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❡r❛❧ ❛♣♣r♦❛❝❤❡s ❡①✐st t♦ ❡st✐♠❛t❡ t❤❡ ✇❤♦❧❡✲❜♦❞②
❛✈❡r❛❣❡❞ ❙❆❘ ✐♥ ❛ r❡❛❧ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡s❡ ❛♣✲
♣r♦❛❝❤❡s ❝❛♥ ❜❡ ❝❧❛ss✐✜❡❞ ✐♥ t✇♦ ❝❛t❡❣♦r✐❡s ❛❝❝♦r❞✲
✐♥❣ t♦ ❤♦✇ t❤❡ ❡①♣♦s✉r❡ ✐s ♠♦❞❡❧❡❞✱ ✐✳❡✳✱ ❞❡t❡r♠✐♥✲
✐st✐❝ ♦r st❛t✐st✐❝❛❧✳ ❊①❛♠♣❧❡s ♦❢ ❞❡t❡r♠✐♥✐st✐❝ ❛♣✲
♣r♦❛❝❤❡s ❛r❡ t❤❡ ✇♦rst✲❝❛s❡ ❛ss❡ss♠❡♥t ❛s ✐♥ ❑ü❤♥
❡t ❛❧✳ ❬✷✵✵✾❪ ❛♥❞ ❱❡r♠❡❡r❡♥ ❡t ❛❧✳ ❬✷✵✶✵❪ ❛♥❞ t❤❡
❡①♣♦s✉r❡ ❛ss❡ss♠❡♥t ✐♥ ❛ ♣❛rt✐❝✉❧❛r ❛r❡❛ ♦r ❧♦❝❛✲
t✐♦♥ ❬❏♦s❡♣❤ ❡t ❛❧✳ ✷✵✵✻❪✳ ■♥ t❤❡ ❧❛tt❡r t❤❡ s✉r✲
r♦✉♥❞✐♥❣ ❛r❡❛ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥ ✐s t❛❦❡♥
✐♥t♦ ❛❝❝♦✉♥t ❜② ♠♦❞❡❧✐♥❣ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❢♦r t❤❡
♥✉♠❡r✐❝❛❧ ❝♦♠♣✉t❛t✐♦♥s ❬▲❛③③✐ ❛♥❞ ●❛♥❞❤✐✱ ✷✵✵✵❀
◆❡✉❜❛✉❡r ❡t ❛❧✳✱ ✷✵✵✾❪ ♦r ❜② ♠❡❛s✉r✐♥❣ t❤❡ ✐♥❝✐❞❡♥t
✜❡❧❞s ✐♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❬●❛♥❞❤✐ ❛♥❞ ▲❛♠ ✷✵✵✸❪✳
❚❤❡ st❛t✐st✐❝❛❧ ❛♣♣r♦❛❝❤ ✐s ♠♦r❡ ❣❡♥❡r❛❧ ❛s ✐t

❛✐♠s ❛t q✉❛♥t✐❢②✐♥❣ t❤❡ ❛❜s♦r♣t✐♦♥ ✐♥ ❛ ❝♦♠♣❧❡t❡
t②♣❡ ♦❢ ❡♥✈✐r♦♥♠❡♥t✳ ■♥ t❤❡ st❛t✐st✐❝❛❧ ❛♣♣r♦❛❝❤
t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s ♦r ❡①♣♦s✉r❡ ✐♥ ❛♥ ❡♥✈✐r♦♥♠❡♥t
❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❛♥ ❛♣♣r♦♣r✐❛t❡ st❛t✐st✐❝❛❧ ♠♦❞❡❧✳
❲✐t❤✐♥ t❤❡ st❛t✐st✐❝❛❧ ❛♣♣r♦❛❝❤✱ ❞✐✛❡r❡♥t ♠❡t❤✲
♦❞s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ t♦ ❛ss❡ss t❤❡ ❛❜s♦r♣✲
t✐♦♥✳ ■♥ ❬❖❧✐✈✐❡r ✷✵✵✼❪ t❤❡ ✇❤♦❧❡✲❜♦❞② ❛✈❡r❛❣❡❞
❙❆❘ ✭SARwb✮ ✐s ❞❡t❡r♠✐♥❡❞ ❛♥❛❧②t✐❝❛❧❧② ❢♦r t❤❡
❝❛♥♦♥✐❝❛❧ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ♦❢ ❛ s♣❤❡r♦✐❞✳ ❉❡✲
s♣✐t❡ t❤❡ ❢❛❝t t❤❛t ❝❛❧❝✉❧❛t✐♥❣ SARwb ✐s ❛♥❛❧②t✐✲
❝❛❧❧② ✈❡r② ❢❛st✱ ✐t ❝❛♥♥♦t ❜❡ ✉s❡❞ ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s✳ ■♥ ❛ ♣r❡✈✐♦✉s st✉❞② ❬❱❡r♠❡❡r❡♥ ❡t
❛❧✳✱ ✷✵✵✽❛❪✱ ❛ ❢❛st ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞ ❤❛s ❜❡❡♥ ♣r❡✲
s❡♥t❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✇❤♦❧❡✲❜♦❞② ❛❜s♦r♣t✐♦♥ ✐♥ ❛
s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ✐♥ ❛ r❡❛❧✐st✐❝ ❡①♣♦s✉r❡
❡♥✈✐r♦♥♠❡♥t✳ ❚❤✐s ♠❡t❤♦❞ ✉s❡s ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s
♦♥ ❛ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ ❛ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ❢♦r
❛ ❧✐♠✐t❡❞ s❡t ♦❢ ✐♥❝✐❞❡♥t s✐♥❣❧❡✲♣❧❛♥❡ ✇❛✈❡s t♦ ❝❛❧✲
❝✉❧❛t❡ t❤❡ ✇❤♦❧❡✲❜♦❞② ❛❜s♦r♣t✐♦♥ ❢♦r ❛♥② s✐♥❣❧❡✲ ♦r
♠✉❧t✐♣❧❡✲♣❧❛♥❡ ✇❛✈❡ ❡①♣♦s✉r❡✳ ❚❤✐s ❧✐♠✐t❡❞ s❡t ♦❢
✜❡❧❞ ❞✐str✐❜✉t✐♦♥s st✐❧❧ ♥❡❡❞s t♦ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣
❛✈❛✐❧❛❜❧❡ ✸❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s♦❧✈❡rs✳ ❚❤❡ ❛❞✈❛♥✲
t❛❣❡ ♦❢ t❤✐s ❛♣♣r♦❛❝❤ ✐s t❤❛t ♦♥❝❡ t❤❡ ❧✐♠✐t❡❞ s❡t ♦❢
❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ✐s ❞❡t❡r♠✐♥❡❞✱ t❤❡ ✇❤♦❧❡✲
❜♦❞② ❛❜s♦r♣t✐♦♥ ❢♦r ❛♥② r❡❛❧✐st✐❝ ❡①♣♦s✉r❡ ❝❛♥ ❜❡
❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡ ❧✐♥❡❛r✐t② ♦❢ ▼❛①✇❡❧❧✬s ❡q✉❛✲
t✐♦♥s✳ ❚❤✐s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✇✐t❤✐♥ s❡❝♦♥❞s ❛♥❞ ♥♦
t✐♠❡✲❝♦♥s✉♠✐♥❣ ✸❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝♦♠♣✉t❛t✐♦♥s

❛r❡ ♥❡❡❞❡❞✳ ❖t❤❡r ♠❡t❤♦❞s ❡♥❝♦✉♥t❡r❡❞ ✐♥ ❧✐t❡r❛✲
t✉r❡ ❛r❡ s✉rr♦❣❛t❡ ♠♦❞❡❧✐♥❣ ❛s ✐♥ ❬❑✐❡♥t❡❣❛✱ ✷✵✶✶❪
❛♥❞ ▼♦♥t❡✲❈❛r❧♦ ❛♥❛❧②s✐s ❬■s❦r❛ ❡t ❛❧✳✱ ✷✵✶✶❪✳ ■♥
❝♦♥tr❛r② t♦ t❤❡ ♠❡t❤♦❞ ♦❢ ❬❱❡r♠❡❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✽❛❪
t❤❡ s✉rr♦❣❛t❡ ♠♦❞❡❧ ♣r❡s❡♥t❡❞ ✐♥ ❬❑✐❡♥t❡❣❛✱ ✷✵✶✶❪
✐s ❜❛s❡❞ ♦♥ ♦♥❧② ✜✈❡ s✐♠✉❧❛t✐♦♥s ✇✐t❤ s✐♥❣❧❡ ✐♥❝✐✲
❞❡♥t ♣❧❛♥❡✲✇❛✈❡ ❡①♣♦s✉r❡✳ ❆❧t❤♦✉❣❤✱ t❤❡ s✉rr♦❣❛t❡
♠♦❞❡❧ ♣r❡❞✐❝ts ✈❡r② ✇❡❧❧ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ SARwb

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

♣❛t❤ ❡①♣♦s✉r❡ ✭❙▼❊✮ ♠❡t❤♦❞ ♦❢ ❱❡r♠❡❡r❡♥ ❡t
❛❧✳ ❬✷✵✵✽❛❪ ❢♦r s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐s
❡①t❡♥❞❡❞ t♦ ❤❡t❡r♦❣❡♥❡♦✉s r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞②
♣❤❛♥t♦♠s ✐♥ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥ts✳ ❆❧t❤♦✉❣❤ t❤❡
♥✉♠❜❡r ♦❢ ✸❉ ❢✉❧❧✲✇❛✈❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝♦♠♣✉✲
t❛t✐♦♥s s✐❣♥✐✜❝❛♥t❧② ✐♥❝r❡❛s❡s ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s✱ st✐❧❧ ❛ ❧❛r❣❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❛♠♦✉♥t
♦❢ ✸❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❝♦♠♣✉t❛t✐♦♥s ✐s ♦❜t❛✐♥❡❞
✉s✐♥❣ t❤❡ ❙▼❊ ♠❡t❤♦❞✳ ❚❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ t❤✐s
♠❡t❤♦❞ ❛r❡ ❛ s✐❣♥✐✜❝❛♥t r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♦✈❡r❛❧❧
s✐♠✉❧❛t✐♦♥ t✐♠❡ ❛♥❞ t❤❛t t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s ❛♥❞ t❤❡ ❛❜s♦r♣t✐♦♥ ✐s ♥♦t ❧♦st✳
❋✐rst✱ t❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ t❤❡ ❢❛st ❙▼❊ ♠❡t❤♦❞

❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐s ♣r❡s❡♥t❡❞✳
❚❤❡♥✱ t❤❡ ♠❡t❤♦❞ ✐s ✈❛❧✐❞❛t❡❞✱ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ t❤✐s
❢❛st ♠❡t❤♦❞ ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞✐❡s ✐s ❞✐s❝✉ss❡❞✱
❛♥❞ t❤❡ t✐♠❡✲❝♦♥s✉♠♣t✐♦♥ ✇✐t❤ r❡s♣❡❝t t♦ ❛ ❝♦♠✲
♣❧❡t❡❧② ❢✉❧❧✲✇❛✈❡ ❛♣♣r♦❛❝❤ ✐s ❡✈❛❧✉❛t❡❞✳ ◆❡①t✱ t❤❡
♠❡t❤♦❞ ✐s ❛♣♣❧✐❡❞ t♦ ❛ss❡ss ♥✉♠❡r✐❝❛❧❧② SARwb ✐♥
t❤❡ ✻✲②❡❛r✲♦❧❞ ❱✐rt✉❛❧ ❋❛♠✐❧② ❇♦② ✭❱❋❇✮ ❬❈❤r✐st ❡t
❛❧✳✱ ✷✵✵✽❪ ❢♦r t❤❡ ●❧♦❜❛❧ ❙②st❡♠ ❢♦r ▼♦❜✐❧❡ ❈♦♠♠✉✲
♥✐❝❛t✐♦♥s ✭●❙▼✮ ❞♦✇♥❧✐♥❦ ❢r❡q✉❡♥❝② ♦❢ ✾✺✵▼❍③
✐♥ ❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥ts✳ ❚❤❡ ❝♦♠♣❧✐❛♥❝❡ ♦❢ t❤❡
■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ t♦ t❤❡ ❜❛s✐❝ r❡str✐❝t✐♦♥ ✐s
❡✈❛❧✉❛t❡❞ ❢♦r t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s r❡❛❧✐st✐❝ ❱❋❇ ❛♥❞
❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ❡①♣♦s✉r❡ ❛t ✾✺✵▼❍③✳ ❋✐♥❛❧❧②✱
t❤❡ r❡s✉❧ts ✐♥ t❤❡ r❡❛❧✐st✐❝ ✈✐rt✉❛❧ ❢❛♠✐❧② ❜♦② ❛r❡
❝♦♠♣❛r❡❞ t♦ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r t❤❡ s♣❤❡r♦✐❞
❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✳

▼❛t❡r✐❛❧s ❛♥❞ ♠❡t❤♦❞s

❚❤❡ ♠❡t❤♦❞ t♦ ❝♦♠♣✉t❡ q✉✐❝❦❧② t❤❡ ✇❤♦❧❡✲❜♦❞②
❙❆❘ ✐♥ ❛ r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ❢♦r ❤❡t❡r♦✲
❣❡♥❡♦✉s ❢❛r✲✜❡❧❞ ❡①♣♦s✉r❡ ✐s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
♠❡t❤♦❞ ❢♦r s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ❞❡✈❡❧♦♣❡❞
❜② ❱❡r♠❡❡r❡♥ ❡t ❛❧✳ ❬✷✵✵✽❛❪✳ ❚❤❡ ✢♦✇❝❤❛rt ♦❢ t❤❡
♠❡t❤♦❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✶✳ ❚❤✐s ✢♦✇❝❤❛rt ✐s
s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ❢♦r s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞✲

✷



A. Select the heterogeneous
human body model

B. Determine the minimum
set of basic incident fields:
Ẽinc,TE and Ẽinc,TM

C. Minimum set of basic to-
tal fields: Ẽtot,TE, Ẽtot,TM,

H̃tot,TE and H̃tot,TM

Basic field distri-

butions have to be

computed only once!

1. Select the realistic envi-
ronment

2. Generate exposure based
on the statistics of the envi-
ronment: Einc

3. Fast calculation of the
total field distributions: Etot

and Htot

4. Calculate the whole-body
SAR

Fast method to com-

pute the SARwb

full-wave 3D EM solver

N
s
ti
m
es

❋✐❣✉r❡ ✶✿ ❋❧♦✇❝❤❛rt ♦❢ t❤❡ ❢❛st ♠❡t❤♦❞✳

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

❙t❛t✐st✐❝❛❧ ♠✉❧t✐♣❛t❤ ❡①♣♦s✉r❡ ✭❙▼❊✮
♠❡t❤♦❞

❚❤❡ ❙▼❊ ♠❡t❤♦❞ ❝♦♥s✐sts ♦❢ t✇♦ ♠❛❥♦r ♣❛rts✳
❚❤❡ ✜rst ♣❛rt ❞❡❛❧s ✇✐t❤ t❤❡ ✸❉ ❢✉❧❧✲✇❛✈❡ ❡❧❡❝tr♦✲
♠❛❣♥❡t✐❝ s✐♠✉❧❛t✐♦♥s ♥❡❡❞❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ s♦✲
❝❛❧❧❡❞ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ✭❇❋❉s✮ ❢♦r ❛ ♣❛r✲
t✐❝✉❧❛r ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ✭❙t❡♣ ❆✱ ❇✱ ❛♥❞ ❈ ♦❢
t❤❡ ✢♦✇❝❤❛rt ✐♥ ❋✐❣✉r❡ ✶✮✳ ❚❤✐s ♣❛rt ❤❛s t♦ ❜❡
♣❡r❢♦r♠❡❞ ♦♥❧② ♦♥❝❡ ❢♦r t❤❡ s❡❧❡❝t❡❞ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ✐♥t❡r❡st✳ ❚❤❡ s❡❝♦♥❞
♣❛rt ♦❢ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❞❡❛❧s ✇✐t❤ t❤❡ ❢❛st ❝❛❧❝✉✲
❧❛t✐♦♥ ♦❢ t❤❡ ✇❤♦❧❡✲❜♦❞② ❛❜s♦r♣t✐♦♥ ❢♦r ❤❡t❡r♦❣❡✲
♥❡♦✉s ❡①♣♦s✉r❡ ✉s✐♥❣ t❤❡ ♣r❡✲❝♦♠♣✉t❡❞ ❇❋❉s ❛♥❞
t❤❡ ❧✐♥❡❛r✐t② ♦❢ ▼❛①✇❡❧❧✬s ❡q✉❛t✐♦♥s ✭❙t❡♣ ✶✱ ✷✱ ✸✱ ✹
♦❢ t❤❡ ✢♦✇❝❤❛rt✮✳

❈♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐✲
❜✉t✐♦♥s ✭❙t❡♣ ❆✱ ❇✱ ❛♥❞ ❈✮

❚❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ ❛ ❜♦❞② ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞
❢r♦♠ t❤❡ t♦t❛❧ ❡❧❡❝tr✐❝ ✭Etot✮ ❛♥❞ t♦t❛❧ ♠❛❣♥❡t✐❝
✜❡❧❞ ✭Htot✮ ❞✐str✐❜✉t✐♦♥ ♦♥ ❛ ❝❧♦s❡❞ s✉r❢❛❝❡ ❙ ❡♥✲
❝❧♦s✐♥❣ t❤❡ ❜♦❞② ✭s❡❡ ❧❛t❡r✮✳ ❆ss✉♠✐♥❣ ❢❛r✲✜❡❧❞ ❡①✲
♣♦s✉r❡ ❝♦♥❞✐t✐♦♥s ✭✐✳❡✳✱ t❤❡ ❤✉♠❛♥ ❜♦❞② ✐♥ t❤❡ ❢❛r

