❤❡ ■▼●❲ t❡❝❤♥♦❧♦❣②
❛t ✻✵✲●❍③ ❤❛s ❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♣❛♣❡r✳ ❚❤❡ ♣r♦♣♦s❡❞ ❛♥t❡♥♥❛ ❝♦♥s✐sts ♦❢ ❢♦✉r
✉♥❝♦♥♥❡❝t❡❞ ❧❛②❡rs ✇✐t❤♦✉t ❛♥② ❝♦♥❞✉❝t✐✈❡ ❝♦♥t❛❝t ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤❡ ❞❡s✐❣♥❡❞
♣r♦t♦t②♣❡ ✐s ♠❛♥✉❢❛❝t✉r❡❞ ❜② ❊❉▼ t❡❝❤♥♦❧♦❣②✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ r❡s✉❧ts
♦❢ t❤❡ ✇❤♦❧❡ ❛♥t❡♥♥❛ str✉❝t✉r❡ s❤♦✇ ✈❡r② ❣♦♦❞ ❛❣r❡❡♠❡♥ts ✐♥ r❛❞✐❛t✐♦♥ ♣❛tt❡r♥s ✐♥
❜♦t❤ ❊✲ ❛♥❞ ❍✲♣❧❛♥❡✳ ❚❤❡ ♠❡❛s✉r❡❞ r❡❛❧✐③❡❞ ❣❛✐♥ ✐s ❤✐❣❤❡r t❤❛♥ ✷✽ ❞❇✐ ♦✈❡r t❤❡
❡♥t✐r❡ ♦♣❡r❛t✐♦♥ ❜❛♥❞✇✐❞t❤ ❢r♦♠ ✺✹✳✺ t♦ ✻✹ ●❍③✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡✣❝✐❡♥❝② ❧❛r❣❡r
t❤❛♥ ✹✺✪✳ ❚❤✐s ✇♦r❦ s❤♦✇s t❤❛t t❤❡ ■▼●❲ t❡❝❤♥♦❧♦❣② ✐s ❛♥ ❡①❝❡❧❧❡♥t ❝❛♥❞✐❞❛t❡ ❢♦r
❛rr❛② ❛♥t❡♥♥❛s ✐♥ ♠✐❧❧✐♠❡t❡r ✇❛✈❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s✳

✶✵✼



❘❡❢❡r❡♥❝❡s

❬✶❪ ❆✳ ❱❛❧❡r♦✲◆♦❣✉❡✐r❛✱ ❊✳ ❆❧❢♦♥s♦✱ ❏✳ ■✳ ❍❡rr❛♥③ ❛♥❞ P✳✲❙✳ ❑✐❧❞❛❧✱ ✏❊①♣❡r✐♠❡♥t❛❧
❞❡♠♦♥str❛t✐♦♥ ♦❢ ❧♦❝❛❧ q✉❛s✐✲❚❊▼ ❣❛♣ ♠♦❞❡s ✐♥ s✐♥❣❧❡❤❛r❞✲ ✇❛❧❧ ✇❛✈❡❣✉✐❞❡s✱ ✑
■❊❊❊ ❆♥t❡♥♥❛s ❲✐r❡❧❡ss Pr♦♣❛❣✳ ▲❡tt✳✱ ✈♦❧✳ ✶✾✱ ♥♦✳ ✾✱ ♣♣✳ ✺✸✻✲✺✸✽✱ ❙❡♣✳ ✷✵✵✾✳

❬✷❪ P✳✲❙✳ ❑✐❧❞❛❧✱ ✏❚❤r❡❡ ♠❡t❛♠❛t❡r✐❛❧✲❜❛s❡❞ ❣❛♣ ✇❛✈❡❣✉✐❞❡s ❜❡t✇❡❡♥ ♣❛r❛❧❧❡❧ ♠❡t❛❧
♣❧❛t❡s ❢♦r ♠♠✴s✉❜♠♠ ✇❛✈❡s✱ ✑ ✐♥ ✸r❞ ❊✉r♦♣❡❛♥ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❆♥t❡♥♥❛s ❛♥❞
Pr♦♣❛❣❛t✐♦♥✱ ❊✉❈❆P ✷✵✵✾✱ ♣♣✳ ✷✽✲✸✷✳

❬✸❪ ❍✳ ❘❛③❛✱ ❏✳ ❨❛♥❣✱ P✳✲❙✳ ❑✐❧❞❛❧ ❛♥❞ ❊✳ ❆❧❢♦♥s♦✱ ✏▼✐❝r♦str✐♣✲r✐❞❣❡ ❣❛♣ ✇❛✈❡❣✉✐❞❡ ✲
st✉❞② ♦❢ ❧♦ss❡s✱ ❜❡♥❞s✱ ❛♥❞ tr❛♥s✐t✐♦♥ t♦ ❲❘✲✶✺✱ ✑ ■❊❊❊ ❚r❛♥s✳ ▼✐❝r♦✇✳ ❚❤❡♦r②
❚❡❝❤✳✱ ✈♦❧✳ ✻✷✱ ♥♦✳ ✾✱ ♣♣✳ ✶✾✹✸✲✶✾✺✷✱ ✷✵✶✹✳

❬✹❪ ❉✳ ❩❛r✐✜✱ ❆✳ ❋❛r❛❤❜❛❦s❤✱ ❆✳ ❯③ ❩❛♠❛♥ ❛♥❞ P✳✲❙✳ ❑✐❧❞❛❧✱ ✏❉❡s✐❣♥ ❛♥❞ ❢❛❜r✐❝❛t✐♦♥
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