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InAlAs Emitter

3.3 Å InAlAs (2x1018/cm3 Be)

InGaAs Base

30.0 Å InGaAs (2x1018/cm3 Be)

6.6 Å InAlAs (2x1018/cm3 Be)

26.6 Å InGaAs (2x1018/cm3 Be)

10.0 Å InAlAs (8x1017/cm3 Si)

23.3 Å InGaAs (8x1017/cm3 Si)

13.3 Å InAlAs (8x1017/cm3 Si)

20.0 Å InGaAs (8x1017/cm3 Si)

16.6 Å InAlAs (8x1017/cm3 Si)

16.6 Å InGaAs (8x1017/cm3 Si)

20.0 Å InAlAs (8x1017/cm3 Si)

13.3 Å InGaAs (8x1017/cm3 Si)

23.3 Å InAlAs (8x1017/cm3 Si)

10.0 Å InGaAs (8x1017/cm3 Si)

26.6 Å InAlAs (8x1017/cm3 Si)

6.6 Å InGaAs (8x1017/cm3 Si)

30.0 Å InAlAs (8x1017/cm3 Si)

3.3 Å InGaAs (8x1017/cm3 Si)
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V R W K D W W K H \ F D Q E H F R Q W D F W H G ZLW K LQ W H U F R Q Q H F W P H W D O� $ V F K H P D W LF q R Z
R I W K H S U R F H V V X S W R W K LV S R LQ W LV V K R ZQ LQ p J � � �� �

3 R O\LP LG H H W F K OLW K R J U D S K \ OH D YH V V P D OO LV OD Q G V R I S K R W R U H V LV W R YH U P R V W
R I W K H D U H D R I W K H E D V H P H V D V � E X W U H P R YH V S K R W R U H V LV W H YH U \ZK H U H H OV H � 7K H
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(a) (b)

(d)(c)

Emitter Metal

Emitter Base Collector

SI InP substrate Buffer Layer

Base Metal

Polyimide

)LJ X U H � �� � 3 U R F H V V q R Z G LD J U D P D IW H U G H S R V LW LR Q R I H P LW W H U P H W D O D Q G E D V H
F R Q W D F W H W F K � D � � D IW H U G H S R V LW LR Q R I E D V H P H W D O � E � � D IW H U LV R OD W LR Q H W F K � F � �
D IW H U S R O\LP LG H H W F K E D F N � G � �

H [S R V H G S R O\LP LG H LV W K H Q H W F K H G F R P S OH W H O\ D ZD \ W R U H H [S R V H W K H ,Q $ O$ V
E X oH U OD \H U E H W ZH H Q G H YLF H P H V D V D Q G W R U H P R YH S R O\LP LG H IU R P W K H H G J H V
R I W K H E D V H P H V D V W K H P V H OYH V � ,Q W K LV ZD \� LQ W H U F R Q Q H F W P H W D O F D Q D OV R
F R Q W D F W W K H E D V H P H W D OOL] D W LR Q �

1 L&U U H V LV W R U V D U H G H S R V LW H G W R D W K LF NQ H V V ZK LF K J LYH V D S S U R [LP D W H O\
� � n� V TX D U H � 7K H p U V W OD \H U R I LQ W H U F R Q Q H F W P H W D O � K H U H D IW H U F D OOH G P H W D O
� � R U 0� � LV G H S R V LW H G W R F R Q W D F W W K H G H YLF H H P LW W H U V D Q G E D V H V D Q G D OV R
W R F R Q Q H F W W R W K H H Q G V R I W K H U H V LV W R U V � $ � � � � {$ W K LF N OD \H U R I V LOLF R Q
Q LW U LG H LV G H S R V LW H G W R V H U YH D V W K H LQ V X OD W R U IR U 0,0 F D S D F LW R U V D Q G � D V
G H V F U LE H G OD W H U � W R S U H YH Q W F K R V H Q G H YLF H H P LW W H U V IU R P E H LQ J J U R X Q G H G �
7K R V H G H YLF H V W K D W ZLOO K D YH J U R X Q G H G H P LW W H U V ZLOO K D YH W K H V LOLF R Q Q LW U LG H
S U R W H F W LQ J W K R V H H P LW W H U V H W F K H G D ZD \� 7K H V LOLF R Q Q LW U LG H H W F K D OV R D OOR ZV
IR U F R Q Q H F W LR Q R I P H W D O � W R W K H Q H [W OD \H U R I LQ W H U F R Q Q H F W W R E H G H S R V LW H G �
P H W D O � � 0H W D O � V H U YH V P D Q \ S X U S R V H V � LW LV W K H E R W W R P S OD W H R I 0,0
F D S D F LW R U V � LW LV D Q R W K H U OD \H U R I LQ W H U F R Q Q H F W � D Q G LW ZLOO S U R W H F W W K H V LOLF R Q
Q LW U LG H IU R P D W W D F N E \ W K H Q H [W G U \ H W F K ZK LF K ZLOO V R R Q E H G H V F U LE H G �
$ IW H U P H W D O � LV OLIW H G R o� E H Q ] R F \F OR E X W H Q H � % &% � LV V S X Q R Q W R W K H ZD IH U
W R D W K LF NQ H V V R I � zP � % &% D F W V D V W K H D U W Lp F LD O V X E V W U D W H X V H G IR U W K H
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P LF U R V W U LS G LH OH F W U LF � D Q G ZD V F K R V H Q IR U LW V OR Z OR V V D Q G OR Z G LH OH F W U LF
F R Q V W D Q W � $ IW H U W K H % &% LV F X U H G � W K H Q LF NH O H W F K P D V N LV G H S R V LW H G D Q G
OLIW H G R o ZK H U H LW LV G H V LU H G W R H W F K YLD V LQ W R W K H % &% � 9 LD V D U H H W F K H G LQ W R
W K H % &% E \ 5 ,( � D Q G W K LV H W F K F R Q W LQ X H V R Q W R D W W D F N W K H V LOLF R Q Q LW U LG H
LI Q R W S U R W H F W H G E \ P H W D O � � )R U W K LV U H D V R Q � H P LW W H U V Q R W LQ W H Q G H G W R E H
J U R X Q G H G P X V W K D YH D U H F W D Q J OH R I P H W D O � D E R YH W K H V LOLF R Q Q LW U LG H �

(a) (b)

(d)(c)

Metal1

SiN

Metal2
BCB

)LJ X U H � �� � 3 U R F H V V q R Z G LD J U D P D IW H U G H S R V LW LR Q R I P H W D O � � D � � D IW H U
H W F K LQ J R I 6 L1 � E � � D IW H U G H S R V LW LR Q R I P H W D O � � F � � D IW H U H W F K LQ J R I % &% � G � �

7K LQ OD \H U V R I 7L� $ X D U H V S X W W H U H G R Q W R W K H ZD IH U � W K H 7L D J D LQ W R S U R �
P R W H D G K H V LR Q � D Q G W K H J R OG W R IR U P D F R Q V W D Q W S R W H Q W LD O V X U ID F H IR U J R OG
S OD W LQ J � 7K H J R OG J U R X Q G S OD Q H LV W K H Q S OD W H G R Q W R W K H ZD IH U � W R D Q D S �
S U R [LP D W H W K LF NQ H V V R I � � zP � 7K H ZD IH U LV W K H Q V R OG H U E R Q G H G W R D V LP LOD U
V K D S H G S LH F H R I *D $ V IR U P H F K D Q LF D O V X S S R U W � 7K H ,Q 3 V X E V W U D W H LV U H P R YH G
LQ D Q D TX H R X V + &O V R OX W LR Q W K D W G R H V Q R W D W W D F N W K H ,Q *D $ V F R OOH F W R U D W



� �� ' LV F X V V LR Q � �

D OO ZK H Q LW U H D F K H V LW � 7K LV LV D Q H [W U H P H O\ V H OH F W LYH H W F K � D V LW H W F K H V D ZD \
� � � zP R I V X E V W U D W H LQ D Q K R X U � D Q G D IW H U � �� � P LQ X W H V R I R YH U H W F K � G R H V
Q R W V LJ Q Lp F D Q W O\ D W W D F N W K H � � � � {$ W K LF N OD \H U R I ,Q *D $ V � )LQ D OO\� F R O�
OH F W R U P H W D O LV G H S R V LW H G � ZK LF K IR U P V D W K LU G OD \H U R I LQ W H U F R Q Q H F W P H W D O
� 0� � LI V R G H V LU H G � D Q G D V H OI�D OLJ Q H G ZH W H W F K S U R YLG H V IX U W K H U U H G X F W LR Q R I
F R OOH F W R U �E D V H F D S D F LW D Q F H �

(a) (b)

Plated Gold

In/Pb/Ag Solder

GaAs Carrier Wafer

Metal3

)LJ X U H � �� � 3 U R F H V V q R Z G LD J U D P D IW H U J R OG S OD W LQ J D Q G V R OG H U E R Q G LQ J
W R *D $ V F D U U LH U ZD IH U � D � � D IW H U ,Q 3 V X E V W U D W H U H P R YD O D Q G G H S R V LW LR Q R I
F R OOH F W R U P H W D O � 0� � R I 6 L1 � E � �

��� 'LVFXVVLRQ

8 Q LIR U P LW \ R I W K H E D V H F R Q W D F W H W F K LV LP S R U W D Q W LQ D F K LH YLQ J X Q LIR U P G H YLF H
F K D U D F W H U LV W LF V � 7K H E D V H LV X Q LIR U P O\ H [S R V H G D F U R V V W K H ZD IH U D IW H U W K LV
E D V H F R Q W D F W H W F K � D V F R Q p U P H G E \ G H YLF H P H D V X U H P H Q W V D W W K H H G J H V D Q G D W
W K H F H Q W H U R I W K H ZD IH U � ,Q V S LW H R I W K H Q R Q X Q LIR U P LW \ R I W K H G U \ H W F K � W K LV
LV S R V V LE OH G X H W R W K H K LJ K V H OH F W LYLW \ R I W K H V H OH F W LYH ZH W H W F K � 7K H F H Q W H U
R I W K H ZD IH U LV S U H V X P D E O\ H W F K H G OH V V G X U LQ J W K H G U \ H W F K � $ V OR Q J D V W K H
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NiCr

M1 SiN

M2

BCB

Plated Gold

M1

SiN

M2

M1

SiN

BCB

Plated Gold

(a)

(b)

(c)

)LJ X U H � �� � 3 D V V LYH H OH P H Q W V LQ W U D Q V IH U U H G �V X E V W U D W H S U R F H V V � 1 L&U U H V LV W R U
ZLW K K H D W V LQ N � D � � 0,0 F D S D F LW R U � E � � P LF U R V W U LS LQ W H U F R Q Q H F W � F � �

V H OH F W LYH ZH W H W F K W LP H LV V X r F LH Q W W R U H D F K W K H F U LW LF D O S R LQ W LQ W K H E D V H �
H P LW W H U J U D G H LQ W K H F H Q W H U R I W K H ZD IH U � W K H U H V X OW ZLOO E H X Q LIR U P LW \� 7K LV LV
E H F D X V H W K H V H OH F W LYH H W F K F D Q Q R W S U R F H H G S D V W W K D W F U LW LF D O OD \H U D Q \ZK H U H �
D W W K H H G J H V R I W K H ZD IH U ZK LF K ZH U H G U \�H W F K H G G H H S H U W K H V H OH F W LYH ZH W
H W F K ZLOO V LP S O\ K LW W K H V W R S S LQ J S R LQ W H D U OLH U �

,Q V S LW H R I W K H OLW K R J U D S K LF G H p Q LW LR Q R I E R W K H P LW W H U D Q G F R OOH F W R U
V W U LS H V � LW LV V W LOO Q H F H V V D U \ W R P LQ LP L] H W K H V L] H R I W K H E D V H P H V D � 7K LV
K D V Q R W K LQ J W R G R ZLW K F R OOH F W R U �E D V H F D S D F LW D Q F H � U D W K H U � LW P X V W E H G R Q H
W R U H G X F H E D V H �H P LW W H U F D S D F LW D Q F H � 5 H IH U U LQ J W R p J � � �� � D � � LW F D Q E H V H H Q
W K D W W K H H P LW W H U LQ W H U F R Q Q H F W P H W D O F U R V V H V R YH U W K H E D V H P H W D O� D Q G W K H U H
LV F D S D F LW D Q F H E H W ZH H Q W K H P W K U R X J K W K H S R O\LP LG H � 7K H LQ W H U YH Q LQ J S R O\�
LP LG H F D Q R Q O\ E H D V W K LF N D V W K H V X P R I W K H H P LW W H U P H W D O D Q G H P LW W H U
V H P LF R Q G X F W R U � P LQ X V W K H W K LF NQ H V V R I W K H E D V H F R Q W D F W P H W D O� 7K H G LH OH F �
W U LF F R Q V W D Q W R I W K H S R O\LP LG H LV � �� � D Q G W K H W K LF NQ H V V LV W \S LF D OO\ � � � � {$
� $ � d � zP H P LW W H U p Q J H U K D V W \S LF D OO\ E H H Q G H V LJ Q H G W R K D YH � zP R I
E D V H P H V D R Q H LW K H U V LG H R I LW � 7K H ZLG W K R I W K H LQ W H U F R Q Q H F W F U R V V LQ J R YH U
W K LV E D V H P H W D O LV � zP � 7K H D U H D R I R YH U OD S LV W K H Q � � zP �� OH D G LQ J W R
D Q D G G LW LR Q D O F D S D F LW D Q F H R I � �� I) E H W ZH H Q E D V H D Q G H P LW W H U � 7K LV F D S D F L�
W D Q F H LV U H IH U U H G W R D V &

OD
� D V LW LV D S D U D V LW LF F D S D F LW D Q F H U H V X OW LQ J IU R P W K H

S K \V LF D O OD \R X W R I W K H G H YLF H � &
OD
LV G LV F X V V H G LQ P R U H G H W D LO LQ V H F W LR Q � �� �



� �� ' LV F X V V LR Q � �

2Q H S U R F H V V U X Q K D V E H H Q S H U IR U P H G ZLW K W K H E D V H P H V D H [W H Q G LQ J R Q O\
� zP R X W R Q H LW K H U V LG H R I W K H H P LW W H U � $ W W K H W LP H W K LV ZD V G H W H U P LQ H G W R
E H W R R D J J U H V V LYH D V W K H V W H S S H U ZD V F R Q V LV W H Q W O\ D OLJ Q LQ J R Q O\ W R ZLW K LQ � ��
zP � ,Q W K LV F D V H � W K H V W H S S H U P LV D OLJ Q P H Q W ZD V D E R X W W K D W � � �� zP � 7K LV
OH D YH V D � �� zP ZLG H V W U LS R I E D V H P H W D O R Q R Q H V LG H R I W K H H P LW W H U p Q J H U �
D Q G � �� zP R Q W K H R W K H U � 7K H W K LF NQ H V V R I W K H E D V H P H W D O LV � � � � {$ � � � � {$
R I W K LV LV J R OG � W K H E D OD Q F H LV P D G H X S R I W K H W LW D Q LX P D Q G S OD W LQ X P F R Q W D F W
OD \H U V � W R V LP S OLI\ W K LV F D OF X OD W LR Q LW ZLOO E H D V V X P H G W K D W W K H U H LV � � � � {$
R I J R OG � 7K H U H V LV W LYLW \ R I J R OG LV � �� � d � � b�n�F P � 7K H U H V LV W D Q F H LQ F X U U H G
E \ W U D YH OLQ J G R ZQ W K H OH Q J W K R I W K H E D V H P H V D D OR Q J V LG H W K H H P LW W H U p Q J H U
R Q H LW K H U V LG H R I W K H H P LW W H U p Q J H U LV 5  ~/ $� ZK H U H / � K H U H D V V X P H G
W R E H � � zP LV W K H OH Q J W K R I W K H H P LW W H U � D Q G $ LV W K H F U R V V � V H F W LR Q D O
D U H D W K U R X J K ZK LF K W K H F X U U H Q W W U D YH OV � 6 R $ LV J LYH Q E \ W K H S U R G X F W R I
W K H W K LF NQ H V V R I W K H E D V H P H W D O D Q G W K H G LV W D Q F H E H W ZH H Q W K H H G J H R I W K H
H P LW W H U D Q G W K H H G J H R I W K H E D V H P H V D � 7K H V LG H R I W K H H P LW W H U ZK H U H W K H
E D V H P H V D LV R Q O\ � �� zP ZLG H K D V D Q H Q G W R H Q G U H V LV W D Q F H R I � �� n� 7K H
� �� zP V LG H K D V D U H V LV W D Q F H R I � �� n� ,V W K LV V LJ Q Lp F D Q W " ,W LV LQ G H H G � W K H
5

EE
R I G H YLF H V ZLW K W K LV J H R P H W U \ D Q G D � � � {$ E D V H LV D S S U R [LP D W H O\ � � n�

W K H � �� n LV � � � R I W K LV � W K H � �� n LV R Q O\ � � � R I W K LV � U H V X OW LQ J LQ X Q H YH Q
W X U Q � R Q R I W K H G H YLF H W K D W S U R J U H V V LYH O\ E H F R P H V ZR U V H D V W K H ID U H Q G R I
W K H H P LW W H U LV D S S U R D F K H G �

$ Q R W K H U S R V V LE OH S U R E OH P U H V X OW LQ J IU R P W K H V W H S S H U P LV D OLJ Q P H Q W U H �
J D U G V E D V H 2K P LF W U D Q V IH U OH Q J W K /

W
� 7K H /

W
LV W K H G LV W D Q F H R YH U ZK LF K

F D U U LH U V W H Q G W R V S U H D G ZK H Q H Q W H U LQ J R U OH D YLQ J 2K P LF F R Q W D F W P H W D O� F R Q �
W D F W P H W D O R I P R U H W K D Q D E R X W W ZR W LP H V ZLG H U W K D Q W K H /

W
LV U H TX LU H G LQ

R U G H U Q R W W R LQ F U H D V H W K H U H V LV W D Q F H � /
W
LV J LYH Q E \

T
U
F
 5

VK
� ZK H U H U

F
LV

W K H V S H F Lp F F R Q W D F W U H V LV W D Q F H R I W K H E D V H 2K P LF � D Q G 5
VK
LV W K H V K H H W U H �

V LV W D Q F H W K U R X J K W K H E D V H P D W H U LD O� )D LU O\ W \S LF D O YD OX H V IR U W K H � � � {$ �
� d � � �� � F P � G R S H G E D V H X V H G LQ W K H E D V H OLQ H P D W H U LD O D U H U

F
 � �� d � � b�n�

F P � D Q G 5
VK
 � � � n S H U V TX D U H � 7K LV J LYH V D Q /

W
R I D E R X W � � � � {$ D Q G

V R H YH Q ZLW K � �� zP R I P LV D OLJ Q P H Q W � W K H � � � � {$ R I E D V H P H V D ZLG W K R Q
W K H R Q H V LG H R I W K H H P LW W H U p Q J H U LV � �� W U D Q V IH U OH Q J W K V ZLG H � U H V X OW LQ J LQ D
Q H J OLJ LE OH H oH F W R Q W K H R YH U D OO E D V H U H V LV W D Q F H �

)R U D G H YLF H R S H U D W LQ J X Q G H U ,
F
 � � P $ D Q G ZLW K D p R I � � � W K H ' &

E D V H F X U U H Q W ,
E
LV � � � z$ � 7K H YR OW D J H G U R S D F U R V V W K H E D V H P H W D O D OR Q J

W K H OH Q J W K R I W K H G H YLF H LV J LYH Q E \ W K LV E D V H F X U U H Q W P X OW LS OLH G E \ W K H
S D U D OOH O F R P E LQ D W LR Q R I W K H W ZR E D V H P H W D O U H V LV W D Q F H V � R Q H R Q H LW K H U V LG H R I
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Base Metal

Emitter Metal

Ib

)LJ X U H � �� � 6 F K H P D W LF R I E D V H P H V D D Q G H P LW W H U p Q J H U IR U P LV D OLJ Q H G H P LW W H U
p Q J H U �

W K H H P LW W H U p Q J H U IR U E D V H F X U U H Q W W U D YH OLQ J W K U R X J K W K H E D V H P H W D O G R ZQ
W K H OH Q J W K R I W K H H P LW W H U p Q J H U � � 7K H S D U D OOH O U H V LV W D Q F H LV � �� n D Q G W K H
U H V X OW LQ J YR OW D J H G U R S LV � � P 9 � 7K LV U H V LV W D Q F H LV LQ G H S H Q G H Q W R I V W H S S H U
P LV D OLJ Q P H Q W � LW LV G H S H Q G H Q W X S R Q W K H W R W D O ZLG W K R I W K H E D V H P H V D � P LQ X V
W K H ZLG W K R I W K H H P LW W H U p Q J H U � � $ � � P 9 G U R S IU R P R Q H H Q G R I W K H G H YLF H
W R W K H R W K H U LV YH U \ V LJ Q Lp F D Q W J LYH Q W K H HT9 N7 E H K D YLR U R I W K H E LS R OD U
W U D Q V LV W R U � P LW LJ D W H G V R P H ZK D W E \ W K H S D U D V LW LF 5

EE
D Q G 5

H[
2K P LF F R Q W D F W

U H V LV W D Q F H V W R W K H E D V H D Q G H P LW W H U � U H V S H F W LYH O\� 7K H W U D Q V LV W R U LV Q R W E H LQ J
G U LYH Q H TX D OO\ R Q E R W K H Q G V � : K D W K D V K D S S H Q H G K H U H LV W K D W W K H E D V H
P H V D ZLG W K K D V E H H Q V F D OH G � E X W Q R W W K H OH Q J W K R I W K H G H YLF H � $ OR ZH U p
ZLOO H [D F H U E D W H W K LV S U R E OH P � W K H K LJ K H U ,