✜❡❧❞ ♦❢ ❛♥t❡♥♥❛s ❛♥❞ r❡✲r❛❞✐❛t♦rs✮ ❛♥❞ ♥♦ ❝♦✉♣❧✐♥❣
❜❡t✇❡❡♥ t❤❡ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞②✱ ❤❡t✲
❡r♦❣❡♥❡♦✉s ❡①♣♦s✉r❡ ✐♥ ❛ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥t ❝❛♥
❜❡ ♠♦❞❡❧❡❞ ❛s ♠✉❧t✐♣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s✳ ❙♦✱ ✐❢
✇❡ ❦♥♦✇ t❤❡ t♦t❛❧ ✜❡❧❞s ❢♦r ❛❧❧ s✐♥❣❧❡ ♣❧❛♥❡ ✇❛✈❡s ✐♥✲
❝✐❞❡♥t ♦♥ t❤❡ ❤✉♠❛♥ ❜♦❞② ❢r♦♠ ❛❧❧ ❞✐r❡❝t✐♦♥s✱ t❤❡♥
✇❡ ❝❛♥ q✉✐❝❦❧② ❝❛❧❝✉❧❛t❡ t❤❡ t♦t❛❧ ✜❡❧❞s ❢♦r ❛♥② ❤❡t✲
❡r♦❣❡♥❡♦✉s ❡①♣♦s✉r❡✱ ♠♦❞❡❧❡❞ ❛s ♠✉❧t✐♣❧❡✲✐♥❝✐❞❡♥t
♣❧❛♥❡ ✇❛✈❡s✱ ✉s✐♥❣ t❤❡ ❧✐♥❡❛r✐t② ♦❢ t❤❡ ▼❛①✇❡❧❧✬s
❡q✉❛t✐♦♥s✳ ❚❤❡ ❇❋❉s ♦r t♦t❛❧ ✜❡❧❞s ❢♦r t❤❡ s✐♥❣❧❡✲
✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s ❤❛✈❡ t♦ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❛
✸❉ ❊▼ s♦❧✈❡r✳ ❋♦rt✉♥❛t❡❧②✱ t❤❡ ♥✉♠❜❡r ♦❢ ❇❋❉s
t♦ ❝♦♠♣✉t❡ ❝❛♥ ❜❡ r❡❞✉❝❡❞ ✐♥ t✇♦ ✇❛②s✳ ❋✐rst✱
t❤❡ ✜❡❧❞s ♦❢ ❛♥ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❤❛✈❡ ❛ ❝❡rt❛✐♥
♣♦❧❛r✐③❛t✐♦♥✳ ❆♥② ♣♦❧❛r✐③❡❞ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡
❝❛♥ ❜❡ ❞❡❝♦♠♣♦s❡❞ ✐♥ t✇♦ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s
✇✐t❤ ♠✉t✉❛❧ ♣❡r♣❡♥❞✐❝✉❧❛r ♣♦❧❛r✐③❛t✐♦♥✳ ❚❤❡s❡ ❛r❡
❞❡s✐❣♥❛t❡❞ ❛s tr❛♥s✈❡rs❡ ❡❧❡❝tr✐❝ ✭❚❊✮ ❛♥❞ tr❛♥s✲
✈❡rs❡ ♠❛❣♥❡t✐❝ ✭❚▼✮ ♣♦❧❛r✐③❡❞ ✐♥❝✐❞❡♥t ✜❡❧❞s✳ ❙❡❝✲
♦♥❞❧②✱ ❛ ♣❧❛♥❡ ✇❛✈❡ ❝❛♥ ❜❡ ✐♥❝✐❞❡♥t ✉♣♦♥ ❛ ❤✉♠❛♥
❜♦❞② ❢r♦♠ ❛♥② ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ✭φinc✱θinc✮✳ ❖❜✈✐✲
♦✉s❧②✱ ✐t ✐s ✐♠♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ t♦t❛❧ ✜❡❧❞s
❛r♦✉♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞② ❢♦r ❡✈❡r② ❛♥❣❧❡ ♦❢ ✐♥❝✐✲
❞❡♥❝❡✳ ❍❡♥❝❡✱ t❤❡ ❇❋❉s ❛r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❛ ✸❉
❊▼ s♦❧✈❡r ❢♦r ❛ ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ s❡t ♦❢ ❛♥❣❧❡s
♦❢ ✐♥❝✐❞❡♥❝❡ ✭φinc,m✱θinc,n✮✿

φinc,k = k∆φinc ✭✶✮

θinc,l = l∆θinc ✭✷✮

∆φinc ❛♥❞ ∆θinc ❞❡♥♦t❡ t❤❡ st❡♣ s✐③❡ ❛❧♦♥❣ ❛③✐♠✉t❤
❛♥❞ ❡❧❡✈❛t✐♦♥✱ r❡s♣❡❝t✐✈❡❧②✳ ∆φinc ❛♥❞ ∆θinc ❞❡✲
♣❡♥❞ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛③✐♠✉t❤ ✭❑✮ ❛♥❞ ❡❧❡✈❛t✐♦♥
✭▲✮ ❛♥❣❧❡s ❢♦r ✇❤✐❝❤ t❤❡ ❇❋❉s ❛r❡ ❝♦♠♣✉t❡❞✳ ∆φinc
❛♥❞ ∆θinc ❛r❡ ❣✐✈❡♥ ❜②✿

∆φinc (rad) =
2π

K
✭✸✮

∆θinc (rad) =
π

L− 1
✭✹✮

❚❤❡ ♥✉♠❜❡r ♦❢ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❢♦r ✇❤✐❝❤ t❤❡
t♦t❛❧ ✜❡❧❞s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❛r❡ r❡❞✉❝❡❞ ❜② ❛♣♣❧②✲
✐♥❣ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡✳ ❚❤✐s ✐s
♣♦ss✐❜❧❡ ❜❡❝❛✉s❡ t❤❡ t♦t❛❧ ✜❡❧❞s ❛r♦✉♥❞ t❤❡ ❜♦❞②
❛r❡ s♠♦♦t❤ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✳
❚❤✉s✱ ❢r♦♠ t❤❡ t♦t❛❧ s❡t ♦❢ ❇❋❉s ♦♥❧② ❛ ❧✐♠✐t❡❞
s❡t ❤❛s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ✸❉ ♥✉♠❡r✐❝❛❧ t❡❝❤✲
♥✐q✉❡s✳ ❚❤❡s❡ ❛r❡✱ ✐♥ ✇❤❛t ❢♦❧❧♦✇s✱ r❡❢❡rr❡❞ t♦ ❛s

✸



t❤❡ ❝♦♠♣✉t❡❞ s❡t ♦❢ ❇❋❉s ❞❡s✐❣♥❛t❡❞ ❛s Ẽtot,TE✱

Ẽtot,TM✱ H̃tot,TE✱ ❛♥❞ H̃tot,TM ✭t❤❡ ❜❛s✐❝ ✜❡❧❞s ❛r❡
❞❡s✐❣♥❛t❡❞ ✇✐t❤ ❛ t✐❧❞❡ ✭⑦✮✮✳

❆s ♦♣♣♦s❡❞ t♦ ❛ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧✱ ❛
r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♣❤❛♥t♦♠ ❞♦❡s ♥♦t ❤❛✈❡ ❛♥②
s②♠♠❡tr② ❜❡❝❛✉s❡ t❤❡ s❤❛♣❡ ❛♥❞ ♦r❣❛♥s ♦❢ ❛ ♣❡r✲
s♦♥ ❛r❡ ♥♦t s②♠♠❡tr✐❝✳ ❚❤✐s ❤❛s t✇♦ ❝♦♥s❡q✉❡♥❝❡s✳
❋✐rst✱ t❤❡ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ❤❛✈❡ t♦ ❜❡ ❝❛❧❝✉✲
❧❛t❡❞ ❢♦r ❛♥② ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡✱ ✐✳❡✳✱ θinc = 0 . . . π
❛♥❞ φinc = 0 . . . 2π✳ ❙❡❝♦♥❞❧②✱ t❤❡ ❝❧♦s❡❞ ♦❜s❡r✈❛✲
t✐♦♥ s✉r❢❛❝❡✱ ✇❤❡r❡ t❤❡ ✜❡❧❞s ❛r❡ ❝❛❧❝✉❧❛t❡❞✱ ❞♦❡s
♥♦t ♥❡❡❞ t♦ ❜❡ s②♠♠❡tr✐❝✳ ❍❡♥❝❡✱ ✇❡ ❤❛✈❡ ❝❤♦✲
s❡♥ ❛ ❜♦① s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞② ♣❤❛♥✲
t♦♠ t♦ r❡❞✉❝❡ t❤❡ s✐③❡ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❞♦♠❛✐♥
✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ s❤♦rt❡r ♦✈❡r❛❧❧ s✐♠✉❧❛t✐♦♥ t✐♠❡✳
❚❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣♥❡t✐❝ ✜❡❧❞s ❛r❡ ❝♦♠♣✉t❡❞ ✐♥
❛♥❞ st♦r❡❞ ❢♦r ❛ ❞✐s❝r❡t❡ s❡t ♦❢ ♣♦✐♥ts ♦♥ t❤❡ ❞✐✛❡r✲
❡♥t s✉r❢❛❝❡s ♦❢ t❤❡ ❜♦①✳ ❚❤❡ ♣♦✐♥ts ❛r❡ ❞✐str✐❜✉t❡❞
✉♥✐❢♦r♠❧② ✐♥ ❛ r❡❝t❛♥❣✉❧❛r ❣r✐❞ ♦♥ ❡❛❝❤ s✉r❢❛❝❡ ♦❢
t❤❡ ❜♦①✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t✇♦ ♥❡✐❣❤❜♦r✐♥❣
♣♦✐♥ts ✐s ❛ t❡♥t❤ ♦❢ ❛ ✇❛✈❡❧❡♥❣t❤ ✐♥ ❢r❡❡ s♣❛❝❡ ✭λ✮✳
λ✴✶✵ ✐s ❝♦♠♠♦♥❧② ✉s❡❞ ✐♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ t❤❡♦r②
✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❛❝❝✉r❛t❡ r❡s✉❧ts✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡
♣♦✐♥ts ✇❤❡r❡ t❤❡ ✜❡❧❞s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❞♦♥✬t ❝♦✐♥✲
❝✐❞❡ ✇✐t❤ t❤❡ ❣r✐❞ ♣♦✐♥ts ♦❢ t❤❡ ✸❉ s♦❧✈❡r✳ ❚❤❡r❡✲
❢♦r❡✱ ❛ ✷❉ ✐♥t❡r♣♦❧❛t✐♦♥ ❤❛s t♦ ❜❡ ♣❡r❢♦r♠❡❞ t♦ ♦❜✲
t❛✐♥ t❤❡ ✜❡❧❞s ✐♥ t❤❡s❡ ♣♦✐♥ts✳ ▼♦st❧② t❤❡ ✜♥✐t❡✲
❞✐✛❡r❡♥❝❡ t✐♠❡✲❞♦♠❛✐♥ ✭❋❉❚❉✮ ♠❡t❤♦❞ ✇✐❧❧ ❜❡
✉s❡❞ ❢♦r ❝♦♠♣✉t✐♥❣ t❤❡ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s✳ ■♥
❛♥ ❋❉❚❉ s❝❤❡♠❡ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣♦✐♥ts
♦❢ t❤❡ ❣r✐❞ ✐s t②♣✐❝❛❧❧② ❛ ❧♦t s♠❛❧❧❡r t❤❛♥ λ✴✶✵✱ ❡✳❣✳✱
❛t ✾✺✵▼❍③✱ t❤❡ ♠❛①✐♠✉♠ ❣r✐❞ st❡♣ ✐♥ t❤❡ ❜♦❞②
✐s t②♣✐❝❛❧❧② ✷♠♠ ❢♦r ❋❉❚❉✳ ❚❤❡r❡❢♦r❡✱ ❛ ❜✐❧✐♥❡❛r
✐♥t❡r♣♦❧❛t✐♦♥ r♦✉t✐♥❡ ✐s ✉s❡❞✳ ❚❤❡ r♦✉t✐♥❡ ✐s s❤♦✇♥
✐♥ ❋✐❣✉r❡ ✸ ❢♦r t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❊ ✐♥ ❛♥ ①③✲♣❧❛♥❡ ♦❢
t❤❡ ❜♦① s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳ ❋✐rst✱ ❛ ✶❉ ❧✐♥❡❛r ✐♥t❡r✲
♣♦❧❛t✐♦♥ ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞ ❛❧♦♥❣ t❤❡ ③✲❞✐r❡❝t✐♦♥
r❡s✉❧t✐♥❣ ✐♥ E(xk, zi) ❛♥❞ E(xk+1, zi)✳ ❋✐♥❛❧❧②✱ ❛
✶❉ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ ❛❧♦♥❣ t❤❡ ①✲❞✐r❡❝t✐♦♥ r❡♥✲
❞❡rs E(xi, zi)✳

●❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❡①♣♦s✉r❡ ✭❙t❡♣ ✶
❛♥❞ ✷✮

❚❤❡ ❡①♣♦s✉r❡ ✐♥ ❛♥ ❡♥✈✐r♦♥♠❡♥t ❝❤❛♥❣❡s ✐♥ t✐♠❡
❛♥❞ ♣❧❛❝❡✳ ◆♦✇✱ ❧❡t ✉s ❞❡✜♥❡ ❛♥ ❡①♣♦s✉r❡ s❛♠♣❧❡ ❛s
t❤❡ ❡①♣♦s✉r❡ ♦r t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s ♦♥ ❛ ❝❡rt❛✐♥ t✐♠❡
❛♥❞ ♣❧❛❝❡✳ ■♥ ♦r❞❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ✇❤♦❧❡✲❜♦❞②
❙❆❘ ✐♥ ❛ ❤✉♠❛♥ ✐♥ ❛♥ ❡♥✈✐r♦♥♠❡♥t✱ t❤❡ ✇❤♦❧❡✲

x

z

xk xi xk+1

zl

zi

zl+1

E (xk, zl) E (xk+1, zl)

E (xk, zl+1) E (xk+1, zl+1)

E (xk, zi) E (xk+1, zi)

E (xi, zi)

❋✐❣✉r❡ ✷✿ ❇✐❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ t❤❡ ①③✲♣❧❛♥❡ ❢♦r
t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✳

❜♦❞② ❙❆❘ ♥❡❡❞s t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❢♦r s❡✈❡r❛❧ t❤♦✉✲
s❛♥❞s ♦❢ ❡①♣♦s✉r❡ s❛♠♣❧❡s✱ ✐✳❡✳✱ ❛t ❧❡❛st ✹✵✵✵ ❬❱❡r✲
♠❡❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✽❛❪✱ t♦ ♦❜t❛✐♥ st❛t✐st✐❝❛❧❧② r❡❧❡✲
✈❛♥t r❡s✉❧ts✳ ❚❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡s❡ ❡①♣♦s✉r❡ s❛♠✲
♣❧❡s ❞❡♣❡♥❞s ♦♥ t❤❡ st❛t✐st✐❝s ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t✳
❚❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❡①♣♦s✉r❡ s❛♠♣❧❡s ❤❛s ❜❡❡♥
t❤♦r♦✉❣❤❧② ❞✐s❝✉ss❡❞ ✐♥ ❖❧✐✈✐❡r ❬✷✵✵✼❪✳ ❆ss✉♠✐♥❣
❢❛r✲✜❡❧❞ ❡①♣♦s✉r❡ ❛♥❞ ♥♦ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ ❜♦❞②
❛♥❞ ❡♥✈✐r♦♥♠❡♥t✱ t❤❡ ❡①♣♦s✉r❡ ✐♥ ❛ r❡❛❧✐st✐❝ ❡♥✈✐✲
r♦♥♠❡♥t ✐s ♠♦❞❡❧❡❞ ❛s t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ s✐♥❣❧❡✲
✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s✳ ❚❤❡ st♦❝❤❛st✐❝ ❞✐str✐❜✉t✐♦♥
♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s ❛♥❞ t❤❡ ♣❛✲
r❛♠❡t❡rs ♦❢ t❤❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s ❞❡♣❡♥❞ ♦♥ t❤❡
❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡✿ ❛♠♣❧✐t✉❞❡ ❊
❛♥❞ ♣❤❛s❡ α ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞✱ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡
✭✐♥ t❡r♠s ♦❢ ❡❧❡✈❛t✐♦♥ θinc ❛♥❞ ❛③✐♠✉t❤ φinc✮✱ ❛♥❞
♣♦❧❛r✐③❛t✐♦♥ ψ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞✳

❋❛st ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ✜❡❧❞ ❞✐s✲
tr✐❜✉t✐♦♥ ❛r♦✉♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞②
✭❙t❡♣ ✸✮

❋♦r ❛ r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧✱ ❇❋❉s ❤❛✈❡ t♦
❜❡ ❞❡t❡r♠✐♥❡❞ ❢♦r ❛♥② ❛③✐♠✉t❤ ❛♥❞ ❡❧❡✈❛t✐♦♥ ❛♥✲
❣❧❡ ✭φinc✱θinc✮✳ ❇❡❝❛✉s❡ t❤❡ t♦t❛❧ ❡❧❡❝tr✐❝ ❛♥❞ t♦t❛❧
♠❛❣♥❡t✐❝ ✜❡❧❞ ✈❛r② s♠♦♦t❤❧② ✇✐t❤ ✈❛r②✐♥❣ ❛♥❣❧❡s
♦❢ ✐♥❝✐❞❡♥❝❡✱ t❤❡ ❇❋❉s ♦♥❧② ❤❛✈❡ t♦ ❜❡ s✐♠✉❧❛t❡❞
❢♦r ❛ ♠✐♥✐♠✉♠ s❡t ♦❢ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✳ ❋♦r ✐♥t❡r✲
♠❡❞✐❛t❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✱ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✐♥t❡r✲
♣♦❧❛t✐♦♥ r♦✉t✐♥❡ ✐s ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❡♠❛✐♥✲
✐♥❣ ❇❋❉s✳ ❯s✐♥❣ ❛♥ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡ r❡❞✉❝❡s
❧❛r❣❡❧② t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣✉t❡❞ ❇❋❉s ❛♥❞✱ t❤✉s✱

✹



φ

θ

∆θinc

∆φinc

φk φi φk+1

θl

θj

θl+1

E (φk, θl) E (φk+1, θl)

E (φk, θl+1) E (φk+1, θl+1)

E (φk, θj) E (φk+1, θj)

E (φi, θj)

❋✐❣✉r❡ ✸✿ ✷❉ ✐♥t❡r♣♦❧❛t✐♦♥ t♦ ♦❜t❛✐♥ t❤❡ ✜❡❧❞s ❢♦r
❛♥② ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ φi, θj ❢r♦♠ t❤❡ ❜❛s✐❝ ✜❡❧❞
❞✐str✐❜✉t✐♦♥s✳

t❤❡ t♦t❛❧ s✐♠✉❧❛t✐♦♥ t✐♠❡✳ ❚❤❡ ♣r✐❝❡ ✇❡ ♣❛② ✐s ❛♥
❛❞❞✐t✐♦♥❛❧ ✐♥t❡r♣♦❧❛t✐♦♥ ❡rr♦r✳ ❇✉t✱ ✇❡ ❧✐♠✐t t❤✐s
❡rr♦r t♦ ♠❛①✐♠✉♠ ✶✪ ❜② ❛♥ ❛♣♣r♦♣r✐❛t❡ ❝❤♦✐❝❡ ♦❢
t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣✉t❡❞ ❇❋❉s ❛♥❞ ✐♥t❡r♣♦❧❛t✐♦♥
s❝❤❡♠❡ ✭s❡❡ s❡❝t✐♦♥ ♦♥ ✈❛❧✐❞❛t✐♦♥✮✳

❆s ♦♣♣♦s❡❞ t♦ r♦t❛t✐♦♥ s②♠♠❡tr✐❝ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s ❬❱❡r♠❡❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✽❛❪✱ ❛ ✷❉ ✐♥t❡r♣♦❧❛✲
t✐♦♥ r♦✉t✐♥❡ ♥❡❡❞s t♦ ❜❡ ✉s❡❞ ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s t♦ ✜♥❞ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s ❢♦r
❛♥② ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ✭φinc✱θinc✮✳ ❚❤❡ r♦✉t✐♥❡ ✐s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳ ❋♦r ❝❧❛r✐t②✱ t❤❡ s✉❜s❝r✐♣ts ✐♥❝
❛♥❞ t♦t ❛r❡ ♦♠✐tt❡❞ ✐♥ ❋✐❣✉r❡ ✸ ❢♦r ❛♥❣❧❡s ♦❢ ✐♥✲
❝✐❞❡♥❝❡ ❛♥❞ t♦t❛❧ ✜❡❧❞s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t♦t❛❧
❡❧❡❝tr✐❝ ✜❡❧❞ ❊ ❢♦r t❤❡ ❛r❜✐tr❛r② ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡
✭φi✱θj✮ ✐s ♦❜t❛✐♥❡❞ ❜② ♣❡r❢♦r♠✐♥❣✱ ✜rst✱ ❛ ✶❉ ✐♥t❡r✲
♣♦❧❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❡❧❡✈❛t✐♦♥ ♦r θ✲❞✐r❡❝t✐♦♥ r❡s✉❧t✐♥❣
✐♥ E(φk, θj) ❛♥❞ E(φk+1, θj)✱ ✇❤❡r❡ ❦ ❛♥❞ ❧ ✐♥❞✐❝❛t❡
t❤❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❢♦r ✇❤✐❝❤ t❤❡ ❇❋❉s ❛r❡ ❝♦♠✲
♣✉t❡❞✱ ❛♥❞ ✐ ❛♥❞ ❥ ❞❡♥♦t❡ ❛r❜✐tr❛r② ❛♥❣❧❡s ♦❢ ✐♥❝✐✲
❞❡♥❝❡✳ ◆❡①t✱ ❛ ✶❉ ✐♥t❡r♣♦❧❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❛③✐♠✉t❤
♦r φ✲❞✐r❡❝t✐♦♥ r❡s✉❧ts ✐♥ E(φi, θj)✳ ■♥ t❤❡ s❡❝t✐♦♥ ♦♥
✈❛❧✐❞❛t✐♦♥ t✇♦ ❞✐✛❡r❡♥t ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡s ❛r❡
❝♦♠♣❛r❡❞✿ ❧✐♥❡❛r ❛♥❞ ❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥✳

❈❛❧❝✉❧❛t✐♦♥ ♦❢ SARwb ✭❙t❡♣ ✹✮

❆❝❝♦r❞✐♥❣ t♦ ■❊❊❊ ❈✾✺✳✸✲✷✵✵✷ ❬■❊❊❊ ❙❈❈✷✽✱
✷✵✵✷❪ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐s ❛✈❡r❛❣❡❞ ♦✈❡r t❤❡
♠❛ss ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ❛♥❞ ✐s ❣✐✈❡♥ ❜②✿

SARwb =
1

M

ˆ

R

SAR (r) dm ✭✺✮

✇✐t❤ ❘ t❤❡ r❡❣✐♦♥ ♦✈❡r ✇❤✐❝❤ t❤❡ ❙❆❘ ✐s ❛✈❡r❛❣❡❞
♦✈❡r t❤❡ ♠❛ss ▼ ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞②✳ ❚❤❡ ♠❛ss✲
❛✈❡r❛❣❡❞ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐s ❡q✉❛❧ t♦ t❤❡ r❛t✐♦ ♦❢
t❤❡ ❛❜s♦r❜❡❞ ♣♦✇❡r ✐♥ t❤❡ ❜♦❞② ✭P❛❜s✮ ❛♥❞ t❤❡
♠❛ss ✭▼✮✿

SARwb =
Pabs

M
✭✻✮

❚❤✉s✱ t❤❡ ❛❜s♦r❜❡❞ ♣♦✇❡r ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❢r♦♠
t❤❡ ♥❡tt ♣♦✇❡r ✢✉① t❤r♦✉❣❤ ❛ ❝❧♦s❡❞ s✉r❢❛❝❡ ✭❙✮
❛r♦✉♥❞ t❤❡ ❜♦❞② ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ P♦②♥t✐♥❣ ✈❡❝t♦r
✭℘✮ ♦✈❡r t❤❡ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛♥❞ t❛❦✐♥❣ t❤❡ r❡❛❧ ♣❛rt
♦❢ ✐t✿

Pabs = ℜ







˛

R

℘ · ds







✭✼✮

❚❤❡ P♦②♥t✐♥❣ ✈❡❝t♦r ✐♥ ❡✈❡r② ♣♦✐♥t ♦❢ t❤❡ ❝❧♦s❡❞
s✉r❢❛❝❡ ✐s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ t♦t❛❧ ❡❧❡❝tr✐❝ ✭Etot✮
❛♥❞ t❤❡ t♦t❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✈❡❝t♦r ✭Htot✮✳ ❚❤❡ t♦✲
t❛❧ ✜❡❧❞s ❛r❡ t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s
(Einc,Hinc) ❛♥❞ t❤❡ s❝❛tt❡r❡❞ ✜❡❧❞s (Escat,Hscat)
❛t t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❜♦❞②✳ ❚❤✉s✱ t❤❡ ❢❛st ❝❛❧❝✉❧❛✲
t✐♦♥ ♦❢ SARwb ✐s ❜❛s❡❞ ♦♥ t❤❡ ❧✐♥❡❛r✐t② ♦❢ ▼❛①✇❡❧❧✬s
❡q✉❛t✐♦♥s✱ ♦♥ t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ t♦t❛❧ ✜❡❧❞s ♦♥
❛ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞② ❢♦r ❛ ❧✐♠✲
✐t❡❞ s❡t ♦❢ s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s✱ ❛♥❞ ♦♥ ❛♥
❛♣♣r♦♣r✐❛t❡ ❝❤♦✐❝❡ ♦❢ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡s✳

❱❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞

❚❤❡ ♣r❡s❡♥t❡❞ st❛t✐st✐❝❛❧ ♠✉❧t✐♣❛t❤ ❡①♣♦s✉r❡
♠❡t❤♦❞ ✭❙▼❊✮ ✐s ❛ ✈❡r② ❢❛st ❛❧t❡r♥❛t✐✈❡ ❢♦r t❤❡
t✐♠❡✲❝♦♥s✉♠✐♥❣ ❝♦♠♣✉t❛t✐♦♥s ♦❢ ❛ ✸❉ ❊▼ s♦❧✈❡r✱
❞❡s✐❣♥❛t❡❞ ❛s ❋❲ ✭❢✉❧❧ ✇❛✈❡✮✱ ♦♥❝❡ t❤❡ ❜❛s✐❝ ✜❡❧❞
❞✐str✐❜✉t✐♦♥s ❛r❡ ❛✈❛✐❧❛❜❧❡✳ ❇❡❝❛✉s❡ t❤❡ ❙▼❊
♠❡t❤♦❞ s❡r✈❡s ❛s ❛ s✉❜st✐t✉t❡ ❢♦r ❛ ✸❉ ❊▼ s♦❧✈❡r✱
♦♥❡ ❤❛s t♦ ✈❛❧✐❞❛t❡ t❤✐s ♠❡t❤♦❞ ✇✐t❤ t❤❡ r❡s✉❧ts
♦❜t❛✐♥❡❞ ❜② t❤❡ ✸❉ ❊▼ s♦❧✈❡r✳ ❚❤❡ q✉❛♥t✐t✐❡s ❝❛❧✲
❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❛♥❞ ❛ ❢✉❧❧✲✇❛✈❡ ✸❉
❊▼ s♦❧✈❡r ❤❛s ❛s s✉❜s❝r✐♣t ❙▼❊ ❛♥❞ ❋❲✱ r❡s♣❡❝✲
t✐✈❡❧②✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❞❡✜♥❡ t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦♥
SARwb ❛s ❢♦❧❧♦✇s✿

errrel,SARwb
= 100

SARwb,SME − SARwb,FW

SARwb,FW

✭✽✮

✺



❱❛❧✐❞❛t✐♥❣ t❤❡ ♠❡t❤♦❞ ❞♦❡s ♥♦t ♦♥❧② ❣✐✈❡ ✉s ❛♥
✐❞❡❛ ❛❜♦✉t t❤❡ ✉♥❝❡rt❛✐♥t②✱ ❜✉t ✇✐❧❧ ❛❧s♦ ❣✐✈❡ ✉s ❛♥
✐❞❡❛ ❛❜♦✉t t❤❡ ♥✉♠❜❡r ♦❢ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s
✇❤✐❝❤ ♥❡❡❞ t♦ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❛ ❢✉❧❧✲✇❛✈❡ ♥✉✲
♠❡r✐❝❛❧ t♦♦❧✳ ❖r✱ ✐♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ ✈❛❧✐❞❛t✐♦♥ ✇✐❧❧
❛❧s♦ ❞❡t❡r♠✐♥❡ t❤❡ ♦♣t✐♠✉♠ s❡tt✐♥❣s ❢♦r t❤❡ s♣❛❝✐♥❣
❜❡t✇❡❡♥ t❤❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ (∆φinc,∆θinc) ❢♦r
✇❤✐❝❤ t❤❡ ❇❋❉s ❛r❡ ❝♦♠♣✉t❡❞✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡
✇✐❧❧ ❛❧s♦ ❧♦♦❦ ❤♦✇ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡✱ ❧✐♥❡❛r
♦r ❝✉❜✐❝ s♣❧✐♥❡✱ ✐♥✢✉❡♥❝❡s t❤❡ ✉♥❝❡rt❛✐♥t②✱ ❛♥❞ t❤❡
s♣❛❝✐♥❣ (∆φinc,∆θinc) ✇❤❡♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✜❡❧❞s
❢♦r ❛♥ ❛r❜✐tr❛r② ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡✳
❚❤❡ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❢❛st ❙▼❊ ♠❡t❤♦❞ ✐s ♣❡r✲

❢♦r♠❡❞ ❢♦r ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡✳ ❚❤❡r❡❢♦r❡✱ ✶✵✵
s❛♠♣❧❡s ♦❢ ●❙▼ ❞♦✇♥❧✐♥❦ ❡①♣♦s✉r❡ ❛t ✾✺✵▼❍③ ✐♥
❛♥ ✉r❜❛♥✲♠❛❝r♦❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t ❛r❡ ❣❡♥❡r❛t❡❞ ✉s✲
✐♥❣ t❤❡ st❛t✐st✐❝❛❧ ♠❡t❤♦❞ ♦❢ ❖❧✐✈✐❡r ❬✷✵✵✼❪✳ ❚❤❡
✻✲②❡❛r✲♦❧❞ ❱✐rt✉❛❧ ❋❛♠✐❧② ❇♦② ✭❱❋❇✮ ❬❈❤r✐st ❡t
❛❧✳✱ ✷✵✵✽❪ ✐s s❡❧❡❝t❡❞ ❛s ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧✳ ❚❤❡
❱❋❇ ❝♦♥s✐sts ♦❢ ✽✶ ❞✐✛❡r❡♥t t✐ss✉❡s✳ ❚❤❡ t✐ss✉❡s ♦❢
t❤❡ ❱❋❇ ❛r❡ ♠❛♣♣❡❞ t♦ t❤❡ t✐ss✉❡s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡
●❛❜r✐❡❧ ❞❛t❛❜❛s❡ ❬●❛❜r✐❡❧ ❡t ❛❧✳✱ ✶✾✾✻❪ ❢♦r ✇❤✐❝❤
t❤❡ ❞✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ❤❛✈❡ ❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ❡①✲
♣❡r✐♠❡♥t❛❧❧②✳ ❚❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ ❱❋❇ ❢♦r
t❤❡ ❣❡♥❡r❛t❡❞ ✶✵✵ ❡①♣♦s✉r❡ s❛♠♣❧❡s ✐s ❝❛❧❝✉❧❛t❡❞
✉s✐♥❣ t❤❡ ❢✉❧❧✲✇❛✈❡ ✸❉ ❋❉❚❉ s♦❧✈❡r ❙❊▼❈❆❉✲❳
✭✈✶✹✳✵✱ ❙P❊❆●✱ ❩ür✐❝❤✱ ❙✇✐t③❡r❧❛♥❞✮ ❛♥❞ t❤❡ ❙▼❊
♠❡t❤♦❞✳
❆s ♠❡♥t✐♦♥❡❞ ❜❡❢♦r❡✱ s✐♠✉❧❛t✐♥❣ t❤❡ ❇❋❉s ❢♦r

❛❧❧ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ✐s ✐♠♣♦ss✐❜❧❡✳ ❍❡♥❝❡✱ t❤❡
❇❋❉s ❛r❡ ♦♥❧② s✐♠✉❧❛t❡❞ ❢♦r ❛ ❧✐♠✐t❡❞ s❡t ♦❢
❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✳ ❚❤❡ ❇❋❉s ❢♦r ✐♥t❡r♠❡❞✐✲
❛t❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ✐♥t❡r✲
♣♦❧❛t✐♦♥ ❜❡❝❛✉s❡ t❤❡ t♦t❛❧ ✜❡❧❞s ❛r♦✉♥❞ t❤❡ ❤✉✲
♠❛♥ ❜♦❞② ❛r❡ s♠♦♦t❤✳ ❚❤❡ ✷❉✲✐♥t❡r♣♦❧❛t✐♦♥ ✐♥
(∆φinc,∆θinc)✲♣❧❛♥❡ ✐s ❛❝❤✐❡✈❡❞ ❜② ♣❡r❢♦r♠✐♥❣ t✇♦
✶❉✲✐♥t❡r♣♦❧❛t✐♦♥s✳ ❚❤✐s ♣❛r❛❣r❛♣❤ ❞✐s❝✉ss❡s t❤❡
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t✇♦ ✇❡❧❧✲❦♥♦✇♥ ✐♥t❡r♣♦❧❛t✐♦♥
s❝❤❡♠❡s✿ ❧✐♥❡❛r ❛♥❞ ❝✉❜✐❝ s♣❧✐♥❡✳ ❚❤❡ s♣❛❝✐♥❣ ❜❡✲
t✇❡❡♥ t❤❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ ❛r❡ ✜①❡❞ t♦ 10◦ ❢♦r
❛③✐♠✉t❤ ❛♥❣❧❡s ✭∆φinc = 10◦✮ ❛♥❞ 5◦ ❢♦r ❡❧❡✈❛t✐♦♥
❛♥❣❧❡s ✭∆θinc = 5◦✮✳ ❋✐❣✉r❡ ✹ s❤♦✇s t❤❡ ❡rr♦rs ♦♥
SARwb ❢♦r ❧✐♥❡❛r ❛♥❞ ❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ♦❢
t❤❡ ❇❋❉s✱ r❡s♣❡❝t✐✈❡❧②✳ ❆♥ ❡①❝❡❧❧❡♥t ❛❣r❡❡♠❡♥t ❤❛s
❜❡❡♥ ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ t❤❡ ❙▼❊ ❝❛❧❝✉❧❛t✐♦♥s ❛♥❞
t❤❡ ❙❊▼❈❆❉✲❳ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r t❤❡ ❝✉❜✐❝✲s♣❧✐♥❡
✐♥t❡r♣♦❧❛t✐♦♥ ❛s t❤❡ ♠❡❛♥ ✭µ✮ ❛♥❞ t❤❡ st❛♥❞❛r❞ ❞❡✲
✈✐❛t✐♦♥ ✭σ✮ ♦❢ t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦♥ SARwb ✐♥ t❤❡
❤✉♠❛♥ ❜♦❞② ✐s ✲✵✳✸✪ ❛♥❞ ✵✳✹✪✱ r❡s♣❡❝t✐✈❡❧② ✭s❡❡
❋✐❣✉r❡ ✹✮✳ ❆ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡ ✉♥❞❡r❡st✐✲
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❋✐❣✉r❡ ✹✿ ❘❡❧❛t✐✈❡ ❡rr♦r ✐♥ t❤❡ SARwb ✐♥ t❤❡ ❱✐r✲
t✉❛❧ ❋❛♠✐❧② ❜♦② ✭❱❋❇✮ ❡①♣♦s❡❞ t♦ ❊▼❋ ❢r♦♠ ●❙▼
❞♦✇♥❧✐♥❦ ❛t ✾✺✵▼❍③ ✐♥ ❛♥ ✉r❜❛♥✲♠❛❝r♦❝❡❧❧ ❡♥✈✐✲
r♦♥♠❡♥t ❢♦r ❧✐♥❡❛r ❛♥❞ ❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥✳

♠❛t❡s SARwb ❜② ✲✼✳✺✪ ✇✐t❤ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
♦❢ ✷✳✷✪✱ r❡s♣❡❝t✐✈❡❧② ✭s❡❡ ❋✐❣✉r❡ ✹✮✳ ❆ ❝✉❜✐❝✲s♣❧✐♥❡
s❝❤❡♠❡ ❡st✐♠❛t❡s ❜❡tt❡r t❤❡ t♦t❛❧ ✜❡❧❞s ❛r♦✉♥❞ t❤❡
❤✉♠❛♥ ❜♦❞② t❤❛♥ t❤❡ ❧✐♥❡❛r s❝❤❡♠❡ ❢♦r t❤❡ s❛♠❡
♥✉♠❜❡r ♦❢ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✳ ❚❤❡ ❝♦st ♦❢ ❛ ❝✉❜✐❝✲
s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐s ❛♣♣r♦①✐♠❛t❡❧② ❛ ❞♦✉❜❧✐♥❣ ♦❢
t❤❡ ❝♦♠♣✉t✐♥❣ t✐♠❡ ♦❢ t❤❡ ❇❋❉s ✇✐t❤ r❡s♣❡❝t t♦
❛ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡
❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐s ♣r❡❢❡rr❡❞ ❜❡❝❛✉s❡ ✐t r❡✲
❞✉❝❡s s✐❣♥✐✜❝❛♥t❧② t❤❡ ♥✉♠❜❡r ♦❢ ❝♦♠♣✉t❡❞ ❇❋❉s
✇❤✐❝❤ ❤❛✈❡ t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ❛ ❢✉❧❧✲✇❛✈❡ ✸❉
❊▼ s♦❧✈❡r✳ ❚❤❡ ❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡
✐s ✉s❡❞ ❢r♦♠ t❤✐s ♣♦✐♥t ♦♥ ✉♥❧❡ss ♦t❤❡r✇✐s❡ st❛t❡❞✳

❚❤❡ ♥✉♠❜❡r ♦❢ ❇❋❉s ✇❤✐❝❤ ❤❛✈❡ t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞
❜② ✸❉ ♥✉♠❡r✐❝❛❧ ♠❡❛♥s ✐s ♠❛✐♥❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡
♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡ ❢♦r t❤❡ ❛♥✲
❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡ (∆φinc,∆θinc)✳ ❚❤❡ ❜❡tt❡r t❤❡ ✐♥✲
t❡r♣♦❧❛t✐♦♥ s❝❤❡♠❡ t❤❡ ❧❛r❣❡r t❤❡ s♣❛❝✐♥❣ ❜❡t✇❡❡♥
t❤❡ ❛♥❣❧❡s ♦❢ ✐♥❝✐❞❡♥❝❡✱ ❛♥❞ t❤❡ ❧❡ss ❇❋❉s t♦ ❝❛❧❝✉✲
❧❛t❡✳ ■♥ t❤❡ ♣r❡✈✐♦✉s ♣❛r❛❣r❛♣❤ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t
t❤❡ ❝✉❜✐❝✲s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✐s ♣r❡❢❡r❛❜❧❡ ♦✈❡r ❛
❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥✳ ◆♦✇✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s♣❛❝✲
✐♥❣ ∆φinc ❛♥❞ ∆θinc ♦♥ errrel,SARwb

✐s ✐♥✈❡st✐❣❛t❡❞✳
❚❤❡ s♣❛❝✐♥❣ ❛❧♦♥❣ ❛③✐♠✉t❤ ✐s ✈❛r✐❡❞ ❜❡t✇❡❡♥ 10◦

❛♥❞ 40◦ ✐♥ st❡♣s ♦❢ 10◦✳ ❚❤❡ s♣❛❝✐♥❣ ❛❧♦♥❣ ❡❧❡✈❛✲
t✐♦♥ ✐s ✈❛r✐❡❞ ❜❡t✇❡❡♥ 5◦ ❛♥❞ 20◦ ✐♥ st❡♣s ♦❢ 5◦✳ ❚❤❡
♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ errrel,SARwb

❛r❡
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✺✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ s♠❛❧❧❡st ❡rr♦r
✐s ❢♦✉♥❞ ❢♦r t❤❡ s♠❛❧❧❡st s♣❛❝✐♥❣✱ ✐✳❡✳✱ ∆φinc = 10◦

❛♥❞ ∆θinc = 5◦✳ ❚❤❡ ♠❡❛♥ ♦❢ errrel,SARwb
✈❛r✐❡s

✻



❜❡t✇❡❡♥ ✵✳✹✪ (∆φinc = 10◦,∆θinc = 5◦) ❛♥❞ ✷✸✪
❢♦r (∆φinc = 40◦,∆θinc = 20◦)✳ ❆❧s♦ t❤❡ st❛♥❞❛r❞
✈❛r✐❛t✐♦♥ ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s♣❛❝✐♥❣ ❜❡t✇❡❡♥
t❤❡ ❛③✐♠✉t❤ ❛♥❞ ❡❧❡✈❛t✐♦♥ ❛♥❣❧❡s✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢
errrel,SARwb

❛❧♦♥❣ t❤❡ ❡❧❡✈❛t✐♦♥ ❛♥❣❧❡ ✐s ❧❛r❣❡r t❤❛♥
❛❧♦♥❣ t❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡✳

❋✐❣✉r❡ ✺✿ ✭❛✮ ▼❡❛♥ ❛♥❞ ✭❜✮ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢
t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦♥ t❤❡ ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ❱❋❇ ❡①✲
♣♦s❡❞ t♦ ❊▼❋ ❢r♦♠ ●❙▼ ❞♦✇♥❧✐♥❦ ❛t ✾✺✵▼❍③ ✐♥
❛♥ ✉r❜❛♥✲♠❛❝r♦❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t ❢♦r ✈❛r②✐♥❣ ♥✉♠✲
❜❡r ♦❢ ❇❋❉s✳

❯♥❝❡rt❛✐♥t② ❛ss❡ss♠❡♥t

❚❤❡ ♣r❡✈✐♦✉s s❡❝t✐♦♥ ✈❛❧✐❞❛t❡❞ t❤❡ ❙▼❊ ❝❛❧❝✉❧❛✲
t✐♦♥s ✇✐t❤ r❡s♣❡❝t t♦ ❢✉❧❧✲✇❛✈❡ ♥✉♠❡r✐❝❛❧ ❝♦♠♣✉t❛✲
t✐♦♥s✳ ❚❤❡ ❡rr♦r ❝❛♥ ❜❡ ❧❡ss t❤❛♥ ✶✪ ❞❡♣❡♥❞✐♥❣
♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ❛✈❛✐❧❛❜❧❡ ❇❋❉s ❛♥❞ t❤❡ ✐♥t❡r♣♦✲
❧❛t✐♦♥ r♦✉t✐♥❡s✳ ❚♦ ❛ss❡ss t❤❡ ♦✈❡r❛❧❧ ✉♥❝❡rt❛✐♥t②
❬❚❛②❧♦r ❛♥❞ ❑✉②❛tt✱ ✶✾✾✹❪ ✇❡ ❛❧s♦ ❤❛✈❡ t♦ t❛❦❡ ✐♥t♦
❛❝❝♦✉♥t t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ✸❉ ❊▼

s♦❧✈❡r ✉s❡❞ ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥s ♦❢ t❤❡ ❇❋❉s ❛♥❞
t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦♥ t❤❡ ❞✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ❛♥❞
♠❛ss ❞❡♥s✐t✐❡s ♦❢ t❤❡ ❜♦❞② t✐ss✉❡s✳ ■♥ t❤✐s st✉❞②
t❤❡ ❋❉❚❉ ♠❡t❤♦❞ ❛✈❛✐❧❛❜❧❡ ✐♥ ❙❊▼❈❆❉✲❳ ✭✈✶✹✳✵✱
❙♣❡❛❣✱ ❩ür✐❝❤✱ ❙✇✐t③❡r❧❛♥❞✮ ✐s ❛♣♣❧✐❡❞ t♦ ❝♦♠♣✉t❡
t❤❡ ❇❋❉s✳ ❆ ❝♦♠♣r❡❤❡♥s✐✈❡ ✉♥❝❡rt❛✐♥t② ❛♥❛❧②s✐s
♦❢ t❤❡ ❋❉❚❉ ❝❛❧❝✉❧❛t✐♦♥s ✐s ♦✉ts✐❞❡ t❤❡ s❝♦♣❡ ♦❢
t❤❡ ♣r❡s❡♥t st✉❞②✳ ❍❡♥❝❡✱ ✇❡ ❛ss❡ss❡❞ t❤❡ ✉♥❝❡r✲
t❛✐♥t② ❢♦r t❤❡ ❇❋❉ ❝❛❧❝✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ ♣r❡✈✐♦✉s
st✉❞✐❡s ❬❋✐♥❞❧❛② ❛♥❞ ❉✐♠❜②❧♦✇✱ ✷✵✵✻❀ ❑ü❤♥ ❡t ❛❧✳✱
✷✵✵✾❀ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✵❀ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✶✶❪✳
❚❤❡ ❡①♣❛♥❞❡❞ ✉♥❝❡rt❛✐♥t② ❯ ✭❦❂✷✮ ♦♥ SARwb ✐♥
❛ ❤❡t❡r♦❣❡♥❡♦✉s ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ❡①♣♦s❡❞ t♦ ❛♥
s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❡q✉❛❧s ✷✶✳✷✪ ✉s✐♥❣ t❤❡
❋❉❚❉ ♠❡t❤♦❞ ❛❝❝♦r❞✐♥❣ t♦ ❇❛❦❦❡r ❡t ❛❧✳ ❬✷✵✶✵✱
✷✵✶✶❪✳ ❚❤✐s ❧❛r❣❡ ✉♥❝❡rt❛✐♥t② ✐s ♠❛✐♥❧② ✐♥tr♦❞✉❝❡❞
❜② t❤❡ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡ ❞✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ❛♥❞
♠❛ss ❞❡♥s✐t② ♦❢ t❤❡ t✐ss✉❡s✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ❡r✲
r♦r ♦❢ t❤❡ ❙▼❊ ♠❡t❤♦❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❢✉❧❧✲
✇❛✈❡ ❋❉❚❉ ❝❛❧❝✉❧❛t✐♦♥s ✐s ♥♦t ❝♦rr❡❧❛t❡❞ ✇✐t❤ t❤❡
❋❉❚❉ ✉♥❝❡rt❛✐♥t✐❡s ❛♥❞ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ❛♥
❛❞❞✐t✐♦♥❛❧ ❡rr♦r ♦❢ ✶✪ ❢♦r t❤❡ ❙▼❊ ❝❛❧❝✉❧❛t✐♦♥s✱
t❤❡ ❡①♣❛♥❞❡❞ ✉♥❝❡rt❛✐♥t② ❯ ✭❦❂✷✮ r❡♠❛✐♥s ✷✶✳✷✪✳
❚❤❡ ❛❞❞✐t✐♦♥❛❧ ❡rr♦r ✐♥tr♦❞✉❝❡❞ ❜② t❤❡ ❢❛st ❙▼❊
❝❛❧❝✉❧❛t✐♦♥s ✐s ♥❡❣❧✐❣✐❜❧❡ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ✉♥❝❡r✲
t❛✐♥t② ♦❢ ✷✶✳✷✪ ❢♦r t❤❡ ❋❉❚❉ ❝♦♠♣✉t❛t✐♦♥s✳ ❚❛✲
❜❧❡ ✶ ❧✐sts t❤❡ st❛♥❞❛r❞ ✉♥❝❡rt❛✐♥t✐❡s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡
❙▼❊ ♠❡t❤♦❞✳

❘❡s✉❧ts

❚❤❡ ♠❡t❤♦❞♦❧♦❣② ♦❢ t❤❡ ❢❛st ♠❡t❤♦❞ ❢♦r ❛ r❡❛❧✐s✲
t✐❝ ❤✉♠❛♥ ❜♦❞② ♣❤❛♥t♦♠ ✐s ❛♣♣❧✐❡❞ ❢♦r t❤❡ ❱✐rt✉❛❧
❋❛♠✐❧② ❇♦② ✭❱❋❇✮ ❬❈❤r✐st ❡t ❛❧✳✱ ✷✵✵✽❪✳ ■t ❤❛s ❜❡❡♥
s❤♦✇♥ ❜② ❱❡r♠❡❡r❡♥ ❡t ❛❧✳ ❬✷✵✵✽❜❪✱ ❑ü❤♥ ❡t ❛❧✳
❬✷✵✵✾❪✱ ❛♥❞ ❯✉s✐t✉♣❛ ❡t ❛❧✳ ❬✷✵✶✵❪ t❤❛t t❤❡ ✇❤♦❧❡✲
❜♦❞② ❛❜s♦r♣t✐♦♥ ✐♥❝r❡❛s❡s ❢♦r s♠❛❧❧❡r ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s✳ ❆❣❛✐♥✱ t❤❡ t✐ss✉❡s ♦❢ t❤❡ ❱❋❇ ❛r❡ ♠❛♣♣❡❞
t♦ t❤❡ t✐ss✉❡s ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ●❛❜r✐❡❧ ❞❛t❛❜❛s❡
❬●❛❜r✐❡❧ ❡t ❛❧✳✱ ✶✾✾✻❪✳ ❚❤❡ ✻✲②❡❛r✲♦❧❞ ❱❋❇ ❤❛s ❜❡❡♥
❡①♣♦s❡❞ t♦ r❛❞✐♦✲❢r❡q✉❡♥❝② ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s
❛t t❤❡ ●❙▼ ❞♦✇♥❧✐♥❦ ❢r❡q✉❡♥❝② ♦❢ ✾✺✵▼❍③ ✐♥ ❛♥
✉r❜❛♥✲♠❛❝r♦❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t ❬❖❧✐✈✐❡r✱ ✷✵✵✼❪✳

❚✐♠❡ ❝♦♥s✉♠♣t✐♦♥

❚❤❡ ❋❉❚❉ ❝♦♠♣✉t❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ♦♥ ❛ ✷✳✷●❍③
❞✉❛❧✲❝♦r❡ ✇♦r❦st❛t✐♦♥ ✭Pr❡❝✐s✐♦♥ ✻✾✵✱ ❉❡❧❧✱ ❘♦✉♥❞
❘♦❝❦✱ ❚❡①❛s✱ ❯❙❆✮ ✇✐t❤ ●r❛♣❤✐❝s Pr♦❝❡ss✐♥❣ ❯♥✐t

✼



❚❛❜❧❡ ✶✿ ❚❤❡ st❛♥❞❛r❞ ❝♦♠❜✐♥❡❞ ✉♥❝❡rt❛✐♥t② ✉❝
❛♥❞ t❤❡ ❡①♣❛♥❞❡❞ ✉♥❝❡rt❛✐♥t② ❯ ♦♥ SARwb ❢♦r t❤❡
❙▼❊ ♠❡t❤♦❞ ❛♣♣❧✐❡❞ t♦ r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞✲
❡❧s ❜❛s❡❞ ♦♥ ❋❉❚❉ s✐♠✉❧❛t✐♦♥s✳

SARwbst❞ ✉♥❝✳ ✭✪✮

❉✐s❝r❡t✐③❛t✐♦♥1,2

✭❛✮ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✷✳✺
✭❜✮ ♥♦♥✲✉♥✐❢♦r♠ ❣r✐❞ ✵✳✺
❆❇❈ ✰

st❡❛❞② st❛t❡

❞❡✈✐❛t✐♦♥1,2

✸✳✺

❲❛✈❡ ❤♦♠♦❣❡♥❡✐t②1,2 ✶✳✵
ρ1,2 ✺✳✵
ǫr, σ

1,2

✭❛✮ ❆❣❡✲❞❡♣❡♥❞❡♥❝❡ ✺✳✽
✭❜✮ ❚✐ss✉❡ ❛ss✐❣♥♠❡♥t ✺✳✹
✭❝✮ ✹✲❈♦❧❡✲❈♦❧❡ ✶✳✺
✭❞✮ P♦st✲♠♦rt❛❧ ❝❤❛♥❣❡s ✶✳✺
❙▼❊ ♠❡t❤♦❞ ✶

uc (k = 1) ✶✵✳✻
U(k = 2) ✷✶✳✷
1 ❇❛❦❦❡r ❛t ❛❧✳ ✷✵✶✵
2 ❇❛❦❦❡r ❛t ❛❧✳ ✷✵✶✶

✭●P❯✮ ❝♦♠♣✉t✐♥❣ ✭◆❱■❉■❆ ◗✉❛❞r♦ P❧❡① ✷✷✵✵
▼♦❞❡❧ ❉✷✱ ◆❱■❉■❆✱ ❙❛♥t❛ ❈❧❛r❛✱ ❈❛❧✐❢♦r♥✐❛✱ ❯❙❆✮
❛♥❞ ✸✷●❇ ♦❢ ❘❆▼✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r t❤❡ ❙▼❊
♠❡t❤♦❞ ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ ❛ ✸●❍③ q✉❛❞✲❝♦r❡ P❈
✇✐t❤ ✹●❇ ♦❢ ❘❆▼ ✭❖♣t✐♣❧❡① ✼✻✵✱ ❉❡❧❧✱ ❘♦✉♥❞
❘♦❝❦✱ ❚❡①❛s✱ ❯❙❆✮✳ ❈♦♠♣✉t✐♥❣ t❤❡ ❇❋❉s t♦♦❦
✾✳✸ ❞❛②s✳ ❖♥❝❡ t❤❡ ❇❋❉s ❛r❡ ❛✈❛✐❧❛❜❧❡✱ ❛ss❡ss✲
✐♥❣ SARwb ✐♥ ❛ s✐♥❣❧❡ ❡♥✈✐r♦♥♠❡♥t ✭✐✳❡✳✱ ✺✵✵✵ ❡①✲
♣♦s✉r❡ s❛♠♣❧❡s✮ t♦♦❦ ♦♥❧② ✽❤✱ ✇❤❡r❡❛s ❛ss❡ss✐♥❣
SARwb ✇✐t❤ ♦♥❧② ❢✉❧❧✲✇❛✈❡ ❝♦♠♣✉t❛t✐♦♥s s❤♦✉❧❞
t❛❦❡ ✶✼✳✹ ❞❛②s✳ ❙♦✱ ✉s✐♥❣ t❤❡ ❙▼❊ ♠❡t❤♦❞ ✐s ✹✺✪
❢❛st❡r t❤❛♥ ✉s✐♥❣ s♦❧❡❧② ❢✉❧❧✲✇❛✈❡ ❝❛❧❝✉❧❛t✐♦♥s ✭❢♦r
✺✵✵✵ ❡①♣♦s✉r❡ s❛♠♣❧❡s✮✳ ▼♦r❡♦✈❡r✱ t❤❡ ❣❛✐♥ ✐♥ t✐♠❡
✐♥❝r❡❛s❡s ✇❤❡♥ ♠♦r❡ ❡♥✈✐r♦♥♠❡♥ts ❛r❡ ❝♦♥s✐❞❡r❡❞
❛s t❤❡ ❇❋❉s ❤❛✈❡ t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ♦♥❧② ♦♥❝❡✦

❚❤❡ ✇❤♦❧❡✲❜♦❞② ❛✈❡r❛❣❡❞ ❙❆❘ ✐♥ t❤❡
❱✐rt✉❛❧ ❋❛♠✐❧② ❇♦② ✐♥ ❛ r❡❛❧✐st✐❝ ❡♥✲
✈✐r♦♥♠❡♥t ❢♦r t❤❡ ●❙▼ ❞♦✇♥❧✐♥❦ ❢r❡✲
q✉❡♥❝②

❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥ ✭❝❞❢✮ ♦❢ t❤❡
✇❤♦❧❡✲❜♦❞② ❛✈❡r❛❣❡❞ ❙❆❘ ✐♥ t❤❡ ❱✐rt✉❛❧ ❋❛♠✐❧②

❇♦② ❢♦r ❢♦✉r r❡❛❧✐st✐❝ ❡①♣♦s✉r❡ ❡♥✈✐r♦♥♠❡♥ts✱ ✐✳❡✳✱
✉r❜❛♥✲♠❛❝r♦❝❡❧❧✱ ✉r❜❛♥✲♠✐❝r♦❝❡❧❧✱ ♦✉t❞♦♦r✲✐♥❞♦♦r✱
❛♥❞ ✐♥❞♦♦r✲♣✐❝♦❝❡❧❧ ❢♦r t❤❡ ●❙▼ ❞♦✇♥❧✐♥❦ ❢r❡✲
q✉❡♥❝② ♦❢ ✾✺✵▼❍③ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻✳ ❚❤❡ ✐♥❝✐✲
❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ✭Sinc✮ ❢♦r ❛❧❧ t❤❡ ❡①♣♦s✉r❡ s❛♠✲
♣❧❡s ❡q✉❛❧s t❤❡ ■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ✭❘▲✮✳ ❋♦r

❣❡♥❡r❛❧ ♣✉❜❧✐❝ ❡①♣♦s✉r❡✱ ❘▲ ❡q✉❛❧s ✹✳✼✺W/m
2
❛t

✾✺✵▼❍③✳ ■♥ ♦r❞❡r t♦ ✈❡r✐❢② ❡❛s✐❧② t❤❡ ❝♦♠♣❧✐❛♥❝❡ ♦❢
SARwb ✇✐t❤ ❜❛s✐❝ r❡str✐❝t✐♦♥s✱ t❤❡ ❢♦❧❧♦✇✐♥❣ r❛t✐♦
✐s ❞❡✜♥❡❞✿

Rwb =
SARwb|Sinc=RL

BRwb

✭✾✮

✇✐t❤ BRwb t❤❡ ❜❛s✐❝ r❡str✐❝t✐♦♥ ❢♦r t❤❡ ✇❤♦❧❡✲❜♦❞②
❙❆❘ ❛♥❞ ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❢❡r❡♥❝❡ ❧❡✈❡❧✳ ❋✐❣✲
✉r❡ ✻ s❤♦✇s t❤❡ ❝❞❢ ❢♦r Rwb ❢♦r t❤❡ ✐♥✈❡st✐❣❛t❡❞
❝♦♥✜❣✉r❛t✐♦♥s✳ ■♥ ❡✈❡r② ❡♥✈✐r♦♥♠❡♥t t❤❡ ✇❤♦❧❡✲
❜♦❞② ❙❆❘ ✐s ❝❛❧❝✉❧❛t❡❞ ❢♦r ✺✵✵✵ ♠✉❧t✐✲♣❛t❤ ❡①♣♦✲
s✉r❡ s❛♠♣❧❡s ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ r❡❧❡✈❛♥t st❛t✐st✐❝s
✐♥ ❡✈❡r② ❡♥✈✐r♦♥♠❡♥t✳ ❚❤❡ ✺✵t❤ ✭p50✮✱ ✾✵t❤ ✭p90✮✱
✾✺t❤ ✭p95✮✱ ❛♥❞ ✾✾t❤ ✭p99✮ ♣❡r❝❡♥t✐❧❡ ♦❢ SARwb ❛♥❞
Rwb ✐♥ t❤❡ ❱❋❇ ✐♥ t❤❡ ❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥ts ❛r❡
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✼✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t t❤❡ r❡❢❡r❡♥❝❡
❧❡✈❡❧ ✐s ♥♦t ❛❧✇❛②s ❝♦♠♣❧✐❛♥t ✇✐t❤ t❤❡ ✇❤♦❧❡✲❜♦❞②
❜❛s✐❝ r❡str✐❝t✐♦♥✱ ❜✉t ✐t ✐s ✉♥❧✐❦❡❧② t❤❛t t❤❡ ❜❛s✐❝ r❡✲
str✐❝t✐♦♥ ✇✐❧❧ ❜❡ ❡①❝❡❡❞❡❞ ❢♦r ❛♥ ✐♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥✲
s✐t② ❡q✉❛❧ t♦ t❤❡ r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❛s SARwb ❡①❝❡❡❞s
BRwb ✐♥ ♦♥❧② ✵✳✷✻✪ ♦❢ t❤❡ ❡①♣♦s✉r❡ s❛♠♣❧❡s ✭❛✈❡r✲
❛❣❡❞ ♦✈❡r t❤❡ ❞✐✛❡r❡♥t ✐♥✈❡st✐❣❛t❡❞ ❡♥✈✐r♦♥♠❡♥ts✮✳
❚❤❡ ♠❡❞✐❛♥ ♦❢ Rwb ♦r p50(SARwb) ✐s ❛❜♦✉t ✷✳✺ ❞❇
❧♦✇❡r t❤❛♥ t❤❡ BRwb✳
❚❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ❢♦r s✐♥❣❧❡ ♣❧❛♥❡✲✇❛✈❡ ❡①✲

♣♦s✉r❡ ✐s ❛❧s♦ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻ ❛♥❞ ✐t ✐s ✐♥❞✐❝❛t❡❞
❜② ♠❛r❦❡rs✳ ❖♥❧② ❢r♦♥t❛❧ ✐♥❝✐❞❡♥❝❡ ✐♥ ❛ ❤♦r✐③♦♥t❛❧
♣❧❛♥❡ ✐s ❝♦♥s✐❞❡r❡❞ ❛s t❤✐s ②✐❡❧❞s t❤❡ ✇♦rst✲❝❛s❡ s✐♥✲
❣❧❡ ♣❧❛♥❡✲✇❛✈❡ ❡①♣♦s✉r❡ ✐♥ ❤❡t❡r♦❣❡♥❡♦✉s ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s ❛❝❝♦r❞✐♥❣ t♦ ❑ü❤♥ ❡t ❛❧✳ ❬✷✵✵✾❪✳ ❚✇♦
❞✐✛❡r❡♥t ♣♦❧❛r✐③❛t✐♦♥s ❛r❡ ❝♦♥s✐❞❡r❡❞✱ ✐✳❡✳✱ ✈❡rt✐❝❛❧
♦r ❊✲♣♦❧❛r✐③❛t✐♦♥✱ ❛♥❞ ❤♦r✐③♦♥t❛❧ ♦r ❍✲♣♦❧❛r✐③❛t✐♦♥✳
❚❤❡ ✇♦rst✲❝❛s❡ s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❢♦r t❤❡
❱❋❇ ✐s ❊✲♣♦❧❛r✐③❡❞ ❛♥❞ ✐♥❞✉❝❡s ❛♥ SARwb ✈❛❧✉❡
✇❤✐❝❤ ✐s ✶✳✸ ❞❇ ❜❡❧♦✇ t❤❡ ❜❛s✐❝ r❡str✐❝t✐♦♥✳ ❆✈❡r✲
❛❣❡❞ ♦✈❡r t❤❡ ❢♦✉r ❝♦♥s✐❞❡r❡❞ ❡♥✈✐r♦♥♠❡♥ts✱ ✸✳✻✪ ♦❢
t❤❡ ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ s❛♠♣❧❡s ✭♦r✱ ❤❡t❡r♦❣❡♥❡♦✉s
❡①♣♦s✉r❡✮ ❤❛✈❡ ❛ ❤✐❣❤❡r SARwb t❤❛♥ ❢♦r ✇♦rst✲❝❛s❡
s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡✲✇❛✈❡ ❡①♣♦s✉r❡ ✭♦r✱ ❤♦♠♦❣❡✲
♥❡♦✉s ❡①♣♦s✉r❡✮✳
❚❤❡ ❝❞❢ ♦❢ SARwb ❞♦❡s ♥♦t ❞✐✛❡r s✐❣♥✐✜❝❛♥t❧②

❜❡t✇❡❡♥ t❤❡ ❝♦♥s✐❞❡r❡❞ ❡♥✈✐r♦♥♠❡♥ts ❢♦r ❛ ❝♦♥st❛♥t
✐♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✻ ❛♥❞

✽
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❋✐❣✉r❡ ✻✿ ❈✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥ ♦❢ ✭❛✮
SARwb ❛♥❞ ✭❜✮ Rwb ✐♥ t❤❡ ❱❋❇ ✐♥ ❢♦✉r r❡❛❧✐st✐❝
❡♥✈✐r♦♥♠❡♥ts ❡①♣♦s❡❞ t♦ ❊▼❋ ❢r♦♠ ●❙▼ ❞♦✇♥❧✐♥❦
❛t ✾✺✵▼❍③✳ ■♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ❡q✉❛❧❡❞ t❤❡
■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r ❣❡♥❡r❛❧ ♣✉❜❧✐❝ ❡①♣♦s✉r❡✱
t❤❛t ✐s✱ ✹✳✼✺W/m

2
❛t ✾✺✵▼❍③✳ ❚❤❡ r❡s✉❧ts ❢♦r ❛♥

❊✲ ❛♥❞ ❍✲♣♦❧❛r✐③❡❞ ❢r♦♥t❛❧ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❛r❡
✐♥❞✐❝❛t❡❞ ❜② ♠❛r❦❡rs❀ ❙P❲ ❂ s✐♥❣❧❡ ♣❧❛♥❡ ✇❛✈❡✳
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❋✐❣✉r❡ ✼✿ ✺✵t❤✱ ✾✵t❤✱ ✾✺t❤✱ ❛♥❞ ✾✾t❤ ♣❡r❝❡♥t✐❧❡ ♦❢
✭❛✮ SARwb ❛♥❞ ✭❜✮ Rwb ✐♥ t❤❡ ❱❋❇ ❡①♣♦s❡❞ t♦
❊▼❋ ❢r♦♠ ●❙▼ ❞♦✇♥❧✐♥❦ ❛t ✾✺✵▼❍③ ✐♥ ❞✐✛❡r❡♥t
❡♥✈✐r♦♥♠❡♥ts✳ ■♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ❡q✉❛❧❡❞ t❤❡
■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r ❣❡♥❡r❛❧ ♣✉❜❧✐❝ ❡①♣♦s✉r❡✳
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❋✐❣✉r❡ ✽✿ ✭❛✮ ❚❤❡ ❝❞❢ ♦❢ SARwb ❛♥❞ ✭❜✮ t❤❡ ✺✵t❤✲✱
✾✵t❤✲✱ ✾✺t❤✲✱ ❛♥❞ ✾✾t❤✲♣❡r❝❡♥t✐❧❡ ♦❢ SARwb ✐♥ ❱❋❇
❛♥❞ ❙❋ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐♥ ❛♥ ✉r❜❛♥✲♠❛❝r♦ ❝❡❧❧
❡♥✈✐r♦♥♠❡♥t ❡①♣♦s❡❞ t♦ ❊▼❋ ❢r♦♠ ●❙▼ ❞♦✇♥❧✐♥❦
❛t ✾✺✵▼❍③✳ ❚❤❡ ✐♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ❡q✉❛❧❡❞
t❤❡ ■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r ❣❡♥❡r❛❧ ♣✉❜❧✐❝ ❡①✲
♣♦s✉r❡✱ ✐✳❡✳ ✹✳✼✺W/m

2
❛t ✾✺✵▼❍③✳

❋✐❣✉r❡ ✼✳ ❚❤❡ ♠❛①✐♠✉♠ ♦❢ p50✱ p90✱ p95✱ ❛♥❞ p99
✐s ✵✳✺✪✱ ✷✳✹✪✱ ✶✳✷✪✱ ❛♥❞ ✷✳✷✪ ❧❛r❣❡r t❤❛♥ t❤❡
♠✐♥✐♠✉♠ ♣❡r❝❡♥t✐❧❡s✱ r❡s♣❡❝t✐✈❡❧②✳

❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘
❢♦r t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❱❋❇ ❛♥❞ t❤❡
s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ✐♥ ❛
r❡❛❧✐st✐❝ ❡①♣♦s✉r❡ ❡♥✈✐r♦♥♠❡♥t ❛t
✾✺✵▼❍③

■♥ ❱❡r♠❡❡r❡♥ ❡t ❛❧✳ ❬✷✵✵✽❜❪ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘
✐♥ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐♥ r❡❛❧✐st✐❝ ❡①♣♦✲
s✉r❡ ❡♥✈✐r♦♥♠❡♥ts ✐s ✐♥✈❡st✐❣❛t❡❞ ❢♦r ❢r❡q✉❡♥❝✐❡s

r❛♥❣✐♥❣ ❢r♦♠ ✶✺✵▼❍③ t♦ ✾✺✵▼❍③✳ ■♥ t❤✐s s❡❝t✐♦♥
t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ t❤❡ r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧ ❱❋❇ ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘
♦❜t❛✐♥❡❞ ✐♥ s♣❤❡r♦✐❞ ♠♦❞❡❧s✳ ❚❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡
s♣❤❡r♦✐❞s ❛r❡ t❛❦❡♥ ❢r♦♠ ❉✉r♥❡② ❡t ❛❧✳ ❬✶✾✽✻❪✳ ❚❤❡
❤♦♠♦❣❡♥❡♦✉s s♣❤❡r♦✐❞ ❤❛s ❜❡❡♥ ❛ss✐❣♥❡❞ t❤❡ ❞✐❡❧❡❝✲
tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❛✈❡r❛❣❡ ❤❡❛❞ ❛s s✉❣❣❡st❡❞ ❜② t❤❡
■♥t❡r♥❛t✐♦♥❛❧ ❊❧❡❝tr♦t❡❝❤♥✐❝❛❧ ❈♦♠♠✐ss✐♦♥ ✭■❊❈✮
✐♥ ■❊❈✻✷✷✵✾ ❬■❊❈✱ ✷✵✵✺❪✳ ❇❡❝❛✉s❡ t❤❡ st❛t✐st✐❝s ♦❢
SARwb ❞♦ ♥♦t s❤♦✇ ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥ts✱ ✐♥ ✇❤❛t ❢♦❧❧♦✇s ♦♥❧② t❤❡
✉r❜❛♥✲♠❛❝r♦ ❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t ✐s ❝♦♥s✐❞❡r❡❞✳ ❋✐❣✲
✉r❡ ✽ s❤♦✇s t❤❡ ❝❞❢ ♦❢ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ❢♦r t❤❡
❱❋❇ ❛♥❞ t❤❡ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐♥ ❛♥
✉r❜❛♥✲♠❛❝r♦ ❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t ❢♦r t❤❡ ●❙▼ ❞♦✇♥✲
❧✐♥❦ ❢r❡q✉❡♥❝② ♦❢ ✾✺✵▼❍③✳ ■t ✐s ❝❧❡❛r❧② ♦❜s❡r✈❡❞
t❤❛t t❤❡ s♣❤❡r♦✐❞ ❤♦♠♦❣❡♥❡♦✉s ❤✉♠❛♥ ❜♦❞② ♠♦❞✲
❡❧s ✉♥❞❡r❡st✐♠❛t❡ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ t❤❡ r❡✲
❛❧✐st✐❝ ❤❡t❡r♦❣❡♥❡♦✉s ❱❋❇ ♠♦❞❡❧✳ ❚❤❡ ♠❡❞✐❛♥ ♦r
p50 ♦❢ SARwb ❢♦r t❤❡ ✺✲②❡❛r✲♦❧❞ s♣❤❡r♦✐❞ ♠♦❞❡❧ ✐s
✷✳✺ ❞❇ ❧♦✇❡r t❤❛♥ ❢♦r t❤❡ ✻✲②❡❛r✲♦❧❞ ❱❋❇ ✭s❡❡ ❋✐❣✲
✉r❡ ✽✮✳ ❇❡❝❛✉s❡ t❤❡ ❡①♣♦s✉r❡ ❢♦r t❤❡ ✈❛r✐♦✉s ♠♦❞✲
❡❧s ✐s ✐❞❡♥t✐❝❛❧✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ SARwb ✐s ❝❛✉s❡❞
❜② ❛ ❞✐✛❡r❡♥❝❡ ✐♥ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ SARwb ✐♥ t❤❡ ❱❋❇ ❝❛♥✲
♥♦t ❜❡ ❝♦♠♣❧❡t❡❧② ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥
✇❡✐❣❤t ❛♥❞ s✐③❡ ♦❢ t❤❡ ♠♦❞❡❧s ❜❡❝❛✉s❡ SARwb ✐♥ t❤❡
❱❋❇ ✐s ❧❛r❣❡r t❤❛♥ ❢♦r ❛❧❧ t❤❡ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s✳ ❍❡♥❝❡✱ t❤❡ t✐ss✉❡ ♣r♦♣❡rt✐❡s ❛s ✇❡❧❧ ❛s t❤❡
s❤❛♣❡ ♦❢ t❤❡ ♠♦❞❡❧ ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡
❞✐✛❡r❡♥❝❡ ♦❢ SARwb✳ ❚♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢
t❤❡ t✐ss✉❡ ♣r♦♣❡rt✐❡s ❛♥❞ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♠♦❞❡❧s✱
t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ❢♦r s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡✲✇❛✈❡
❡①♣♦s✉r❡ ✐s ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ❤❡t❡r♦❣❡♥❡♦✉s ❛♥❞
❤♦♠♦❣❡♥❡♦✉s ❱❋❇✱ ❛♥❞ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ✶✲②❡❛r✲
♦❧❞ s♣❤❡r♦✐❞ ❝❤✐❧❞✳ ❋♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❱❋❇✱ t❤❡
❞✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❛❧❧ t❤❡ t✐ss✉❡s ❛♥❞ ❛✐r ❝❛✈✐✲
t✐❡s ❛r❡ ❛ss✐❣♥❡❞ t❤❡ s❛♠❡ ✈❛❧✉❡ ❛s ❢♦r t❤❡ s♣❤❡r♦✐❞
♠♦❞❡❧s✳ ❋✐❣✉r❡ ✾ s❤♦✇s SARwb ❢♦r ❞✐✛❡r❡♥t ❡❧❡✲
✈❛t✐♦♥ ❛♥❣❧❡s ♦❢ t❤❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❛♥❞ ❛♥
✐♥❝✐❞❡♥t ✜❡❧❞ str❡♥❣t❤ ♦❢ ✶❱✴♠✳ ❱❡rt✐❝❛❧ ✭❊✮ ❛♥❞
❤♦r✐③♦♥t❛❧ ♣♦❧❛r✐③❛t✐♦♥ ✭❍✮ ❛r❡ ❝♦♥s✐❞❡r❡❞✳ ❆ss✐❣♥✲
✐♥❣ ❛ ❤♦♠♦❣❡♥❡♦✉s t✐ss✉❡ t♦ t❤❡ ❱❋❇ r❡❞✉❝❡s t❤❡
✇❤♦❧❡✲❜♦❞② ❛❜s♦r♣t✐♦♥✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
❤♦♠♦❣❡♥❡♦✉s ❱❋❇ ❛♥❞ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ✶✲②❡❛r✲
♦❧❞ s♣❤❡r♦✐❞ ❝❤✐❧❞ ✐s ❞✉❡ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♠❛ss
❛♥❞ s❤❛♣❡ ♦❢ t❤❡ ❜♦❞② ♠♦❞❡❧s✳ ❙♦✱ t❤❡ ❤❡t❡r♦✲
❣❡♥❡♦✉s t✐ss✉❡s ❛♥❞ t❤❡ ✐rr❡❣✉❧❛r s❤❛♣❡ ♦❢ r❡❛❧✐s✲
t✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐♥❝r❡❛s❡s t❤❡ ✇❤♦❧❡✲❜♦❞②
❛✈❡r❛❣❡❞ ❙❆❘ ❝♦♠♣❛r❡❞ t♦ ❤♦♠♦❣❡♥❡♦✉s s♣❤❡r♦✐❞

✶✵



❚❛❜❧❡ ✷✿ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ SARwb ✐♥ ❱❋❇
❛♥❞ ❙❋ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐♥ ❛♥ ✉r❜❛♥✲♠❛❝r♦ ❝❡❧❧
❡♥✈✐r♦♥♠❡♥t ❡①♣♦s❡❞ t♦ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s ❢r♦♠
●❙▼ ❞♦✇♥❧✐♥❦ ❛t ✾✺✵▼❍③✳ ❚❤❡ ✐♥❝✐❞❡♥t ♣♦✇❡r
❞❡♥s✐t② ❡q✉❛❧❡❞ t❤❡ ■❈◆■❘P r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r ❣❡♥✲
❡r❛❧ ♣✉❜❧✐❝ ❡①♣♦s✉r❡✱ ✐✳❡✳ ✹✳✼✺W/m

2
❛t ✾✺✵▼❍③✳

❍✉♠❛♥ ❜♦❞② ♠♦❞❡❧ σ(SARwb) ✭♠❲✴❦❣✮

❙♣❤❡r♦✐❞ ✶✲②❡❛r ♦❧❞ ✶✳✻
❙♣❤❡r♦✐❞ ✺✲②❡❛r ♦❧❞ ✶✳✽
❙♣❤❡r♦✐❞ ✶✵✲②❡❛r ♦❧❞ ✷✳✼
❙♣❤❡r♦✐❞ ❛✈❡r❛❣❡ ✇♦♠❛♥ ✹✳✵
❙♣❤❡r♦✐❞ ❛✈❡r❛❣❡ ♠❛♥ ✺✳✾
❱❋❇ ✽✳✷

❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✳
❋✐❣✉r❡ ✽ ❛❧s♦ s❤♦✇s t❤❛t t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡

SARwb ❛r♦✉♥❞ t❤❡ ♠❡❛♥ ✐s t❤❡ ❧❛r❣❡st ✐♥ t❤❡ r❡❛❧✐s✲
t✐❝ ❱❋❇ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧✳ ❚❛❜❧❡ ✷ ❧✐sts t❤❡ st❛♥✲
❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭σ✮ ♦❢ SARwb ✐♥ t❤❡ ❞✐✛❡r❡♥t ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s ❢♦r ❛♥ ✉r❜❛♥✲♠❛❝r♦ ❝❡❧❧ ❡♥✈✐r♦♥♠❡♥t✳
❋♦r t❤❡ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✱ σ ✐♥❝r❡❛s❡s
✇✐t❤ s✐③❡ ♦❢ t❤❡ s♣❤❡r♦✐❞s✳ ❚❤❡ ❤✐❣❤❡st σ ✐s ♦❜✲
s❡r✈❡❞ ❢♦r t❤❡ r❡❛❧✐st✐❝ ❱❋❇ ♠♦❞❡❧✳ ❚❤❡ ❧❛r❣❡r ✈❛r✐✲
❛❜✐❧✐t② ♦❢ SARwb ✐s ❝❛✉s❡❞ ❜② t❤❡ ✐rr❡❣✉❧❛r s❤❛♣❡
♦❢ t❤❡ ❱❋❇✳ ❚❤✐s ❝❛♥ ❜❡ ♣❛rt❧② ❡①♣❧❛✐♥❡❞ ❢r♦♠ ❋✐❣✲
✉r❡ ✾✳ ❋✐❣✉r❡ ✾ s❤♦✇s t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ SARwb ❛❧♦♥❣
t❤❡ ❡❧❡✈❛t✐♦♥ ❞✐r❡❝t✐♦♥ ✭❊✲ ❛♥❞ ❍✲♣♦❧❛r✐③❛t✐♦♥✮ ❢♦r
s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡ ❡①♣♦s✉r❡✳ ❚❤❡ ✈❛r✐❛t✐♦♥
♦❢ SARwb ✐s ❧❛r❣❡r ❢♦r t❤❡ ✐rr❡❣✉❧❛r✲s❤❛♣❡❞✱ r❡❛❧✐st✐❝
❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ♦❢ t❤❡ ❱❋❇✳ ❚❤❡ ❤❡t❡r♦❣❡♥❡✐t②
♦❢ t❤❡ t✐ss✉❡s ❤❛s ❛ ♠✐♥♦r ❡✛❡❝t ♦♥ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢
SARwb✳ ▼♦r❡♦✈❡r✱ t❤❡ s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞✲
❡❧s ❞♦ ♥♦t s❤♦✇ ❛ ✈❛r✐❛t✐♦♥ ♦❢ SARwb ❛❧♦♥❣ t❤❡
❛③✐♠✉t❤ ❞✐r❡❝t✐♦♥ ❜❡❝❛✉s❡ ♦❢ t❤❡ r♦t❛t✐♦♥ s②♠♠❡✲
tr②✳ ❉✉❡ t♦ t❤❡ ❛❜s❡♥❝❡ ♦❢ r♦t❛t✐♦♥ s②♠♠❡tr② ✐♥
t❤❡ ❱❋❇✱ SARwb ✐♥ t❤❡ ❱❋❇ ✈❛r✐❡s ❛❧s♦ ❛❧♦♥❣ t❤❡
❛③✐♠✉t❤ ❞✐r❡❝t✐♦♥✳

❉✐s❝✉ss✐♦♥

■♥ t❤✐s st✉❞② ❛ ❢❛st ♥✉♠❡r✐❝❛❧ ❙▼❊ ♠❡t❤♦❞ ✐s ♣r❡✲
s❡♥t❡❞ ❢♦r t❤❡ ❛ss❡ss♠❡♥t ♦❢ t❤❡ ✇❤♦❧❡✲❜♦❞② ❛✈❡r✲
❛❣❡❞ ❙❆❘ ✐♥❞✉❝❡❞ ✐♥ ❤❡t❡r♦❣❡♥❡♦✉s ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s ✐♥ ❛ ♠✉❧t✐✲♣❛t❤ ❡♥✈✐r♦♥♠❡♥t✳ ❆ss❡ss✐♥❣ t❤❡
✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ ❛ r❡❛❧ ❡♥✈✐r♦♥♠❡♥t r❡q✉✐r❡s ❛
st❛t✐st✐❝❛❧ ❛♣♣r♦❛❝❤ ❬❱❡r♠❡❡r❡♥ ❡t ❛❧✳✱ ✷✵✵✽❛❪✳ ❉✐❢✲
❢❡r❡♥t ❛♣♣r♦❛❝❤❡s ❡①✐st✳ ■♥ s♣❡❝✐✜❝ ❝❛s❡s✱ ❞❡t❡r♠✐♥✲
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❋✐❣✉r❡ ✾✿ ❚❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ t❤❡ ❤❡t❡r♦❣❡✲
♥❡♦✉s ❛♥❞ ❤♦♠♦❣❡♥❡♦✉s ❱❋❇✱ ❛♥❞ t❤❡ ✶✲②❡❛r✲♦❧❞
s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧ ❢♦r ✭❛✮ ✈❡rt✐❝❛❧ ❛♥❞
✭❜✮ ❤♦r✐③♦♥t❛❧ ♣♦❧❛r✐③❡❞ s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡✲✇❛✈❡
❡①♣♦s✉r❡ ❛t ✾✺✵▼❍③ ✇✐t❤ ✈❛r②✐♥❣ ❡❧❡✈❛t✐♦♥ ❛♥❣❧❡✳

✐st✐❝ ♠❡t❤♦❞s ✉s✐♥❣✱ ❡✳❣✳✱ ✸❉ r❛②✲tr❛❝✐♥❣ t♦♦❧s ❛r❡
❛♣♣❧✐❡❞ ❬◆❡✉❜❛✉❡r ❡t ❛❧✳✱ ✷✵✵✾❪✳ ❋♦r ♠♦r❡ ❣❡♥❡r✐❝
❡♥✈✐r♦♥♠❡♥ts s✉❝❤ ❛s ✉r❜❛♥ ❛♥❞ ✐♥❞♦♦r✲♦✉t❞♦♦r ❡♥✲
✈✐r♦♥♠❡♥ts✱ s✉rr♦❣❛t❡ ♠♦❞❡❧✐♥❣✱ ▼♦♥t❡✲❈❛r❧♦ ❛♥❛❧✲
②s✐s✱ ❛♥❞ t❤❡ ♣r♦♣♦s❡❞ st❛t✐st✐❝❛❧ ♠✉❧t✐✲♣❛t❤ ❡①♣♦✲
s✉r❡ ♠❡t❤♦❞ ✭❙▼❊ ♠❡t❤♦❞✮ ❝❛♥ ❜❡ ❛♣♣❧✐❡❞✳ ❲✐t❤
r❡s♣❡❝t t♦ t❤❡ s✉rr♦❣❛t❡ ♠♦❞❡❧✐♥❣ ❛♥❞ t❤❡ ▼♦♥t❡✲
❈❛r❧♦ ♠❡t❤♦❞✱ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❦❡❡♣s t❤❡ r❡❧❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s ❛♥❞ t❤❡ ✐♥❞✉❝❡❞ ✇❤♦❧❡✲
❜♦❞② ❙❆❘✳ ❚❤❡ ♣r✐❝❡ ❢♦r t❤✐s r❡❧❛t✐♦♥s❤✐♣ ✐s ❛ ❧❛r❣❡r
s❡t ♦❢ ✸❉ ♥✉♠❡r✐❝❛❧ ❝♦♠♣✉t❛t✐♦♥s✳ ❑❡❡♣✐♥❣ t❤❡ r❡✲
❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ✜❡❧❞s ❛♥❞ t❤❡ ✐♥✲
❞✉❝❡❞ ❙❆❘ ❛❧❧♦✇s ✉s t♦ ✐♥✈❡st✐❣❛t❡ ✐♥ t❤❡ ❢✉t✉r❡

✶✶



✇❤✐❝❤ ❡①♣♦s✉r❡s ❝❛✉s❡s ❤✐❣❤ ✐♥❞✉❝❡❞ ❙❆❘✳
❉❡s♣✐t❡ t❤❡ ✐♥❝r❡❛s❡❞ ♥✉♠❜❡r ♦❢ ❢✉❧❧✲✇❛✈❡ ❝♦♠✲

♣✉t❛t✐♦♥s ✇✐t❤ r❡s♣❡❝t t♦ s✉rr♦❣❛t❡ ♠♦❞❡❧✐♥❣ ❛♥❞
▼♦♥t❡✲❈❛r❧♦ s✐♠✉❧❛t✐♦♥s✱ st✐❧❧ ❛ r❡❞✉❝t✐♦♥ ✐♥ s✐♠✲
✉❧❛t✐♦♥ t✐♠❡ ✭✇✐t❤ ❛ ❢❛❝t♦r ✷ ♦r ♠♦r❡✮ ✐s ♦❜t❛✐♥❡❞
✇✐t❤ t❤❡ ♣r❡s❡♥t❡❞ ❛♣♣r♦❛❝❤ ✇✐t❤ r❡s♣❡❝t t♦ ❛ ❝♦♠✲
♣❧❡t❡ ❢✉❧❧✲✇❛✈❡ ❛♥❛❧②s✐s✳ ❚❤❡ ❙▼❊ ♠❡t❤♦❞ r❡✲
❞✉❝❡s ❧❛r❣❡❧② t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦♠♣❧❡①✐t② ♦♥❝❡
t❤❡ ❇❋❉s ❛r❡ ❦♥♦✇♥ ❝♦♠♣❛r❡❞ t♦ ❛ s♦❧❡❧② ❢✉❧❧✲
✇❛✈❡ ❛♣♣r♦❛❝❤✳ ❚❤❡ ❡①♣♦s✉r❡ ✐♥ ❛ ♠✉❧t✐✲♣❛t❤ ❡♥✈✐✲
r♦♥♠❡♥t ✐s ♠♦❞❡❧❡❞ ❛s t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ s❡✈❡r❛❧
s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s✳ ❲❡ ❛♣♣❧✐❡❞ t❤❡ ❋❉❚❉
♠❡t❤♦❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❇❋❉s✳ ■♥ t❤❡ ❋❉❚❉
♠❡t❤♦❞ ❛ t♦t❛❧✲✜❡❧❞ s❝❛tt❡r❡❞✲✜❡❧❞ ✭❚❋❙❋✮ ♠❡t❤♦❞
✐s ✉s❡❞ t♦ ♠♦❞❡❧ ❛ s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡✳ ■♥
♦r❞❡r t♦ ♠♦❞❡❧ ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ ✐♥ ❛♥ ❋❉❚❉
s♦❧✈❡r✱ s❡✈❡r❛❧ ♣❧❛♥❡✲✇❛✈❡ s♦✉r❝❡s ❛r❡ ♣❧❛❝❡❞ ✐♥ t❤❡
s✐♠✉❧❛t✐♦♥ ❞♦♠❛✐♥ ✇❤❡r❡❛s ✐♥ t❤❡ ❙▼❊ ♠❡t❤♦❞
t❤❡ t♦t❛❧ ✜❡❧❞s ♦♥ t❤❡ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡
❜♦❞② ♠♦❞❡❧ ❢♦r ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ ❛r❡ ♦❜t❛✐♥❡❞
❜② s✉♣❡r♣♦s✐t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ✜❡❧❞s ♦❢ t❤❡ ✐♥❞✐✈✐❞✲
✉❛❧ s✐♥❣❧❡✲✐♥❝✐❞❡♥t ♣❧❛♥❡ ✇❛✈❡s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛❧s♦
t❤❡ ❞❛t❛ ✐s s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ❛
❢✉❧❧✲✇❛✈❡ ❛♣♣r♦❛❝❤ ❛s ♦♥❧② t❤❡ ❡❧❡❝tr✐❝ ❛♥❞ ♠❛❣✲
♥❡t✐❝ ✜❡❧❞s ♦♥ t❤❡ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧ ❛r❡ ♥❡❝❡ss❛r② t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✇❤♦❧❡✲
❜♦❞② ❙❆❘✳ ■♥ ❛♥ ❋❉❚❉ s❝❤❡♠❡ t❤❡ ✜❡❧❞s ♥❡❡❞ t♦
❜❡ ❝♦♠♣✉t❡❞ ✐♥ ❡✈❡r② ❝❡❧❧ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ❞♦♠❛✐♥
r❡s✉❧t✐♥❣ ✐♥ ❛ ❧❛r❣❡ ♦✈❡r❤❡❛❞ ♦❢ ❞❛t❛✳
❚❤❡ ❙t❛t✐st✐❝❛❧ ▼✉❧t✐♣❛t❤ ❊①♣♦s✉r❡ ✭❙▼❊✮

♠❡t❤♦❞ ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐s ❛♥ ❡①✲
t❡♥s✐♦♥ ♦❢ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❢♦r r♦t❛t✐♦♥ ❛♥❞ ♠✐r✲
r♦r ✭✐♥ ❛ ❤♦r✐③♦♥t❛❧ ♣❧❛♥❡✮ s②♠♠❡tr✐❝ ❤✉♠❛♥ ❜♦❞②
♠♦❞❡❧s s✉❝❤ ❛s ❛ s♣❤❡r♦✐❞✳ ❉✉❡ t♦ t❤❡ ❛❜s❡♥❝❡ ♦❢
t❤❡ r♦t❛t✐♦♥ ❛♥❞ ♠✐rr♦r s②♠♠❡tr② t❤❡ ♥✉♠❜❡r ♦❢
❝♦♠♣✉t❡❞ ❜❛s✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ✭❇❋❉s✮ ✐♥❝r❡❛s❡s
❡♥♦r♠♦✉s❧②✳ ❉❡s♣✐t❡ t❤✐s ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛♠♦✉♥t ♦❢
❢✉❧❧✲✇❛✈❡ ✸❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ s✐♠✉❧❛t✐♦♥s ❢♦r ❝♦♠✲
♣✉t✐♥❣ t❤❡ ❇❋❉s✱ t❤❡ ♣r♦♣♦s❡❞ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
❙▼❊ ♠❡t❤♦❞ st✐❧❧ s❤♦✇s ❛ ❧❛r❣❡ r❡❞✉❝t✐♦♥ ✐♥ ♦✈❡r✲
❛❧❧ s✐♠✉❧❛t✐♦♥ t✐♠❡ ✇✐t❤ r❡s♣❡❝t t♦ ❛ ❝♦♠♣❧❡t❡❧②
❢✉❧❧✲✇❛✈❡ ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤✳ ❚❤❡ ♠❡t❤♦❞ ❤❛s
❜❡❡♥ ✐♠♣r♦✈❡❞ t♦ ❞❡❛❧ ❡✣❝✐❡♥t❧② ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡❞
❛♠♦✉♥t ♦❢ ❞❛t❛ ✇✐t❤ r❡s♣❡❝t ♦❢ t❤❡ ❙▼❊ ♠❡t❤♦❞
❢♦r r♦t❛t✐♦♥ s②♠♠❡tr✐❝ ❜♦❞✐❡s✿ ❢♦r ❡✈❡r② ✐♥❝✐❞❡♥t
♣❧❛♥❡ ✇❛✈❡ ✐♥ t❤❡ s❡t ♦❢ ✐♥❝✐❞❡♥t ♠✉❧t✐♣❧❡ ♣❧❛♥❡
✇❛✈❡s✱ ♦♥❧② t❤❡ ♥❡✐❣❤❜♦r✐♥❣ ❇❋❉s ❛r❡ ❧♦❛❞❡❞ ✐♥✲
st❡❛❞ ♦❢ ❧♦❛❞✐♥❣ ❛❧❧ t❤❡ ❇❋❉s ✐♥ ♠❡♠♦r② ❛t t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❛❧❣♦r✐t❤♠✳ ❆♥♦t❤❡r ❞✐✛❡r❡♥❝❡ ✐s
t❤❡ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ ❤✉♠❛♥ ❜♦❞②✳ ❋♦r r❡✲

❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ❛ ❝❧♦s❡❞ ❜♦①❡❞ s✉r❢❛❝❡
✐s s✉✣❝✐❡♥t✳ ❈♦♥s❡q✉❡♥t❧②✱ ♦♥❧② ❛ ✷❉ ✐♥t❡r♣♦❧❛t✐♦♥
s❝❤❡♠❡ ✐s s✉✣❝✐❡♥t ✐♥st❡❛❞ ♦❢ t❤❡ ✸❉ ✐♥t❡r♣♦❧❛t✐♦♥
❢♦r r♦t❛t✐♦♥ s②♠♠❡tr✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✳ ❆ ✜♥❛❧
s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ r❡❛❧✐st✐❝ ❛♥❞ r♦t❛t✐♦♥
s②♠♠❡tr✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ✐s t❤❛t t❤❡ ❇❋❉s
❛❧s♦ ❤❛✈❡ t♦ ❜❡ ❝♦♠♣✉t❡❞ ❢♦r ✈❛r②✐♥❣ ❛③✐♠✉t❤ ❛♥✲
❣❧❡✳ ❚❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ❢♦r t❤❡ r♦t❛t✐♦♥ s②♠♠❡tr✐❝
❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s ❜❡❝❛✉s❡ t❤❡ ✜❡❧❞s ❢♦r ❛ ❞✐❢✲
❢❡r❡♥t ❛③✐♠✉t❤ ❛♥❣❧❡ ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ❜② ❛ r♦t❛✲
t✐♦♥ ♦❢ t❤❡ ✜❡❧❞s ❢r♦♠ ❛♥♦t❤❡r ❛③✐♠✉t❤ ❛♥❣❧❡✳ ❚❤✐s
❛❧s♦ ✐♠♣❧✐❡s t❤❛t ❢♦r r❡❛❧✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s
❛ ✷❉ ✐♥t❡r♣♦❧❛t✐♦♥ ✐♥ t❤❡ ❛③✐♠✉t❤✲❡❧❡✈❛t✐♦♥ ♣❧❛♥❡
✐♥st❡❛❞ ♦❢ t❤❡ ✶❉ ✐♥t❡r♣♦❧❛t✐♦♥ ❢♦r r♦t❛t✐♦♥ s②♠✲
♠❡tr✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✳
❚❤❡ ✉♥❝❡rt❛✐♥t✐❡s ♦❢ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❛r❡ ❞✉❡

t♦ t❤❡ ❢✉❧❧✲✇❛✈❡ ❝♦♠♣✉t❛t✐♦♥s ❢♦r t❤❡ ❇❋❉s✱ t❤❡
❧❛r❣❡ ✉♥❝❡rt❛✐♥t② ♦♥ t❤❡ ❞✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ❛♥❞
t❤❡ ♠❛ss ❞❡♥s✐t② ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞② t✐ss✉❡s✱ ❛♥❞
t❤❡ ❛❧❣♦r✐t❤♠s ✉s❡❞ t♦ ❛ss❡ss SARwb ❢♦r ♠✉❧t✐✲♣❛t❤
❡①♣♦s✉r❡ ✭r❡❢❡rr❡❞ t♦ ❛s ❙▼❊ ❝❛❧❝✉❧❛t✐♦♥s✮✳ ❆s
❞✐s❝✉ss❡❞ ✐♥ t❤❡ ✈❛❧✐❞❛t✐♦♥✱ ❡rr♦rs ♦❢ ❧❡ss t❤❛♥ ✶✪
❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ❢✉❧❧✲✇❛✈❡ ❝♦♠✲
♣✉t❛t✐♦♥s✳ ❚❤✉s✱ t❤❡ ✉♥❝❡rt❛✐♥t② ✐s ♠❛✐♥❧② ❞❡t❡r✲
♠✐♥❡❞ ❜② t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ❢✉❧❧✲✇❛✈❡ t♦♦❧✳ ❯♥✲
❝❡rt❛✐♥t② ♦❢ ❋❉❚❉ ❝♦♠♣✉t❛t✐♦♥s ✐s st✉❞✐❡❞ t❤♦r✲
♦✉❣❤❧② ✐♥ ❇❛❦❦❡r ❡t ❛❧✳ ❬✷✵✶✵❪✳ ❚❤❡ ♦✈❡r❛❧❧ ✉♥❝❡r✲
t❛✐♥t② ✐s ❤❡r❡ ❡st✐♠❛t❡❞ t♦ ❜❡ ❡q✉❛❧ t♦ ✷✶✪✳
❚❤❡ ❢❛st ❙▼❊ ♠❡t❤♦❞ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ❱❋❇ ✐♥

❢♦✉r r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥ts ❢♦r t❤❡ ●❙▼ ❞♦✇♥❧✐♥❦
❢r❡q✉❡♥❝② ❛t ✾✺✵▼❍③✳ ❚❤✐s st✉❞② ❝♦♥✜r♠s t❤❡
✜♥❞✐♥❣s ♦❢ ❱❡r♠❡❡r❡♥ ❡t ❛❧✳ ❬✷✵✵✽❪✱ ❑ü❤♥ ❡t ❛❧✳
❬✷✵✵✾❪✱ ❑✐❡♥t❡❣❛ ❡t ❛❧✳ ❬✷✵✶✶❪ t❤❛t ♠✉❧t✐♣❧❡ ♣❧❛♥❡✲
✇❛✈❡ ❡①♣♦s✉r❡ ❝❛♥ ✐♥❞✉❝❡ ❛ ❤✐❣❤❡r ✇❤♦❧❡✲❜♦❞②
❙❆❘ t❤❛♥ t❤❡ ✇♦rst✲❝❛s❡ s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡✲✇❛✈❡
❡①♣♦s✉r❡✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♠♦r♣❤♦❧♦❣② ✇❛s ❛❧s♦
✐♥✈❡st✐❣❛t❡❞✳ ❲❡ s❤♦✇❡❞ t❤❛t ✐♥t❡r♥❛❧ ❛♥❞ ❡①t❡r✲
♥❛❧ ♠♦r♣❤♦❧♦❣② ❧❛r❣❡❧② ✐♥✢✉❡♥❝❡s t❤❡ ✇❤♦❧❡✲❜♦❞②
❙❆❘✳ ❖✉r ✜♥❞✐♥❣s ❛❣r❡❡ ✇✐t❤ ❈♦♥✐❧ ❡t ❛❧✳ ❬✷✵✵✽❪✱
❍❛❜❛❝❤✐ ❡t ❛❧✳ ❬✷✵✶✵❪✳ ❚❤❡ ✐♥❝r❡❛s❡ ✐♥ ✇❤♦❧❡✲❜♦❞②
❙❆❘ ✐♥ ❤❡t❡r♦❣❡♥❡♦✉s t✐ss✉❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ r❡✲
s♣❡❝t t♦ ❛ ❤♦♠♦❣❡♥❡♦✉s t✐ss✉❡ ❞✐str✐❜✉t✐♦♥ ❝❛♥ ❜❡
❛ttr✐❜✉t❡❞ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ t✐ss✉❡ ♣r♦♣❡rt✐❡s ❛♥❞
st❛♥❞✐♥❣ ✇❛✈❡ ❡✛❡❝ts ✐♥ t✐ss✉❡s ✇✐t❤ ❧♦✇ ✇❛t❡r ❝♦♥✲
t❡♥t ❬❈❤r✐st ❡t ❛❧✳✱ ✷✵✵✻❪✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ♣♦st✉r❡
♦♥ SARwb ✇❛s ♥♦t ✐♥✈❡st✐❣❛t❡❞✱ ❜✉t ❜❛s❡❞ ♦♥ ❯✉s✐✲
t✉♣❛ ❡t ❛❧✳ ❬✷✵✶✵❪ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t t❤❡ ✈❛r✐❛t✐♦♥
♦❢ SARwb ✇✐❧❧ ✐♥❝r❡❛s❡ ✇❤❡♥ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t
❞✐✛❡r❡♥t ♣♦st✉r❡s ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧✳ ❲❡
❛❧s♦ s❤♦✇❡❞ t❤❛t ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s t❤❡ ✐♥✢✉❡♥❝❡

✶✷



♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ♦♥ t❤❡ st❛t✐st✐❝s ♦❢ t❤❡ ✇❤♦❧❡✲
❜♦❞② ❙❆❘ ✐s ♥❡❣❧✐❣✐❜❧❡✳ ❋✐♥❛❧❧②✱ t❤✐s ♣❛♣❡r ❛❧s♦
❝❧❡❛r❧② ❝♦♥✜r♠s t❤❛t t❤❡ ❞❡❞✉❝t✐♦♥ ♦❢ t❤❡ ■❈◆■❘P
r❡❢❡r❡♥❝❡ ❧❡✈❡❧s ❜❛s❡❞ ♦♥ t❤❡ ✇♦rst✲❝❛s❡ ❤♦♠♦❣❡✲
♥❡♦✉s ❡①♣♦s✉r❡ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ❤✉♠❛♥ ❜♦❞② ♠♦❞✲
❡❧s ❞♦❡s ♥♦t ②✐❡❧❞ ❛ ❝♦♥s❡r✈❛t✐✈❡ ❛♣♣r♦❛❝❤✳ ■♥ ❛❞✲
❞✐t✐♦♥✱ ❑ü❤♥ ❡t ❛❧✳ ❬✷✵✵✾❪✱ ❯✉s✐t✉♣❛ ❡t ❛❧✳ ❬✷✵✶✵❪✱
❛♥❞ ❇❛❦❦❡r ❡t ❛❧✳ ❬✷✵✶✵✱ ✷✵✶✶❪ ❛❧s♦ s❤♦✇❡❞ t❤❛t
❢♦r ✇♦rst✲❝❛s❡ s✐♥❣❧❡ ✐♥❝✐❞❡♥t ♣❧❛♥❡✲✇❛✈❡ ❡①♣♦s✉r❡
❛♥❞ ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ t❛❦✐♥❣ ♦♥❡ r❡✢❡❝t✐♦♥ ✐♥t♦
❛❝❝♦✉♥t✱ t❤❡ ❜❛s✐❝ r❡str✐❝t✐♦♥s ♠✐❣❤t ❜❡ ✈✐♦❧❛t❡❞
❛t ♦t❤❡r ❢r❡q✉❡♥❝✐❡s ❜② ❧❛r❣❡r ❛♠♦✉♥ts t❤❛♥ ❛t
✾✺✵▼❍③✱ ❡s♣❡❝✐❛❧❧② ❛t ❢r❡q✉❡♥❝✐❡s ❛r♦✉♥❞ ✷●❍③✳
❚❤✐s ✐s ♠❛✐♥❧② ❛ttr✐❜✉t❡❞ t♦ t❤❡ r❡❧❛①❛t✐♦♥ ♦❢ t❤❡
r❡❢❡r❡♥❝❡ ❧❡✈❡❧s ❛t ❢r❡q✉❡♥❝✐❡s ❛❜♦✈❡ ✷●❍③✳

❚❤❡ ❝✉rr❡♥t ❙▼❊ ♠❡t❤♦❞ ♦♥❧② ❛♣♣❧✐❡s ❢♦r ❛s✲
s❡ss✐♥❣ t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ❜❡❝❛✉s❡ t❤❡ ❛❜s♦r♣✲
t✐♦♥ ✐s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s
♦♥ ❛ ❝❧♦s❡❞ s✉r❢❛❝❡ ❛r♦✉♥❞ t❤❡ ❜♦❞②✳ ❚♦ ❝❛❧❝✉✲
❧❛t❡ t❤❡ ♦r❣❛♥✲s♣❡❝✐✜❝ ❛♥❞ ❧♦❝❛❧✐③❡❞ ❙❆❘ r❡q✉✐r❡s
t❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ✜❡❧❞s ✐♥s✐❞❡ t❤❡ ❤✉♠❛♥ ❜♦❞②✳
❊①t❡♥❞✐♥❣ t❤❡ ❙▼❊ ♠❡t❤♦❞ ❢♦r ♦r❣❛♥✲s♣❡❝✐✜❝ ❛♥❞
❧♦❝❛❧✐③❡❞ ❙❆❘ ✐s ❝✉rr❡♥t❧② ✉♥❞❡r ✐♥✈❡st✐❣❛t✐♦♥✳

❈♦♥❝❧✉s✐♦♥s

❚❤❡ st❛t✐st✐❝❛❧ ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ t♦♦❧ ✐s ❡①t❡♥❞❡❞
s♦ t❤❛t ✐t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s r❡❛❧✐st✐❝ ❤✉✲
♠❛♥ ❜♦❞② ♠♦❞❡❧s✳ ❚❤❡ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞ ✐s ✐♥✈❡s✲
t✐❣❛t❡❞ t❤♦r♦✉❣❤❧② ❢♦r t❤❡ ❱✐rt✉❛❧ ❋❛♠✐❧② ❇♦② ❡①✲
♣♦s❡❞ t♦ t❤❡ ●❙▼ ❞♦✇♥❧✐♥❦ ❢r❡q✉❡♥❝② ♦❢ ✾✺✵▼❍③
✐♥ s❡✈❡r❛❧ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥ts✳ ❚❤❡ ♠❡t❤♦❞ ✐s
❛ ❢❛st ❛❧t❡r♥❛t✐✈❡ ❢♦r ❢✉❧❧✲✇❛✈❡ ✸❉ ❡❧❡❝tr♦♠❛❣♥❡t✐❝
s♦❧✈❡rs t♦ ❛ss❡ss ♥✉♠❡r✐❝❛❧❧② t❤❡ ❛❜s♦r♣t✐♦♥ ✐♥ ❛
❜♦❞②✳ ❆t ✾✺✵▼❍③✱ t❤❡ ❣❛✐♥ ✐♥ t✐♠❡ ❝❛♥ ❜❡ ❛s
❤✐❣❤ ❛s ❛ ❢❛❝t♦r ✷ ♦r ♠♦r❡✳ ❚❤❡ ❡①♣♦s✉r❡ s❛♠✲
♣❧❡s ❝❛♥ ♥♦t ♦♥❧② ❜❡ ❣❡♥❡r❛t❡❞ ❜② t❤❡ st❛t✐st✐❝❛❧
♠❡t❤♦❞ ♦❢ ❖❧✐✈✐❡r ❬✷✵✵✼❪✱ ❜✉t ❝❛♥ ❛❧s♦ ❜❡ ❡①♣♦rt❡❞
❢r♦♠ ❛ ✸❉ r❛② tr❛❝✐♥❣ t♦♦❧✳ ❚❤❡ ✇❤♦❧❡✲❜♦❞② ❛❜✲
s♦r♣t✐♦♥ ✐♥ t❤❡ ❱✐rt✉❛❧ ❋❛♠✐❧② ❇♦② ❢♦r t❤❡ ●❙▼
❞♦✇♥❧✐♥❦ ❛t ✾✺✵▼❍③ ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞ ❢♦r s❡✈✲
❡r❛❧ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥ts✳ ■t ✐s s❤♦✇♥ t❤❛t t❤❡
✇❤♦❧❡✲❜♦❞② ❙❆❘ ❡①❝❡❡❞s t❤❡ ❜❛s✐❝ r❡str✐❝t✐♦♥s ❢♦r
❛♥ ✐♥❝✐❞❡♥t ♣♦✇❡r ❞❡♥s✐t② ❡q✉❛❧ t♦ t❤❡ ■❈◆■❘P r❡❢✲
❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r ✵✳✸✪ ♦❢ t❤❡ ❡①♣♦s✉r❡ s❛♠♣❧❡s✳ ❚❤❡
✇❤♦❧❡✲❜♦❞② ❙❆❘ ❢♦r r❡❛❧✐st✐❝ ❡①♣♦s✉r❡ ❛❧s♦ ❡①❝❡❡❞s
❢♦r ✸✳✻✪ ♦❢ t❤❡ ❡①♣♦s✉r❡ s❛♠♣❧❡s t❤❡ ✇❤♦❧❡✲❜♦❞②
❙❆❘ ✐♥ ❢♦r ✇♦rst✲❝❛s❡ s✐♥❣❧❡ ♣❧❛♥❡✲✇❛✈❡ ❡①♣♦s✉r❡✳
❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ❛❧s♦ s❤♦✇♥ t❤❛t t❤❡ ✇❤♦❧❡✲❜♦❞②

❙❆❘ ✐♥ ❤♦♠♦❣❡♥❡♦✉s s♣❤❡r♦✐❞ ❤✉♠❛♥ ❜♦❞② ♠♦❞✲
❡❧s ❛♥❞ ❢♦r r❡❛❧✐st✐❝ ♠✉❧t✐✲♣❛t❤ ❡①♣♦s✉r❡ ✉♥❞❡r❡st✐✲
♠❛t❡s t❤❡ ✇❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ ❤❡t❡r♦❣❡♥❡♦✉s r❡❛❧✲
✐st✐❝ ❤✉♠❛♥ ❜♦❞② ♠♦❞❡❧s✳

❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❲✳ ❏♦s❡♣❤ ✐s ❛ P♦st✲❉♦❝t♦r❛❧ ❋❡❧❧♦✇ ♦❢ t❤❡ ❋❲❖✲❱
✭❘❡s❡❛r❝❤ ❋♦✉♥❞❛t✐♦♥✖❋❧❛♥❞❡rs✮✳

❘❡❢❡r❡♥❝❡s

❇❛❦❦❡r ❏❋✱ P❛✉❧✐❞❡s ▼▼✱ ❈❤r✐st ❆✱ ❑✉st❡r ◆✱ ✈❛♥
❘❤♦♦♥ ●❈✳ ✷✵✶✵✳ ❆ss❡ss♠❡♥t ♦❢ ✐♥❞✉❝❡❞ ❙❆❘
✐♥ ❝❤✐❧❞r❡♥ ❡①♣♦s❡❞ t♦ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ♣❧❛♥❡
✇❛✈❡s ❜❡t✇❡❡♥ ✶✵ ▼❍③ ❛♥❞ ✺✳✻ ●❍③✳ P❤②s
▼❡❞ ❇✐♦❧ ✺✺✿✸✶✶✺✲✸✶✸✵✳

❇❛❦❦❡r ❏❋✱ P❛✉❧✐❞❡s ▼▼✱ ❈❤r✐st ❆✱ ❑✉st❡r ◆✱ ✈❛♥
❘❤♦♦♥ ●❈✳ ✷✵✶✶✳ ❈♦rr✐❣❡♥❞✉♠ ❢♦r ❆ss❡ss✲
♠❡♥t ♦❢ ✐♥❞✉❝❡❞ ❙❆❘ ✐♥ ❝❤✐❧❞r❡♥ ❡①♣♦s❡❞ t♦
❡❧❡❝tr♦♠❛❣♥❡t✐❝ ♣❧❛♥❡ ✇❛✈❡s ❜❡t✇❡❡♥ ✶✵ ▼❍③
❛♥❞ ✺✳✻ ●❍③✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✻✿✷✽✽✸✳

❈❤r✐st ❆✱ ❑❧✐♥❣❡♥❜ö❝❦ ❆✱ ❙❛♠❛r❛s ❚✱ ●♦✐❝❡❛♥✉ ❈✱
❑✉st❡r ◆✳ ✷✵✵✻✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❡❧❡❝tr♦✲
♠❛❣♥❡t✐❝ ❢❛r✲✜❡❧❞ ❛❜s♦r♣t✐♦♥ ♦♥ ❜♦❞② t✐ss✉❡
❝♦♠♣♦s✐t✐♦♥ ✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❢r♦♠ ✸✵✵
▼❍③ t♦ ✻ ●❍③✳ ■❊❊❊ ❚r❛♥s ▼✐❝r♦✇ ❚❤❡♦r②
❚❡❝❤ ✺✹✿✷✶✽✽✲✷✶✾✺✳

❈❤r✐st ❆✱ ❑❛✐♥③ ❲✱ ❍❛❤♥ ❊●✱ ❍♦♥❡❣❣❡r ❑✱ ❩❡❢✲
❢❡r❡r ▼✱ ◆❡✉❢❡❧❞ ❊✱ ❘❛s❝❤❡r ❲✱ ❏❛♥❦❛ ❘✱
❇❛✉t③ ❲✱ ❈❤❡♥ ❏✱ ❑✐❡❢❡r ❇✱ ❙❝❤♠✐tt P✱ ❍♦❧✲
❧❡♥❜❛❝❤ ❍P✱ ❙❤❡♥ ❏✱ ❖❜❡r❧❡ ▼✱ ❙③❝③❡r❜❛ ❉✱
❑❛♠ ❆✱ ●✉❛❣ ❏❲✱ ❑✉st❡r ◆✳ ✷✵✶✵✳ ❚❤❡ ❱✐r✲
t✉❛❧ ❋❛♠✐❧② ✲ ❞❡✈❡❧♦♣♠❡♥t ♦❢ s✉r❢❛❝❡✲❜❛s❡❞
❛♥❛t♦♠✐❝❛❧ ♠♦❞❡❧s ♦❢ t✇♦ ❛❞✉❧ts ❛♥❞ t✇♦ ❝❤✐❧✲
❞r❡♥ ❢♦r ❞♦s✐♠❡tr✐❝ s✐♠✉❧❛t✐♦♥s✳ P❤②s ▼❡❞
❇✐♦❧ ✹✽✿◆✷✸✲◆✸✽✳

❈♦♥✐❧ ❊✱ ❍❛❞❥❡♠ ❆✱ ▲❛❝r♦✉① ❋✱ ❲♦♥❣ ▼❋✱ ❲✐❛rt
❏✳ ✷✵✵✽✳ ❱❛r✐❛❜✐❧✐t② ❛♥❛❧②s✐s ♦❢ ❙❆❘ ❢r♦♠ ✷✵
▼❍③ t♦ ✷✳✹ ●❍③ ❢♦r ❞✐✛❡r❡♥t ❛❞✉❧t ❛♥❞ ❝❤✐❧❞
♠♦❞❡❧s ✉s✐♥❣ ✜♥✐t❡✲❞✐✛❡r❡♥❝❡ t✐♠❡✲❞♦♠❛✐♥✳
P❤②s ▼❡❞ ❇✐♦❧ ✺✸✿✶✺✶✶✲✶✺✷✺✳

❉✐♠❜②❧♦✇ P❏✱ ❍✐r❛t❛ ❆✱ ◆❛❣❛♦❦❛ ❚✳ ✷✵✵✽✳ ■♥t❡r✲
❝♦♠♣❛r✐s♦♥ ♦❢ ✇❤♦❧❡✲❜♦❞② ❛✈❡r❛❣❡❞ ❙❆❘ ✐♥
❊✉r♦♣❡❛♥ ❛♥❞ ❏❛♣❛♥❡s❡ ✈♦①❡❧ ♣❤❛♥t♦♠s✳ P❤②s
▼❡❞ ❇✐♦❧ ✺✸✿✺✽✽✸✲✺✽✾✼✳

✶✸



❉✉r♥❡② ❈❍✱ ▼❛ss♦✉❞✐ ❍✱ ■s❦❛♥❞❡r✱ ▼❋✳ ✶✾✽✻✳ ❘❛✲
❞✐♦❢r❡q✉❡♥❝② ❘❛❞✐❛t✐♦♥ ❉♦s✐♠❡tr② ❍❛♥❞❜♦♦❦✿
✹t❤ ❡❞✳ ❯❙❆❋ ❙❝❤♦♦❧ ♦❢ ❆❡r♦s♣❛❝❡ ▼❡❞✐❝✐♥❡✱
❇r♦♦❦s ❆✐r ❋♦r❝❡ ❇❛s❡✱ ❚❡①❛s✱ ❯❙❆✳ ❋✐♥❞❧❛②
❘P✱ ❉✐♠❜②❧♦✇ P❏✳ ✷✵✵✻✳ ❱❛r✐❛t✐♦♥s ✐♥ ❝❛❧✲
❝✉❧❛t❡❞ ❙❆❘ ✇✐t❤ ❞✐st❛♥❝❡ t♦ t❤❡ ♣❡r❢❡❝t❧②
♠❛t❝❤❡❞ ❧❛②❡r ❜♦✉♥❞❛r② ❢♦r ❛ ❤✉♠❛♥ ✈♦①❡❧
♠♦❞❡❧✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✶✲◆✹✶✶✲◆✹✶✺✳

❋✐♥❞❧❛② ❘P✱ ❉✐♠❜②❧♦✇ P❏✳ ✷✵✵✺✳ ❊✛❡❝ts ♦❢ ♣♦st✉r❡
♦♥ ❋❉❚❉ ❝❛❧❝✉❧❛t✐♦♥s ♦❢ s♣❡❝✐✜❝ ❛❜s♦r♣t✐♦♥
r❛t❡ ✐♥ ❛ ✈♦①❡❧ ♠♦❞❡❧ ♦❢ t❤❡ ❤✉♠❛♥ ❜♦❞②✳ P❤②s
▼❡❞ ❇✐♦❧ ✺✵✿✸✽✷✺✲✸✽✸✺✳

❋✐♥❞❧❛② ❘P✱ ▲❡❡ ❆❑✱ ❉✐♠❜②❧♦✇ P❏✳ ✷✵✵✾✳ ❋❉❚❉
❝❛❧❝✉❧❛t✐♦♥s ♦❢ ❙❆❘ ❢♦r ❝❤✐❧❞ ✈♦①❡❧ ♠♦❞❡❧s ✐♥
❞✐✛❡r❡♥t ♣♦st✉r❡s ❜❡t✇❡❡♥ ✶✵ ▼❍③ ❛♥❞ ✸ ●❍③✳
❘❛❞✐❛t Pr♦t ❉♦s✐♠ ✶✸✺✿✷✷✻✲✷✸✶✳

●❛❜r✐❡❧ ❙✱ ▲❛✉ ❘❲✱ ●❛❜r✐❡❧ ❈✳ ✶✾✾✻✳ ❚❤❡ ❞✐❡❧❡❝tr✐❝
♣r♦♣❡rt✐❡s ♦❢ ❜✐♦❧♦❣✐❝❛❧ t✐ss✉❡s✿ ■■■✳ ♣❛r❛♠❡tr✐❝
♠♦❞❡❧s ❢♦r t❤❡ ❞✐❡❧❡❝tr✐❝ s♣❡❝tr✉♠ ♦❢ t✐ss✉❡s✳
P❤②s ▼❡❞ ❇✐♦❧ ✹✶✿✷✷✼✶✲✷✷✾✸✳

●❛♥❞❤✐ ❖P✱ ▲❛♠ ▼❙✳ ✷✵✵✸✳ ❆♥ ♦♥✲s✐t❡ ❞♦s✐♠❡tr②
s②st❡♠ ❢♦r s❛❢❡t② ❛ss❡ss♠❡♥t ♦❢ ✇✐r❡❧❡ss ❜❛s❡
st❛t✐♦♥s ✉s✐♥❣ s♣❛t✐❛❧ ❤❛r♠♦♥✐❝ ❝♦♠♣♦♥❡♥ts✳
■❊❊❊ ❚r❛♥s ❆♥t❡♥♥❛s Pr♦♣❛❣ ✺✶✿✽✹✵✲✽✹✼✳

❍❛❜❛❝❤✐ ❆❊✱ ❈♦♥✐❧ ❊✱ ❍❛❞❥❡♠ ❆✱ ❱❛③q✉❡③ ❊✱ ❲♦♥❣
▼❋✱ ●❛t✐ ❆✱ ❋❧❡✉r② ●✱ ❲✐❛rt ❏✳ ✷✵✶✵✳ ❙t❛t✐st✐✲
❝❛❧ ❛♥❛❧②s✐s ♦❢ ✇❤♦❧❡✲❜♦❞② ❛❜s♦r♣t✐♦♥ ❞❡♣❡♥❞✲
✐♥❣ ♦♥ ❛♥❛t♦♠✐❝❛❧ ❤✉♠❛♥ ❝❤❛r❛❝t❡r✐st✐❝s ❛t ❛
❢r❡q✉❡♥❝② ♦❢ ✷✳✶ ●❍③✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✺✿✶✽✼✺✲
✶✽✽✼✳

■♥t❡r♥❛t✐♦♥❛❧ ❊❧❡❝tr♦t❡❝❤♥✐❝❛❧ ❈♦♠♠✐ss✐♦♥ ✭■❊❈✮✳
✷✵✵✺✳ ❍✉♠❛♥ ❡①♣♦s✉r❡ t♦ r❛❞✐♦ ❢r❡q✉❡♥❝②
✜❡❧❞s ❢r♦♠ ❤❛♥❞✲❤❡❧❞ ❛♥❞ ❜♦❞②✲♠♦✉♥t❡❞ ✇✐r❡✲
❧❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥ ❞❡✈✐❝❡s ✲ ❤✉♠❛♥ ♠♦❞❡❧s✱
✐♥str✉♠❡♥t❛t✐♦♥✱ ❛♥❞ ♣r♦❝❡❞✉r❡s t♦ ❞❡t❡r♠✐♥❡
t❤❡ s♣❡❝✐✜❝ ❛❜s♦r♣t✐♦♥ r❛t❡ ✭❙❆❘✮ ❢♦r ❤❛♥❞✲
❤❡❧❞ ❞❡✈✐❝❡s ✉s❡❞ ✐♥ t❤❡ ❝❧♦s❡ ♣r♦①✐♠✐t② t♦
t❤❡ ❡❛r ✭❢r❡q✉❡♥❝② r❛♥❣❡ ♦❢ ✸✵✵ ▼❍③ ❚♦ ✸
●❍③✮✳ ■♥t❡r♥❛t✐♦♥❛❧ ❙t❛♥❞❛r❞ ✻✷✷✵✾✳ ●❡♥❡✈❛✱
❙✇✐t③❡r❧❛♥❞✳

■❊❊❊ ❙❈❈✸✾✳ ✷✵✵✺✳ ■❊❊❊ ❙t❛♥❞❛r❞ ❢♦r ❙❛❢❡t②
▲❡✈❡❧s ✇✐t❤ ❘❡s♣❡❝t t♦ ❍✉♠❛♥ ❊①♣♦s✉r❡ t♦
❘❛❞✐♦ ❋r❡q✉❡♥❝② ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❋✐❡❧❞s✱ ✸
❦❍③ t♦ ✸✵✵ ●❍③✳ ■❊❊❊ ❈✾✺✳✶✲✷✵✵✺✳ ◆❡✇ ❨♦r❦✱
❯❙❆✳

■❊❊❊ ❙❈❈✷✽✳ ✷✵✵✷✳ ■❊❊❊ ❘❡❝♦♠♠❡♥❞❡❞ Pr❛❝✲
t✐❝❡ ❢♦r ▼❡❛s✉r❡♠❡♥ts ❛♥❞ ❈♦♠♣✉t❛t✐♦♥s ♦❢
❘❛❞✐♦ ❋r❡q✉❡♥❝② ❊❧❡❝tr♦♠❛❣♥❡t✐❝ ❋✐❡❧❞s ❲✐t❤
❘❡s♣❡❝t t♦ ❍✉♠❛♥ ❊①♣♦s✉r❡ t♦ ❙✉❝❤ ❋✐❡❧❞s✱
✶✵✵ ❦❍③✲✸✵✵ ●❍③✳ ■❊❊❊ ❈✾✺✳✸✲✷✵✵✷✳ ◆❡✇
❨♦r❦✱ ❯❙❆✳

■♥t❡r♥❛t✐♦♥❛❧ ❈♦♠♠✐ss✐♦♥ ♦♥ ◆♦♥✲■♦♥✐③✐♥❣ ❘❛❞✐❛✲
t✐♦♥ Pr♦t❡❝t✐♦♥ ✭■❈◆■❘P✮✳ ✶✾✾✽✳ ●✉✐❞❡❧✐♥❡s
❢♦r ❧✐♠✐t✐♥❣ ❡①♣♦s✉r❡ t♦ t✐♠❡✲✈❛r②✐♥❣ ❡❧❡❝tr✐❝✱
♠❛❣♥❡t✐❝✱ ❛♥❞ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞s✳ ❍❡❛❧t❤
P❤②s ✼✹✿✹✾✹✲✺✷✷✳

■s❦r❛ ❙✱ ▼❝❑❡♥③✐❡ ❘✱ ❈♦s✐❝ ■✳ ✷✵✶✶✳ ▼♦♥t❡✲❈❛r❧♦
s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❝❧♦s❡ t♦ t❤❡
❜♦❞② ✐♥ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥ts ❢♦r ❛♣♣❧✐❝❛t✐♦♥
✐♥ ♣❡rs♦♥❛❧ r❛❞✐♦❢r❡q✉❡♥❝② ❞♦s✐♠❡tr②✳ ❘❛❞✐❛t
Pr♦t ❉♦s✐♠❡tr② ✶✹✼✿✺✶✼✲✺✷✼✳

❏♦s❡♣❤ ❲✱ ❱❡r❧♦♦❝❦ ▲ ❛♥❞ ▼❛rt❡♥s ▲✳ ✷✵✵✻✳ ❘❡✲
❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ P♦❧❛r✐③❛t✐♦♥ ❊❧❧✐♣s❡ ♦❢ t❤❡
❊▼ ❋✐❡❧❞ ♦❢ ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❇r♦❛❞✲
❝❛st ❆♥t❡♥♥❛s ❜② ❛ ❋❛st ❛♥❞ ▲♦✇✲❈♦st ▼❡❛✲
s✉r❡♠❡♥t ▼❡t❤♦❞✳ ■❊❊❊ ❚r❛♥s ❊❧❡❝tr♦♠❛❣♥
❈♦♠♣❛t ✹✽✿✸✽✺✲✸✾✻✳

❑✐❡♥t❡❣❛ ❚✱ ❈♦♥✐❧ ❊✱ ❍❛❞❥❡♠ ❆✱ ❘✐❝❤❛❧♦t ❊✱ ●❛t✐
❆✱ ❲♦♥❣ ▼❋✱ P✐❝♦♥ ❖✱ ❲✐❛rt ❏✳ ✷✵✶✶✳ ❆ s✉r✲
r♦❣❛t❡ ♠♦❞❡❧ t♦ ❛ss❡ss t❤❡ ✇❤♦❧❡ ❜♦❞② ❙❆❘
✐♥❞✉❝❡❞ ❜② ♠✉❧t✐♣❧❡ ♣❧❛♥❡ ✇❛✈❡s ❛t ✷✳✹ ●❍③✳
❆♥♥❛❧s ♦❢ ❚❡❧❡❝♦♠♠✉♥✐❝❛t✐♦♥s ✻✻✿✹✶✾✲✹✷✽✳

❑ü❤♥ ❙✱ ❏❡♥♥✐♥❣s ❲✱ ❈❤r✐st ❆✱ ❑✉st❡r ◆✳ ✷✵✵✾✳
❆ss❡ss♠❡♥t ♦❢ ✐♥❞✉❝❡❞ r❛❞✐♦✲❢r❡q✉❡♥❝② ❡❧❡❝tr♦✲
♠❛❣♥❡t✐❝ ✜❡❧❞s ✐♥ ✈❛r✐♦✉s ❛♥❛t♦♠✐❝❛❧ ❤✉♠❛♥
❜♦❞② ♠♦❞❡❧s✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✹✿✽✼✺✲✽✾✵✳

▲❛③③✐ ●✱ ●❛♥❞❤✐ ❖✳ ✷✵✵✵✳ ❆ ▼✐①❡❞ ❋❉❚❉✲■♥t❡❣r❛❧
❊q✉❛t✐♦♥ ❆♣♣r♦❛❝❤ ❢♦r ❖♥✲❙✐t❡ ❙❛❢❡t② ❆ss❡ss✲
♠❡♥t ✐♥ ❈♦♠♣❧❡①✳ ■❊❊❊ ❚r❛♥s✳ ❆♥t❡♥♥❛s
Pr♦♣❛❣✳ ✹✽✿✶✽✸✵✲✶✽✸✻✳

◆❡✉❜❛✉❡r ●✱ Pr❡✐♥❡r P✱ ❈❡❝✐❧ ❙✱ ▼✐tr❡✈s❦✐ ◆✱
●♦♥t❡r ❏✱ ●❛r♥ ❍✳ ✷✵✵✾✳ ❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥
t❤❡ s♣❡❝✐✜❝ ❛❜s♦r♣t✐♦♥ r❛t❡ ❛♥❞ ❡❧❡❝tr♦♠❛❣✲
♥❡t✐❝ ✜❡❧❞ ✐♥t❡♥s✐t② ❢♦r ❤❡t❡r♦❣❡♥❡♦✉s ❡①♣♦s✉r❡
❝♦♥❞✐t✐♦♥s ❛t ♠♦❜✐❧❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s ❢r❡q✉❡♥✲
❝✐❡s✳ ❇✐♦❡❧❡❝tr♦♠❛❣♥❡t✐❝s ✸✵✿✻✺✶✲✻✻✷✳

❖❧✐✈✐❡r ❈✳ ✷✵✵✼✳ ❈❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝✲
tr♦♠❛❣♥❡t✐❝ r❛❞✐❛t✐♦♥ ❝❧♦s❡ t♦ ❜r♦❛❞❝❛st ❛♥❞
✇✐r❡❧❡ss ❝♦♠♠✉♥✐❝❛t✐♦♥s ❛♥t❡♥♥❛s✳ P❤❉ t❤❡✲
s✐s✱ ●❤❡♥t ❯♥✐✈❡rs✐t②✱ ●❤❡♥t✱ ❇❡❧❣✐✉♠✳

✶✹



❙❛✉♥❞❡rs ❙❘✱ ❆r❛❣♦♥✲❩❛✈❛❧❛ ❆✳ ✷✵✵✼✳ ❆♥t❡♥♥❛s
❛♥❞ Pr♦♣❛❣❛t✐♦♥ ❢♦r ❲✐r❡❧❡ss ❈♦♠♠✉♥✐❝❛t✐♦♥
❙②st❡♠s ✭✷♥❞ ❡❞✳✮✳ ❈❤✐❝❤❡st❡r✿ ❏♦❤♥ ❲✐❧❡② ✫
❙♦♥s✳

❚❛②❧♦r ❇◆✱ ❑✉②❛tt ❈❊✳ ✶✾✾✹✳ ●✉✐❞❡❧✐♥❡s ❢♦r
❊✈❛❧✉❛t✐♥❣ ❛♥❞ ❊①♣r❡ss✐♥❣ t❤❡ ❯♥❝❡rt❛✐♥t② ♦❢
◆■❙❚ ▼❡❛s✉r❡♠❡♥t ❘❡s✉❧ts✳ ◆■❙❚ ❚❡❝❤♥✐❝❛❧
◆♦t❡ ✶✷✾✼✳ ●❛✐t❤❡rs❜✉r❣✱ ▼❉✱ ❯❙❆✳

❯✉s✐t✉♣❛ ❚✱ ▲❛❛❦s♦ ■✱ ■❧✈♦♥❡♥ ❙✱ ◆✐❦♦s❦✐♥❡♥ ❑✳
✷✵✶✵✳ ❙❆❘ ✈❛r✐❛t✐♦♥ st✉❞② ❢r♦♠ ✸✵✵ t♦ ✺✵✵✵
▼❍③ ❢♦r ✶✺ ✈♦①❡❧ ♠♦❞❡❧s ✐♥❝❧✉❞✐♥❣ ❞✐✛❡r❡♥t
♣♦st✉r❡s✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✺✿✶✶✺✼✲✶✶✼✻✳

❱❡r♠❡❡r❡♥ ●✱ ❏♦s❡♣❤ ❲✱ ❖❧✐✈✐❡r ❈✱ ▼❛rt❡♥s ▲✳
✷✵✵✽❛✳ ❙t❛t✐st✐❝❛❧ ♠✉❧t✐♣❛t❤ ❡①♣♦s✉r❡ ♦❢ ❛
❤✉♠❛♥ ✐♥ ❛ r❡❛❧✐st✐❝ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ❡♥✈✐r♦♥✲
♠❡♥t✳ ❍❡❛❧t❤ P❤②s ✾✹✿✸✹✺✲✸✺✹✳

❱❡r♠❡❡r❡♥ ●✱ ❏♦s❡♣❤ ❲✱ ▼❛rt❡♥s ▲✳ ✷✵✵✽❜✳
❲❤♦❧❡✲❜♦❞② ❙❆❘ ✐♥ s♣❤❡r♦✐❞❛❧ ❛❞✉❧t ❛♥❞ ❝❤✐❧❞
♣❤❛♥t♦♠s ✐♥ r❡❛❧✐st✐❝ ❡①♣♦s✉r❡ ❡♥✈✐r♦♥♠❡♥t✳
❊❧❡❝tr♦♥ ▲❡tt ✹✹✿✼✾✵✲✼✾✶✳

❱❡r♠❡❡r❡♥ ●✱ ●♦ss❡❧✐♥ ▼❈✱ ❑ü❤♥ ❙✱ ❑❡❧❧❡r♠❛♥ ❱✱
❍❛❞❥❡♠ ❆✱ ●❛t✐ ❆✱ ❏♦s❡♣❤ ❲✱ ❲✐❛rt ❏✱ ▼❡②❡r
❋✱ ❑✉st❡r ◆✱ ▼❛rt❡♥s ▲✳ ✷✵✶✵✳ ❚❤❡ ✐♥✢✉❡♥❝❡
♦❢ t❤❡ r❡✢❡❝t✐✈❡ ❡♥✈✐r♦♥♠❡♥t ♦♥ t❤❡ ❛❜s♦r♣✲
t✐♦♥ ♦❢ ❛ ❤✉♠❛♥ ♠❛❧❡ ❡①♣♦s❡❞ t♦ r❡♣r❡s❡♥t❛✲
t✐✈❡ ❜❛s❡ st❛t✐♦♥ ❛♥t❡♥♥❛s ❢r♦♠ ✸✵✵ ▼❍③ t♦ ✺
●❍③✳ P❤②s ▼❡❞ ❇✐♦❧ ✺✺✿✺✺✹✶✲✺✺✺✺✳

✶✺




