
‚à�óc˜_Òd NRZ mU5óPW¿Â

í4?ªœ

û˝Þ: ©P+ Nû`¤: wƒÊ²=

Å
>¦×çÚœD−„	˙çÍ

¿b

�óc˜ (Phase-Locked Loops) í@à”Ñ�˜, ˛AÑrÖéª£bPÍ$í!…jK�

Ê�óc˜-Z2Ö�óPW¿Â (Phase Detector)� Q¦˙šÂ (Low Pass Filter) £9−P

ÓÂ (Voltage Controlled Oscillator) uú_Š?j)� w2óPW¿ÂíŠ?uàVªœ9−

PÓÂí�|mUD�pmUíóPÏæ� Ä¤óPW¿ÂíÔ4��u	à7c_�óc˜^?

íÉœj)� âkÊ@à,×¶M�pÑ NRZ (non-return to zero) mU, Ä¤…�d‡úUà

Ê NRZ ]U�àít�óPW¿Â, Alexander óPW¿Â£ Hogge óPW¿Â, ‹J«n� }

&� Zª� £_Ò� Bb}�}&¤ùóPW¿Âí	TŸÜ£wÔ4, 1ªœw5Èíiÿõ; ¤Õ

Bb6ÿ¤ù�óPW¿Â, }�T|wZªí-Z£õÛÚ˜JTôw^?� …�d‚à MAT-

LAB Simulink í_Ò=1-, �
ø�óc˜í_ÒÍ$J_ÒÊUà®�.°óPW¿Â-,

�óc˜Í$íà@8$, 1ÿwà@§�£ GÏÏ‹J«nªœ� âkøÍ$Ê�ó5‡, .â

l�ä�7�àj¶u�ó£�äó�!¯� Ä¤…�d|(1ÿ!¯ä0W¿Â (Frequency De-

tector) í�óc˜Í$, «n£_ÒÊ9−PÓÂv0¸ NRZ mU��áä0Ïv, �óc˜Í
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Abstract

A phase-locked loop (PLL) has been so widely used that it becomes a basic element

in many modern digital or analog systems. A PLL consists of three functional blocks,

namely, the phase detector (PD), the loop filter, and the voltage-controlled oscillator

(VCO). The PD is used to detect the phase difference between the input signal and the

oscillator output of the VCO; the performance of the PD often determines the performance

of the PLL. In most applications, the input signals are NRZ (non-return to zero) coded.

Hence, in this thesis we focus on two most often used PDs for NRZ signals, the Alexander

PD and the Hogge PD, for investigation, analysis, improvement and simulation. We first

analyze the characteristics of these two PDs and discuss their differences, then we develop

new block diagrams and circuit realizations for improving the PD performances. We also

develop a PLL simulation system using the Matlab Simulink to investigate the responses

of PLL systems using various PDs; both the response time and the steady-state error

are used for comparison and discussion. Since the frequency acquisition (frequency lock)

is necessary before the phase lock and the most common realization is to combine the

frequency detector with the PD, we further embed the frequency detector into the PLL

simulation system and investigate and simulate the response of the system under an initial

frequency difference between the VCO output and input signals.
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BbÛÊø}�Uàv0äl£r(135�ù�8$V_ÒóPW¿Â�|ÕG, Jð„,H

í	TŸÜ; w2, v0äl135�íóPW¿Â�|ÕG_ÒàÇ2.6Fý, v0r(135�íó

PW¿Â�|ÕG_ÒàÇ2.7Fý; Ê_ÒÇ2, ªêÛ©_U‚qí a,b,c ·&MøìM; 7/

Êv0älv,a 6= b = c; v0r(v,a = b 6= c; ÇÕç NRZ mUí�WÅ� (Run Lengths)

×k1v,a = b = c, Ä¤, Ê¥‚ÈøU)9−PÓÂ§−Ú9Ñ0, 6ÿu.Z‰¤ví9−P

ÓÂä0�
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clock


NRZ


a


b


c


d


Ç 2.6: v0älvíAlexander PD š$Ç

clock


NRZ


a


b


c


d


Ç 2.7: v0r(víAlexander PD š$Ç
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2.3 AlexanderóPW¿ÂZª�í-Z£w_ÒDn�

;W Alexander PD íŸÜ, BbªJøwh1ô. [6], øú_’e¦šõØkAü_’e

¦šõ, 6ÿuJø_v02í0��90��180��270��360�v}�ú NRZ mUd¦š; wi

jÇ (Eye Diagram) àÇ2.8Fý, � Alexander PD ijÇªœ, Bb†uÖ790�£270�

ù_¦šõ; Ä¤, ç NRZ mUÊ a ¸ b 5È�‰v,a 6= b = c = d = e, ¤Ñv0óP<�ä

lí8$; ç NRZ mUÊ b ¸ c 5È�‰v,a = b 6= c = d = e, ¤Ñv0óPØ¬älí8

$; ç NRZ mUÊ c ¸ d 5È�‰v,a = b = c 6= d = e, ¤Ñv0óPØ¬r(í8$; ç

NRZ mUÊ d ¸ e 5È�‰v,a = b = c = d 6= e, ¤Ñv0óP<�r(í8$; Î¤JÕí

8$, †Ì¶‡�óPäl´ur(� à¤øV, óPW¿Âí�|ø}*ŸVíú�ÕGÓ‹Aü

�ÕG, }�Ñv0Ø¬äl� v0<�äl� v0Ø¬r(� v0<�r(� Ì¶‡ì¥ü�ÕG;

,H�|ÕGd†à[2.3Fý�

a c e

l o g i c 1  l ev el

l o g i c 0  l ev el

z er o - cr o s s i n g

b d

Ç 2.8: Alexander PD Zª�ív0ijÇ

[ 2.3: Alexander PD Zª�í�|ÕGd†

¦šõM �|ÕG

a = b = c = d 6= e óP<�r(

a = b = c 6= d = e óPØ¬r(

a = b 6= c = d = e óPØ¬äl

a 6= b = c = d = e óP<�äl

wFÕG Ì¶‡ì

zp:a�b�c�d�eÑj4ÄP

âk¦šõuJÈ½90�Vd¦š, Ä¤, v0Ø¬älÿ[ý9−PÓÂív0óPäl

NRZmUóP90�ƒ180�5È;7v0<�älÿ[ý9−PÓÂív0óPäl NRZmUó

8



P90�Jq; v0Ø¬r(� v0<�r(íì26ªY¤éR� J¥šhõ^£Ÿá Alexander

PD, ªU)Ÿ…ív0äl� v0r(�älr(í˙�¾“h1, ¥šúk9−PÓÂ7k, y

?�|wä0×ü� ¤h1íÚ˜õÛàÇ2.9Fý, w2T

4
H[ø9−PÓÂv0ôb1

4
U‚; 7

a�b�c�d�e }�H[ø_v020��90��180��270�� 360�v}�ú NRZ mU¦šímU�

D      Q

        u 1  

D      Q

        u 2  

D      Q

        u 3  

D      Q

        u 4  

D      Q

        u 5  

D      Q

        u 6  

D      Q

        u 7  

D      Q

        u 8  

N R Z

cl o ck

a

c

d

b

e

T / 4

Ç 2.9: Alexander PD Zª�íÚ˜-Z

‚à£¥Â u1�u2�u3�u4VßÞÊv00��180��360�ú NRZ mU¦šM5Ú˜-Z

uó°í, Bb†u./‚à Alexander PD -Z2ø_ D �£¥Â¦š, ø_ D �£¥Âôb

íh1, yßÞø u5¦š�u6ôbí D �£¥ÂV)ƒÊv090�ú NRZ mUí¦šM, J

£ßÞø u7¦š�u8ôbí D �£¥ÂV)ƒÊv0270�ú NRZ mUí¦šM�

J-øJv0óPäl£r(45�VH[v0<�äl£r(, Jv0óPäl£r(135�V

H[v0Ø¬äl£Ø¬r(, J¥û�8$}�V_ÒóPW¿Â�|í¥@� w2, v0äl45

�íóPW¿Â�|ÕG_ÒàÇ2.10Fý;hôÇªêÛÊø_v0U‚2, a 6= b = c = d = e,

¯¯,HÕGd†óP<�älíì2� v0äl135�íóPW¿Â�|ÕG_ÒàÇ2.11Fý;

hôÇªêÛÊø_v0U‚2,a = b 6= c = d = e, ¯¯,HÕGd†óPØ¬älíì2� v

0r(45�íóPW¿Â�|ÕG_ÒàÇ2.12Fý; hôÇªêÛÊø_v0U‚2,a = b =

c = d 6= e, ¯¯,HÕGd†óP<�r(íì2� v0r(135�íóPW¿Â�|ÕG_Òà

Ç2.13Fý; hôÇªêÛÊø_v0U‚2, a = b = c 6= d = e, ¯¯,HÕGd†óPØ¬r

(íì2�

9



clock


NRZ


a


b


c


d


e


Ç 2.10: Alexander PD Zª�Êv0<�älvíš$Ç

clock


NRZ


a


b


c


d


e


Ç 2.11: Alexander PD Zª�Êv0Ø¬älvíš$Ç
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clock


NRZ


a


b


c


d


e


Ç 2.12: Alexander PD Zª�Êv0<�r(víš$Ç

clock


NRZ


a


b


c


d


e


Ç 2.13: Alexander PD Zª�Êv0Ø¬r(víš$Ç
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2.4 AlexanderóPW¿ÂDwZª�£ D �£¥Â5�óà@_Òn�

Ê¥øü�, Bbø,H3�óPW¿Â}�[pó°í�óc˜-Z2, V_Òw�óíà@

8$, w2, Q¦˙šÂ¶}´¨Ö7kÚ6¦ (Charge Pump), Uà Alexander PD í�óc

˜5 simulink -ZÇàÇ2.14Fý; Uà Alexander PD Zª�í�óc˜5 simulink -ZÇ

àÇ2.15Fý; Uà D �£¥Âí�óc˜5 simulink -ZÇàÇ2.16Fý�

q9−PÓÂóPÑälCr( NRZ mUóP135�, FJ, ®ƒ�óv, 9−PÓÂv0Ú

	óP@®ƒ3π

4
= 2.355C−3π

4
= −2.355� Ê Alexander PD wZª-Z2, âk�|�ü�Õ

G, Ä¤, BbøêÞv0Ø¬älJ£v0Ø¬r(¥ù�8$ÊkÚ6¦¶}FTXíÚ¼Mq

Ñ v0<�äl£v0<�r(ÊkÚ6¦¶}FTXíÚ¼MíùI� ÇÕ, qì9−PÓÂí

v0ä0Ñ1HZ� v0älví�óà@_ÒÇàÇ2.17Fý; v0r(ví�óà@_ÒÇàÇ

2.18Fý�

ªœ Alexander PD DwZª�íš$, Zª�âkøÇáóPÏ135�, FJ, kÚ6¦¶

}uTXùIíÚ¼; Ä¤, ¸ Alexander PD Vªœ, Zª�Ê�Çáíøü¨š$œÑ¢æ, |

(6œ0?®ƒ�Rí^‹, FJ, Zª�úk‹0�RvÈíü�w6Œ� â Alexander PD ¸

D �£¥Âíš$, ªêÛ D �£¥ÂÖÍ?y0®ƒ�R, Ouw�R(š�í*�ÛïœÑp

é; ¥ÿÊk D �£¥Âí�|�ù�ÕG, 7 Alexander PD �ú�ÕG,D �£¥Âí�|Õ

GÉ�1¸-1, Ä¤…I¬ Alexander PD Ê0�|ÄPvívÈ, FJw�RvÈ}œ0; Oóú

bG|íHguç NRZ mU&MœÅvÈ.‰�ÄPv, 6ÿu�WÅ�×k1v, † D �£¥

Âí�|%¬Q¦˙š	}Âí^‹, uÄP}øM%/_j²Ó‹; Ä¤, }¨AàÇFýí*�

œ×íÛï�

12



Ç 2.14: UàAlexander PD í�óc˜5 simulink -ZÇ

Ç 2.15: UàAlexander PD Zª�í�óc˜5 simulink -ZÇ

13



Ç 2.16: UàD�£¥Âí�óc˜5 simulink -ZÇ

Phase


(rad)