E
ZLOO IX U W K H U LQ F U H D V H W K H YR OW D J H

G U R S � 6 X E V H TX H Q W S U R F H V V U X Q V K D G W K H E D V H P H V D H [W H Q G LQ J � zP R X W IU R P
H LW K H U V LG H R I W K H H P LW W H U � U H G X F LQ J W K H P D J Q LW X G H R I W K LV S U R E OH P E \ D
ID F W R U R I W ZR �

6 R ZK \ LV W K H E D V H P H W D O V R W K LQ " 7K H W K LF NQ H V V R I W K H E D V H P H W D O LV
OLP LW H G E \ W K H W K LF NQ H V V R I W K H H P LW W H U V H P LF R Q G X F W R U � P R U H V S H F Lp F D OO\�
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1000A InGaAs (1E19 Si)

700A InAlAs (1E19 Si)

200A Grade (1E19 Si)

500A InAlAs (8E17 Si)

233A Grade (8E17 Si)

66 A Grade (2E18 Be)

400A InGaAs (5E19 Be)

400A InGaAs (1E16 Si)

2500A InAlAs (UID)

S.I. InP

50A InGaAs (1E18 Si)

2550A InGaAs (1E16 Si)
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F D U U \LQ J F D S D F LW \ R I U H V LV W R U V ZLW K D Q G ZLW K R X W K H D W V LQ NV � 7K H IH H G E D F N
S D W K F R Q V LV W V R I D � � � n U H V LV W R U LQ V H U LH V ZLW K D V K R U W V H F W LR Q R I K LJ K
LP S H G D Q F H LQ W H U F R Q Q H F W � p J � � �� � � $ W K H U P D O YLD LV S U R YLG H G R Q H D F K G H YLF H �
ZK LF K R Q W K H LQ S X W G H YLF H U H S U H V H Q W V D V P D OO E X W Q R W Q H J OLJ LE OH S D U D V LW LF
F D S D F LW D Q F H IU R P W K H H P LW W H U W R J U R X Q G � 7K LV F D S D F LW D Q F H D U LV H V IU R P W K H
R YH U OD S R I W K H 0� W R W K H J U R X Q G H G 0� W K U R X J K W K H 6 L1 G LH OH F W U LF �

)LJ � � �� D Q G p J � � �� V K R Z D F LU F X LW G LD J U D P D Q G F K LS S K R W R R I W K H V R
� F D OOH G � P LU U R U G R X E OH U � D P S OLp H U � D F R Q p J X U D W LR Q LQ ZK LF K W K H F X U U H Q W �
J D LQ F X W R o IU H TX H Q F \ R I WKH VWDJH LV H oH F W LYH O\ G R X E OH G >� � @� 7K H D P S OLp H U
R I p J � � �� X V H V D Q H P LW W H U IR OOR ZH U W R G U LYH D P LU U R U G R X E OH U � $ W K LU G S D G LV
D OV R X V H G LQ W K LV G H V LJ Q W R S U R YLG H LQ G H S H Q G H Q W F R OOH F W R U E LD V R I W K H H P LW W H U
IR OOR ZH U � U H V X OW LQ J LQ W K H V D P H F K LS D U H D R I � �� � � PP�� ' & J D LQ D Q G �
G % E D Q G ZLG W K V LP X OD W H D W � �� G % D Q G � � *+ ] � 7K H U D G LD O V W X E E \S D V V
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)LJ X U H � �� � &K LS S K R W R R I ' D U OLQ J W R Q $ P S OLp H U �

F D S D F LW R U LV G H V LJ Q H G W R K D YH � � � I) F D S D F LW D Q F H � 7X Q LQ J LQ G X F W R U V D U H D OV R
X V H G LQ W K LV G H V LJ Q � D V ZH OO D V D V K X Q W U H V LV W R U W R J U R X Q G R Q W K H R X W S X W � 7K H
G LR G H 4� LV IR U ' & OH YH O V K LIW LQ J � W R P D LQ W D LQ W K H 9

FH
R I 4� Q H D U W K H U H J LR Q

R I S H D N 5 ) S H U IR U P D Q F H � 7K H IH H G E D F N S D W K F R Q V LV W V R I D � � � n U H V LV W R U LQ
V H U LH V ZLW K D V P D OO LQ G X F W D Q F H � 7K H U P D O YLD V D U H S U R YLG H G R Q H D F K G H YLF H
H [F H S W IR U W K H G LR G H 4� � 7K H G LR G H 4� LV W K U H H W LP H V OD U J H U W K D Q 4� � 4� �
D Q G 4� W R P LQ LP L] H S D U D V LW LF U H V LV W D Q F H D W W K LV Q R G H � 7K H G LR G H LV E LD V H G D W
D OR Z � �� d � � � $ � F P � F X U U H Q W G H Q V LW \� U H G X F LQ J W K H Q H H G IR U D W K H U P D O YLD �
$ W K H U P D O YLD ZR X OG S U H V H Q W D Q LP S R V LQ J S D U D V LW LF F D S D F LW D Q F H W R J U R X Q G
IR U V X F K D OD U J H G H YLF H � D Q G V R LW K D V E H H Q H OLP LQ D W H G �

3 R ZH U G LV V LS D W LR Q LQ W K H H P LW W H U G H J H Q H U D W LR Q U H V LV W R U R I 4� LV D G Lr �
F X OW \� 7K H U H LV Q R W K H U P D O YLD R Q W K LV U H V LV W R U � 7K LV U H V LV W R U G H P D Q G V W K H
K LJ K H V W F X U U H Q W F D U U \LQ J F D S D F LW \ R I D Q \ U H V LV W R U R Q W K H W ZR D P S OLp H U V D W
� �� P $ � zP X Q G H U G H V LJ Q H G E LD V LQ J F R Q G LW LR Q V � 7K H U H V LV W R U ID LOV LI 4� LV
E LD V H G D W J U H D W H U W K D Q D E R X W � � P $ H P LW W H U F X U U H Q W � ' H S H Q G LQ J X S R Q W K H LU
OH Q J W K � U H V LV W R U V ZLW K R X W YLD V ZLOO ID LO D W F X U U H Q W G H Q V LW LH V LQ W K H U D Q J H R I � ��
W R � �� P $ S H U P LF U R Q R I ZLG W K � ,Q W K H S U H V H Q W G H V LJ Q � D G G LW LR Q R I D W K H U P D O
YLD W R W K H U H V LV W R U ZR X OG S U H YH Q W W K H U P D O ID LOX U H � E X W W K H YLD F D S D F LW D Q F H
ZR X OG V LJ Q Lp F D Q W O\ G H J U D G H F LU F X LW E D Q G ZLG W K � : LW K R X W W K H YLD � D U H V LV W R U
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7D E OH � �� � ' H YLF H V S H F Lp F D W LR Q V IR U P LU U R U G R X E OH U D P S OLp H U �
' H YLF H ( P LW W H U &R OOH F W R U

G LP H Q V LR Q G LP H Q V LR Q % LD V
� R Q 0D V N� � R Q 0D V N� &X U U H Q W

4� � d � � zP � � d � � zP � � � �� P $
4� � d � zP � � d � � zP � � �� P $
4� � d � zP � � d � � zP � � �� P $
4� � d � � zP � � d � � zP � � �� P $
4� � d � zP � � d � � zP � � �� P $

)LJ X U H � �� � &LU F X LW G LD J U D P R I 0LU U R U ' R X E OH U �
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)LJ X U H � �� � &K LS S K R W R R I 0LU U R U ' R X E OH U $ P S OLp H U �

F K R V H Q IR U D V D IH F X U U H Q W G H Q V LW \ ZR X OG E H D W OH D V W � � P LF U R Q V ZLG H D Q G � � �
P LF U R Q V OR Q J � G R P LQ D W LQ J W K H ,& D U H D �

��� )LU VW *HQHU DWLRQ $PSOLpHU 5HVXOWV

7K H D P S OLp H U V ZH U H P H D V X U H G R Q ZD IH U IU R P � �� �� � *+ ] D Q G IU R P � � �� � �
*+ ] � 6 �S D U D P H W H U V YV � IU H TX H Q F \ D U H S OR W W H G LQ p J � � �� D Q G p J � � �� IR U
W K H G D U OLQ J W R Q D P S OLp H U D Q G W K H P LU U R U G R X E OH U D P S OLp H U � U H V S H F W LYH O\� 7K H
' & J D LQ R I W K H ' D U OLQ J W R Q D P S OLp H U LV F OR V H W R V LP X OD W LR Q D W � � �� G % � ZLW K
D � G % E D Q G ZLG W K W K D W LV J U H D W H U W K D Q � � *+ ] � 7K H J D LQ S H D NV D W � � ��
G % � D Q G ID OOV W R � � �� G % D W � � *+ ] � $ W � � *+ ] � W K H J D LQ K D V ID OOH Q W R � ��
G % � S U H YH Q W LQ J S U H F LV H G H W H U P LQ D W LR Q R I W K H � G % E D Q G ZLG W K � $ Q H V W LP D W H
R I W K H � G % E D Q G ZLG W K F D Q E H P D G H E \ F R Q Q H F W LQ J W K H � � *+ ] D Q G W K H � �
*+ ] P H D V X U H P H Q W V ZLW K D OLQ H � 7K LV J LYH V D � G % E D Q G ZLG W K R I � � *+ ] �
IR U D J D LQ �E D Q G ZLG W K S U R G X F W R I � � � *+ ] � 7K H S R ZH U G LV V LS D W LR Q LV � � ��
P : �
7K H ' & J D LQ R I W K H P LU U R U G R X E OH U D P S OLp H U LV � �� G % � 7K H J D LQ V W H D G LO\

U LV H V ZLW K IU H TX H Q F \ X Q W LO D W OH D V W � � *+ ] ZK H U H LW U H D F K H V � �� G % � 7K H
IU H TX H Q F \ D W ZK LF K W K H J D LQ K D V G U R S S H G W R � G % E H OR Z W K H ' & J D LQ LV � �
*+ ] � J LYLQ J D J D LQ �E D Q G ZLG W K S U R G X F W R I � � � *+ ] � 7K H S R ZH U G LV V LS D W LR Q
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LV � � �� P : �

��� 6HFRQG *HQHU DWLRQ $PSOLpHU 'HVLJQ DQG

5HVXOWV

,Q V H F R Q G J H Q H U D W LR Q G H V LJ Q V R I W K H ' D U OLQ J W R Q D P S OLp H U � W K H U H V LV W LYH E L�
D V LQ J R I W K H H P LW W H U �IR OOR ZH U W U D Q V LV W R U LV U H S OD F H G ZLW K D F X U U H Q W P LU U R U
E LD V V R X U F H � D YR LG LQ J G Lr F X OW LH V ZLW K G LV V LS D W LR Q � 7ZR Q H Z V S H F Lp F D W LR Q V
ZH U H D W W H P S W H G � 6 LQ F H W K H � � �� G % J D LQ D P S OLp H U D F K LH YH G J U H D W H U W K D Q
� � *+ ] E D Q G ZLG W K D Q G W K H U H IR U H W K H � G % E D Q G ZLG W K F R X OG Q R W E H S U H �
F LV H O\ P H D V X U H G � D Q D P S OLp H U ZLW K P R U H W K D Q � � G E R I J D LQ ZD V G H V LJ Q H G
IR U D E R X W � � *+ ] E D Q G ZLG W K � 7K H P LU U R U �G R X E OH U D P S OLp H U H [K LE LW H G J D LQ
S H D NLQ J R I D OP R V W � G % � $ K LJ K E D Q G ZLG W K D P S OLp H U ZD V G H V LU H G ZLW K q D W W H U
J D LQ �IU H TX H Q F \ F K D U D F W H U LV W LF V �
$ J H Q H U LF F LU F X LW G LD J U D P R I W K H U H YLV H G D P S OLp H U G H V LJ Q V LV V K R ZQ LQ p J �

� �� � 7K H D G G LW LR Q R I W K H F X U U H Q W P LU U R U G R H V U H TX LU H V R P H ZK D W P R U H S R ZH U
G LV V LS D W LR Q � E X W ZLW K LP S U R YH G E LD V V W D E LOLW \� ' H J H Q H U D W LR Q U H V LV W R U V R Q W K H
F X U U H Q W P LU U R U W U D Q V LV W R U V K D YH E H H Q S U R YLG H G ZLW K K H D W V LQ NV � D V S D U D V LW LF
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)LJ X U H � �� � 0H D V X U H G 6 S D U D P H W H U V R I W K H 0LU U R U ' R X E OH U $ P S OLp H U �

F D S D F LW D Q F H W R J U R X Q G D W W K LV Q R G H G R H V Q R W D oH F W W K H F LU F X LW S H U IR U P D Q F H �
7K H IH H G E D F N U H V LV W R U D Q G W K H V K X Q W U H V LV W R U V W R J U R X Q G R Q W K H LQ S X W D Q G
R X W S X W G R Q R W K D YH K H D W V LQ NV � D Q G K D YH E H H Q V L] H G W R F R Q IR U P ZLW K P R U H
F R Q V H U YD W LYH G H V LJ Q U X OH V � 7K H E \S D V V F D S D F LW R U R Q W K H F R OOH F W R U R I 4� LV
D U D G LD O V W X E H V W LP D W H G D W � � � I)� / D U J H U YD OX H V R I F D S D F LW D Q F H K H U H ZR X OG
S U R YLG H D OR ZH U LP S H G D Q F H S D W K W R J U R X Q G IR U $ & V LJ Q D OV � E X W V LP X OD W LR Q V
V K R ZH G W K D W W K LV R Q O\ LQ F U H D V H G W K H J D LQ S H D NLQ J D Q G U H W X U Q OR V V H V R I W K H
F LU F X LW � 7K H V L] H R I W K LV F K LS LV V W LOO OLP LW H G E \ W K H D U H D R I W K H S D G V � W K H
S D G V D U H G H V LJ Q H G W R D F F R P P R G D W H W K H � � � zP S LW F K P LF U R ZD YH S U R E H V �

$ F K LS S K R W R R I W K H K LJ K �J D LQ D P S OLp H U LV V K R ZQ LQ p J � � �� � � W K H ZLG H U
E D Q G ZLG W K YH U V LR Q ZR X OG E H Q H D U O\ LQ G LV W LQ J X LV K D E OH D W W K LV P D J Q Lp F D W LR Q
D Q G V R LV Q R W V K R ZQ � $ V OLJ K W O\ P R U H F R P S OLF D W H G OD \R X W LV H YLG H Q W G X H W R
W K H F X U U H Q W P LU U R U V � D Q G W K H U H LV D S R LQ W D W ZK LF K D 0� E LD V LQ J OLQ H F U R V V H V
R YH U W K H 0� R X W S X W LQ G X F W R U � 7K LV LV Q H F H V V D U \ G X H W R W K H W R S R OR J \ R I W K H
F LU F X LW D Q G W K H Q X P E H U R I E LD V LQ J S D G V � 7K H S D U D V LW LF F D S D F LW D Q F H R I W K LV
F U R V V R YH U K D V E H H Q P D G H D V V P D OO D V S R V V LE OH E \ K D YLQ J W K H 0� E LD V LQ J OLQ H
W D S H U G R ZQ W R � zP ZLG H D W W K H S R LQ W R I W K H F U R V V R YH U � U H V X OW LQ J LQ D Q � d
� zP � F D S D F LW R U IU R P 0� W R 0� W K U R X J K V LOLF R Q Q LW U LG H � 7K H F D S D F LW D Q F H
LV D Q H D U O\ LQ V LJ Q Lp F D Q W � I)� K R ZH YH U W K H V X P R I P D Q \ R I W K H V H F U R V V R YH U
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BIAS

BIAS

Zo = 83 Ω
τ = 1.43 ps

Zo = 83 Ω
τ = 1.24 ps

40 Ω40 Ω

83 Ω

550 Ω

All transistors are:
We X Le: 1 X 18 µm2

Wc X Lc: 2 X 20 µm2

Q1
Q2

Ic, Q1 = 15 mA
Ic, Q2 = 20 mA

)LJ X U H � �� � &LU F X LW G LD J U D P R I K LJ K � J D LQ � V H F R Q G J H Q H U D W LR Q D P S OLp H U �

BIAS

BIAS

Zo = 83 Ω
τ = 1.43 ps

Zo = 83 Ω
τ = 1.24 ps

40 Ω40 Ω

150 Ω

290 Ω

All other transistors are:
We X Le: 1 X 8 µm2

Wc X Lc: 2 X 10 µm2

Q1
Q2

Ic, Q1 = 10 mA
Ic, Q2 = 7 mA

Q2:
We X Le: 0.7 X 8 um2

Wc X Lc: 1.1 X 10 um2

)LJ X U H � �� � &LU F X LW G LD J U D P R I ZLG H � E D Q G ZLG W K � V H F R Q G J H Q H U D W LR Q D P S OL�
p H U �
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F D S D F LW D Q F H V LQ D OD U J H F K LS F R X OG V LJ Q Lp F D Q W O\ D oH F W S H U IR U P D Q F H �

)LJ X U H � �� � � &K LS S K R W R R I K LJ K �J D LQ ' D U OLQ J W R Q D P S OLp H U �

6 �S D U D P H W H U V YV � IU H TX H Q F \ D U H S OR W W H G LQ p J � � �� � D Q G p J � � �� � IR U W K H
K LJ K �J D LQ D P S OLp H U D Q G W K H K LJ K �E D Q G ZLG W K D P S OLp H U � U H V S H F W LYH O\� 7K H
' & J D LQ R I W K H K LJ K �J D LQ D P S OLp H U LV D J D LQ F OR V H W R V LP X OD W LR Q D W � � �� G % �
ZLW K D � G % E D Q G ZLG W K W K D W LV J U H D W H U W K D Q � � *+ ] � 7K H J D LQ S H D NV D W
� � �� G % � D Q G ID OOV W R � � �� G % D W � � *+ ] � : �E D Q G P H D V X U H P H Q W V ZH U H
Q R W S H U IR U P H G IR U W K LV D P S OLp H U � D V W K H � G % E D Q G ZLG W K D S S H D U V W R E H R Q O\
V OLJ K W O\ D E R YH � � *+ ] � $ Q H V W LP D W H R I W K H � G % E D Q G ZLG W K F D Q E H P D G H E \
F R Q Q H F W LQ J W K H � � *+ ] D Q G W K H � � *+ ] P H D V X U H P H Q W V ZLW K D OLQ H � 7K H J D LQ �
E D Q G ZLG W K S U R G X F W IR U W K LV ' D U OLQ J W R Q D P S OLp H U LV R YH U � � � *+ ] � D Q G W K H
S R ZH U G LV V LS D W LR Q LV � � � P : � 7K H K LJ K �E D Q G ZLG W K D P S OLp H U K D V D ' & J D LQ
R I � �� G % � V R P H ZK D W OR ZH U W K D Q W K H � �� G % H [S H F W H G IU R P W K H V LP X OD W LR Q �
7K H J D LQ G LS V G R ZQ W R � �� G % D W � � *+ ] � E X W U LV H V E D F N X S W R � �� G %
D W � � *+ ] � : �E D Q G P H D V X U H P H Q W V LQ G LF D W H D � G % E D Q G ZLG W K R I � � *+ ] �
V LJ Q Lp F D Q W O\ OR ZH U W K D Q H [S H F W H G IU R P V LP X OD W LR Q �
$ S R V V LE OH H [S OD Q D W LR Q IR U W K H OR ZH U J D LQ D Q G E D Q G ZLG W K W K D Q ZD V H [�

S H F W H G IU R P V LP X OD W LR Q LV G X H W R W K H X V H R I D � �� zP H P LW W H U V W U LS H LQ
W U D Q V LV W R U 4� � )R U W K H V LP X OD W LR Q � W K H G H YLF H P R G H O R Q O\ U H TX LU H V V S H F Lp �
F D W LR Q R I W K H H P LW W H U D U H D � LW G R H V Q R W W D NH LQ W R D F F R X Q W W K H H P LW W H U V W U LS H
ZLG W K � 5 H F D OO IU R P V H F W LR Q � �� W K D W W K H H P LW W H U U H V LV W D Q F H LV Q R W LQ YH U V H O\
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S U R S R U W LR Q D O W R W K H H P LW W H U D U H D � E X W LQ F U H D V H V P X F K ID V W H U W K D Q H [S H F W H G
ZK H Q W K H H P LW W H U V W U LS H ZLG W K LV U H G X F H G � 7K H G H J H Q H U D W LR Q U H V LV W D Q F H R Q
4� LQ W K LV F LU F X LW ZD V W K H U H IR U H V X E V W D Q W LD OO\ K LJ K H U W K D Q H [S H F W H G �

��� 'LVFXVVLRQ

7K H J D LQ �E D Q G ZLG W K S U R G X F W R I W K H V H U H V LV W LYH IH H G E D F N D P S OLp H U V ID U H [�
F H H G V ZK D W LV F X U U H Q W O\ F R Q V LG H U H G V W D W H �R I�W K H �D U W � 7K H U H W X U Q OR V V H V K D YH
ID OOH Q ID U V K R U W R I H [S H F W D W LR Q � K R ZH YH U � $ P S OLp H U V U H S R U W H G LQ W K H OLW H U D �
W X U H D U H X V X D OO\ G H V LJ Q H G W R K D YH E R W K 6�� D Q G 6�� E H OR Z �� � G % R YH U W K H
H Q W LU H F LU F X LW E D Q G ZLG W K � 7K LV LV D Q D U E LW U D U \ F X W R o IR U ZK D W LV F R Q V LG H U H G
W R E H D Q D F F H S W D E OH D P R X Q W R I U H q H F W LR Q D W W K H LQ S X W D Q G R X W S X W S R U W V R I
W K H D P S OLp H U � 3 X W D Q R W K H U ZD \� D Q D P S OLp H U ZLW K D Q 6�� R U 6�� D E R YH �� �
G % LV V D LG W R K D YH D Q X Q D F F H S W D E OH D P R X Q W R I � U H W X U Q OR V V � � G X H W R W K H
U H q H F W LR Q R I LQ F LG H Q W S R ZH U �
7K H 6�� D Q G 6�� V K R Z W K H V D P H F K D U D F W H U LV W LF V K D S H � $ W ' &� W K H V H V �

S D U D P H W H U V V W D U W YH U \ OR Z� E H OR Z �� � G % � 7K LV LQ G LF D W H V D J R R G P D W F K W R � �
n D W W K H V H OR Z IU H TX H Q F LH V � V LP S O\ F R Q p U P D W LR Q W K D W W K H IH H G E D F N U H V LV W R U
LV Q H D U W K H G H V LJ Q H G YD OX H � % R W K 6�� D Q G 6�� U LV H D V W K H IU H TX H Q F \ LQ F U H D V H V �
D Q G D W V R P H IU H TX H Q F \ Q H D U � � *+ ] � W K H \ E R W K S H D N D W YD OX H V ZH OO D E R YH
�� � G % � W K H Q G U R S R o D J D LQ D V W K H IU H TX H Q F \ LQ F U H D V H V IX U W K H U �
7K H F R P E LQ D W LR Q R I G H YLF H S D U D V LW LF V � W K H D W W H P S W D W W X Q LQ J Q H W ZR U NV �

D Q G W K H S D G F D S D F LW D Q F H F D X V H W K H LQ S X W D Q G R X W S X W LP S H G D Q F H V W R G H YLD W H
IU R P � � n D W K LJ K H U IU H TX H Q F LH V � 9 D U LD W LR Q V LQ OD \H U V W U X F W X U H � G H YLF H S H U �
IR U P D Q F H � D Q G S U R F H V V LQ J F D Q D OO F D X V H D Q LQ F U H D V H LQ W K H U H W X U Q OR V V � 7K H
W X Q LQ J Q H W ZR U NV K D YH E H H Q G H V LJ Q H G LQ F R Q MX Q F W LR Q ZLW K D F H U W D LQ G H YLF H
P R G H O� D Q G LI W K H G H YLF H S D U D V LW LF V G LoH U IU R P W K H V LP X OD W LR Q � W K H W X Q LQ J
Q H W ZR U N ZLOO E H LQ H oH F W LYH � 2Q H R I W K H LP S R U W D Q W YD U LD W LR Q V LQ S U R F H V V LQ J
W K D W P D \ H D V LO\ R F F X U LV LQ W K H H W F K LQ J R I W K H % &% � 2YH U H W F K LQ J W K H % &%
ZLOO F D X V H W K H % &% W R E H W R R W K LQ � LQ F U H D V LQ J W K H S D U D V LW LF F D S D F LW D Q F H R I
W K H P LF U R V W U LS ZLU LQ J � 7K LV U H V X OW V LQ OR ZH U LP S H G D Q F H OLQ H V W K D Q H [S H F W H G �
ZK LF K ZLOO D OV R W K U R Z R o W K H W X Q LQ J Q H W ZR U NV �
7K H W X Q LQ J Q H W ZR U NV D U H Q R W W X Q LQ J Q H W ZR U NV LQ W K H V H Q V H R I Q D U U R ZE D Q G

P D W F K LQ J � )R U W K H P R V W S D U W � H [F H S W IR U W K H F D V H R I W K H p U V W J H Q H U D W LR Q ' D U �
OLQ J W R Q D P S OLp H U � W K H W X Q LQ J Q H W ZR U NV D U H V LP S O\ D V H U LH V LQ G X F W R U G H V LJ Q H G
W R W X Q H R X W V R P H R I W K H LQ S X W R U R X W S X W F D S D F LW D Q F H � 7K H p U V W J H Q H U D W LR Q
' D U OLQ J W R Q D P S OLp H U K D V W K LV V H U LH V LQ G X F W R U � E X W D OV R D V K X Q W F D S D F LW R U



� �� ' LV F X V V LR Q � � �

ZK LF K E U LQ J V W K H U H D F W LYH W X Q LQ J F OR V H U W R � � n D W W K H K LJ K H V W H [W U H P H R I
W K H � G % E D Q G ZLG W K �



� � � &K D S W H U � � 5 H V LV W LYH )H H G E D F N $ P S OLp H U V



&KDSWHU �

)LEHU �2SWLF 5HFHLYHU 'HVLJQ

$ IH Z E X LOG LQ J E OR F NV R I p E H U �R S W LF ,&V K D YH E H H Q V LP X OD W H G D Q G ID E U LF D W H G �
7H V W LQ J D Q G U H YLV LR Q V W R W K H V H F R P S R Q H Q W V ZH U H Q R W S X U V X H G D V D W W H P S W V
W R LQ F U H D V H W U D Q V LV W R U I

�
ZH U H LQ S U R J U H V V � ,Q R U G H U W R R E W D LQ W K H G H YLF H

S D U D P H W H U V X V H G LQ P R G H OLQ J W K H V H F LU F X LW V � D F R Q V H U YD W LYH OD \H U V W U X F W X U H
ZD V X V H G ZK LF K ZD V Q R W LQ W H U H V W LQ J IU R P W K H S R LQ W R I YLH Z R I LP S U R YLQ J I

�
�

$ V G H V F U LE H G E H OR Z� W K H V H F K LS V ZR X OG E H X V H IX O IR U K LJ K E LW �U D W H p E H U �R S W LF
U H F H LYH U V � 7K H ,Q 3 E D V H G P D W H U LD OV V \V W H P X V H G LQ W K LV ZR U N LV LG H D O IR U
S K R W R G H W H F W LR Q D W � �� � zP ZD YH OH Q J W K � 7K H � �� � zP ZD YH OH Q J W K LV Q H D U O\
LG H D O IR U OR Q J �K D X O p E H U �R S W LF F R P P X Q LF D W LR Q � D V D E V R U S W LR Q OR V V H [K LE LW V D
OR F D O P LQ LP X P D W W K LV ZD YH OH Q J W K �

$ E OR F N G LD J U D P R I D Q H [D P S OH p E H U �R S W LF U H F H LYH U LV V K R ZQ LQ p J � � �� �
7K H G D W D LV F R Q YH U W H G W R H OH F W U LF D O IR U P E \ W K H S K R W R G LR G H � 7K H S K R W R G LR G H
V K R X OG K D YH D V K LJ K D TX D Q W X P H r F LH Q F \ D V S R V V LE OH � 7K D W LV � W K H IH ZH U W K H
Q X P E H U R I LQ F LG H Q W S K R W R Q V U H TX LU H G W R S U R G X F H D Q H OH F W U R Q �K R OH S D LU � W K H
E H W W H U W K H V H Q V LW LYLW \ R I W K H U H F H LYH U W R ZH D N LQ F R P LQ J V LJ Q D OV � 7K H S K R �
W R G LR G H P X V W D OV R K D YH D q D W U H V S R Q V H R YH U W K H U H TX LU H G E D Q G ZLG W K � D Q G
Q R W H [K LE LW J D LQ S H D NV R U Q X OOV � &R X S OLQ J D Q R S W LF D O p E H U W R W K H S K R W R G L�
R G H V K R X OG E H V LP S OH D Q G U H S U R G X F LE OH � LQ F LG H Q W R S W LF D O S R ZH U V K R X OG E H
F R P S OH W H O\ G H OLYH U H G W R W K H S K R W R G LR G H �

)R OOR ZLQ J W K H S K R W R G LR G H LV D S U H D P S OLp F D W LR Q V W D J H W R E R R V W W K H V LJ Q D O�
7K H S U H D P S OLp H U K D V P D Q \ U H TX LU H P H Q W V � 7K H Q R LV H p J X U H R I W K H U H F H LYH U
G H S H Q G V W R D OD U J H H [W H Q W R Q W K H J D LQ R I W K H S U H D P S OLp H U � 7K H S U H D P S OLp H U
V K R X OG K D YH D V K LJ K D J D LQ D V U H TX LU H G W R P LQ LP L] H Q R LV H � E X W W K H J D LQ V K R X OG
Q R W E H V R K LJ K D V W R V D W X U D W H W K H IR OOR ZLQ J V W D J H V � 7K H J D LQ YV � IU H TX H Q F \

� � �



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

TIA
VGA AGC DEC

DMUX

CDR

biasbias

)LJ X U H � �� � )LE H U �R S W LF U H F H LYH U E OR F N G LD J U D P V K R ZLQ J W U D Q V LP S H G D Q F H D P �
S OLp H U � 7,$ � � YD U LD E OH J D LQ D P S OLp H U � 9 *$ � � D X W R P D W LF J D LQ F R Q W U R O � $ *&� �
G H F LV LR Q F LU F X LW � ' ( &� � F OR F N D Q G G D W D U H F R YH U \ F LU F X LW � &' 5 � � D Q G G H P X O�
W LS OH [H U � ' 08 ; � �

F K D U D F W H U LV W LF R I W K H S U H D P S OLp H U V K R X OG E H q D W � *D LQ U LS S OH R U J D LQ S H D NLQ J
ZLW K IU H TX H Q F \ P X V W E H P LQ LP L] H G LQ R U G H U W R S U H YH Q W IX U W K H U G LV W R U W LR Q R I
W K H LQ F R P LQ J S X OV H V � ' LV S H U V LR Q R I W K H S X OV H V D IW H U W U D YH OLQ J W K U R X J K OR Q J
G LV W D Q F H V R I R S W LF D O p E H U F D Q E H V H YH U H � D Q G W K H E LW �U D W H �G LV W D Q F H S U R G X F W �
X V H G D V D p J X U H R I P H U LW IR U OR Q J �K D X O F R P P X Q LF D W LR Q V � V K R X OG E H OLP LW H G
E \ W K H R S W LF D O p E H U D Q G Q R W E \ W K H U H F H LYH U H OH F W U R Q LF V � 7K H S K R W R G LR G H
D W W K H LQ S X W F R P S OLF D W H V G H V LJ Q R I W K H S U H D P S OLp H U � 7K H ' D U OLQ J W R Q IH H G �
E D F N D P S OLp H U V G H V F U LE H G LQ F K D S W H U � D U H G H V LJ Q H G W R R S H U D W H ZLW K � � �n
V R X U F H D Q G OR D G U H V LV W D Q F H � ,Q W K LV F D V H � W K H V R X U F H LP S H G D Q F H LV W K D W R I
W K H S K R W R G LR G H � ZK LF K LV F R P S U LV H G R I D YH U \ V P D OO F D S D F LW D Q F H D Q G D V H U LH V
U H V LV W D Q F H � U H V X OW LQ J LQ D V R X U F H LP S H G D Q F H ID U IU R P � � n�

$ IW H U W K H S U H D P S OLp F D W LR Q V W D J H � W K H V LJ Q D O U H D F K H V W K H D X W R P D W LF J D LQ
F R Q W U R O V W D J H � 7K LV LV D Q D P S OLp H U ZLW K YD U LD E OH J D LQ ZLW K LQ D IH H G E D F N
OR R S W K D W D G MX V W V W K H J D LQ W R P D LQ W D LQ D F R Q V W D Q W R X W S X W S R ZH U � 7K H U H D U H
P D Q \ ID F W R U V W K D W P D \ D oH F W W K H S R ZH U R I W K H U H F H LYH G V LJ Q D O� D Q G LW LV W K H
MR E R I W K H $ *& V W D J H W R S U H YH Q W W K H IR OOR ZLQ J V W D J H V IU R P H [S H U LH Q F LQ J D Q \
YD U LD W LR Q LQ V LJ Q D O S R ZH U � 7K H R X W S X W S R ZH U R I W K H OD V H U G LR G H P D \ G U LIW
G X H W R D F K D Q J H LQ W H P S H U D W X U H R U V LP S O\ G X H W R D J LQ J R I W K H OD V H U � )LE H U
OR V V H V ZLOO YD U \ G X H W R X V H R I F R Q Q H F W R U V D Q G V S OLF H V � W K H U H F H LYH U H OH F W U R Q LF V
V K R X OG E H D E OH W R D F F R P P R G D W H D U D Q J H R I V LJ Q D O S R ZH U � 7K H U H F H LYH U P D \
E H X V H G LQ D OR F D O D U H D Q H W ZR U N � / $ 1 � ZLW K LQ D E X LOG LQ J � LQ ZK LF K F D V H



� � �

W K H V LJ Q D O K D V Q R W W U D YH OH G W K U R X J K D V LJ Q Lp F D Q W G LV W D Q F H R I p E H U ZK H Q LW
LV U H F H LYH G � ,G H D OO\ W K H V D P H U H F H LYH U F R X OG E H X V H G D IW H U D OR Q J G LV W D Q F H
R I p E H U R U IR U ZK H Q W K H V LJ Q D O S R ZH U K D V E H H Q G LOX W H G E \ W K H R S W LF D O p E H U
E U D Q F K LQ J R X W W R S U R YLG H W K H V LJ Q D O W R P D Q \ OLV W H Q H U V �

7K H G H P D Q G V R Q W K H D X W R P D W LF J D LQ F R Q W U R O V W D J H D U H P D Q \� ,W P X V W
K D YH D J D LQ K LJ K H Q R X J K W R D P S OLI\ W K H ZH D NH V W LQ F R P LQ J V LJ Q D O W R W K H OH YH O
U H TX LU H G E \ W K H LQ S X W R I W K H G H F LV LR Q F LU F X LW � ,W P X V W E H D E OH W R U H G X F H
W K D W J D LQ V X F K W K D W W K H V W U R Q J H V W H [S H F W H G LQ S X W V LJ Q D O G R H V Q R W U H V X OW LQ D
V LJ Q D O ZK LF K V D W X U D W H V W K H LQ S X W R I W K H G H F LV LR Q F LU F X LW � ,Q D G G LW LR Q W R W K H V H
F R Q V W U D LQ W V R Q W K H G \Q D P LF U D Q J H R I W K H $ *& V W D J H � W K H E D Q G ZLG W K D Q G
W K H J D LQ q D W Q H V V F R Q V W U D LQ W V D U H W K H V D P H D V W K R V H R I W K H S U H D P S OLp H U � LQ
D G G LW LR Q W K H \ V K R X OG E H P D LQ W D LQ H G R YH U W K H ZK R OH D YD LOD E OH U D Q J H R I J D LQ V �

7K H G H F LV LR Q F LU F X LW W K D W IR OOR ZV W K H $ *& V W D J H F D Q E H D V V LP S OH D V D
q LS �q R S � 7K LV V W D J H LV OD E H OH G $ � ' LQ W K H E OR F N G LD J U D P � D V LW V IX Q F W LR Q LV W R
F R Q YH U W W K H D Q D OR J D Q G G LV S H U V H G LQ F R P LQ J V LJ Q D O W R G LJ LW D O IR U P � )X OO OR J LF
OH YH OV D U H U H V W R U H G W R W K H D Q D OR J OLNH V LJ Q D O D W W K LV S R LQ W � D Q G W K H V OR Z D Q G
Q R LV \ W U D Q V LW LR Q V D U H F OH D Q H G X S D Q G P D G H P R U H D E U X S W � 7K LV F LU F X LW P X V W
E H F OR F NH G ZLW K W K H F OR F N U D W H R I W K H LQ F R P LQ J G D W D � 7K H F OR F N V LJ Q D O IR U
W K H G H F LV LR Q F LU F X LW D Q G W K H G H P X OW LS OH [H U LV S U R YLG H G E \ W K H F OR F N U H F R YH U \
F LU F X LW � ZK LF K H [W U D F W V W K H F OR F N V LJ Q D O IU R P W K H LQ F R P LQ J G D W D �

)LQ D OO\� W K H G H P X OW LS OH [H U V H S D U D W H V W K H LQ F R P LQ J G D W D LQ W R LW V F R P �
S R Q H Q W F K D Q Q H OV D Q G U R X W H V H D F K F K D Q Q H O D OR Q J D V H S D U D W H LQ W H U F R Q Q H F W �
&OR F NLQ J IR U W K H G H P X OLW S OH [H U F LU F X LW LV D OV R S U R YLG H G E \ W K H F OR F N U H F R YH U \
F LU F X LW �

7K H p E H U �R S W LF U H F H LYH U F R P S R Q H Q W V ID E U LF D W H G LQ W K LV ZR U N K D YH E H H Q
G H V LJ Q H G W R K D YH E D Q G ZLG W K X S W R � � *+ ] � P X F K P R U H E D Q G ZLG W K W K D Q LV
U H TX LU H G IR U D � � *E � V H F V \V W H P � 7K H P LQ LP X P LQ S X W S R ZH U W K LV V \V W H P
Q H H G E H D E OH W R K D Q G OH LV W K H R IW H Q TX R W H G OH YH O R I �� G % P � 7K H YR OW D J H
V ZLQ J U H TX LU H G D W W K H LQ S X W R I W K H G H F LV LR Q F LU F X LW LV � � � P 9 S H D N�S H D N�
7K H J D LQ R I W K H S K R W R G LR G H D Q G D P S OLp H U V P X V W E H V X r F LH Q W W R F R Q YH U W ��
G % P R I LQ S X W R S W LF D O S R ZH U W R S U R YLG H D YR OW D J H V ZLQ J R I � � � P 9 � 7K H
G \Q D P LF U D Q J H R I W K H $ *& V W D J H G H W H U P LQ H V W K H P D [LP X P LQ S X W R S W LF D O
S R ZH U W K D W F D Q E H K D Q G OH G � K H U H W K H D E LOLW \ R I W K H $ *& V W D J H W R U H G X F H
W K H J D LQ LV Q H F H V V D U \ LQ R U G H U W R S U R YLG H R Q O\ � � � P 9 S H D N�W R �S H D N D W W K H
LQ S X W R I W K H G H F LV LR Q F LU F X LW �

7K H G H V LJ Q V R I W K H F R P S R Q H Q W V X E F LU F X LW V D U H Q R Z G LV F X V V H G LQ J U H D W H U
G H W D LO�



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

��� 3 KRWRGHWHFWRU

$ K LJ K �V S H H G S �L�Q S K R W R G H W H F W R U LV U D W K H U V LP S OH W R LP S OH P H Q W LQ W R W K H
W U D Q V IH U U H G �V X E V W U D W H W H F K Q R OR J \� X V LQ J W K H F R OOH F W R U OD \H U D V W K H LQ IU D U H G
D E V R U E H U � $ Q Q � V X E F R OOH F W R U P X V W E H S D U W R I W K H OD \H U V W U X F W X U H � 7K H
TX D Q W X P H r F LH Q F \ R I W K LV S K R W R G LR G H ZLOO E H OR Z� D V W K H D E V R U E LQ J F R OOH F W R U
U H J LR Q LV R Q O\ � � � � {$ W K LF N� ,W ZR X OG E H S R V V LE OH � K R ZH YH U � W R LP S U R YH W K LV
TX D Q W X P H r F LH Q F \ E \ D S S O\LQ J V R P H U H q H F W LR Q U H G X F LQ J G LH OH F W U LF F R D W LQ J V
W R W K H V X U ID F H � D V ZLOO E H G H V F U LE H G E H OR Z�

3 U R F H V V LQ J W K H S K R W R G LR G H E H J LQ V ZLW K W K H E D V H F R Q W D F W H W F K � ZK H U H D OO
R I W K H H P LW W H U V H P LF R Q G X F W R U LV H W F K H G D ZD \ LQ W K H U H J LR Q R I W K H S K R W R G LR G H �
7K H E D V H F R Q W D F W P H W D O IR U P V W K H E D F N� S �F R Q W D F W � $ V H S D U D W H OLW K R J U D S K \
G H G LF D W H G W R W K H S K R W R G LR G H LV X V H G W R H W F K D ZD \ W K H E D V H P D W H U LD O LQ D
V H OI�D OLJ Q H G P D Q Q H U D U R X Q G W K H S �F R Q W D F W P H W D O� 7K H LV R OD W LR Q H W F K LV X V H G
W R G H p Q H W K H W R W D O D U H D R I W K H S K R W R G LR G H � W K LV G H p Q H V W K H S H U LP H W H U R I W K H
F LU F OH ZK LF K E R X Q G V W K H Q �F R Q W D F W P H W D O� 3 R O\LP LG H LV X V H G W R S OD Q D U L] H
W K H V LG H ZD OOV H [S R V H G G X U LQ J W K H LV R OD W LR Q H W F K � D Q G W K H S R O\LP LG H H W F K
P D V N R S H Q V ZLQ G R ZV D OOR ZLQ J F R Q W D F W W R E H P D G H W R W K H S �F R Q W D F W � 7K H
P H W D O � OD \H U LV X V H G W R LQ F U H D V H W K H W K LF NQ H V V R I W K H S �F R Q W D F W P H W D O� D V W K H
E D V H P H W D O LV TX LW H W K LQ D Q G W K H U H IR U H V R P H ZK D W U H V LV W LYH � 6 LOLF R Q Q LW U LG H
D Q G % &% D U H G H S R V LW H G R YH U W K H W R S R I W K LV V W U X F W X U H V R ID U D Q G V H U YH Q R
X V H IX O S X U S R V H � 7K H V X E V W U D W H U H P R YD O H W F K H [S R V H V W K H Q � V X E F R OOH F W R U
OD \H U � W R ZK LF K W K H R K P LF U LQ J F R Q W D F W LV G H S R V LW H G D V F R OOH F W R U P H W D O� 7K H
S K R W R G H W H F W R U V K R X OG E H S U R W H F W H G ZLW K S K R W R U H V LV W G X U LQ J W K H F R OOH F W R U
U H F H V V H W F K � D V W K H Q � OD \H U LV Q H H G H G IR U H OH F W U R Q F R Q G X F W LR Q �

$ F U R V V V H F W LR Q R I W K H F R P S OH W H G S K R W R G LR G H LV V K R ZQ LQ p J � � �� � 7K H
TX D Q W X P H r F LH Q F \ LV H Q K D Q F H G LI W K H U H LV V X E V W D Q W LD O U H q H F W LR Q IU R P W K H E D V H
P H W D O IR U F LQ J W K H X Q D E V R U E H G OLJ K W W R P D NH R Q H R U P R U H D G G LW LR Q D O S D V V H V
W K U R X J K W K H ,Q *D $ V P D W H U LD O� )R U W K H E H V W U H q H F W LYLW \� W K LV P H W D O ZR X OG E H
J R OG � E X W W K LV LV Q R W S R V V LE OH D V W K H E D V H F R Q W D F W P H W D O W K D W P X V W X Q G H U J R
K H D W W U H D W P H Q W LQ R U G H U W R U H G X F H W K H F R Q W D F W U H V LV W D Q F H � 7K H W LW D Q LX P
LV V W LOO V R P H ZK D W U H q H F W LYH W R � �� � zP U D G LD W LR Q � D OW K R X J K V R P H ZK D W OH V V
W K D Q J R OG � )U R P W K H F U R V V �V H F W LR Q LW LV H YLG H Q W W K D W H �E H D P H YD S R U D W LR Q R I
G LH OH F W U LF D Q W LU H q H F W LR Q F R D W LQ J V D U H S R V V LE OH � 8 Q OH V V W K H V D P H P D W H U LD O LV
X V H IX O IR U D Q W LU H q H F W LR Q F R D W LQ J D Q G IR U S D V V LYD W LR Q R I W K H H [S R V H G F R OOH F W R U
V LG H ZD OO� H �E H D P H YD S R U D W LR Q D Q G V X E V H TX H Q W OLIW R o P X V W E H X V H G � ,Q W K LV
ZD \� V R P H W K LQ J R I D U H V R Q D Q W F D YLW \ F D Q E H F R Q V W U X F W H G W R D X J P H Q W W K H OR Z



� �� 3 K R W R G H W H F W R U � � �

TX D Q W X P H r F LH Q F \ W K D W U H V X OW V IU R P V X F K D W K LQ D E V R U E LQ J U H J LR Q �

(a) (b)

AR coating

Base Metal

)LJ X U H � �� � 3 K R W R G LR G H � � D � 7R S 9 LH Z � E � &U R V V V H F W LR Q

8 Q OH V V W K H S D Q G Q U H J LR Q V R I W K H S K R W R G LR G H D U H R I ZLG H J D S D Q G K H Q F H
Q R Q �D E V R U E LQ J P D W H U LD O� V R P H R I W K H OLJ K W LV D E V R U E H G LQ W K H V H U H J LR Q V � 7K LV
LV X Q G H V LU D E OH D V W K H H OH F W U R Q D Q G K R OH F U H D W H G ZK H Q W K H S K R W R Q LV D E V R U E H G
P X V W G LoX V H W K U R X J K W K H K H D YLO\ G R S H G P D W H U LD O� D Q LQ K H U H Q W O\ V OR Z S U R F H V V �
7K LV LV Q R W H [S H F W H G W R OLP LW W K H K LJ K �V S H H G U H V S R Q V H LQ W K LV S K R W R G LR G H �
K R ZH YH U � 7K H ZR U V W �F D V H V F H Q D U LR V IR U G LoX V LR Q D U H IR U H OH F W U R Q V J H Q H U D W H G
LQ W K H E D V H D Q G K R OH V J H Q H U D W H G LQ W K H V X E F R OOH F W R U � D V W K H V H F D U U LH U V ZR X OG
K D YH W R G LoX V H R X W R I W K H U H J LR Q V LQ ZK LF K W K H \ ZH U H J H Q H U D W H G E H IR U H W K H \
E H J D Q W K H LU G U LIW D F U R V V W K H IX OO H [W H Q W R I W K H G H S OH W LR Q U H J LR Q � ,Q D V W D Q G D U G
S �L�Q K R P R MX Q F W LR Q S K R W R G LR G H � W K H U H V X OW LV D OR Q J � V OR ZO\ G H F D \LQ J � W D LO�
R I S K R W R F X U U H Q W W K D W S H U V LV W V ID U OR Q J H U W K D Q W K H W U D Q V LW W LP H R I F D U U LH U V
W K U R X J K W K H G H S OH W LR Q U H J LR Q � )R U W K LV S K R W R G LR G H � W K LV LV Q R W H [S H F W H G
W R R F F X U � 7K H E D Q G J D S LQ W K H E D V H LV J U D G H G V X F K W K D W W K H D E V R U S W LR Q
F R H r F LH Q W G H F U H D V H V IU R P W K H G H S OH W LR Q U H J LR Q W R W K H E D V H F R Q W D F W � 7K H
E D V H LV D OV R YH U \ W K LQ � V R OLW W OH D E V R U S W LR Q LV H [S H F W H G W R R F F X U LQ W K H E D V H �
2I P R U H P D MR U F R Q F H U Q LV W K H J H Q H U D W LR Q R I K R OH V LQ W K H V X E F R OOH F W R U � 7K H
K R OH YH OR F LW \ LV U R X J K O\ � W LP H V V OR ZH U W K D Q W K H H OH F W U R Q YH OR F LW \� D Q G W K H
K R OH W U D Q V LW W LP H ZLOO G R P LQ D W H � + R OH V J H Q H U D W H G LQ W K H V X E F R OOH F W R U D OV R G R



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

Q R W K D YH W K H E H Q H p W R I D E X LOW �LQ H OH F W U LF p H OG �

,W LV W K H K H D Y\ G R S LQ J LQ W K H V X E F R OOH F W R U W K D W ZLOO V R OYH W K LV S U R E OH P �
7K H % X U V W H LQ �0R V V H oH F W K D V E H H Q H [S H U LP H Q W D OO\ R E V H U YH G LQ K H D YLO\ Q �
G R S H G ,Q *D $ V >� � @� 7K LV H oH F W LV W K H U H V X OW R I W K H OD U J H F X U YD W X U H R I W K H
F R Q G X F W LR Q E D Q G LQ ,Q *D $ V � 7K H U H V X OW R I W K LV F X U YD W X U H LV D OR Z H oH F W LYH
P D V V � P R U H LP S R U W D Q W O\ K H U H LV W K H U H OD W LYH V F D U F LW \ R I D YD LOD E OH H OH F W U R Q
V W D W H V Q H D U W K H E D Q G H G J H G X H W R W K H K LJ K F X U YD W X U H � $ V W K H Q �G R S LQ J LQ �
F U H D V H V � W K H H Q H U J \ D W ZK LF K V LJ Q Lp F D Q W Q X P E H U V R I H OH F W U R Q V W D W H V D U H D
D YD LOD E OH LQ F U H D V H V U D S LG O\� 7K H U H V X OW LV D P X F K ZLG H U H oH F W LYH E D Q G J D S
IR U W K H D E V R U S W LR Q R I OLJ K W ZLW K V X E V W D Q W LD O Q �G R S LQ J � )R U � d � � �� � F P �

Q �G R S H G ,Q *D $ V LW K D V E H H Q V K R ZQ W K D W W K H H oH F W LYH E D Q G J D S LQ F U H D V H V
H Q R X J K W K D W W K H D E V R U S W LR Q F R H r F LH Q W R I � �� � zP U D G LD W LR Q ID OOV E \ IR X U
R U G H U V R I P D J Q LW X G H �

7K H � G % E D Q G ZLG W K R I W K H S K R W R G LR G H F D Q E H H V W LP D W H G � 7K H G LD P H W H U
R I W K H S K R W R G LR G H D F W LYH U H J LR Q LV D V V X P H G W R E H � � zP� V P D OO IR U K LJ K
V S H H G E X W V W LOO R I U H D V R Q D E OH G LD P H W H U W R F R X S OH D p E H U LQ W R � 7K H S �F R Q W D F W
U H V LV W LYLW \ LV � �� n� E D V H G R Q 7/ 0 P H D V X U H P H Q W V R I E D V H F R Q W D F W U H V LV W D Q F H �
7K H S �V H U LH V U H V LV W D Q F H LV � �� � � n� D Q G V R ZLOO E H Q H J OH F W H G � 7K H Q �F R Q W D F W
U H V LV W D Q F H LV � n� D Q G W K H Q �V H U LH V U H V LV W D Q F H LV � � n� 7K H S D U D V LW LF U H V LV �
W D Q F H R I W K H S K R W R G LR G H LV D E R X W � � n� 7K H F D S D F LW D Q F H F D Q E H H V W LP D W H G
E \ &  s$

G

W R E H � � I)� 7K H S R OH IU H TX H Q F \ F R U U H V S R Q G LQ J W R W K LV 5 & S U R G �
X F W LV � � � *+ ] � : LW K W K H S H V V LP LV W LF D V V X P S W LR Q W K D W W K H K R OH F X U U H Q W
F R P S OH W H O\ G R P LQ D W H V � W K H W U D Q V LW W LP H E D Q G ZLG W K LV |� � � *+ ] D V V X P LQ J D
K R OH YH OR F LW \ R I � d � � � F P � V LQ W K H � � � � {$ F R OOH F W R U G U LIW U H J LR Q � 7K H � G %
E D Q G ZLG W K R I W K H S K R W R G LR G H LV W K H U H IR U H Q H D U O\ � � � *+ ] � D Q G V R LV Q R W D
OLP LW LQ J ID F W R U LQ W K H E D Q G ZLG W K R I W K LV U H F H LYH U �

$ V V X P LQ J D �� G % P LQ S X W V LJ Q D O D Q G D U D W K H U S H V V LP LV W LF � � � TX D Q W X P
H r F LH Q F \� W K H S K R W R F X U U H Q W J H Q H U D W H G F D Q E H F D OF X OD W H G ZLW K ,  Tu 3 � K { W R
E H � � z$ � 7K LV LQ S X W F X U U H Q W D Q G W K H G U LYH U H TX LU H P H Q W V IR U W K H q LS �q R S G H �
W H U P LQ H W K H P D [LP X P W U D Q V LP S H G D Q F H J D LQ U H TX LU H G IU R P W K H D P S OLp F D W LR Q
V W D J H V � 6 LP LOD U O\� W K H P D [LP X P H [S H F W H G LQ S X W S R ZH U F D Q E H F R Q YH U W H G W R
D S K R W R F X U U H Q W D Q G W K H P LQ LP X P W U D Q V LP S H G D Q F H J D LQ IU R P W K H D P S OLp H U V
F D Q E H G H W H U P LQ H G �



� �� 7U D Q V LP S H G D Q F H $ P S OLp H U � � �

��� 7 U DQVLPSHGDQFH $PSOLpHU

7K H W U D Q V LP S H G D Q F H D P S OLp H U � 7,$ � ZD V E D V LF D OO\ G H V LJ Q H G W R D F K LH YH D V
P X F K J D LQ D V S R V V LE OH ZLW K D � � *+ ] � G % E D Q G ZLG W K � )X U W K H U P R U H � W K H
F LU F X LW W R S R OR J \ X V H G ZD V W K D W R I W K H ' D U OLQ J W R Q IH H G E D F N D P S OLp H U � D V W K LV
F LU F X LW K D G D OU H D G \ E H H Q G H V LJ Q H G D Q G F K D U D F W H U L] H G LQ W K LV ZR U N� 7K LV ZD V
D Q D LYH D S S U R D F K W R W K H 7,$ G H V LJ Q � D V W K H S R V V LE LOLW \ W K D W W K H U H ZR X OG
E H W R R P X F K J D LQ ZD V Q R W F R Q V LG H U H G � ,I W K H 7,$ K D V W R R P X F K J D LQ � W K H
YD U LD E OH J D LQ D P S OLp H U P D \ Q R W K D YH V X r F LH Q W O\ OR Z J D LQ � R U K LJ K D W W H Q �
X D W LR Q � V R D V Q R W W R V D W X U D W H W K H LQ S X W R I W K H G H F LV LR Q F LU F X LW � )X U W K H U
F R P S OLF D W LR Q V W R W K H 7,$ G H V LJ Q D U H F R Q V LG H U D W LR Q V R I U H F H LYH U V H Q V LW LYLW \
� Q R LV H S H U IR U P D Q F H � � W K H K LJ K LP S H G D Q F H OR D G D W W K H LQ S X W ZK LF K LQ Q R ZD \
D S S U R [LP D W H V � � n� D Q G F R P S D W LE LOLW \ R I W K H E LD V F R Q G LW LR Q V D W W K H R X W S X W
R I W K H 7,$ ZK LF K LV D OV R W K H LQ S X W R I W K H YD U LD E OH J D LQ D P S OLp H U �

Bias

Bias Bias

Out

)LJ X U H � �� � &LU F X LW ' LD J U D P R I W K H 7U D Q V LP S H G D Q F H $ P S OLp H U

7K H F LU F X LW G LD J U D P R I W K H 7,$ LV V K R ZQ LQ p J � � �� � 7K H ' D U OLQ J W R Q
IH H G E D F N D P S OLp H U F D Q E H U H F R J Q L] H G LQ W K H R X W S X W R I W K H 7,$ � $ F R P P R Q �
E D V H V W D J H LV X V H G W R E X oH U W K H S K R W R G LR G H IU R P W K H IH H G E D F N D P S OLp H U G X H
W R W K H OR Z S R OH IU H TX H Q F \ U H V X OW LQ J IU R P W K H S K R W R G LR G H F D S D F LW D Q F H D Q G
W K H K LJ K LQ S X W LP S H G D Q F H R I W K H IH H G E D F N D P S OLp H U � 7K H F R P P R Q E D V H



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

V W D J H LW V H OI S U H V H Q W H G V R P H G H V LJ Q W U D G H R oV � $ OD U J H W U D Q V LV W R U LV G H V LU D E OH
LQ R U G H U W R U H D OL] H D K LJ K J D LQ � E H Q H p F LD O IU R P W K H V W D Q G S R LQ W R I Q R LV H LQ
W K H U H F H LYH U � % X W D OD U J H W U D Q V LV W R U ZR X OG U H TX LU H OD U J H F X U U H Q W V W R q R Z
W K U R X J K V P D OO U H V LV W R U V LQ R U G H U W R S U R YLG H E LD V F X U U H Q W W R W K H H P LW W H U D Q G
F R OOH F W R U Q R G H V R I W K H W U D Q V LV W R U � 7K H V H U H V LV W R U V ZR X OG LQ W U R G X F H D OD U J H
F R P S R Q H Q W R I W K H U P D O Q R LV H LQ W R W K H IU R Q W H Q G � $ V P D OOH U W U D Q V LV W R U Q R W R Q O\
S U R YLG H V OH V V J D LQ � E X W D OV R K D V LQ F U H D V H G U H V LV W LYH S D U D V LW LF V W K D W G H F U H D V H
W K H E D Q G ZLG W K ZK H Q F R X S OH G ZLW K W K H S K R W R G LR G H F D S D F LW D Q F H �
7K H F R P P R Q �E D V H W U D Q V LV W R U LQ X V H LV V L] H G V X F K W K D W E R W K W K H W K H U P D O

U H V LV W D Q F H D Q G W K H V K R W Q R LV H F R Q W U LE X W LR Q V W R W K H Q R LV H D U H F R P S D U D E OH �
7K H IH H G E D F N D P S OLp H U E OR F N W K D W IR OOR ZV W K H F R P P R Q E D V H V W D J H K D V E H H Q
G H V LJ Q H G W R J LYH W K H OD U J H V W J D LQ S R V V LE OH R YH U � � *+ ] E D Q G ZLG W K � E X W ZLW K
OH V V D W W H Q W LR Q W R Q R LV H S H U IR U P D Q F H � + H U H LW LV LP S R U W D Q W W R U H G X F H W K H
R X W S X W U H W X U Q OR V V � 6��� LQ R U G H U W R S U R YLG H D E H W W H U LP S H G D Q F H P D W F K W R
W K H � � n LQ S X W W R W K H YD U LD E OH J D LQ D P S OLp H U �
$ F K LS S K R W R P LF U R J U D S K LV V K R ZQ LQ p J � � �� IR U D Q H D U O\ F R P S OH W H G

7,$ � 7K H S K R W R G H W H F W R U LV YLV LE OH D G MD F H Q W W R W K H V LJ Q D O S D G R Q W K H OH IW �
IR OOR ZH G E \ D � � � zP OR Q J W X Q LQ J LQ G X F W R U � � � S + G H V LJ Q � � 7R W K H U LJ K W
LV W K H F R P P R Q E D V H F R Q p J X U H G W U D Q V LV W R U � D OH YH O V K LIW LQ J G LR G H � W K H Q W K H
' D U OLQ J W R Q IH H G E D F N D P S OLp H U R X W S X W �
7K H 6�� D Q G W U D Q V LP S H G D Q F H J D LQ D U H S OR W W H G D V IX Q F W LR Q V R I IU H TX H Q F \

LQ p J � � �� � 7K H W U D Q V LP S H G D Q F H J D LQ D W ' & LV � � �� G E �n� ZK LF K LV D E R X W � � �
n� )R U D � � z$ LQ S X W F X U U H Q W � W K LV F R U U H V S R Q G V W R D Q � P 9 R X W S X W YR OW D J H
D P S OLW X G H � 7K H J D LQ S H ND LQ J LV R Q O\ � �� G % � D Q G W K H � G % �n E D Q G ZLG W K LV
� � *+ ] � 6 W D W LF S R ZH U G LV V LS D W LR Q LV � � P : � D Q H [W U H P H O\ OR Z YD OX H IR U D Q
D P S OLp H U ZLW K W K LV J D LQ D Q G E D Q G ZLG W K �

��� 9DU LDEOH *DLQ $PSOLpHU

7K H YD U LD E OH J D LQ D P S OLp H U � 9 *$ � F R Q V LV W V R I D J D LQ �F R Q W U R O V W D J H D Q G IR X U
D P S OLp F D W LR Q V W D J H V � 7K H IR X U D P S OLp F D W LR Q V W D J H V LQ W K H 9 *$ D U H V LP S O\
G LoH U H Q W LD O D P S OLp H U V W K D W LQ F U H D V H W K H R YH U D OO J D LQ R I W K H F LU F X LW � 7K H 9 *$
K D V E H H Q G H V LJ Q H G W R D OOR Z F R Q W U R O R I W K H J D LQ E \ YD U \LQ J W K H ' & YR OW D J H
R Q R Q H R I W K H E LD V S D G V � 7K H D X W R P D W LF J D LQ F R Q W U R O � $ *&� IH D W X U H K D V Q R W
E H H Q G H V LJ Q H G �
7K U H H P H W K R G V R I LP S OH P H Q W LQ J W K H J D LQ F R Q W U R O D U H V W D Q G D U G >� � @�

7K H V H K D YH E H H Q F OD V V Lp H G D V YD U LD E OH IH H G E D F N� YD U LD E OH W U D Q V F R Q G X F W D Q F H �



� �� 9 D U LD E OH *D LQ $ P S OLp H U � � �

-20

-10

0

10

20

30

40

50

60

0 10 20 30 40 50
-20

-10

0

10

20

30

40

50

60

Frequency (GHz)

S
22

Z
t

)LJ X U H � �� � 6 LP X OD W H G U H V X OW V R I W U D Q V LP S H G D Q F H D P S OLp H U

)LJ X U H � �� � &K LS S K R W R J U D S K R I W U D Q V LP S H G D Q F H D P S OLp H U



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

D Q G F X U U H Q W V W H H U LQ J � 7K H YD U LD E OH IH H G E D F N P H W K R G LV R Q H LQ ZK LF K D IH H G �
E D F N U H V LV W D Q F H LV YD U LH G LQ R U G H U W R YD U \ W K H J D LQ � 7K LV IH H G E D F N U H V LV W D Q F H
P D \ E H D V H U LH V U H V LV W D Q F H LQ W K H H P LW W H U OH D G R U IH H G E D F N E H W ZH H Q W K H F R O�
OH F W R U D Q G E D V H � 7K LV P H W K R G LV R IW H Q X V H G LQ K \E U LG F LU F X LW V LQ ZK LF K
D )( 7 R U S �L�Q G LR G H F D Q E H X V H G D V W K H YD U LD E OH U H V LV W R U � 5 H S R U W V IU R P
W K H OLW H U D W X U H LQ G LF D W H W K D W LW LV G Lr F X OW W R D F K LH YH P R U H W K D Q � � G % R I
J D LQ YD U LD W LR Q X V LQ J W K LV P H W K R G D Q G V W LOO P D LQ W D LQ J D LQ q D W Q H V V R YH U K LJ K
E D Q G ZLG W K � $ OV R � D P R Q R OLW K LF LP S OH P H Q W D W LR Q S U H V H Q W V G Lr F X OW LH V �

7K H YD U LD E OH W U D Q V F R Q G X F W D Q F H P H W K R G R I D F K LH YLQ J J D LQ F R Q W U R O LQ �
YR OYH V P R G X OD W LR Q R I W K H E LD V F X U U H Q W R I W K H W U D Q V LV W R U V � 7K LV P R G X OD W H V
W K H W U D Q V F R Q G X F W D Q F H R I W K H W U D Q V LV W R U V D Q G W K H U H IR U H P R G X OD W H V W K H J D LQ R I
W K H V W D J H � 7K H p U V W D W W H P S W D W G H V LJ Q LQ J W K H 9 *$ IR U W K LV U H F H LYH U ZD V G R Q H
LQ W K LV P H W K R G � ' LoH U H Q W LD O D P S OLp H U V ZH U H G H V LJ Q H G D Q G V LP X OD W H G ZLW K
S U R YLV LR Q IR U P R G X OD W LR Q R I W K H E D V H YR OW D J H R Q W K H F X U U H Q W P LU U R U W U D Q V LV �
W R U V � $ W ZR �V W D J H G LoH U H Q W LD O D P S OLp H U � ZLW K S U H D P S OLp H U D Q G YD U LD E OH J D LQ
V W D J H � U H V X OW H G LQ D P D [LP X P J D LQ R I � � G % ZLW K � � *+ ] J D LQ �E D Q G ZLG W K
D Q G J D LQ S H D NLQ J R I D E R X W � G % � 7K H J D LQ ZD V W X Q D E OH G R ZQ W R D E R X W � �
G % ZLW K W K H V D P H E D Q G ZLG W K D Q G J D LQ S H D NLQ J � $ V W K H J D LQ ZD V IX U W K H U
U H G X F H G � W K H E D Q G ZLG W K V W D U W H G W R G H F U H D V H �

7K H D E LOLW \ W R YD U \ W K H J D LQ R YH U D � �G % U D Q J H � OH V V W K D Q � � LV LQ D G H �
TX D W H W R S U R YLG H H Q R X J K G \Q D P LF U D Q J H IR U D X V H IX O U H F H LYH U � $ S R V V LE OH
p [ LV W R F D V F D G H J D LQ F R Q W U R O V W D J H V W R LQ F U H D V H W K H G \Q D P LF U D Q J H � 7K H
R Q O\ F R P S OLF D W LR Q K H U H LV W K H G LV W U LE X W LR Q R I W K H J D LQ YD U LD W LR Q F R Q W U R O W R
P X OW LS OH F X U U H Q W P LU U R U W U D Q V LV W R U V � 3 U H F LV H P D W F K LQ J LQ W K H F X U U H Q W P LU U R U
W U D Q V LV W R U V LV Q H F H V V D U \ LQ R U G H U W R S U R YLG H H TX D O G U LYH W R H D F K J D LQ V W D J H
IU R P R Q H F R Q W U R O YR OW D J H V R X U F H � ' X H W R Q R U P D O S U R F H V V YD U LD W LR Q V D Q G W K H
ID F W W K D W W K H V H F X U U H Q W P LU U R U W U D Q V LV W R U V ZLOO E H V H S D U D W H G IU R P H D F K R W K H U
E \ K X Q G U H G V R I P LF U R Q V � D F K LH YLQ J G \Q D P LF U D Q J H LQ W K LV ZD \ LV Q R W YLD E OH �

7K H F X U U H Q W V W H H U LQ J D S S U R D F K X V H V W K H F R Q W U R O YR OW D J H W R S U R YLG H R U
U H P R YH V LJ Q D O F X U U H Q W IU R P W K H OR D G U H V LV W R U V � $ G H W D LO R I W K H J D LQ F R Q W U R O
V W D J H LV V K R ZQ LQ p J � � �� � 7K H *LOE H U W F H OO G H V LJ Q F D Q E H U H F R J Q L] H G LQ V W D J H
$ � W K H E D V H V R I W K H LQ Q H U W U D Q V LV W R U V R I W K H G LoH U H Q W LD O S D LU D U H ZLU H G W R J H W K H U
D Q G F R Q Q H F W H G W R W K H F R Q W U R O YR OW D J H � 7K H E D V H V R I W K H R X W H U W U D Q V LV W R U V D U H
ZLU H G W R J H W K H U D Q G F R Q Q H F W H G W R D U H IH U H Q F H YR OW D J H � 7K H J D LQ LV YD U LH G E \
YD U LD W LR Q R I W K H F R Q W U R O YR OW D J H R Q W K H LQ Q H U W U D Q V LV W R U V � D V W K H V H W U D Q V LV W R U V
W X U Q R Q � E LD V F X U U H Q W LV � V W H H U H G � IU R P W K H R X W H U W U D Q V LV W R U V W R W K H V H LQ Q H U
W U D Q V LV W R U V � U H G X F LQ J W K H J D LQ � ,Q W K LV ZD \� OD U J H YD U LD W LR Q V LQ W K H J D LQ D U H



� �� 9 D U LD E OH *D LQ $ P S OLp H U � � �

S R V V LE OH � 7K H V W D J H OD E H OH G � % � LV W K H U H W R P D LQ W D LQ D F R Q V W D Q W E LD V YR OW D J H
R Q W K H R X W S X W R I W K H J D LQ F R Q W U R O V W D J H � $ V W K H F X U U H Q W W K U R X J K W K H OR D G
U H V LV W R U V LQ V W D J H $ LV P R G X OD W H G � W K H E LD V YR OW D J H V D W W K H R X W S X W V R I V W D J H $
F K D Q J H � 6 W D J H % LV H V V H Q W LD OO\ W K H LQ YH U V H R I V W D J H $ � D V W K H R X W H U W U D Q V LV W R U V
LQ V W D J H $ D U H W X U Q H G R o� W K H R X W H U W U D Q V LV W R U V LQ V W D J H % D U H W X U Q H G R Q �
D Q G W K H V H W U D Q V LV W R U V V LQ N F X U U H Q W IU R P W K H V D P H OR D G U H V LV W R U � ,Q W K LV ZD \�
W K H E LD V YR OW D J H D W W K H R X W S X W V R I V W D J H $ LV K H OG F R Q V W D Q W D Q G G R H V Q R W
D G YH U V H O\ D oH F W W K H S H U IR U P D Q F H R I W K H V X E V H TX H Q W J D LQ V W D J H �

In
  
In

Vref

Vgc

Out

     
Out

A B

)LJ X U H � �� � *D LQ F R Q W U R O V W D J H ZLW K LQ � LQ � R X W � R X W � J D LQ F R Q W U R O YR OW D J H
� 9 J F � D Q G U H IH U H Q F H YR OW D J H � 9 U H I � OD E H OH G �

7K H V LP X OD W H G U H V X OW V D W W K H P D [LP X P D Q G P LQ LP X P X V H IX O J D LQ V R I
W K H 9 *$ D U H V K R ZQ LQ p J � � �� IR U IR X U G LoH U H Q W F R Q W U R O YR OW D J H V � 7K LV LV
IR U W K H 9 *$ G U LYH Q V LQ J OH �H Q G H G � W K H R W K H U LQ S X W LV F R Q Q H F W H G W R D E LD V
YR OW D J H � 7K H J D LQ LV YD U LD E OH IU R P �� � G % W R �� G % � D G \Q D P LF U D Q J H R I
� � G % � R U � � � �� � 7K H U H W X U Q OR V V H V 6�� D Q G 6�� D U H E H OR Z �� � G % R YH U W K H
H Q W LU H IU H TX H Q F \ U D Q J H D Q G R YH U W K H ZK R OH U D Q J H R I J D LQ � 7K H J D LQ LV D OV R



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q

YH U \ q D W � LP S O\LQ J W K LV LV D X V H IX O E X LOG LQ J E OR F N IR U W K H U H F H LYH U �

-20

-10

0

10

20

30

40

0 5 10 15 20 25 30 35 40
-20

-10

0

10

20

30

40

Frequency (GHz)

S
21

S
11

S
22

S
21

S
21

S
21

)LJ X U H � �� � 6 LP X OD W H G U H V X OW V R I YD U LD E OH J D LQ D P S OLp H U

$ YH U \ LP S R U W D Q W S R LQ W Q R W F R Q V LG H U H G LQ W K LV G H V LJ Q U H OD W H V W R W K H ID F W
W K D W W K H R X W S X W V W D J H R I W K LV F K LS V K R X OG E H D E OH W R G H OLYH U D � � � P 9 S H D N
W R S H D N V LJ Q D O� 7K H 9 *$ K D V E H H Q V LP X OD W H G ZLW K W K H K \E U LG �S L P R G H O R I
W K H W U D Q V LV W R U � YD OLG R Q O\ IR U V P D OO�V LJ Q D O R S H U D W LR Q � $ V R OX W LR Q LV W R X V H
R X W S X W E X oH U V W D J H V W K D W S U R YLG H J D LQ D V ZH OO D V W R OH U D Q F H R I OD U J H U YR OW D J H
H [F X U V LR Q V �
$ F K LS S K R W R R I W K H 9 *$ LV V K R ZQ LQ p J � � �� � 7K H W U D Q V LV W R U F R X Q W LV

� � � D Q G S R ZH U G LV V LS D W LR Q LV H V W LP D W H G W R E H � � � P : LQ W R D �� �� 9 V X S S O\
YR OW D J H �



� �� 9 D U LD E OH *D LQ $ P S OLp H U � � �

)LJ X U H � �� � &K LS S K R W R J U D S K R I YD U LD E OH J D LQ D P S OLp H U



� � � &K D S W H U � � )LE H U �2S W LF 5 H F H LYH U ' H V LJ Q



&KDSWHU �

&RQFOXVLRQ

��� $FKLHYHPHQWV

,Q W K LV ZR U N� W U D Q V IH U U H G �V X E V W U D W H ,Q $ O$ V � ,Q *D $ V K H W H U R MX Q F W LR Q E LS R OD U
W U D Q V LV W R U V K D YH E H H Q J U R ZQ � ID E U LF D W H G � W H V W H G D Q G F K D U D F W H U L] H G � $ Q D OR J
D P S OLp H U V K D YH E H H Q E X LOW LQ R U G H U W R U H D OL] H V R P H R I W K H S R W H Q W LD O S U R P LV H G
E \ W K H 5 ) J D LQ V � 7K H 0% ( J U R ZW K R I W K H V H W U D Q V LV W R U V K D V E H H Q U H p Q H G D Q G
V W D Q G D U G L] H G LQ W K H K R S H V R I D F K LH YLQ J U H S U R G X F LE LOLW \ LQ W K H OD \H U V W U X F W X U H �
% D Q G J D S H Q J LQ H H U LQ J K D V E H H Q X Q G H U W D NH Q LQ R U G H U W R LP S U R YH W K H ' & D Q G
5 ) F K D U D F W H U LV W LF V R I W K H G H YLF H V � 7K H W U D Q V IH U U H G �V X E V W U D W H S U R F H V V D OOR ZV
OLW K R J U D S K LF G H p Q LW LR Q R I H P LW W H U D Q G F R OOH F W R U � D V ZH OO W K H S U R F H V V S U R YLG H V
1 L&U U H V LV W R U V � 0,0 F D S D F LW R U V � P LF U R V W U LS ZLU LQ J D Q G W K H U P D O K H D W V LQ NLQ J �

' LV F U H W H G H YLF H V K D YH E H H Q ID E U LF D W H G ZLW K U H F R U G I
�
R I � � � *+ ] D Q G

I
PD[

R I � � � *+ ] � 7K H K LJ K H V W I
�
G H P R Q V W U D W H G LQ W U D Q V IH U U H G �V X E V W U D W H

+ % 7V S U LR U W R W K LV ZR U N ZD V � � � *+ ] � 7K H LP S U R YH P H Q W LQ I
�
K D V E H H Q

D F K LH YH G W K U R X J K W K LQ Q LQ J W K H V H P LF R Q G X F W R U OD \H U V � D W W H Q W LR Q W R OD \R X W
S D U D V LW LF V � W K H X V H R I E D V H E D Q G J D S J U D G LQ J � D Q G LP S U R YH P H Q W LQ W K H . LU N
( oH F W W K U H V K R OG F X U U H Q W G H Q V LW \�

6 LQ J OH �V W D J H D P S OLp H U V K D YH E H H Q ID E U LF D W H G LQ W K LV ZR U N W K D W G H P R Q �
V W U D W H U H F R U G S H U IR U P D Q F H � $ J D LQ �E D Q G ZLG W K S U R G X F W R I R YH U � � � *+ ] K D V
E H H Q R E W D LQ H G ZLW K D ' D U OLQ J W R Q IH H G E D F N D P S OLp H U � ZLW K D ' & J D LQ R I � � ��
G % � D � G % E D Q G ZLG W K R YH U � � *+ ] � D Q G YH U \ q D W J D LQ �IU H TX H Q F \ F K D U D F �
W H U LV W LF V � 7K LV LV D U H F R U G J D LQ �E D Q G ZLG W K S U R G X F W IR U D V LQ J OH �V W D J H + % 7
D P S OLp H U � H LW K H U G LV W U LE X W H G R U OX P S H G � $ Q R W K H U U H V LV W LYH IH H G E D F N D P S OLp H U
LQ W K H P LU U R U �G R X E OH U F R Q p J X U D W LR Q G H P R Q V W U D W H V U H F R U G � G % E D Q G ZLG W K IR U

� � �



� � � &K D S W H U � � &R Q F OX V LR Q

D Q + % 7 D P S OLp H U R I � � *+ ] � 7K H S R ZH U F R Q V X P S W LR Q R I W K H V H D P S OLp H U V
LV LQ W K H W H Q V R I P LOOLZD W W V �

)R U W K H W H F K Q R OR J \ G H YH OR S P H Q W D V S H F W R I W K LV ZR U N� D J D V H R X V F D U E R Q
G R S LQ J V R X U F H K D V E H H Q ID E U LF D W H G � LQ V W D OOH G � D Q G F K D U D F W H U L] H G LQ F R OOD E R �
U D W LR Q ZLW K 5 \D Q 1 D R Q H D Q G ( U LF + H J E OR P D W 8 &6 % D Q G X Q G H U W K H V X S H U �
YLV LR Q R I W K H 8 &6 % 0% ( OD E V X S H U YLV R U � -R K Q ( Q J OLV K � 7K H F D U E R Q G R S LQ J
V R X U F H S U R YLG H V W K H D E LOLW \ W R G R S H *D $ V D Q G ,Q ����*D ����$ V ZH OO LQ W R W K H
� d � � �� � F P � U D Q J H � D Q G D OOH YLD W H V W K H IH D U R I S �W \S H G R S D Q W G LoX V LR Q � 7K H
V X U ID F H P R U S K R OR J \ R I F D OLE U D W LR Q V D P S OH V J U R ZQ H YH Q D W W K H V H K LJ K G R S LQ J
OH YH OV LV H [F H OOH Q W � D Q G W K H K R OH P R E LOLW \ IR U D J LYH Q G R S LQ J OH YH O LV D V J R R G
R U E H W W H U W K D Q W K D W S U R YLG H G E \ W K H E H U \OOLX P G R S D Q W �

7K H 0% ( J U R ZW K S U R F H V V K D V E H H Q U H p Q H G D Q G V W D Q G D U G L] H G LQ D Q H oR U W
W R F U H D W H D U H OLD E OH D Q G U H S U R G X F LE OH V X S S O\ R I P D W H U LD O IR U W K H J U R X S � $
E D V H OLQ H OD \H U V W U X F W X U H K D V E H H Q G H YH OR S H G W K D W F D Q \LH OG I

�
R YH U � � � *+ ]

U R X W LQ H O\ D Q G LQ K LJ K O\ V F D OH G G H YLF H V K D V \LH OG H G YD OX H V R I I
PD[

R YH U � 7+ ] �
$ Q R W K H U OD \H U V W U X F W X U H K D V E H H Q G H YH OR S H G X W LOL] LQ J D Q 2K P LF V X E F R OOH F �
W R U W K D W p Q G V D S S OLF D W LR Q LQ K LJ K �V S H H G � OR Z S R ZH U OR J LF V X F K D V F X U U H Q W
P R G H OR J LF � &0/ � � 7K H I

�
D Q G I

PD[
R E W D LQ H G ZLW K W K LV OD \H U V W U X F W X U H D Q G

F R Q V H U YD W LYH G H YLF H J H R P H W U LH V D U H E R W K Q R U P D OO\ D E R YH � � � *+ ] � 7K H U H D O
D G YD Q W D J H LV W K H LP S U R YH G S H U IR U P D Q F H D W OR Z 9

FH
G X H W R W K H W K LQ Q H U D Q G

2K P LF F R OOH F W R U X V H G LQ W K LV OD \H U V W U X F W X U H �

1 H D U W K H E H J LQ Q LQ J R I W K LV ZR U N� 3 U R IH V V R U 5 R G ZH OO
V J U R X S ZD V MX V W
E H J LQ Q LQ J W R X Q G H U W D NH ID E U LF D W LR Q R I G H P R Q V W U D W LR Q ,&V � V X F K D V U H V LV W LYH
IH H G E D F N D P S OLp H U V � � 7K H ID E U LF D W LR Q R I V LP S OH ,&V ZD V G R Q H D V S D U W R I D Q
H YR OYLQ J H oR U W W R W U D Q V IR U P W K H W U D Q V IH U U H G �V X E V W U D W H S U R F H V V IU R P R Q H W K D W
F R X OG G H P R Q V W U D W H V F D OD E OH G LV F U H W H + % 7V LQ W R R Q H W K D W S U R S R V H G D Q R YH O
V R OX W LR Q W R ZLU LQ J D Q G W K H U P D O LV V X H V LQ OD U J H V F D OH ,&V � 7K H LQ W H Q W LR Q ZD V W R
X V H W K H K LJ K I

PD[
R I W K H W U D Q V IH U U H G �V X E V W U D W H + % 7 W R ID E U LF D W H G LV W U LE X W H G

R U W X Q H G F LU F X LW V ZK LF K F D Q E H Q H p W IU R P D G H YLF H ZLW K D K LJ K I
PD[
�I

�
U D W LR �

7K H K LJ K I
�
Q R Z D YD LOD E OH IU R P W K H W U D Q V IH U U H G �V X E V W U D W H + % 7V K D V

R S H Q H G X S D Q X P E H U R I R W K H U D S S OLF D W LR Q V IR U W K LV S U R F H V V � 3 U R E D E O\ W K H
P R V W LP S R U W D Q W F R Q V H TX H Q F H R I D F K LH YLQ J K LJ K I

�
K D V E H H Q W K H D E LOLW \ W R

ID E U LF D W H ID V W G LJ LW D O ,&V � 7K LV LQ W X U Q K D V J H Q H U D W H G G H P D Q G IR U K LJ K H U
OH YH OV R I LQ W H J U D W LR Q D Q G G H Q V LW \ R Q ZD IH U �

% X W W K H U H K D YH E H H Q P D Q \ LP S R U W D Q W D F K LH YH P H Q W V � + % 7V ZLW K W K H
K LJ K H V W I

PD[
� K LJ K H V W I

�
� W K H ZLG H V W E D Q G ZLG W K D Q G K LJ K H V W J D LQ E D Q G ZLG W K

+ % 7 D Q D OR J D P S OLp H U V � D Q G W K H K LJ K H V W IU H TX H Q F \ G LJ LW D O OR J LF E H Q F K P D U N�



� �� )X W X U H : R U N � � �

W K H V W D W LF IU H TX H Q F \ G LYLG H U �

��� )XWXU H :RU N

8 S R Q U H q H F W LR Q R I K R Z W R G LV F X V V IX W X U H ZR U N� LW K D V E H H Q LQ W H U H V W LQ J W R U H �
YLH Z W K H G LV V H U W D W LR Q V R I S D V W J U R X S P H P E H U V ZK R K D YH S D U W LF LS D W H G LQ W K LV
W U D Q V IH U U H G �V X E V W U D W H + % 7 S U R MH F W � 0D Q \ R I W K H J R D OV P H Q W LR Q H G LQ W K R V H
G LV V H U W D W LR Q V K D YH E H H Q D F K LH YH G � W K LV LV H V S H F LD OO\ LQ V S LU LQ J F R Q V LG H U LQ J K R Z
ID U �IH W F K H G W K R V H LG H D V V R X Q G H G D W W K H W LP H �
7K H K LJ K H V W I

�
D F K LH YH G W R G D W H LV W K H � � � *+ ] U H V X OW S U H V H Q W H G LQ W K LV

ZR U N� 7K H I
PD[

D W W K LV E LD V LV � � � *+ ] � ,W ZLOO E H X V H IX O W R H [D P LQ H K R Z
W R � IR U H [D P S OH � G R X E OH E R W K R I W K H V H p J X U H V R I P H U LW �
6 W D U W LQ J ZLW K W K H H TX D W LR Q IR U IR U ZD U G G H OD \�

�
E
� �

F
�

N7

T,
H

� &
MH
� &

FE
� �5

H[
&
FE
� � U

H
�5

H[
� &

OD
� � � �� �

LW LV D V V X P H G W K D W W K H I
�
ZLOO E H G R X E OH G E \ F X W W LQ J H D F K R I W K H D E R YH

W H U P V LQ K D OI� 7R G H F U H D V H �
E
E \ � � W K H E D V H W K LF NQ H V V V K R X OG E H F X W W R � ��

R I LW V R U LJ LQ D O YD OX H � 7R G H F U H D V H �
F
E \ � � W K H F R OOH F W R U W K LF NQ H V V V K R X OG E H

U H G X F H G E \ � � 7K H W H U P LQ YR OYLQ J F K D U J LQ J W K H S D U D V LW LF F D S D F LW R U V ZLOO E H
U H ZU LW W H Q IR U F OD U LW \ D V

N7

T,
H

� &
MH
� &

FE
�  

N7

T-
H

�
s

7
H

� s
:

F

:
H

/
F

/
H

7
H

7
F

� � � � �� �

+ H U H LW F D Q E H V H H Q W K D W V LQ F H 7
F
K D V J R Q H G R ZQ E \ D ID F W R U R I � � LI &

FE

LV P X F K J U H D W H U W K D Q &
MH
� W K H F X U U H Q W G H Q V LW \ -

H
P X V W J R X S E \ D ID F W R U R I

IRXU� ,I LQ V W H D G &
MH
LV P X F K J U H D W H U W K D Q &

FE
W K H -

H
P X V W R Q O\ LQ F U H D V H E \

D ID F W R U R I W ZR �
1 H [W � 5

H[
&
FE
P X V W E H G H F U H D V H G E \ � �� � 5 H ZU LW LQ J 5

H[
&
FE
D V

5
H[
&
FE
 s

$
F

$
H

~
H
� � � �� �

LW LV H YLG H Q W W K D W ~
H
P X V W E H U H G X F H G E \ D ID F W R U R I � �� �

)LQ D OO\� D W OH D V W D V ID U D V I
�
LV F R Q F H U Q H G � W K H W H U P 5

H[
&
OD
P X V W E H

U H G X F H G E \ � �� � ZK LF K F D Q E H G R Q H ZLW K S U R S H U D W W H Q W LR Q W R W K H OD \R X W �
1 R Z� IR U I