Time (sec)


-2.355


Alexander PD


D flip flop


Alexander PD improved 


Ç 2.17: v0älví�óà@_ÒÇ
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Phase


(rad)


Time (sec)


2.355


Alexander PD


D flip flop


Alexander PD improved 


Ç 2.18: v0r(ví�óà@_ÒÇ
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� 3 ı

Hogge óPW¿Â£wZª

Bbl«nd.2 Hogge PD í	TŸÜ£h1, �¤V7j?¥@óPj²£×üíóP

W¿Â5Ô4, 1‡ú Hogge PD íÿõT|ªZªí-Z, |(}�_Ò1�óªœn��

3.1 HoggeóPW¿Â5}&D_Ò

Hogge PD í-ZàÇ3.1Fý, …3bUàù_£í¾êí D �£¥Â u1�u2¸ù_�½

C• u3�u4 (XOR Gate) V®ƒóPW¿íñí, 7‹¶Âuéª‹¶Â; w2, u3í�|š$

c uø_ ��k NRZ mU¸9−PÓÂv0£í«óPÏí£0§š (Positive Pulse), u4í

�|š$ d †uø_ ��k9−PÓÂv0šU‚í£0§š, 7 Hogge PD í�| e †uø

c-d; 6ÿuz,Hogge PD íh1ÿuø d TÑ¡5 �, 7 c-d í �ÿu NRZ mU¸9−P

ÓÂv0Ší«óPÏ, ¤óPÏÿu NRZ mU¸9−PÓÂv0íóPÏ�, Ä¤, Bbªõ|

Hogge PD í�|?¥ø|óPíÏ�; ÇÕ, âk�|Ñ c-d, FJ�|ø}�3�ÕG, }�Ñ

1�0�-1�

D    Q

      u 1  

D    Q

      u 2  

N R Z  

cl o ck

a

u 3 u 4

b

e
c d

Ç 3.1: Hogge PD íÚ˜-ZÇ
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Bb}�_Ò9−PÓÂv0ª NRZ mUäl� r(J£ú5ví8$; w2, v0ú5v

íš$ÇàÇ3.2Fý, ªJõ| c í �k d í �, FJ, óPW¿Âí�|�É�ÌM; Ä¤,

Ê%¬Q¦˙š	}Â(, w´�|Ñ0� v0älvíš$ÇàÇ3.3Fý, ªJõ| u1í �ü

k u2í �, FJ, óPW¿Âí�|�Š�ÌM; Ä¤, Ê%¬Q¦˙š	}Â(, w´�|ÑŠ�

v0r(víš$ÇàÇ3.4Fý, ªJõ| c í �×k d í �, FJ, óPW¿Âí�|�£

�ÌM; Ä¤, Ê%¬Q¦˙š	}Â(, w´�|Ñ£�

clock


NRZ


a


b


c


d


e


Ç 3.2: Hogge PD Êv0ú5víš$Ç
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clock


NRZ


a


b


c


d


e


Ç 3.3: Hogge PD Êv0älvíš$Ç

clock


NRZ


a


b


c


d


e


Ç 3.4: Hogge PD Êv0r(víš$Ç
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3.2 HoggeóPW¿ÂZª�í-Z£w_ÒDn�

J,H Hogge PD íh1, Bb6ªT|ø_�|?¥øóPj²£×üíóPW¿Â-Z,

àÇ3.5Fý; w2 u1�u2ÑÂí¾ê/x�½0ÀÎ« R(Reset) í D �£¥Â, u3ÑŠí¾ê

/x�½0ÀÎ« R í D �£¥Â,u3í�p«†u	ì�pÄP1 , 7‹¶Âuéª‹¶Â, Ú

®¸Úñ†uTÑò¦˙šÂ5à¤� BbøJš$Ç3.6¸Ç3.7Vzp¤Ú˜í	T8$, w2

Ç3.6Ñ9−PÓÂv0älíš$Ç, Ç3.7Ñ9−PÓÂv0r(íš$Ç�

D    Q

  u 2   R  

D    Q

  u 1  R

N R Z  

cl o ck

a

b

D    Q

  u 3   R

1

c

P D o u t p u t

Ç 3.5: Hogge PD Zª�íÚ˜-ZÇ

NRZ


clock


clock


PD


 output


b


c


a


1


0


1


1


1


1


1


0


0


0


0


0


0


-1


Ç 3.6: Hogge PD Zª�Êv0älvíý<Ç
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NRZ


clock


clock


PD 

output


1


1


1


1


0


0


0


0


Ç 3.7: Hogge PD Zª�Êv0r(víý<Ç

Ç3.6óPW¿Â�|í£0§uâ NRZ mU¾ê u1V¦š£óv0íM, w�|MÑ b,

Ê�â¤�| b íŠí«V¾ê u3U)�|M c Ñ1; Í7, ¥óív0mUø¦¬ø_UàÚñ

£Ú®íò¦˙šÂ, 7ßÞø_ ��üí0§, �â¤0§V½0 u1, U) b Ñ0; ÇÕ, u3†

u�â£óv0¦¬ò¦˙šÂí&�0§V½0 u3U) c Ñ0; 7w2, bí ��k NRZ m

U¸9−PÓÂv0Ší«íóPÏ,c Mí �Ñ9−PÓÂv0íšU‚; çv0älv, óP

W¿Âí�|Ñ b-c,b-c í ��k NRZ mU¸9−PÓÂv0£í«íóPÏ, ¤óPÏÿu

NRZ mU¸9−PÓÂv0íóPÏ�� Ç3.7óPW¿Â�|í£0§uâ NRZ mU¾ê u2

V¦š¥óv0íM, w�|MÑ a, 1�â£óv0¦¬ò¦˙šÂí&�0§V½0 u2U) a

Ñ0; 7çv0r(v, óPW¿Âí�|¹Ñ a, w2,a í ��k NRZ mU¸9−PÓÂv0

£í«íóPÏ, ¤óPÏÿu NRZ mU¸9−PÓÂv0íóPÏ��

°šq9−PÓÂv0óPÑälCr( NRZ mUóP135�, }�_Òwš$; w2, v0

óPäl_ÒÇàÇ3.8Fý, v0óPr(_ÒÇàÇ3.9Fý�

3.3 HoggeóPW¿ÂDwZª�5�óà@_Òn�

Bbø,Hù�?¥@óPj²£×üíóPW¿Â}�[pó°í�óc˜-Z2, V_Ò

w�óíà@8$, 1;Wà@í8$Vzp Hogge PD ÿõ� Uà Hogge PD í�óc˜5

simulink -ZÇàÇ3.10Fý; Uà Hogge PD Zª�í�óc˜5 simulink -ZÇàÇ3.11

Fý� ÇÕ, Bb�
ø_Uà Hogge PD í�óc˜5bç_ (Model), J°)c_�óc˜

í��ƒb, 1‚à¤��ƒbí¥¼à@ (Step Response) ¸Bbà simulink _Ò|íõÒà

@�óªœn��

20



NRZ


clock


a


b


c


PD 

output


Ç 3.8: Hogge PD Zª�Êv0älvíš$Ç

NRZ


VCO


a


b


c


PD

output


Ç 3.9: Hogge PD Zª�Êv0r(víš$Ç
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Ç 3.10: UàHogge PD í�óc˜5 simulink -ZÇ

Ç 3.11: UàHogge PD Zª�í�óc˜5 simulink -ZÇ
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3.3.1 Uà Hogge óPW¿Âí�óc˜5_ 

Bbq9−PÓÂv0ä0Ñωi (radians/second),7óPÏÏθe=θi-θo(radians); w2,θiÑ

NRZ mUíóP, θoÑ9−PÓÂv0íóP� Ä¤, Êv0©_U‚vÈ 2π
ωi

q¥@óPÏ�í�

^vÈtpÑ

tp =
|θe|

ωi

(3.1)

7Ê©ø_U‚qí�ÌÏÏÚ¼IdÑ

Id =
0.5Iptp

2π

ωi

(3.2)

=
Ipθe

4π
(3.3)

w2,IpÑkÚ6¦íÚ¼M, 9−PÓÂ§−Ú9†Ñ

Vc(s) = Id(s)Z(s) (3.4)

=
IpZ(s)θe(s)

4π
(3.5)

Ê¥³Id(s)ui(t)í Laplace �², wF¯U6uó°ì2, 9−PÓÂv0íóP†Ñ

θo(s) =
2πKVc(s)

s
(3.6)

w2,K Ñ9−PÓÂíÓï, ;W¥<�ä, BbªR|c˜í��ƒb

H(s) =
θo(s)

θi(s)
(3.7)

=
KIpZ(s)

s + KIpZ(s)
(3.8)

Bbqc˜˙šÂ (Loop Filter) ƒbÑ

Z(s) = R +
1

sC
(3.9)

Ä¤, ��ƒb

H(s) =
2ξωns + ω2

n

s2 + 2ξωns + ω2
n

(3.10)

w2,

ωn =

√

KIp

2C
(3.11)

ξ =
ωnRC

2
(3.12)

ωnÑAÍä0 (Natural Frequency), 7ξu®−ª (Damping Ratio), Ê…�d2, BbFql

íξÑ0.2767,ωnÑ0.016�
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3.3.2 _Ò!‹Dªœn�

Bbqì9−PÓÂóPÑälCr( NRZ mUóP135�, Ä¤, ®ƒ�óv, 9−PÓÂ

v0Ú	óP@®ƒ3π
4

= 2.355C−3π
4

= −2.355�

w2,Hogge PD Êv0älví�óà@_ÒÇàÇ3.12Fý,7v0r(ví�óà@_

ÒÇàÇ3.13Fý;Hogge PD Zª�Êv0älví�óà@_ÒÇàÇ3.14Fý, 7v0r(

ví�óà@_ÒÇàÇ3.15Fý, Ç2 model H[àbç_ °|��ƒbí¥¼à@š$,7

actual †uBbUà simulink _Òc_�óc˜íõÒà@š$�

Phase


(rad)


Time (sec)


-2.355


model


actual


Ç 3.12: Hogge PD Êv0älví�óà@_ÒÇ

ÊõÒíà@š$¶}, hôÇ3.12£3.14, BbªêÛ2"Çíš$óçQ¡, Ou, Ê

Hogge PD í¶}, w|(óP�øü¨ÏÏ7Ì¶êr�R, 7Zª�-Zº�R7; ku, Bb

hô Hogge PD Êv0r(íš$_ÒÇ3.16, ªêÛÊ Hogge PD 2, Êø_U‚q9−PÓ

Âí£v0 �1.�kŠv0 �, WàÇ2£v0 �Ñ0.52”7Šv0 �Ñ0.48”; wŸ

ÄÊk%âQ¦˙š	}(ímUÊóPW¿Â�|Ñ£Mv, wš�},¯Ó‹û_9−PÓÂ

í�|ä0‹0, Ä¤, 9−PÓÂŠv0 �ÿ}Áý; óúí, %âQ¦˙š	}(ímUÊó

PW¿Â�|ÑŠMv, wš�}-±Áýû_9−PÓÂí�|ä0ÁM, Ä¤, 9−PÓÂ£v

0 �ÿ}Ó‹,7âÇ2484-485¥¨vÈíóPW¿Â�|, w�|š�£0§ ��kŠv0

 �, 7�|š�Š0§ ��k£v0 �, ;Wd.2 Hogge PD íŸÜ, Ê¤8$}ÄÑ£
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Phase


(rad)


Time (sec)


2.355


model


actual


Ç 3.13: Hogge PD Êv0r(ví�óà@_ÒÇ

Šv0 �ó�7�É�ÌM, Ou, âk_Ò}�v0 �‰“íÛï, ¤v†}¨A˜ÏíŠ^

£M; û_|(óP�øü¨ÏÏ7Ì¶êr�R� Zª�†uUà NRZ mUTÑ¾ê, Áýv0

‰“úóPW¿Â�|í	à,7Zª�íóPW¿Â�|6?Ê,Hv0 �‰“v,£|£üj

²í^£M, .}ßÞ˜Ïj²í^£M� ÇÕ, hôš$í*�Ûï, ªêÛZª�í*�Ûï6

œÑ.Ã½; ¥uÄÑÊ Hogge PD 2, .�v0älCr(, óPW¿Âí�|·�Oú�ÄP,

7Zª�ÖÍÊ9−PÓÂv0äl6�Oú�ÄP, OuÊ9−PÓÂv0r(vºÉ�ù�Ä

P, Ä¤, w*�Ûï}ª Hogge PD Víß�

Ê_ í¥¼à@š$¶},Hogge PD í_ ¥¼à@š$¸õÒà@š$ÄÑ��óÏÏ

íÉ[, FJ, }�øü¨R�� 7 Hogge PD Zª�ÄÑw	TŸÜh1� Hogge PD ó¡, w

_ 6}� Hogge PD ó¡, 7âw_ ¥¼à@š$6ªõ|¸õÒà@š$'Q¡�
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Phase


(rad)


Time (sec)


-2.355


model


actual


Ç 3.14: Hogge PD Zª�Êv0älví�óà@_ÒÇ

Phase


(rad)


Time (sec)


2.355


model


actual


Ç 3.15: Hogge PD Zª�Êv0r(ví�óà@_ÒÇ
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clock


NRZ


PD 

output


c


d


0.48


0.48


0.52


0.48


0.48


0.52


0.48
 0.52


Ç 3.16: zpHogge PD ��óÏÏíš$_ÒÇ
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� 4 ı

!¯óPW¿Â£ä0W¿Â5�óc˜_ÒDªœ

Ê…ı³, lzpÊ�áä0.°8”-, óPW¿Â.â�âä0W¿ÂVUc_�óc˜

®ƒ�óíñí; Q-V, Bbø}&ªœù�ä0W¿Âí	TŸÜ£Ô4, yUàø_ä0W¿

Â!¯B5‡ü_óPW¿Âí�óc˜-Z2, V_Òw�äí8$�

4.1 ��

Ê‡Þ�_ı�íóPW¿Â?®ƒ�óí^‹u!k NRZ mU¸9−PÓÂv0wä0·

ó°í‘K-, Ou, Êöõ8”2, %%çø_�óc˜Çóv, wPÓÂíä01.�k NRZ

�pmUíä0, 6ÿuc˜³\�ì, 7c˜â„�ìÕGƒ�ìÕGí�²Ñø_Ý(4íÛ

ï, ÄÑóPW¿Â¾¿.ƒ.ó�íä0� Ñ7^a¥_½æ, ÛHí�óc˜Î7óPW¿ÂJ

Õ´Uà7ä0W¿Â, àÇ4.1F[ý; w2í‹¶Âuéª‹¶Â, �âä0W¿ÂVªœ9−

PÓÂv0ä0¸ NRZ mUä0, ç9−PÓÂv0ä0œ0v, †}£|ŠÚ9M, JÁM9−

PÓÂv0íä0, ¤�|¾M×�ÑóPW¿Â�|¾Mí3-5I, Ê…�d_Òu¿Ñ3I; ó

¥í, 9−PÓÂv0ä0œMv, †}£|£Ú9M� 7óPW¿Â†uÊä0W¿Â£|£� Š

Ú9^£Mv, w�|ø.}£B9−PÓÂ, 6ÿu¤v‚âä0W¿Âí�|V|c9−PÓÂ

v0íä0; Ouç9−PÓÂv0ä0¸ NRZ mUä0Ï�Düv, ä0W¿Â�|ø.}£B

9−PÓÂ, ¤vÿâóPW¿ÂV�|w˛¤íóPÏUw|(®ƒ�óíñí�

4.2 ä0W¿Âí}&D_Ò

;W,Þh1, Bb.â!¯ä0W¿ÂV^£ä0Ï, Êd. [7]uUà Quadricorrelator

íj¶; d. [8]†uUàì�ä0W¿Â (Rotational Frequency Detector) íj¶; d. [9]…

6uUàì�ä0W¿Âíh1, /x�óPW¿ÂíŠ?, Ñø_óP£ä0W¿Â (PFD); 7

d. [10]u!¯d. [9]¸ Alexander PD UàÂc˜íj¶� Ê…�d2, âkBbb!¯5‡

Fn�¬íóPW¿Â, FJ, BbuUàø_t�íûïÌì�ä0W¿Â (Four-Phase Rota-

tional Frequency Detector) VTÑä0W¿ÂUw®ƒ�óñí� Q-V, BbÎ7}&ì�ä
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 V C O

L PF

N R Z
F D

Ç 4.1: Uàä0W¿Âí�óc˜-Zý<Ç

0W¿Âí	TŸÜÔ4Õ, 6úd. [9]T}&Dn�, J7jàSUàì�ä0W¿Âíh1V

®ƒóP£ä0W¿ÂíŠ?�

4.2.1 ì�ä0W¿Âí}&D_Ò

ì�ä0W¿Âw-ZàÇ4.2Fý, w2,D �£¥Â u1�u2�u3�u4îÑÂí¾ê, u5�u6†

uû�pí£• (And Gate), mU g †u9−PÓÂv0ôb 1

4
U‚ímU, 6ÿuóPr(w90

�ímU, 7‹¶Âuéª‹¶Â�

D      Q

        u 1  

D      Q

        u 3  

D      Q

        u 2  

D      Q

        u 4  

N R Z

cl o ck a

T / 4
b

c

d

P D o u t p u t

u 5

u 6

e

f

g

Ç 4.2: ì�ä0W¿ÂíÚ˜-ZÇ
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‡iä00Míd†àÇ4.3Fý, Ç2í1¸0Ñj4ÄP;J9−PÓÂv0ä0œ0v, †

(a,b) ÕGíZ‰ø}ußv j²; J9−PÓÂv0ä0œMv, † (a,b) ÕGíZ‰ø}u

Lv j²� Ä¤, âÇ4.2Bbª)øç9−PÓÂv0ä0œ0, / (a,b) ÕGâ (0,1) �‰A

(0,0) v, †mU f }�£ÄP, U)ä0W¿Â�|ÑŠÄP, �¤VÁM9−PÓÂíä0;7ç

9−PÓÂv0ä0œM, / (a,b) ÕGâ (0,0) �‰A (0,1) v, †mU e }�£ÄP, U)ä0

W¿Â�|Ñ£ÄP, �¤V‹09−PÓÂíä0�

1

0

1

1

0

0

0

1

Ç 4.3: ì�ä0W¿ÂíÕGd†

J-ø}�àv0š$_ÒVð„wì�j², ç9−PÓÂv0ä0œ0víš$_ÒÇ

àÇ4.4Fý, 9−PÓÂv0ä0œMvíš$_ÒÇàÇ4.5Fý� âÇ4.4, Bbªõ|ÕGu

ßv j²Z‰, w2ÊvÈ5”v, âk (a,b,c,d) íM* (0,1,1,1) ‰A (0,0,0,1), FJ,f í

M‰A1, Ä¤, ä0W¿Â�|Ñ-1; 7ÊÇ4.5, Bbªõ|ÕGuLv j²Z‰, w2ÊvÈ

3”v, âk (a,b,c,d) íM* (0,0,1,1) ‰A (0,1,0,0),8”v, (a,b,c,d) íM* (0,0,1,0) ‰A

(0,1,0,0), FJ,e íM‰A1, Ä¤, ä0W¿Â�|Ñ1�
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Ç 4.4: ì�ä0W¿ÂÊv0ä0œ0víš$Ç

clock


NRZ
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g


PD


output


Ç 4.5: ì�ä0W¿ÂÊv0ä0œMvíš$Ç
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4.2.2 Uàì�ä0W¿Âh1íóP£ä0W¿Â

d. [9]íÚ˜-ZàÇ4.6Fý, w2, ‹¶Âuéª‹¶Â, PD¸ QPD íÚ˜uó°í

¦šD\MÀj (Sample-And-Hold Cell), wŠ?u¸Âí¾êí D �£¥Âó°, 6ÿuç

NRZ mU�‰v}¾ê PD ¸ QPD , Uw}�¦š9−PÓÂv0¸ôb90�óPí9−PÓ

Âv0í’e7�| Q1¸ Q2; w2,Q1£p FD í¾ê«, Q2†£B FD í�p«,Q3Ñ FD

í�|, 7c_óP£ä0W¿Âí�|Ñ Q1+Q3� FD í	Td†à[4.1Fý, ç Q1š$Ñ

,¯í/ Q2MÑ-1v, † Q3íM�‰Ñ-1; ç Q1š$Ñ-±í/ Q2MÑ-1v, † Q3íM�

‰Ñ1; J Q2MÑ1, †.� Q1Ñ,¯íC-±í, † Q3íM·‰Ñ0� Ä¤, çä0Ï—Dü,

6ÿuä0®ƒ�ìv, Q2íM}øM&MÊ1, 7 Q3íM}	ìÑ0� J-ø}�à9−PÓÂ

v0œ0£œMí_ÒÇVzpwÚ˜h1, 9−PÓÂv0ä0œ0í_ÒÇàÇ4.7Fý, 9−

PÓÂv0ä0œMí_ÒÇàÇ4.8Fý�

D      Q

       P D 

D      Q

       F D 

D      Q

    QP D 

N R Z

c l o c k Q1

T / 4
Q2

Q3

P F D o u t p u t

Ç 4.6: óP£ä0W¿ÂíÚ˜-ZÇ

[ 4.1: FDí	Td†

Q1 Q2 Q3

,¯C-±í 1 0
,¯í -1 -1
-±í -1 1

Êv0ä0œ0í_ÒÇ2, ªõ| (Q1,Q2) í‰“Ñ (1,0),(1,1),(0,1),(0,0) �=Z‰, 7

v0ä0œMí_ÒÇ2,(Q1,Q2) í‰“†Ñ (1,0),(0,0),(0,1),(1,1) �=Z‰, ¥D,øü�ì

32



clock 


NRZ


Q1+Q3


Q1


Q2


Q3


clock

delayed


Ç 4.7: óP£ä0W¿Âv0ä0œ0íš$Ç
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Ç 4.8: óP£ä0W¿Âv0ä0œMíš$Ç
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�ä0W¿ÂíÕGZ‰d†ó°; 7w2 PD í	Tj�6�Bb5‡Fn�Uà D �£¥Â

VW¿óPj�ø_, 6ÿuçóPr(v,Q1MÑ1, v0óPälv,Q1MÑ-1, Ä¤, ¤¹d.

u¦à D �£¥Âh1VTÑóPW¿Â, 7Sàì�ä0W¿Âh1VTÑä0W¿Â, 1!¯

Ú˜®ƒóP£ä0W¿ÂíŠ?�

Êv0ä0œ0v, ç Q1MÑ1, H[óPr(, Ä¤óP£ä0W¿Âí�| Q1+Q3Ñ0,

7.Z‰9−PÓÂív0ä0; Ou, ç Q1MÑ-1v, H[óPäl, óP£ä0W¿Âí�|

Q1+Q3Ñ-1, 7ÁM9−PÓÂív0ä0� Êv0ä0œMv, ç Q1MÑ-1, H[óPäl, Ä

¤óP£ä0W¿Âí�| Q1+Q3Ñ0, 7.Z‰9−PÓÂív0ä0; Ou, ç Q1MÑ1v,

H[óPr(, óP£ä0W¿Âí�| Q1+Q3Ñ1, 7‹09−PÓÂív0ä0�

Í7, ¤Ú˜Dì�ä0W¿Âªœ, …íiõu….Ox�ä0W¿ÂŠ?´xe7óPW

¿ÂŠ?, /wÚ˜!Zªì�ä0W¿Â�À, FàjK_bªœý; Ou, JY¹¸ˇ (Pull In

Range) Võ, âkd.2õÛÚ˜íÌ„, ç Q1êÞ�‰ímÈ,Q26°vêÞ�‰v, †¤v

FD ø�Ì¶ã‚í�|, 7ª?¨A˜Ïí�|, Ä¤, d.2íY¹¸ˇ\Ì„Êç NRZ mU

-Ÿ�‰v¾êF¦šƒí9−PÓÂv0M, D,øŸ¦šMíP�Ï�.âÊ 1

4
ív0U‚q�

4.3 Uàä0W¿Â®ƒ�äí_Ò!‹

BbøÊó°‘K-, }�_Òd.2óP£ä0W¿ÂJ£ì�ä0W¿Âí�ä8$, 1

â_Ò!‹ªœw�ä§�D�ä¸ˇ, |(yUàì�ä0W¿Â}�!¯ƒ5‡ü_óPW¿

Âí�óc˜2V_Ò�äí8$�

4.3.1 ì�ä0W¿ÂDóP£ä0W¿Âí�äªœ

UàóP£ä0W¿Âí�óc˜5 simulink -ZÇàÇ4.9Fý, Uàì�ä0W¿Âí�

óc˜5 simulink -ZÇàÇ4.10Fý�

BbUàv0}�Ê1.1HZ £0.9HZ ä0V_Òw|(�äƒ1hz íÛï, w2, âkóP

£ä0W¿ÂíóPW¿ÂŠ?u� D �£¥Âó°, Ä¤, Êì�ä0W¿Â¶}Bbu»ºU

à D �£¥ÂVTÑóPW¿Â, y¸óP£ä0W¿Âó°kÚ6¦Ú¼J£ó°Q¦˙šÂ¸

ó°9−PÓÂ‘K-V_Òw�äÛï� âk

ωc = kce(t) + ωo (4.1)

w2,ωcÑ9−PÓÂ�|ä0,kcÑ9−PÓÂÓï,e(t) Ñ9−PÓÂí§−Ú9, ωoÑ9−PÓ

Âí�áä0� FJ, Bbª;W¥_�äUàsimulink _Ò|�äíÛï; óP£ä0W¿ÂÊv

0ä0œ0ví�ä_ÒÇàÇ4.11Fý, Êv0ä0œMví�ä_ÒÇàÇ4.12Fý, ì�ä
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Ç 4.9: UàóP£ä0W¿Âí�óc˜5simulink -ZÇ

0W¿ÂÊv0ä0œ0ví�ä_ÒÇàÇ4.13Fý, Êv0ä0œMví�ä_ÒÇàÇ4.14

Fý�

ªêÛ.�v0Êä0œ0Cä0œMv, óP£ä0W¿Âw�ä§�î}ªœ0, Bbª

âóP£ä0W¿ÂÊv0ä0œ0íš$ÇÇ4.15, J£ì�ä0W¿ÂÊv0ä0œ0íš$

ÇÇ4.16Vzp¤8$, âkóP£ä0W¿ÂÊv0ä0œ0v, çóPW¿Â�|¥@óPr

(v, †óP£ä0W¿Â�|Ñ0, 7.|c9−PÓÂä0, 7çóPW¿Â�|¥@óPäl

v, †óP£ä0W¿Â�|Ñ-1, JÁM9−PÓÂä0, Êv0ä0œMv, çóPW¿Â�|

¥@óPälv, †óP£ä0W¿Â�|Ñ0, 7.|c9−PÓÂä0, 7çóPW¿Â�|¥

@óPr(v, †óP£ä0W¿Â�|Ñ1, J‹09−PÓÂä0, Ä¤*ÇBbªõ|, wä0

W¿Âí�|}º¯óPW¿Âí�|7ßÞóP£ä0W¿Âí�|^£M, ¤^£MÊ©_v

0U‚·?£üí^£wä0Ï�

Bbqlì�ä0W¿Â!¯ƒ�óc˜, †uçä0W¿Â£|£�ŠÚ9^£Mv, óPW

¿Âw�|ø.}£B9−PÓÂ, Í7ì�ä0W¿ÂÉ}Ê (0,0)(0,1) ¥ù�ÕG‰²v, n
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Ç 4.10: Uàì�ä0W¿Âí�óc˜5simulink -ZÇ

}£|^£M, ÊÕG (0,0)(1,0) ¸ (1,0)(1,1) £ (1,1)(0,1) ‰²v, †.}£|^£M, Ä¤,

Ê¥ú�ÕG‰²v, óPW¿Âª?£|˜Ïí^£Mƒ9−PÓÂ, àÇ4.16Fý, FJ¨Aw

�ä§�œM�

J�ä¸ˇVõ, âkì�ä0W¿ÂÉÊ (0,0)(0,1) ¥ù�ÕG‰²v, n}£|^£M,

w^£Mª?}ÄÑÊwFÕG‰²v, ˜ÏíóPW¿Â^£M7Uw^£MÜ ^‹, Ä¤, ¸

óP£ä0W¿Âóª, w�ä¸ˇ6œü, ÊBbí_Ò2, çä0Ï®ƒì}5ù�v, ì�ä

0W¿Â˛Ì¶�ä, É”óP£ä0W¿Â?®ƒ�ä� Ñ7Uì�ä0W¿Â�ä¸ˇ‹×, B

bªJ‹×ä0W¿Â�|ÊkÚ6¦íÚ¼M, ñíÊkÓ‹ä0W¿Â�|^£Mí^‹, Uw

Áü˜ÏíóPW¿Â^£Mú…í	à, Ê-Þøü�2, Bbøqä0W¿Â�|ÊkÚ6¦Ú

¼MÑóPW¿Â�|ÊkÚ6¦Ú¼Mí3I, 1‹×ä0ÏÑì}5ù�, Jð„ì�ä0W¿

Âí�ä¸ˇ˛‹×�
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Ç 4.11: óP£ä0W¿ÂÊv0ä0œ0ví�ä_ÒÇ
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Ç 4.12: óP£ä0W¿ÂÊv0ä0œMví�ä_ÒÇ
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Ç 4.13: ì�ä0W¿ÂÊv0ä0œ0ví�ä_ÒÇ
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Time (sec)


Ç 4.14: ì�ä0W¿ÂÊv0ä0œMví�ä_ÒÇ
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PFD


Ç 4.15: óP£ä0W¿ÂÊv0ä0œ0víš$Ç
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Time (sec)


FD


PFD


Ç 4.16: ì�ä0W¿ÂÊv0ä0œ0víš$Ç
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4.3.2 Uàì�ä0W¿Â®ƒ�äí_Ò!‹

Bbø}�UàûïÌì�ä0W¿ÂV!¯ƒ5‡ü_óPW¿Âí�óc˜2, V_Ò�

áä0.°7?®ƒä0�ìí^‹� w2,NRZ mU¸9−PÓÂv0í�ávä0Ï£Šì}

5ù�, 6ÿuq NRZ mUÑ1HZ, 9−PÓÂv0}�Ñ0.8HZ ¸1.2HZ; 7ä0W¿Â�|

ÊkÚ6¦Ú¼MÑóPW¿Â�|ÊkÚ6¦Ú¼Mí3I� D�£¥ÂTÑóPW¿ÂÊv0ä

0œ0ví�ä_ÒÇàÇ4.17Fý, 7v0ä0œMví�ä_ÒÇàÇ4.18Fý;Alexander

PD Êv0ä0œ0ví�ä_ÒÇàÇ4.19Fý, 7v0ä0œMví�ä_ÒÇàÇ4.20F

ý;Alexander PD Zª�Êv0ä0œ0ví�ä_ÒÇàÇ4.21Fý, 7v0ä0œMví�

ä_ÒÇàÇ4.22Fý; Hogge PD Êv0ä0œ0ví�ä_ÒÇàÇ4.23Fý,7v0ä0œ

Mví�ä_ÒÇàÇ4.24Fý;Hogge PD Zª�Êv0ä0œ0ví�ä_ÒÇàÇ4.25Fý,

7v0ä0œMví�ä_ÒÇàÇ4.26Fý; J,_Òí!‹î�®ƒ�ä�

Frequency 

(Hz)


Time (sec)


Ç 4.17: D�£¥ÂÊv0ä0œ0ví�ä_ÒÇ
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Ç 4.18: D�£¥ÂÊv0ä0œMví�ä_ÒÇ
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Ç 4.19: Alexander PD Êv0ä0œ0ví�ä_ÒÇ
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Ç 4.20: Alexander PD Êv0ä0œMví�ä_ÒÇ
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Ç 4.21: Alexander PD Zª�Êv0ä0œ0ví�ä_ÒÇ
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Ç 4.22: Alexander PD Zª�Êv0ä0œMví�ä_ÒÇ
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Time (sec)


Ç 4.23: Hogge PD Êv0ä0œ0ví�ä_ÒÇ
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(Hz)
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Ç 4.24: Hogge PD Êv0ä0œMví�ä_ÒÇ
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(Hz)


Time (sec)


Ç 4.25: Hogge PD Zª�Êv0ä0œ0ví�ä_ÒÇ
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Frequency

(Hz)


Time (sec)


Ç 4.26: Hogge PD Zª�Êv0ä0œMví�ä_ÒÇ
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� 5 ı

!�

?¥@óPj²£?¥@óPj²D×üíóPW¿ÂÛÊ˛�ZUàÊ®��óc˜í-Z

2, 7˛¤6®�iÿõ� Ê…�d2,Hogge PD ÖÍ?¥øóPíj²£×ü, OuBbhô…

¸ Alexander PD í_Òw�óíà@Ç, BbªêÛÊ³�ä0Ï/ó°óPÏ-, 7 Hogge

PD b®ƒ�óuyÛbIvÈí; wŸÄÊk Alexander PD Ê¤U‚JW¿r(, †}Êc

¨-U‚vÈq·£|£ÄP7Tò9−PÓÂv0íä0, Ou, Hogge PD †.â�âßÞí

£0§ �¸TÑ!ÄíŠ0§ �V�Ì5(í´MV−„9−PÓÂv0íä0, Ä¤,Hogge

PD ÛbœÖvÈV®ƒ�ó; FJ, ¥ù�é�íóPW¿Â®�wiÿõ, v²à¨_ÿ)ew

�óc˜à¤7ì� |(, …�d6�âÓ‹ä0W¿Âíj¶, U)óPW¿ÂÊ�áä0�Ïí

8$-6?êµŠ?U�óc˜®ƒ�óíñí, .¬, ?®ƒ�óí�áä0Ï�¸ˇÿ)eF²

àíä0W¿Â7ì�
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