PD[
� W K H S U R G X F W 5

EE
&
FE
P X V W E H G H F U H D V H G � �� � 1 R Z 7

F
K D V

E H H Q V K U X Q N E \ � �� � D Q G 7
E
K D V E H H Q U H G X F H G E \ � �� �� � 7K H U H G X F W LR Q LQ 7

E



� � � &K D S W H U � � &R Q F OX V LR Q

K D V R Q O\ D V P D OO H oH F W R Q 5
EE
� D V 5

EE
LV F R Q V W LW X W H G P D LQ O\ R I 2K P LF F R Q W D F W

U H V LV W D Q F H � 1 H J OH F W LQ J W K LV � W K H W H U P 5
EE
&
FE
P X V W E H U H G X F H G E \ D ID F W R U R I

� �� � E X W &
FE
K D V LQ F U H D V H G E \ D ID F W R U R I W ZR IU R P W K LQ Q LQ J W K H F R OOH F W R U �

,I ZH P D LQ W D LQ D F R Q V W D Q W :
F
 :

H
U D W LR R I � �� � � �� D V ZD V W K H F D V H IR U W K LV

G H YLF H � :
F
D Q G :

H
P X V W W R J H W K H U V K U LQ N E \ D ID F W R U R I D W OH D V W IR X U �

7K H I
PD[

� I
�
U D W LR R I K LJ K O\ V F D OH G W U D Q V IH U U H G �V X E V W U D W H + % 7V LV F X U �

U H Q W O\ ID U W R R K LJ K � 7K H � �� 7+ ] I
PD[

G H YLF H G H P R Q V W U D W H G E \ 4� / H H K D V
D Q I

�
R I D E R X W � � � *+ ] >� � @� + LJ K �V S H H G G LJ LW D O OR J LF U H TX LU H V K LJ K I

�
� 7K H

G LJ LW D O F LU F X LW U \ W K D W K D V E H H Q G H P R Q V W U D W H G W R G D W H LV OLNH O\ OLP LW H G E \ I
�

D Q G E \ R W K H U ID F W R U V V X F K D V ZLU LQ J F D S D F LW D Q F H � W U D Q V P LV V LR Q OLQ H H oH F W V �
D Q G X Q G H U G D P S H G W U D Q V LH Q W U H V S R Q V H V � )X U W K H U LP S U R YH P H Q W LQ W K H I

PD[

R I W U D Q V IH U U H G �V X E V W U D W H + % 7V ZR X OG E H D Q D F D G H P LF H [H U F LV H D W W K LV S R LQ W �
LQ V W H D G � H oR U W V V K R X OG E H P D G H W R LP S U R YH W K H I

�
� E X W Q R W F R P S OH W H O\ D W

W K H H [S H Q V H R I I
PD[
� D Q G F D U H IX O D W W H Q W LR Q W R F LU F X LW G H V LJ Q D Q G ZLU H U R X W LQ J

G X U LQ J OD \R X W �

7K H p U V W V W H S W R ZD U G V LQ F U H D V LQ J I
�
IX U W K H U R U H YH Q J X D U D Q W H H LQ J U H S U R �

G X F LE LOLW \ R I W K H F X U U H Q W S H D N YD OX H V LV W R U H G X F H 5
H[
� 7K H W LP H F R Q V W D Q W V

LQ YR OYLQ J 5
H[
D F F R X Q W IR U � � � R I W K H IR U ZD U G G H OD \ LQ W K H � � � *+ ] U H V X OW �

,W LV W K H 5
H[
W K D W S U H YH Q W V K LJ K I

�
IU R P E H LQ J D F K LH YH G R Q K LJ K O\ V F D OH G

G H YLF H V � Q R W R Q O\ LQ P X OW LS O\LQ J W K H F R OOH F W R U E D V H F D S D F LW D Q F H � E X W W K R V H
S D U D V LW LF V F D S D F LW D Q F H V LQ W U R G X F H G E \ W K H OD \R X W � 7K H W U D Q V IH U U H G �V X E V W U D W H
+ % 7 LV Q R W \H W D V F D OD E OH G H YLF H � I

PD[
LQ G H H G V F D OH V � E X W 5

H[
S U H YH Q W V W K H

V F D OLQ J R I I
�
ZLW K G H YLF H D U H D � 6 R D Q H oR U W V K R X OG E H P D G H W R LQ YH V W LJ D W H W K H

F D X V H D Q G Q D W X U H R I W K H 5
H[
S U R E OH P D W D G H H S H U OH YH O W K D Q ZD V F D U U LH G R X W

LQ W K LV ZR U N W K U R X J K W K H U LJ R U R X V X V H R I W H V W V W U X F W X U H V D Q G H [W H Q V LYH 6 ( 0
P LF U R V F R S \ R I W K H H P LW W H U V H P LF R Q G X F W R U D Q G P H W D OOL] D W LR Q D IW H U H [S R V X U H
W R YD U LR X V V W H S V LQ W K H S U R F H V V �

7K H LP S R U W D Q F H R I W K LV 5
H[
S U R E OH P F D Q Q R W E H R YH U V W D W H G � ,I W K LV S U R E �

OH P F D Q E H V R OYH G R U D W OH D V W U H G X F H G � W K H Q W K H U H U H D OO\ ZLOO Q R OR Q J H U E H D Q \
U H D V R Q Q R W W R E X LOG ,&V R I G H H S V X E P LF U R Q G H YLF H V � &LU F X LW E D Q G ZLG W K V ZLOO
LQ F U H D V H G U D P D W LF D OO\ E H \R Q G W K H LU F X U U H Q W U H F R U G OH YH OV � D Q G W U D Q V IH U U H G �
V X E V W U D W H + % 7V ZLOO E H V F D OD E OH LQ W K H F R P S OH W H V H Q V H R I W K H ZR U G � 7R
G R W K LV P D \ U H TX LU H LQ YH V W P H Q W LQ Q H Z OLW K R J U D S K LF W H F K Q LTX H V � H LW K H U D Q
R S W LF D O V W H S S H U W K D W F D Q S U R G X F H H P LW W H U V W U LS H V Q D U U R ZH U W K D Q � �� zP � R U
( �E H D P OLW K R J U D S K \ P D \ Q H H G W R E H H P S OR \H G �

7K H OR Q J V R X J K W �D IW H U F D U E R Q V R X U F H LV K H U H D Q G LW ZR U NV � &D U E R Q G R S LQ J
D Q G P R U H K H D YLO\ G R S H G E D V H V F D Q Q R Z E H F R P H D U H D OLW \� $ Q H Z S D U D P H W H U



� �� )X W X U H : R U N � � �

V S D F H ZLOO Q H H G W R E H H [S OR U H G U H J D U G LQ J W K H H oH F W V R I LQ F U H D V H G G R S LQ J R Q
�
E
D Q G 5

EE
� : LW K D OR ZH U 5

EE
� V R P H ZK D W K LJ K H U &

FE
F D Q E H D oR U G H G ZLW K

W K H V D P H U H V X OW D Q W I
PD[
� 7K LV ZLOO D OOR Z P R U H q H [LE LOLW \ LQ W K H G H V LJ Q R I

W X Q H G D Q G G LV W U LE X W H G D P S OLp H U V W K D W P D \ E H Q H p W P R U H IU R P D U H G X F W LR Q
LQ 5

EE
W K D Q LQ &

FE
� 7K H OR ZH U 5

EE
� &

FE
U D W LR F D Q D OV R S U R YLG H D Q LQ F U H D V H G

. LU N W K U H V K R OG IR U W K H V D P H I
PD[
�

7K H W U D Q V IH U U H G �V X E V W U D W H + % 7V K H U H U H S R U W H G R E W D LQ K LJ K I
�
LQ S D U W

E H F D X V H R I W K LQ E D V H D Q G F R OOH F W R U OD \H U V � E H F D X V H W K H F R OOH F W R U OD \H U LV
,Q *D $ V � E U H D NG R ZQ YR OW D J H LV YH U \ OR Z D Q G W K H G H YLF H V D U H X Q V X LW D E OH IR U
P LF U R ZD YH S R ZH U D P S OLp H U V � $ V R OLG S K R V S K R U R X V V R X U F H K D V U H F H Q W O\ E H H Q
LQ V W D OOH G LQ W K H 0% ( V \V W H P D W 8 &6 % � 7K LV ZLOO D OOR Z ID E U LF D W LR Q R I ,Q 3 �
,Q *D $ V �,Q 3 G R X E OH �K H W H U R V W U X F W X U H + % 7V � 7K H ,Q 3 F R OOH F W R U ZLOO S U R YLG H
P X F K K LJ K H U E U H D NG R ZQ YR OW D J H W K D Q R E W D LQ H G LQ ,Q *D $ V D Q G ZLOO OH D G W R
U H D OL] D W LR Q R I P LF U R ZD YH S R ZH U G H YLF H V �

: D W W V R I S R ZH U D W W H Q V R U H YH Q K X Q G U H G V R I *+ ] P D \ E H F R P H D U H �
D OLW \ ZLW K D S U R S H U O\ G H V LJ Q H G S K R V S K R U R X V F R OOH F W R U � 7K H X V H R I ,Q 3 LQ
W K H F R OOH F W R U ZLOO D OV R ID F LOLW D W H W K H R X W q R Z R I K H D W IU R P W K H F R OOH F W R U V H P L�
F R Q G X F W R U W R W K H F R OOH F W R U F R Q W D F W P H W D O� G X H W R W K H P X F K K LJ K H U W K H U P D O
F R Q G X F W LYLW \ R I ,Q 3 W K D Q ,Q *D $ V � $ V D IU LQ J H E H Q H p W � P D W H U LD O TX D OLW \
V K R X OG LP S U R YH D V W K H Q D W LYH R [LG H R Q W K H ,Q 3 V X E V W U D W H F D Q E H G H V R U E H G
X Q G H U D S K R V S K R U R X V E H D P D Q G Q X F OH D W LR Q R I W K H E X oH U OD \H U ZLOO E H ZLW K
D OD W W LF H P D W F K H G � E LQ D U \ F R P S R X Q G � 7K H ID F W W K D W D V X E V W D Q W LD O IU D F W LR Q
R I W K H W U D Q V LV W R U H S L ZLOO E H J U R ZQ ZLW K W K H OD W W LF H P D W F K H G E LQ D U \ ZLOO D OV R
LP S U R YH W K H W R OH U D Q F H IR U OD W W LF H P D W F K LQ J R I W K H W H U Q D U \ ,Q *D $ V D Q G ,Q �
$ O$ V D OOR \V � ,I V X E V W D Q W LD O S U R J U H V V LV P D G H W R ZD U G W K H U H G X F W LR Q R I 5

H[
�

X OW U D K LJ K I
�
ZLOO E H S R V V LE OH G X H W R W K H U H G X F W LR Q LQ W K H 5

H[
D Q G W K H V F D OLQ J

R I W K H G H YLF H W K D W ZLOO Q D W X U D OO\ IR OOR Z W K LV D Q G D OV R W K D W W K H F R OOH F W R U F D Q
E H P D G H P X F K W K LQ Q H U W R U H G X F H W K H W U D Q V LW W LP H D Q G D U H D V R Q D E OH %9

FHR

ZLOO E H P D LQ W D LQ H G �

0R U H F D U H IX O D W W H Q W LR Q P X V W E H S D LG W R W K H OD \R X W S D U D V LW LF V G LV F X V V H G LQ
F K D S W H U � � H V S H F LD OO\ IR U W K H V F D OH G G H YLF H V � 7K H F D S D F LW D Q F H LQ W U R G X F H G E \
W K H 0� D Q G 0� F U R V V R YH U V R YH U W K H E D V H P H W D O F D Q E H U H G X F H G V LJ Q Lp F D Q W O\
U H V X OW LQ J LQ V P D OO J D LQ V LQ I

�
IR U U H OD W LYH O\ OD U J H G H YLF H V � D Q G OD U J H U J D LQ V

LQ I
�
IR U W K H V P D OOH U G H YLF H V �

$ Q H Z J H Q H U D W LR Q R I U H V LV W LYH IH H G E D F N D P S OLp H U V F D Q E H ID E U LF D W H G ZLW K
P R U H D W W H Q W LR Q S D LG W R U H G X F LQ J W K H U H W X U Q OR V V H V � $ Q LG H D IR U U H G X F LQ J 6��

LV W R LQ W U R G X F H D Q R W K H U W U D Q V LV W R U W R S U H F H G H ZK D W LV Q R U P D OO\ W K H LQ S X W



� � � &K D S W H U � � &R Q F OX V LR Q

W U D Q V LV W R U � 7K LV W U D Q V LV W R U ZR X OG E D V LF D OO\ E H D OR Z J D LQ � K LJ K E D Q G ZLG W K
V W D J H ZLW K J R R G U H W X U Q OR V V F K D U D F W H U LV W LF V � ,Q W K LV ZD \� W K H 6�� R I W K H R YH U �
D OO F LU F X LW F R X OG E H J U H D W O\ LP S U R YH G � W K H J D LQ P D \ R U P D \ Q R W E H V OLJ K W O\
LP S U R YH G � D Q G LG H D OO\ W K H E D Q G ZLG W K ZLOO E H Q H D U O\ X Q D oH F W H G � ,Q W U R G X F �
W LR Q R I W K LV Q H Z LQ S X W V W D J H ZLOO D OOR Z IR U P R U H IU H H G R P LQ W X Q LQ J W K H R X W S X W
W R U H G X F H U H W X U Q OR V V � LI W K H Q H Z LQ S X W V W D J H K D V D Q \ J D LQ � D V P D OOH U R X W S X W
U H V LV W R U F D Q E H X V H G W R V K X Q W W K H R X W S X W D Q G U H G X F H U H W X U Q OR V V � ,Q W U R G X F �
W LR Q R I W K LV W U D Q V LV W R U ZR X OG S U H YH Q W W K LV D P S OLp H U IU R P E H LQ J D V LQ J OH V W D J H
D P S OLp H U � E X W W K H LP S U R YH P H Q W LQ U H W X U Q OR V V ZLOO P D NH LW X V H IX O LQ P R U H
D S S OLF D W LR Q V D V LV �



$SSHQGL[ $

3 U RFHVV )ORZ

$�� )RFXV FKHFN ZLWK �� 6L ZDIHU

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � �
0n�

� � 6 H W V S LQ Q H U IR U � NU S P IR U � P LQ X W H V �

� � *H W � � 6 L ZD IH U IU R P G U \E R [ � LQ R OG W R OX H Q H S H W U L G LV K �

� � 6 W D U W ZD IH U V S LQ Q LQ J � W K H Q V TX LU W ZLW K D F H W R Q H �

� � ' R Q 
W OH W LW G U \� V TX LU W ZLW K ,6 2� W K H Q $ &( D Q G ,6 2 D J D LQ �

� � 3 X W R Q � � � r& K R W S OD W H IR U � P LQ X W H V �

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �� �� ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F

� � 6 R IW % D NH � � � r&� � P LQ � R Q K R W S OD W H

� � $ S S O\ &( 0 ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F

� � 8 V H ? 6 P D U W V H W $ U U D \� P D V N S OD W H � U X Q MR E D V IR OOR ZV � � )2�
&8 6 6 )2&� Q)2&� � Q R W H G R ZQ W K H E H V W IR F X V Q X P E H U U H �
W X U Q H G E \ F R P S X W H U �

$OLJQ HPLWWHU V SHU SHQGLFXODU WR WKH PDMRU qDW RI WKH ZDIHU

� � �



� � �

$�� ( PLWWHU &RQWDFWV �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � �
0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ LQ S H W U L G LV K ZLW K R X W F R YH U

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �� �� ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F

� � 6 R IW % D NH � � � r&� � P LQ � R Q K R W S OD W H

� � $ S S O\ &( 0 ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F

� � ( [S R V H IR U � �� V H F R Q G V � V H W IR F X V W R 6 L ZD IH U IR F X V � � � �
V \V W H P IR F X V �

& 'HYHORSPHQW

� � 3 R V W % D NH � � � � r&� � P LQ � � � V H F

� � 5 LQ V H LQ U X Q Q LQ J ' �,�� � � V H F �

� � ' H YH OR S LQ 0)�� � � IR U � P LQ � � � V H F

� � 5 LQ V H LQ U X Q Q LQ J ' �,�� � P LQ

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + &O � + � 2 �� � � � �



� � �

� � ' LS LQ G LOX W H + &O IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W � / H YH O LW �

� � 3 X W LQ D Q H Z F U \V W D O� $ Q H Z F U \V W D O V K R X OG D OZD \V E H X V H G
IR U H P LW W H U V �

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
7L � � � � �� � �� �
3 W � � � � � �� �
$ X � � � � � � � ��
6 L � � � � �� � ��

� X V H W K H V P D OO F U X F LE OH IR U $ X � E H V X U H W R OR D G W K H U LJ K W
D P R X Q W R I F K D U J H � ,I F K D U J H LV OH V V $ X P LJ K W U X Q R X W E H IR U H
W K H G H V LU H G W K LF NQ H V V LV U H D F K H G D Q G LI LW LV P R U H W K H Q LW P LJ K W
V S LOO R X W R I W K H F U X F LE OH ZK LOH P H OW LQ J �

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�

$�� % DVH &RQWDFW HWFK �QR PDVN U HTXLU HG�

$ 2[\JHQ 3 ODVPD 'HVFXP



� � �

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

% 6XU IDFH 3 U HS

� � 0L[ D G LOX W H V R OX W LR Q R I 1 + � 2+ � + � 2 �� � � � �

� � ' LS LQ G LOX W H 1 + � 2+ IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

& 'U \ ( WFK

� � &OH D Q E R W K F K X F NV D Q G V K LH OG ZLW K ,6 2� 7X U Q OD V H U R Q Q R Z�

� � 2� S OD V P D F OH D Q � � � V F F P # � � � P 7� � � � 9 E LD V IR U � � P LQ �

� � 3 U H F R D W F K D P E H U � 0� + � $ � � � � � � � V F F P # � � � P 7� � � � 9
E LD V IR U � � P LQ �

� � / R D G ZD IH U D Q G D OLJ Q OD V H U P R Q LW R U � W K H Q S X P S G R ZQ W R OR Z
( �� W R U U �

� � ( W F K � 0� + � $ � � � � � � � V F F P # � � P 7� � � � 9 E LD V � X Q W LO V OR S H
F K D Q J H V �

� � ,Q F U H D V H S U H V V X U H W R � � � P 7� ( W F K X Q W LO G H V LU H G V W R S S R LQ W
U H D F K H G �

� � 5 H P R YH S R O\P H U � 2� � � V F F P # � � � P 7� � � � 9 E LD V IR U D
TX D U W H U R I H W F K W LP H � �

� � 9 H Q W F K D P E H U D Q G U H P R YH V D P S OH �

' 6L U HPRYDO

� � � � � P 7 R I &)�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � P LQ X W H S H U � � � $ 6 L�

� � &K H F N W K D W 6 L K D V E H H Q U H P R YH G ZLW K R S W LF D O P LF U R V F R S H �

� � 5 H P R YH V D P S OH V � F OH D Q F K D P E H U IR U � � P LQ X W H V ZLW K 2�
� � � � : � � � � P 7�

� � 5 H S OD F H V D P S OH V D Q G G R V W D Q G D U G G H V F X P � 2� # � � � : �
� � � P 7 IR U � � V H F �

( 6HOHFWLYH HWFK



� � �

� � 0L[ D G LOX W H V R OX W LR Q R I 1 + � 2+ � + � 2 �� � � � �

� � ' LS LQ G LOX W H 1 + � 2+ IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 0L[ 6 R OX W LR Q % � + &/ �+ � � �� � �� LQ + &/ E H D NH U � S OD V W LF �
ZLW K 6 R OQ % �

� � 0L[ 6 R OX W LR Q $ � + % U �J OD F LD O D F H W LF �� � �� LQ 6 R OQ $ E H D NH U
ZLW K V W LU U H U E D U � 0L[ ZH OO�

� � 0L[ 6 R OX W LR Q $ 	 % � �� E \ D G G LQ J 6 R OQ % W K H Q 6 R OQ $ W R
$ �% E H D NH U � 0L[ ZH OO

� � 3 X W W K H $ �% E H D NH U LQ W K H LF H � ZD LW W LOO � � r&�

� � 1 2 V W LU U LQ J � H W F K IR U � � V H F R Q G V � LQ ZD W H U D IW H U � � V H F R Q G V � �

� � � 5 LQ V H LQ ' , IR U � P LQ �

� � � % OR Z G U \ ZLW K 1 � �

) 1 RQVHOHFWLYH HWFK

� � 0L[ H W F K D Q W D V IR OOR ZV � � � P O R I � 0 F LW U LF D F LG LQ � � � P O ' ,�
0L[ ZH OO� $ G G � P O S H U R [LG H � 0L[ ZH OO� $ G G � P O S K R V S K R U LF
D F LG � 0L[ ZH OO�

� � 6 W LU U LQ J D W � � � U S P H W F K IR U � � V H F R Q G V E \ V X V S H Q G LQ J W K H
ZD IH U LQ D E D V NH W �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

$�� % DVH &RQWDFW �0 DVN /D\HU ��

$ 'HK\GU DWLRQ EDNH� ���r&� �� PLQ� LQ SHWU L GLVK ZLWKRXW
FRYHU

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ ( ,5 � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� � V H F �� IR F X V R I � � � V \V W H P IR F X V



� � �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ �

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � � V H F �

& 'HYHORSPHQW

� � $ = � � � . � ' , �� � �� �� �

� � ' H YH OR S IR U � � V H F �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + &O � + � 2 �� � � � �

� � ' LS LQ G LOX W H + &O IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W � / H YH O LW �

� � 3 X W LQ D Q H Z F U \V W D O� $ Q H Z F U \V W D O V K R X OG D OZD \V E H X V H G
IR U H P LW W H U V �

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
7L � � � � �� � �� �
3 W � � � � � �� �
$ X � � � � � � ��

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �



� � �

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�

* 57 $ IRU �� VHFRQGV DW ���r&� 5XQ D WHVW SU RJU DP pU VW�

$�� , VRODWLRQ �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0: �

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �$ ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ X W H

� � ( [S R V H IR U � �� V H F � IR F X V R I � � � V \V W H P IR F X V

� � + R W 3 OD W H % D NH � � � � r&� � P LQ X W H

& 'HYHORSPHQW

� � ' H YH OR S LQ IX OO E H D NH U R I 0)�� � � IR U � P LQ � � � V H F R Q G V



� � �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW DQG + DU GEDNH�

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V �

� � + D U G E D NH S K R W R U H V LV W D W � � � & IR U � � P LQ �

( , VRODWLRQ ( WFK

� � / R D G 6 L ZD IH U W R E H X V H G LQ 5 ,( � �

� � 5 X Q / H H *$ 1 R U *D 1 &/ 1

� � 6 H W X S OD V H U P R Q LW R U � W U \ W R F H Q W H U OD V H U R Q 6 L ZD IH U

� � ( W F K F R Q G LW LR Q V �

� D � &O� q R Z U D W H  � � �� V F F P

� E � F K D P E H U S U H V V X U H  � �� P 7R U U

� F � 3  � � � : � W K LV LV F R Q W U R OOH G �

� G � 9 R OW D J H V K R X OG E H � � � �� � � 9

� � ( W F K X Q W LO � � V H F R Q G V D IW H U V OR S H F K D Q J H � � � P LQ �� � � V H F �
)R U � N$ F R OOH F W R U � �

) 5HVLVW VWU LS

� � 5 H P R YH S K R W R U H V LV W ZLW K D F H W R Q H LQ OLIW R o E H D NH U IR U � P LQ �
X W H V �

� � 5 LQ V H E \ V S U D \LQ J ZLW K 0( 7+ D Q G ,6 2�

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

* 2[\JHQ 3 ODVPD 3 KRWRU HVLVW 5HPRYDO �RSWLRQDO� DW \RXU
GLVFU HWLRQ�

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V �



� � �

� � H [D P LQ H X Q G H U P LF U R V F R S H W R H Q V X U H S K R W R U H V LV W U H P R YD O�

+ &KDU DFWHU L]DWLRQ RI SU RFHVV VR IDU �

� � ' H NW D N H W F K G H S W K � P H D V X U H 7/ 0V �

$�� 3 RO\ 3 ODQDU L]H �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � *H W 3 R O\ R X W R I U H IU LJ H U D W R U � ZD U P X S ��

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U

% 3 RO\ 6SLQ 	 &XU H

� � 0L[ D G K H V LR Q S U R P R W H U LQ G H V LJ Q D W H G E H D NH U � � P / R I 9 0�
� � � IU R P E R W W OH X V LQ J S OD V W LF G U R S S H U � � � � P / R I ' �,�� � 6 W LU
W K H Q J H W Q H Z G U R S S H U �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 � �

� � $ S S O\ D G K H V LR Q S U R P R W H U W R F R YH U ZD IH U �

� � / H W LW V LW R Q W K H ZD IH U IR U � � V H F R Q G V �

� � 6 S LQ D W � �� NU S P IR U � � V H F �

� � + R W S OD W H E D NH � � � � r&� � P LQ X W H V �

� � $ S S O\ ' X 3 R Q W 3 OR \LP LG H W R F R YH U ZD IH U ZLW K V \U LQ J H D Q G �
X P p OW H U �

� � / H W V LW R Q ZD IH U IR U � � V H F R Q G V �

� � 6 S LQ D W � �� NU S P IR U � � V H F � W R J LYH � �� X P p OP � �

� � � + D U G E D NH S R O\LP LG H LQ S U R J U D P P D E OH R YH Q D V IR OOR ZV LQ
S H W U L G LV K ZLW K R X W F R YH U � D Q G ZLW K W K H E D V H R I W K H S H W U L G LV K
F R YH U H G ZLW K D OX P LQ X P IR LO�

� D � K R OG D W � � r& IR U � � P LQ �



� � �

� E � U D P S D W � r& S H U P LQ � W R � � � r&�

� F � K R OG D W � � � r& IR U � � P LQ �

� G � U D P S D W � r& S H U P LQ � W R � � � r&�

� H � K R OG D W � � � r& IR U � � P LQ �

� I � U D P S D W � r& S H U P LQ � W R � � � r&�

& 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � 5 H P R YH IU R P R YH Q ZK H Q E H OR Z � � r&�

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ $ = � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F �

� � 6 R IW % D NH � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W F R YH U

� � + D U G % D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W F R YH U

' 3 RO\LPLGH ( WFKEDFN

� � / R D G 5 ,( � � D F F R U G LQ J W R LQ V W U X F W LR Q V

� � 3 X P S G R ZQ W R OR Z ( �� �

� � 6 H W X S OD V H U P R Q LW R U

� D � / R R N IR U G LoU D F W LR Q S D W W H U Q W R LG H Q W LI\ E H D P � / D V H U V LJ �
Q D O V K R X OG E H D E R X W � � � P 9 � 8 V H R X W H U P R V W V S R W R I OD V H U
E H D P �

� E � 6 H W X S F K D U W U H F R U G H U IR U � K R X U D Q G |� � � P 9 �
� � ( W F K F R Q G LW LR Q V �

� D � 2� q R Z U D W H � �� V F F P �

� E � F K D P E H U S U H V V X U H  � � P 7R U U

� F � 3  � � : � F R Q W U R O W K LV ZD W F K LQ J + H D W K NLW �

� G � 9 R OW D J H V K R X OG E H D U R X Q G � � � 9

� � ( W F K IR U � � F \F OH V �

( &KHFN

� � 3 X W LQ 6 ( 0 D Q G OR R N D W � X P H P LW W H U p Q J H U V W R V H H LI W K H \
D U H F OH D U �

� � ,I Q R W � H W F K W ZR P LQ X W H V LQ 3 ( ,,�$ D W � � � : � � � � P 7 W K H Q
6 ( 0 D J D LQ �

) &OHDQ 8S 5 H P R YH P X Q J IU R P E D F NV LG H ZLW K ,6 2 V R D NH G 4�W LS



� � �

* 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �$ ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ X W H

� � ( [S R V H IR U � �� V H F � IR F X V R I � � � V \V W H P IR F X V � 0X V W X V H
J OR E D O D OLJ Q P H Q W �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ X W H

+ 'HYHORSPHQW

� � ' H YH OR S LQ 0)�� � � IR U � P LQ � � � V H F R Q G V

� � 5 LQ V H LQ U X Q Q LQ J ' �,� IR U � P LQ X W H V

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � P LQ X W H V �

� � + D U G % D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W F R YH U

, ( WFK 3 RO\ 3 R O\ H W F K IR U � � P LQ X W H V � 3 ( ,,�$ � � � � P 7 2� � � � � :

- 5HVLVW VWU LS

� � 5 H P R YH U H V LV W LQ 0)�� � � � � P LQ X W H V �

� � 5 LQ V H LQ U X Q Q LQ J ' �,� IR U � P LQ X W H V

� � % OR Z G U \ ZLW K 1 � �

� � ,Q V S H F W X Q G H U P LF U R V F R S H �

. 5HqRZ % DNH + R W S OD W H E D NH � � � � r&� � � P LQ X W H V W R U H q R Z S R O\�
LP LG H D Q G F R P S OH W H W K H F X U H �

$�� 1 L&U 5HVLVWRU V �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U



� � �

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ ( ,5 � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� � V H F � IR F X V R I � � � V \V W H P IR F X V �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ �

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � � V H F �

& 'HYHORSPHQW

� � $ = � � � . � ' , �� � �� �� �

� � ' H YH OR S IR U � � V H F �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + &O � + � 2 �� � � � �

� � ' LS LQ G LOX W H + &O IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W � / H YH O LW �

� � 3 X W LQ D Q H Z F U \V W D O� $ Q H Z F U \V W D O V K R X OG D OZD \V E H X V H G
IR U H P LW W H U V �

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�



� � �

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
6 L � � � � �� � �� �
1 L&U � � � � � �� �

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�

$�� 3 DG 0 HWDO �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ ( ,5 � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F �



� � �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� � V H F � IR F X V R I � � � V \V W H P IR F X V �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ �

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � � V H F �

& 'HYHORSPHQW

� � $ = � � � . � ' , �� � �� �� �

� � ' H YH OR S IR U � � V H F �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + &O � + � 2 �� � � � �

� � ' LS LQ G LOX W H + &O IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W IR U D Q J OH R I D E R X W � � D Q G
U R W D W LR Q �

� � 3 X W LQ D Q H Z F U \V W D O�

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
7L � � � � �� � �� �
$ X � � � � � � � ��
7L � � � � �� � �� �



� � �

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�

$�� 6L1 ( WFK �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � : LS H OR ZH U H OH F W U R G H � K R X V LQ J R I 3 ( &9 ' ZLW K ,6 2 V R D NH G
ZLS H V � &D U H IX O� + 27�

� � 5 X Q � � &/ 1 6 L1 �

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

% 6L1 'HSRVLWLRQ� 3 5 DSSOLFDWLRQ

� � / R D G ZD IH U LQ 3 ( &9 ' � U X Q 6 L1 � � � 5 H P H P E H U R U LH Q W D W LR Q �

� � 8 Q OR D G � U LQ V H ZLW K ,6 2 E H D NH U ZLW K ,6 2 � R I F R X U V H � IR U �
P LQ X W H �

� � / R D G ZD IH U LQ 3 ( &9 ' � U R W D W H � � r IU R P S U H YLR X V R U LH Q W D W LR Q �
U X Q 6 L1 � � �

� � 8 Q OR D G � OH W ZD IH U F R R O IR U � P LQ X W H V �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �$ ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U



� � �

� � 6 S LQ D W � NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� V H F � IR F X V R I � � � V \V W H P IR F X V �

� � � + R W 3 OD W H % D NH � � � � r&� � P LQ �

& 'HYHORSPHQW

� � ' H YH OR S LQ IX OO E H D NH U R I 0)�� � � IR U � P LQ � � � V H F R Q G V

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

� � + D U G E D NH S K R W R U H V LV W D W � � � r& IR U � � P LQ �

( 6)�� 2�� $U 5, ( �

� � &OH D Q V \V W H P ZLW K ,6 2 D Q G F OH D Q ZLS H V �

� � 2� F OH D Q R I V \V W H P D V IR OOR ZV �

� D � 2� q R Z U D W H  � � �� V F F P

� E � F K D P E H U S U H V V X U H  � � �� P 7R U U

� F � 9 R OW D J H  � � � 9

� G � 0LQ LP L] H U H q H F W H G S R ZH U E \ W X Q LQ J

� � / R D G V D P S OH � S X P S G R ZQ W R D W OH D V W � [ � � �� W R U U �

� � ( W F K F R Q G LW LR Q V �

� D � 6 )� �2� �$ U q R Z U D W H  � �� � � �� � � � �� V F F P

� E � F K D P E H U S U H V V X U H  � � �� P 7R U U

� F � 9 R OW D J H  � � � 9

� G � 0LQ LP L] H U H q H F W H G S R ZH U E \ W X Q LQ J

� H � ( W F K IR U � P LQ X W H V

� � / R R N X Q G H U P LF U R V F R S H � ( W F K LQ � P LQ � LQ F U H P H Q W V LI Q H F H V �
V D U \�



� � �

) 5HVLVW VWU LS

� � 5 H P R YH S K R W R U H V LV W ZLW K D F H W R Q H LQ OLIW R o E H D NH U IR U � P LQ �
X W H V �

� � 5 LQ V H E \ V S U D \LQ J ZLW K 0( 7+ D Q G ,6 2�

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

* 2[\JHQ 3 ODVPD 3 KRWRU HVLVW 5HPRYDO �RSWLRQDO� DW \RXU
GLVFU HWLRQ�

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V �

� � H [D P LQ H X Q G H U P LF U R V F R S H W R H Q V X U H S K R W R U H V LV W U H P R YD O�

$��� 0 HWDO � �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U

% 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ ( ,5 � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� � V H F � IR F X V R I � � � V \V W H P IR F X V �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ �

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � � V H F �



� � �

& 'HYHORSPHQW

� � $ = � � � . � ' , �� � �� �� �

� � ' H YH OR S IR U � � V H F �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + &O � + � 2 �� � � � �

� � ' LS LQ G LOX W H + &O IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W IR U D Q J OH R I D E R X W � � D Q G
U R W D W LR Q �

� � 3 X W LQ D Q H Z F U \V W D O�

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
7L � � � � �� � �� �
$ X � � � � � � � ��
7L � � � � �� � �� �

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�



� � �

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�

$��� % &% �0 DVN /D\HU ��

$ 6ROYHQW &OHDQLQJ

� � &K H F N W K H U H V LV W LYLW \ R I W K H ' �,� ZD W H U � ,W V K R X OG E H ! � � 0n�

� � &R OG $ &( � P LQ �

� � + R W 0( 7+ � P LQ �

� � + R W ,6 2 � P LQ �

� � 5 X Q Q LQ J ' , � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � ' H K \G U D W LR Q E D NH � � � � r&� � � P LQ � LQ S H W U L G LV K ZLW K R X W
F R YH U

% % &% 6SLQ 	 &XU H

� � 7X U Q 1 � q R Z X S W R P D [LP X P � � � � V F IK � LQ % OX H 0 R YH Q �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 � �

� � $ S S O\ D G K H V LR Q S U R P R W H U $ 3 �� � � � ZLW K G U R S S H U W R F R YH U
ZD IH U �

� � 6 S LQ D W � �� NU S P IR U � � V H F �

� � % OR Z G U \ ZLW K 1 � �

� � 6 H W V S LQ Q H U IR U � � � � 5 3 0�

� � $ S S O\ % &% � � � V S LQ D W � �� NU S P IR U � � V H F ��

� � &X U H % &% LQ % OX H 0 R YH Q � 3 U R J � � LQ S H W U L G LV K ZLW K R X W
F R YH U � D Q G ZLW K W K H E D V H R I W K H S H W U L G LV K F R YH U H G ZLW K D OX �
P LQ X P IR LO�

& 3 KRWRU HVLVW $SSOLFDWLRQ DQG ( [SRVXU H

� � 5 H P R YH IU R P R YH Q ZK H Q E H OR Z � � r&�



� � �

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ �

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ ( ,5 � � � � ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F �

� � + R W 3 OD W H % D NH � � � r&� � P LQ �

� � ( [S R V H IR U � �� � V H F � IR F X V R I � � � V \V W H P IR F X V �

� � + R W 3 OD W H % D NH � � � � r&� � P LQ �

� � )OR R G ( [S R V H D W � �� P : � F P � IR U � � V H F �

' 'HYHORSPHQW

� � $ = � � � . � ' , �� � �� �� �

� � ' H YH OR S IR U � � V H F �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � 2E V H U YH X Q G H U P LF U R V F R S H � ,I W K H U H LV D V X V S LF LR Q W K D W V R P H
S K R W R U H V LV W LV U H P D LQ LQ J P D \ J R E D F N LQ W R G H YH OR S H U IR U � �
� � V H F V OR Q J H U �

( 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

) ( YDSRU DWLRQ

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W �

� � 3 X W LQ D Q H Z F U \V W D O LQ W K H F U \V W D O P R Q LW R U LI U H D G LQ J ! � � �

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O�

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
1 L � � � � �� � ��

* /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �



� � �

� � 3 U R S ZD IH U X S LQ E H D NH U D Q G V TX LU W W K H ZK R OH ZD IH U 5 ( $ /
+ $ 5 ' ZLW K D F H W R Q H � ' R W K LV IR U � � P LQ X W H V R U V R � R F F D V LR Q �
D OO\ G X Q NLQ J W K H ZD IH U E D F N LQ W R W K H E H D NH U R I D F H W R Q H �

� � $ &( V TX LU W E R W W OH � D p Q D O U LQ V H � �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH � �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H �

+ % &% HWFK

� � &OH D Q 5 ,( � � ZLW K ,6 2 D Q G F OH D Q ZLS H V �

� � 2� F OH D Q R I V \V W H P D V IR OOR ZV �

� D � 2� q R Z U D W H  � � �� V F F P

� E � F K D P E H U S U H V V X U H  � � �� P 7R U U

� F � 9 R OW D J H  � � � 9

� G � 0LQ LP L] H U H q H F W H G S R ZH U E \ W X Q LQ J

� H � ( W F K IR U � � P LQ X W H V

� � / R D G V D P S OH � S X P S G R ZQ W R D W OH D V W � [ � � �� W R U U �

� � ( W F K F R Q G LW LR Q V �

� D � 6 )� �2� q R Z U D W H  � �� � � � �� V F F P

� E � F K D P E H U S U H V V X U H  � � �� P 7R U U

� F � 9 R OW D J H  � � � 9

� G � 0LQ LP L] H U H q H F W H G S R ZH U E \ W X Q LQ J

� H � ( W F K IR U � � �� P LQ X W H V

� � / R R N X Q G H U P LF U R V F R S H � 6 P D OO YLD V P D \ D OU H D G \ E H F OH D U �
/ D U J H YLD V V W LOO E U R ZQ LV K �

� � 5 H S H D W 2� F OH D Q D V LQ � � � � IR U D W OH D V W � � P LQ X W H V �

� � ( W F K 1 L LQ 1 L H W F K D Q W # � � & ZLW K V W LU U LQ J # � � � U S P IR U � �
V H F R Q G V D IW H U D OO 1 L K D V G LV D S S H D U H G � W R W D O H W F K W LP H � � V H F V
� � P LQ IR U � � � $ 1 L� ��

� � % D F N LQ W R 5 ,( � � IR U E OD Q NH W H W F K �

� D � 6 )� �2� q R Z U D W H  � �� � � � �� V F F P

� E � F K D P E H U S U H V V X U H  � � �� P 7R U U

� F � 9 R OW D J H  � � � 9



� � �

� G � 0LQ LP L] H U H q H F W H G S R ZH U E \ W X Q LQ J

� H � ( W F K IR U � P LQ X W H V

$��� )OLS

$ 6ROYHQW FOHDQ DQG GHK\GU DWLRQ EDNH FDU U LHU ZDIHU � /RDG
LW LQ VSXWWHU PDFKLQH ZLWK WKH U HDO ZDIHU � 3 XPS GRZQ
WR ��� ( �� WRU U �

� � )OR Z � � V F F P $ U � V S X W W H U 7L� � � P 7� � �� . : � � P LQ �

� � )OR Z � � V F F P $ U � V S X W W H U $ X � � � P 7� � �� . : � � � P LQ �

� � / H W V R X U F H V F R R O IR U � � P LQ �

� � 9 H Q W D Q G 8 Q OR D G �

% % DFNVLGH 6L1 GHSRVLWLRQ�6, 1 ���� 3 XW WKH ZDIHU XSVLGH
GRZQ RQ D FOHDQ 6L ZDIHU �

& $X SODWLQJ # �P$� ��� KRXU V� 0 DNH VXU H QR ZLU HV FDQ JHW
VKRU WHG RU FRQWDFW HDFK RWKHU �

' % RQGLQJ

� � *H W R X U F K X F N� F OH D Q R o ZLW K ,6 2 V R D NH G ZLS H V � 6 ZLW F K
3 H G H V W D O 9 $ & V ZLW F K R Q IU R Q W G R ZQ W R U H P R YH R U S OD F H F K X F N�
W K H Q V ZLW F K LW E D F N X S �

� � 3 OD F H ,Q 3 ZD IH U R Q X S S H U F K X F N� *D $ V ZD IH U R Q OR ZH U F K X F N�

� � + LW 8 3 9 $ &� / 2 9 $ &�

� � 6 H W X S S H U D Q G OR ZH U W H P S H U D W X U H V W R � � � r&�

� � 6 S U H D G V R OG H U R Q ,Q 3 ZD IH U �

� � 5 H OH D V H / 2 9 $ &� J H W *D $ V ZD IH U D Q G S OD F H ID F H G R ZQ R Q
,Q 3 ZD IH U �

� � : H W V X U ID F H V ZLW K ,Q � �� 3 E � �� E \ G U D J J LQ J *D $ V ZD IH U D U R X Q G
R Q ,Q 3 ZD IH U � $ IW H U V R P H W LP H � F K H F N W K D W *D $ V D Q G J R OG
S OD W H G V X U ID F H V D U H F R P S OH W H O\ F R YH U H G ZLW K ,Q � 7K H Q ZH W
V X U ID F H V V R P H P R U H �

� � 5 H P R YH H [F H V V ,Q 3 E ZLW K 4�W LS � W K H Q P R YH W R OR ZH U F K X F N�

� � 7X U Q P LF U R P H W H U R Q V LG H R I E R Q G H U W R |� �
� � � 7X U Q W R S S LH F H R YH U � K LW F OD P S � ZD W F K IU R P V LG H � W K H Q U LV H U �



� � �

� � � : D IH U V K R X OG E H V H S D U D W H G IU R P W R S F K X F N E \ V P D OO J D S Q R Z�
$ S S O\ � � � J U D P V R U V R R I S U H V V X U H E \ V OR ZO\ W X U Q LQ J P LF U R P �
H W H U �

� � � 6 H W X S S H U D Q G OR ZH U F K X F N W H P S H U D W X U H V W R � � � r&�

� � � : K H Q F K X F NV U H D F K � � r&� K LW U LV H U � W K H Q F OD P S � W K H Q W X U Q
W R S S LH F H R YH U �

� � � *H W ZD IH U V � F OH D Q X S q LS �F K LS E R Q G H U �

( 6L1 5HPRYDO

� � 5 H P R YH 6 L1 E \ LP P H U V LQ J LQ % + ) X Q W LO 6 L1 G LV D S S H D U V �

� � � P LQ X W H ' , U LQ V H �

) , Q3 6XEVWU DWH 5HPRYDO

� � 0L[ + &O�' , � �� LQ MX Q N E H D NH U �

� � ' LS IR U � � P LQ X W H V R U V R � ,I W K H U H ZD V S R O\LP LG H R Q E D F N R I
ZD IH U � G LS IR U � �� P LQ X W H V � W K H Q W U \ W R V F U D S H R o S R O\LP LG H �
5 H S H D W X Q W LO S R O\LP LG H LV J R Q H �

� � 0L[ D Q R W K H U V R OX W LR Q LQ ,Q 3 H W F K E H D NH U � )LQ LV K R o W K H H W F K
LQ W K D W E H D NH U �

� � 5 LQ V H LQ ' , IR U � P LQ X W H V �

* &OHDQ 8S

� � 7H V W V R P H E D V H �H P LW W H U G LR G H V �

� � &OH D Q X S H G J H V R I ZD IH U ZLW K E OD G H �

� � ' LS IR U � � V H F R Q G V LQ � �� + &O�' ,� W K H Q � P LQ X W H ' , U LQ V H �

$��� &ROOHFWRU

$ 1 R 6ROYHQW &OHDQ� ' H K \G U D W LR Q E D NH � � � r&� � � P LQ X W H V �

% &ROOHFWRU /LWKRJU DSK\

� � &R Q p J X U H F R OOH F W R U MR E IR U P LU U R U LP D J H � G LoH U H Q W D OLJ Q P H Q W
P D U N F R R U G LQ D W H V �

� � &R R O G R ZQ D IW H U G H K \G U D W LR Q � � P LQ

� � : D IH U R Q V S LQ Q H U F K X F N ZLW K YD F X X P � E OR Z ZLW K 1 �

� � $ S S O\ 6 3 5 � � � �� �� ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � �� NU S P IR U � � V H F



� � �

� � 6 R IW % D NH � � � r&� � P LQ � R Q K R W S OD W H

� � $ S S O\ &( 0 ZLW K V \U LQ J H D Q G p OW H U W R F R YH U ZD IH U

� � 6 S LQ D W � NU S P IR U � � V H F

� � 5 H p J X U H F H OO V L] H � D YH U D J H V W H S V L] H R YH U � U G U R Z IR U ; � D Q G
R YH U W K H � W K F R OX P Q IR U < �

� � � ( Q W H U Q H Z F H OO V L] H LQ W R MR E �

� � � )R F X V R oV H W R I �� � � � F K D Q J H V \V W H P IR F X V W R � � R U V R LQ R U G H U
W R J H W W K LV �

� � � ( [S R W LP H R I � �� � V H F R Q G V

& 'HYHORSPHQW

� � 3 R V W % D NH � � � � r&� � P LQ � � � V H F

� � 5 LQ V H LQ U X Q Q LQ J ' �,�� � � V H F �

� � ' H YH OR S LQ 0)�� � � IR U � P LQ � � � V H F

� � 5 LQ V H LQ U X Q Q LQ J ' �,�� � P LQ

' 2[\JHQ 3 ODVPD 'HVFXP RI 3 KRWRU HVLVW

� � � � � P 7 R I 2�

� � S R ZH U  � � � : D W OR Z IU H TX H Q F \�

� � U X Q IR U � � V H F R Q G V

( ( YDSRU DWLRQ

� � 0L[ D G LOX W H V R OX W LR Q R I + ) � + � 2 �� � � � �

� � ' LS LQ G LOX W H + ) IR U � � V H F �

� � 5 LQ V H LQ ' , IR U � P LQ �

� � % OR Z G U \ ZLW K 1 �

� � 3 OD F H ZD IH U R Q ( �% H D P P R X Q W � / H YH O LW �

� � 3 X W LQ D Q H Z F U \V W D O�

� � 3 X P S G R ZQ W R E H OR Z � [ � � �� W R U U

� � ' H S R V LW P D W H U LD O� � X V H W K H V P D OO F U X F LE OH IR U $ X � E H V X U H W R
OR D G W K H U LJ K W D P R X Q W R I F K D U J H � ,I F K D U J H LV OH V V $ X P LJ K W
U X Q R X W E H IR U H W K H G H V LU H G W K LF NQ H V V LV U H D F K H G D Q G LI LW LV
P R U H W K H Q LW P LJ K W V S LOO R X W R I W K H F U X F LE OH ZK LOH P H OW LQ J �

) /LIWRo ^!! '2 1 27 /( 7 $&( '5< 21 :$)( 5� ��^

� � 6 R D N ZD IH U LQ E H D NH U R I $ &( X Q W LO P H W D O F R P H V OR R V H �



� � �

0D W H U LD O 7K LF NQ H V V � {$� ' H S � 5 D W H � {$ � V H F � $ S S U R [� 9 H U Q LH U
7L � � � � �� � �� �
3 W � � � � � �� �
$ X � � � � � � � ��

� � ,I W K H OLIW R o LV V W X E E R U Q � OH D YH W K H ZD IH U V R D NLQ J LQ $ &(
R YH U Q LJ K W � % H F D X V H $ &( H YD S R U D W H V TX LF NO\� V H D O W K H W R S R I
W K H E H D NH U ZLW K IR LO�

� � $ &( V TX LU W E R W W OH � ' R Q R W V TX LU W H [F H S W D W H G J H V R I ZD IH U
D Q G R Q O\ ZLW K ZD IH U LP P H U V H G LQ D F H W R Q H � ' R Q R W V TX LU W
K D U G �

� � 5 LQ V H ZLW K 0( 7+ W K H Q ,6 2 � V TX LU W E R W W OH �

� � 5 LQ V H LQ U X Q Q LQ J ' , ZD W H U IR U � P LQ �

� � % OR Z G U \ ZLW K 1 � �

� � &K H F N X Q G H U P LF U R V F R S H � W K H Q ' H NW D N W K LF NQ H V V R I P H W D O�



� � �



% LEOLRJU DSK\

>� @ + � 6 X ] X NL� . � : D W D Q D E H � . � ,V K LND ZD � + � 0D V X G D � . � 2X F K L� 7�
7D Q R X H � 5 � 7D NH \D U L� ? ,Q 3 � ,Q *D $ V + % 7 ,&V IR U � � *E LW � V R S W LF D O
W U D Q V P LV V LR Q V \V W H P V � � *D$V ,& 6\PS� 7HFK� ' LJ�� S S � � � � �� � � � � � � � �

>� @ < � 8 P H G D � 7� ( Q R NL� 7� 2W V X ML� 7� 6 X H P LW V X � + � < R NR \D P D � < � ,V K LL�
? 8 OW U D K LJ K �V S H H G ,& W H F K Q R OR J LH V X V LQ J ,Q 3 �E D V H G + ( 07V IR U IX W X U H
R S W LF D O F R P P X Q LF D W LR Q V \V W H P V � � ,( ,&( 7UDQVDFWLRQV RQ ( OHFWURQLFV�
S S � � � � �� � � � � � � � �

>� @ -� &D Q G \� *� 7H P H V � ? 2YH U V D P S OLQ J P H W K R G V IR U $ � ' D Q G ' � $ F R Q �
YH U V LR Q � � 2YHUVDPSOLQJ GHOWD�VLJPD GDWD FRQYHUWHUV� S S � � �� � � � � � � �

>� @ 8 � % K D W W D F K D U \D � 0� -� 0R Q G U \� *� + X U W ] � ,� �+ � 7D Q � 5 � 3 X OOH OD � 0�
5 H G G \� -� *X W K U LH � 0� -� : � 5 R G ZH OO� -� ( � % R ZH U V � ? 7U D Q V IH U U H G �
V X E V W U D W H 6 F K R W W N\�F R OOH F W R U K H W H U R MX Q F W LR Q E LS R OD U W U D Q V LV W R U V � p U V W
U H V X OW V D Q G V F D OLQ J OD ZV IR U K LJ K I

PD[
� � ,( ( ( ( OHFWURQ ' HYLFH / HWW��

YR O� � � � S S � � � � �� � � � � � � � �

>� @ 4� / H H � 6 � &� 0D U W LQ � ' � 0H Q V D � 5 � 3 X OOH OD � 5 � 3 � 6 P LW K � % � $ J D U ZD O�
-� *X W K U LH � 0� 5 R G ZH OO� ? ' H H S V X E �P LF U R Q W U D Q V IH U U H G �V X E V W U D W H K H W �
H U R MX Q F W LR Q E LS R OD U W U D Q V LV W R U V � ' HYLFH 5 HVHDUFK &RQIHUHQFH ' LJ�� S S �
� � �� � � � � � � �

>� @ 7� G H / \R Q � 7� % X F K D Q � 1 � . LU F K Q H U � -� : R R G D OO� *� 6 F LOOD � )� &D U G R Q H �
? + LJ K F D U E R Q G R S LQ J H r F LH Q F \ R I E U R P R P H W K D Q H V LQ J D V V R X U F H P R OH F �
X OD U E H D P H S LW D [LD O J U R ZW K R I *D $ V � � $SSO� 3 K\V� / HWW�� YR O� � � � Q R � � �
S S � � � � �� � � � � � � � �

� � �



� � �

>� @ . � &K H Q J � $ � &K R � : � % R Q Q H U � ? % H U \OOLX P G R S LQ J LQ *D ����,Q ����$ V
D Q G $ O����,Q ����$ V J U R ZQ E \ P R OH F X OD U �E H D P H S LW D [\� � - � $SSO� 3 K\V��
YR O� � � � Q R � � � S S � � � � � �� � � � � � � � � �

>� @ -� 0LOOH U � ' � &R OOLQ V � 1 � 0R OO� ? &R Q W U R O R I % H G LoX V LR Q LQ P R OH F X OD U
E H D P H S LW D [\ *D $ V � � $SSO� 3 K\V� / HWW�� YR O� � � � Q R � � � � S S � � � � �� � � �
� � � � �

>� @ 5 � + D P P � 0� 3 D Q LV K � 5 � 1 R W W H Q E X U J � < � &K H Q � ' � + X P S K U H \� ? 8 OW U D �
K LJ K % H G R S LQ J R I *D ����,Q ���� $ V E \ OR Z�W H P S H U D W X U H P R OH F X OD U E H D P
H S LW D [\� � $SSO� 3 K\V� / HWW�� YR O� � � � Q R � � � � S S � � � � � �� � � � � � � � � �

>� � @ . � &K R TX H W W H � 0� + R Q J � 5 � )U H X Q G � -� 0D Q Q D H U W V � 5 � : H W ] H O� 5 �
/ H LE H Q J X W K � ? 9 H U W LF D O�&D YLW \ V X U ID F H �H P LW W LQ J OD V H U G LR G H V ID E U LF D W H G
E \ LQ �V LW X G U \ H W F K LQ J D Q G P R OH F X OD U E H D P H S LW D [LD O U H J U R ZW K � � ,( ( (
3 KRWRQLFV WHFKQRORJ\ / HWWHUV� YR O� � � Q R � � � S S � � � � �� � � � � � � � �

>� � @ < � $ P D P L\D � + � 6 K LP D ND ZL� 1 � )X U X K D W D � 0� 0D P D G D � 1 � *R W R D Q G
. � + R Q MR � ? / D W H U D O S� S U H J U R ZQ E D V H F R Q W D F W V IR U $ O*D $ V � ,Q *D $ V
+ % 7V ZLW K H [W U H P H O\ W K LQ E D V H OD \H U V � � ' HYLFH 5 HVHDUFK &RQI� 7HFK�
' LJ�� S S � � � �� � � � � � � �

>� � @ ' � 0LOOH U � 0� 0LF R YLF � ' � / X E \V K H Y� : � &D L� : � + ZD Q J � ? ,R G LQ H D Q G
F D U E R Q W H W U D E U R P LG H X V H LQ V R OLG V R X U F H P R OH F X OD U E H D P H S LW D [\� � - �
9DF� 6FL� 7HFKQRO� % � YR O� � � � Q R � � � S S � � � � � �� � � � � � � � � �

>� � @ 5 � 0H W ] J H U � 0� + D p ] L� 5 � : LOV R Q � : � 6 W D Q F K LQ D � -� -H Q V H Q � / � 0F &U D \�
? % H G LoX V LR Q D W W K H H P LW W H U �E D V H MX Q F W LR Q R I J U D G H G $ O,Q $ V � *D ,Q $ V
K H W H U R MX Q F W LR Q E LS R OD U W U D Q V LV W R U V � � - � 9DF� 6FL� 7HFKQRO� % � YR O� � � �
Q R � � � S S � � � � � �� � � � � � � � � �

>� � @ 0� + D p ] L� 5 � 0H W ] J H U � : � 6 W D Q F K LQ D � ? 6 W D E LOLW \ R I E H U \OOLX P �G R S H G
F R P S R V LW LR Q D OO\ J U D G H G D Q G D E U X S W $ O,Q $ V � *D ,Q $ V K H W H U R MX Q F W LR Q
E LS R OD U W U D Q V LV W R U V � � $SSO� 3 K\V� / HWW�� YR O� � � � Q R � � � S S � � � �� � � � � � � �

>� � @ 0� + LJ X F K L� 7� ,V K LND ZD � . � ,P D Q LV K L� . � . R Q G R � ? ' R S LQ J F K D U D F W H U �
LV W LF V R I 6 L LQ W R P R OH F X OD U �E H D P �H S LW D [LD OO\ J U R ZQ ,Q $ O$ V OD \H U V � � - �
9DF� 6FL� 7HFKQRO� % � YR O� � � Q R � � � S S � � � � � �� � � � � � � � � �



� � �

>� � @ 7� )X MLL� 7� ,Q D W D � . � ,V K LL� 6 � + L\D P L] X � ? + H D YLO\ 6 L�G R S H G ,Q *D $ V
OD W W LF H �P D W F K H G W R ,Q 3 J U R ZQ E \ 0% ( � � ( OHFWURQLFV / HWWHUV� YR O� � � �
Q R � � � S S � � � � �� � � � � � � � �

>� � @ 5 � 0D OLN� 1 � &K D Q G � -� 1 D J OH � 5 � : � 5 \D Q � . � $ OD YL� $ � < � &K R � ? 7H P �
S H U D W X U H G H S H Q G H Q F H R I F R P P R Q �H P LW W H U ,�9 D Q G F R OOH F W R U E U H D NG R ZQ
YR OW D J H F K D U D F W H U LV W LF V LQ $ O*D $ V � *D $ V D Q G $ O,Q $ V � *D ,Q $ V + % 7
V
J U R ZQ E \ 0% ( � � ,( ( ( ( OHFWURQ ' HYLFH / HWWHUV � YR O�� � � S �� � � �� � � � � � �

>� � @ . � . U LV K Q D P X U W K \� 5 � 9 H W X U \� 6 � . H OOH U � 6 � / R Q J � 0� 5 R G ZH OO� 8 �
0LV K U D � ? : LG H �E D Q G *D 1 0LF U R ZD YH 3 R ZH U $ P S OLp H U V � � V X E P LW W H G
W R ,( ( ( OHFWURQLFV OHWWHUV�

>� � @ -� *X W K U LH � ' � 0H Q V D � % � $ J D U ZD O� 4� / H H � 5 � 3 X OOH OD � 0� 5 R G ZH OO�
? + % 7 ,& S U R F H V V ZLW K F R S S H U V X E V W U D W H � � ( OHFWURQLFV / HWWHUV� YR O�� � �
,( ( ( � S �� � � �� � � � � � �

>� � @ 5 � : LOOLD P V � ? 0R G H U Q *D $ V 3 U R F H V V LQ J P H W K R G V � � $ U W H F K + R X V H � S S �
� � � �� � � �

>� � @ + � . U R H P H U � ? 7ZR LQ W H J U D O U H OD W LR Q V S H U W D LQ LQ J W R W K H H OH F W U R Q W U D Q V �
S R U W W K U R X J K D E LS R OD U W U D Q V LV W R U ZLW K D Q R Q X Q LIR U P H Q H U J \ J D S LQ W K H
E D V H U H J LR Q � � 6ROLG 6WDWH ( OHFWURQLFV� YR O� � � � S S � � � � � �� � � � � � � � � �

>� � @ < � + LU D R ND � -� < R V K LG D � ? 7ZR �G LP H Q V LR Q D O D Q D O\V LV R I W K H V X U ID F H U H �
F R P E LQ D W LR Q H oH F W R Q F X U U H Q W J D LQ R I *D $ O$ V � *D $ V + % 7V � � ,( ( (
7UDQVDFWLRQV RQ ( OHFWURQ ' HYLFHV� YR O� � � � Q R � � � S S � � � � �� � � � � � � � �

>� � @ 8 � % K D W W D F K D U \D � ? 7U D Q V IH U U H G �V X E V W U D W H K H W H U R MX Q F W LR Q E LS R OD U W U D Q �
V LV W R U V � � 3 K�' � ' LVVHUWDWLRQ� 8 Q LYH U V LW \ R I &D OLIR U Q LD � 6 D Q W D % D U E D U D �
� � � � �

>� � @ 6 � / D X [� : � / H H � ? &R OOH F W R U V LJ Q D O G H OD \ LQ W K H S U H V H Q F H R I YH OR F LW \
R YH U V K R R W � � ,( ( ( ( OHFWURQ ' HYLFH / HWWHUV� YR O� � � � Q R � � � S S � � � � �� � � �
� � � � �

>� � @ / � &D P Q LW ] � 1 � 0R OO� ? $ Q D Q D O\V LV R I F X W �R o IU H TX H Q F \ E H K D YLR U R I
P LF U R ZD YH K H W H U R V W U X F W X U H E LS R OD U W U D Q V LV W R U V � � &RPSRXQG VHPLFRQ�
GXFWRU WUDQVLVWRUV � 3 K\VLFV DQG WHFKQRORJ\� ,( ( ( 3 U H V V � S S �� � �� � �

>� � @ : � -R \F H � 5 � ' L[R Q � $SSOLHG 3 K\VLFV / HWWHUV� YR O� � � � S � � � � � � � � � �



� � �

>� � @ 7� ,V K LE D V K L� < � < D P D X F K L� ? $ S R V V LE OH Q H D U �E D OOLV W LF F R OOH F W LR Q LQ D Q
$ O*D $ V � *D $ V + % 7 ZLW K D P R G Lp H G F R OOH F W R U V W U X F W X U H � � ,( ( ( 7UDQV�
DFWLRQV RQ ( OHFWURQ ' HYLFHV� YR O� � � � Q R � � � S W � � � S S � � � � �� � � � � � � � �

>� � @ 4� / H H � 6 � &� 0D U W LQ � ' � 0H Q V D � 5 � 3 � 6 P LW K � -� *X W K U LH � 6 � -D J D Q D W K D Q �
< � % H W V H U � 7� 0D W K H Z� 6 � . U LV K Q D Q � / � 6 D P R V ND � 0� 5 R G ZH OO� ? 6 X E �
P LF U R Q 7U D Q V IH U U H G �6 X E V W U D W H + H W H U R MX Q F W LR Q % LS R OD U 7U D Q V LV W R U V ZLW K
*U H D W H U W K D Q � 7+ ] IP D [� � ' HYLFH 5 HVHDUFK &RQIHUHQFH ' LJ�� -X Q H
� � � � �

>� � @ ' � 0H Q V D � 4� / H H � 5 � 3 X OOH OD � % � $ J D U ZD O� -� *X W K U LH � 6 � -D J D Q D W K D Q �
0� 5 R G ZH OO� ? % D V H E D Q G $ P S OLp H U V LQ 7U D Q V IH U U H G �6 X E V W U D W H + % 7
7H F K Q R OR J \� � *D$V ,& 6\PS� 7HFK� ' LJ�� V X E P LW W H G IR U S U H V H Q W D W LR Q �
� � � � �

>� � @ % � : � / D L� ? $ P S OLp F D W LR Q E H \R Q G I
W
X V LQ J 1 21 �,Q G X F W LYH &LU F X LW

7H F K Q LTX H V � � 0 �6� ' LVVHUWDWLRQ� 8 Q LYH U V LW \ R I &D OLIR U Q LD � % H U NH OH \�
� � � � �

>� � @ ' � + D K Q � 2� -D V F K LQ V NL� + � : H K P D Q Q � $ � 6 F OD F K H W ] NL� ? ( OH F W U R Q F R Q �
F H Q W U D W LR Q G H S H Q G H Q F H R I D E V R U S W LR Q D Q G U H IU D F W LR Q LQ Q �,Q *D $ V Q H D U
W K H E D Q G H G J H � � - RXUQDO RI ( OHFWURQLF 0 DWHULDOV� YR O� � � � Q R � � � � S S �
� � � � �� � � � � � � � � �

>� � @ . � . R E D \D V K L� . � ,S � $ � 2NL� ' � 8 P H P R W R � 6 � &OD [W R Q � 0� 3 R S H � -�
: LOW ] � ? *D $ V + % 7 � �� � � � *+ ] P X OW LIX Q F W LR Q D O P LF U R ZD YH � D Q D OR J
YD U LD E OH J D LQ D P S OLp H U � � ,( ( ( - RXUQDO RI 6ROLG � 6WDWH &LUFXLWV� YR O�
� � � Q R � � � � S S � � � � � �� � � � � � � � � �


