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摘 要       

我們提出了一個基於啾聲信號調變的盲等化適應性演算法，我們的方法使用

一個改良的目標函數同時兼顧消除符碼間干擾以及提升信號增益，並且得出一個

最佳的加權因子在符碼間干擾和信號增益之間取得平衡，以改善原始基於啾聲信

號調變的演算法在多輸出通道性能不佳的缺點。模擬結果顯示我們方法的性能在

單輸出和多輸出通道都優於原始的適應性演算法 (特別是在多輸出的情況)，而其

穩態時的性能在多輸出通道的情況下亦與另一個基於啾聲信號調變的批次演算

法相近。 
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ABSTRACT 

We propose an improved adaptive algorithm for blind channel equalization 

based on chirp modulation. Our method utilizes an improved objective function that 

removes ISI and amplifies signal gain simultaneously. An optimal weighting factor is 

also derived for the balance between ISI and signal gain. It turns out that our method 

exhibits better performance since the original chirp modulation based adaptive algo- 

rithm considers only ISI removal and thus fails to improve performance in SIMO 

channel. The simulation results confirm the superiority of proposed algorithm over the 

original one in both SISO and SIMO channels. The steady state performance of our 

method is also close to another chirp modulation based batch algorithm in SIMO case.  
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ÏÏÏ 1 aaa ���¡¡¡

3&9Pa;GÝTà���ÍFí�(??Î{´Ë�{ÓG#�BðÎ`�Ý�

ÝE(AhÊ�ÝFí�(�×Íð�ÝWðÎ��P2FX�áÝIYÐD

(training symbols)�¢ãFX�áÝIYÐD|C#[ÐX#[ÕÝGrÇ�¾½Fí

Ý;¼�TÎà#�; (equalize) FXÐ*r�|h¼R�FíÄ�Xñ¼Ý´Ë|C

ÊT;¼Ý�;�

�½;G*�Ý
M�Ey£]Fí£ (data rate) Ý�O÷¼÷{�Q�3b§

Ý�´õFí�£Ý§×�ì���P2FXIYÐDQWÝè{£]Fí£Ýi

"�!`ô�ðÝ�Ä�Ý�£3�ÌbËÑ£GÝIYÐDî�.hA��È�µ

äIYÐDÝQÃ�GGã#[Ð´ËÝGr¼¾½;G;¼T�;;¼í��µ�

|b[2è{£]Fí£õ;6Fí�£��ß¾½�ß�;���m�IYÐDÝ

ß*»µÎ.T9øÝmOX®ßÝ±*��

ß¾½�ß�;ÝÃFt\Îã Godard [1] Xè���ß*»ËÑÂ½2�@

~�s"Î3 L. Tong è�ÃyÞ$Ù�©P (second order statistics) Ý]° [2] �

¡��¡s"Ý&9ÃyÞ$Ù�Ý]°A�è ° [3] ���Í�;©PÎEyF

í;¼ÝÃÍ�'�O8	�r�.h��2§×ÝÍTàP���t�ß*»Ý@

~]'@�»3GùEFX*r®G�§ (pre-processing)—3FXÐ|©�Ý]P

1



;�FX*rÝM»TÎ8�¼®ß×°©�P²�Ah×¼Ç¸^bIYÐDÝQ

Ã�)Q�|ãFXÐÑ�Sá*r�Ý©P¼QÃ#[ 
�ß¾½Tß�;�ã

y¸àG�§Ý]°fÞ$Ù�©PÝ]°9Ý¼�FXÐ®ßÝ©P�X|;ð�

|�ÿ´?ÝP��E;¼Ý§×��'ô�»2ª±�ô.h�|Êày´Ì×�

PÝ���

Í¡Z;�Ý×ËÃyG�§Ýß�;�Õ° [4]�[4] ¸à�Î*r (chirp signal)

¼��FX*r�¬¿à��¡*rÝ©�8�¼@¨;¼Ýß�;�Q�&Æs¨

æ®ïè�ÝÊTP�Õ°bP�îÝþ\�.h3ð�Ý9í�;¼ìP�¬�§

��ÍZ5�Ý��Õ°P°è{P�Ýæ.�¬¢h;� [4] Ý�Õ°¸Í3�íá

9í�Ý�Ùù�ÿÕ8	�?ÝP��

Í¡Za;à�Aì�

1. ÏÞa

+ÛA¢¿à�Î��*r¼ß�;;¼�

2. Ïëa

+Û¬5�¨bÃy�Î*r��Ý�Õ°�#½è�;�Ý�Õ°�

3. Ï°a

|@jÿa���J;�¡Ý�Õ°ÝP��¬�æ�Ý�Õ°®f´�

4. Ï"a

J)ëa5�|CÏ°aÿaÝ��¬v®��¡�

2



ÏÏÏ 2 aaa |||���ÎÎÎ������***rrr@@@¨̈̈;;;¼¼¼ÝÝÝßßß���;;;

39×aÞº�ñ&ÆX¸àÝ�Ùÿl�ÃÍ�'�¬v+Û [4] A¢|�Î*r�

�Ý©P¼@¨;¼ß�;Ý§¡Ã��|¿�¡Ý5�C.��

2.1 ���ÎÎÎ***rrrÝÝÝ©©©PPP

3+ÛA¢|�Î��*r¼@¨;¼Ýß�;�G�bÄ��Ý��Î*rÝ×°

©P��Î*rÌb|ì©�ÝlP�

c(k) = ej2πfkl

(2.1)

Í� f�l KÎ'�¢ó�Ý�;5�9�ÞóC l = 2�� c(k) Ç�Î*r¬v

Ìb|ì¿Í©�ÝP²�

1. ��P

=�` (continous time) Ý�Î*rÍ�¬�Ìn��©P�ÌDÍlPô�

|s¨Í8�Ý�;º�½` ��ÿ÷¼÷"�¬ÎÒ÷` (discrete time)

Ý�Î*rJÌb��P�v���¢ó f bÛ6Ýn;�Ýÿ��Î*r�

�P�¢ó f � Ýn;�&Æ��'Í�� P�.h��PÝ�Î*r�|

3



�î�

c(k) = c(k + P ) ∀k

ej2πfk2

= ej2πf(k+P )2 ∀k

= ej2πf(k2+2kP+P 2) ∀k (2.2)

ÌD (2.2) P�á�u (2.2) P�EXbÝ` k Wñ (ôµÎÌn��P)�Ä6

��ìP�

f(2kP + P 2) = integer ∀k (2.3)

îP¿àÕ¼óÐóÝ��PvÍ�� 2πj�u
×MóC Tf = 1/f�îP�

�;¶�

P (P + 2k)

Tf

= integer ∀k (2.4)

EyXb k Â/�� (2.4) PÝt�ÑJó P Ç�Î*rÝ���A�óC

Tf = 1/f ×²ó (prime number)�J�� P µº�y Tf�. (2.4)P�5�

�\Ý4 P + 2k Î×Í�½ k ��ÝÂ�ÍP��|� −∞ Õ ∞�.h (2.4)

PA��EXbÝ k K��Jt�P µÄ6�y Tf Ý¹ó�Ít�ÝÑJó�

µÎ P = Tf�

2. �ÿó

|c(k)| = |ej2πfk2|

= 1 ∀k (2.5)

ãy9ÍP²�*rBÄ�Î*r��¡Íÿó (modulus) �º;��

4



3. &í88�¦�

d

dk
(6 c(k)) =

d

dk
(6 ej2πfk2

)

= 4πfk (2.6)

ãîP�á��Î*rÝ8�¦� (phase increment) º�½` aP2¦��.

hôbß.�Î*r��Ì—aP�£�� (linear frequency modulation)�

á)|îëÍ�©ÝP²&Æ�|á¼��Î*r��©;�*rÝ8���;�M

»��vÍ8�Ý�;Ìb��P�¬v3��/8�Ý�;ÎaPÝ�Ãy9¿F

¸ÿ�Î*r&ðÊ)®×Í��*r��P² 1.�3. ?Î;¼ß�;�Í@¨Ý

n"�

2.2 ���ÙÙÙÿÿÿlll

39×;��º�ñ&ÆX¸àÝ�íá9í�;¼ÿl�|C+ÛÃy�ÎGr�

�Ý�ÙÚx�

2.2.1 ���íííááá999ííí���;;;¼¼¼

�ÊFíÐD s(k) Bã×Í�� M Ýb§��(T (finite impulse response) ;¼

¼Fí�¬v3;¼í�®Äãø (over sampling) TÎ¸à9#[ �J3;¼í�

Ðº�[yb9Í�í��A% 2.1��N×Í�í� xi(k) K�|�î�

xi(k) =
M−1∑

n=0

hi(n)s(k − n) + ni(k) (2.7)

5



transmitter receiver
oversample by 2

sub-output 1

sub-output 2
z-1

   2

transmitter

receiver 1

receiver 2

sub-channel 2

sub-channel 1

sub-output 1

sub-output 2

% 2.1: �[9í�;¼

Í� hi(0), · · · , hi(M − 1) Ï i Í�[�;¼ÝÝ;ó�ni(k) Ï i Í�[�;¼

!�ÝÓG�#½&ÆÞ (2.7) PI�ÝlP;¶'�ÝlP�

xi(k) = his(k) + ni(k) (2.8)

hi =
[
hi(0) hi(1) · · · hi(M − 1)

]
(2.9)

ś(k) = [s(k) s(k − 1) · · · s(k − M + 1)]T (2.10)

A�3&Í�;¼Ýí�KÀP Q � xi(k)�&Æ�|.ÀP¡Ý�í� xi(k) �îA

ì�

xi(k) =















xi(k)

xi(k − 1)

...

xi(k − Q + 1)















= His(k) + ni(k) (2.11)

Í� Hi Ï i Í�[�;¼ÝI�Îp (convolution matrix)�ÍlPAì�

Hi =















hi 0 · · · · · · 0

0 hi 0 · · · 0

...
. . . . . .

...

0 · · · · · · 0 hi















∈ CQ×M+Q−1 (2.12)
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s(k) = [s(k) s(k − 1) · · · s(k − (M + Q − 2))]T (2.13)

ni(k) = [n(k) n(k − 1) · · · n(k − Q + 1)]T (2.14)

t¡�.Xb�;¼Ýí� x0(k), · · · , xL−1(k) ÀP3×R�ôµÎ�

x(k) =















x0(k)

x1(k)

...

xL−1(k)















= Hs(k) + n(k) (2.15)

Í� L �[�;¼Ýóê�

H =















H0(k)

H1(k)

...

HL−1(k)















∈ CLQ×M+Q−1 (2.16)

n(k) =
[
n0(k)T n1(k)T · · · nL−1(k)T

]T ∈ CLQ (2.17)

(2.15) PÇ&ÆX¸àÝ�íá9í�;¼ÿl�

2.2.2 ÃÃÃyyy���ÎÎÎ***rrr������ÝÝÝ���ÙÙÙÚÚÚxxx

�ñR�íá9í�Ý;¼ÿl¡�#½+Û [4] �Ãy�Î*r��Ý�ÙÚx�

b(k) �îñb£GÝ£GÐD (information symbols) ¬|�Î*r c(k) �|��

ÿÕFíÐD s(k)�ôµÎ�

s(k) = b(k)c(k) (2.18)

7



b(k) H

c(k) c*(k)

w z(k)

n(k)

s(k) x(k) y(k)

% 2.2: Ã��[ÿl

#½A! (2.15) P��FíÐD s(k) Bã×Í�íá9í�Ý;¼Fí�#½3;¼

í�Ð|�; �;ÀP¡Ý x(k)���; Ýí� y(k) �|�î�

y(k) = wTx(k) (2.19)

Í� w ∈ CLQ �; Ý;ó�Q �; Ý` �� (temporal length)�õN×Í

�;¼í�XÀPÝóê8!�t¡¿à c∗(k) ���; í� y(k) ÿÕ�Ùt¡Ý

í� z(k)�

z(k) = c∗(k)y(k) (2.20)

|în;�|;W×ÍÃ��[ÿlA% 2.2 Xî�hÇÃy�Î*r��Ýß

�;Úx�

2.3 ÃÃÃ������'''

|ìÎÍZºàÕÝÃ��'�

1. b(k) ×ÍÂL�c (wide sense stationary) Ý�^���¬v}ñ!5µ

(indepent, identically distributed)�Í�TÂ 0��²ó σ2
s��v b(k) Ä6

§×@ó�

8



2. n(k) ç�{úÓG (white Gaussian noise)�Í�TÂ 0��²ó σ2
n�¬v

� s(k) Pn (independent)�

µAÏ×Í�'�|Oÿ s(k) ÝÙ�©PAì�

E{s(k)} = E{b(k)c(k)}

= E{b(k)}c(k)

= 0 (2.21)

E{s(k)s∗(l)} = E{b(k)b∗(l)}c(k)c∗(l)

= σ2
bδ(k − l)c(k)c∗(l)

= σ2
bδ(k − l)|c(k)|2

= σ2
bδ(k − l) (2.22)

ãy�Î��*r c(k) Ý©�P²�¸ÿ s(k) Ìbõ b(k) 8!Ý�TÂõ�8

nÐó (auto-correlation function)�� (2.22) Pù�|s¨ s(k) ôÎ×Í}ñ!5µ

ÂL�cÝ�^���

2.4 ;;;¼¼¼ÝÝÝßßß���;;;

;¼ß�;ÝêÝÎ�T3^bIYÐDÝQÃìµQ�È�;;¼í��¸ÿ�;

 ¡í���2#�æ�ÝFíÐD��A¢¿à�Î*rÝ©�P²¼@¨;¼Ý

ß�;Þº39×;1��

9



2.4.1 ÐÐÐDDD   ���WWW

tÝ;¼ÓGÝÅ(�²�¨×ÍCW*r�¥´ËÝæ.??Î;¼D3B7

(memory)�9¸ÿ#[ÕÝGrº�¨3|CÄ�Ýíábn�µA! (2.7) P×��

.h3;¼D3B7Ý�µì�#[ÕÝGr��tÝ��;Ý*r��ºbXÛÝ

“ÐD �W” (inter-symbol interference)�| (2.7) P»¬võ`��ÊÓG�

xi(k) = hi(0)s(k)
︸ ︷︷ ︸

*r

+
M−1∑

n=1

hi(n)s(k − n)
︸ ︷︷ ︸

ÐD �W

(2.23)

3îP��&ÆóC hi(0)s(k) ��;Ý*r�Í¸ÝÐDµº|ÐD �WÝlP

D3�¸ÿ#[ÕÝGr®ß´Ë i.e. xi(k) 6= hi(0)s(k)���;ÝêÝµÎ´0Ê	

Ý�; ;ó w ¼�tÐD �WÝÅ(�

#½�Êß�;Úx�Ý�; í� y(k)�õ`E¯ÓGÝÅ(¬Þ (2.15) �á

(2.19) P�

y(k) = wTx(k)

= wTHs(k)

= gTs(k) (2.24)

Í� g = (HTw) ∈ CM+Q−1 ;¼��; ÝJ�(T�ÌDîP�|s¨�A��

È�J w ¸ÿ;¼��; ÝJ�(T g ©D3×Í� 0 Ý-ô�ôµÎ�






g(m0) 6= 0

g(m) = 0, ∀m 6= m0

(2.25)

Ah×¼ y(k) = g(m0)s(k − m0)��; í� y(k) ©�FíÐD s(k − m0) ×4b

n�;¼D3B7XCWÝÅ(—ÐD �Wµ�|��t*�¾Õ�;ÝêÝ�
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2.4.2 |||���ÎÎÎ***rrr������/������¡¡¡ÝÝÝ888���©©©PPP

Ý5�|�Î*r��/��¡Ý8�©P�&ÆÞ (2.24) P"�Aì�

y(k) = gTs(k)

= g(0)b(k)ej2πfk2

+ g(1)b(k − 1)ej2πf(k−1)2

+ · · · + g(M + Q − 2)b(k − (M + Q − 2))ej2πf(k−(M+Q−2))2

(2.26)

qAîP�| c∗(k) �|��¡Ýí��|¶W�

z(k) = c∗(k)y(k)

= e−j2πfk2

y(k)

= g(0)b(k)
︸ ︷︷ ︸

unmodulated

+g(1)b(k − 1)ej2πf(−2k+1) + · · ·

+ g(q)b(k − q)ej2πf(−2kq+q2)

(2.27)

ÌD (2.27) P�|s¨×Í¨é�Bã c∗(k) ��¡©bÏ×4 g(0)b(k) ÎÎ��Ý

(unmodulated)�Í¸4Kñb;�8�Ý¼ó4�

#½/��GèÕÝ§×— b(k) Ä6@ó�39Í§×�ìA��È�J�

; ;ó w ¸ÿ;¼��; ÝJ�(T g ôÎ@óÝ�J (2.27) Pµ©bÏ×4

g(0)b(k) ºÎ@ó�Í¸4K.¼ó4Ýn;�×�Î�ó�h`A�¸ÿ z(k) �

W@ó�ÎÍ�î (2.27) P�ñb¼ó4ÝI5K�D3�ôµÎ z(k) = g(0)b(k)�

39Í�µìJ�(T g ��ìP�







g(0) 6= 0

g(m) = 0, ∀m 6= 0

(2.28)

11



��2îP��D3ÐD �WÝf� (2.25) P×l�¬ z(k) @óÎÍ²î

z(k) = g(0)b(k) )m�lÚ (2.27) PÝn;�

2.4.3 ������/������&&&!!!MMMÝÝÝ���µµµ

3D¡ z(k) @ó� z(k) = g(0)b(k) � ÝnÐP�G�&Æ�w´×F§×¼D¡

?×�PÝ�µ�

�Ê�����Ý`^�×�!M (synchronous)�c∗(k) � c(k) -Ý×Í` -

m�.h (2.27) PT;¶W�

z(k) = c∗(k − m)y(k) (2.29)

A�&ÆóC�Î*r c(k) Ý�£ f = 1/Tf�¬v Tf Î×Í²ó�J�Î*rº

Î×Í��PÐóÍ��ª�y Tf�Ey�¢Ý!M0- m &ÆK�|Þ¸�îW

m0 + dTf ÝlP�Í� d Jó� m0 �y�Î*r�� Tf Ý×ÍÑJó�.h�

|Þ (2.29) P;¶�

z(k) = c∗(k − m0 − dTf )y(k)

= c∗(k − m0)y(k) (2.30)

=

M+Q−2
∑

q=0

g(q)b(k − q)ej2πf [(k−q)2−(k−m0)2] (2.31)

qA (2.31) P�¨3 z(k) ©bÎ��4 (unmodulated term) Ý�µT¶�

z(k) = g(m0)b(k − m0) (2.32)
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�3 b(k) @óÝ§×ì�zI(k) = 0 �|�îAì�

zI(k) =

M+Q−2
∑

q=0

b(k − q) × [gR(q) sin(2πθ(q)) + gI(q) cos(2πθ(q))] = 0 (2.33)

Í� θ(q) = −2k(q − m0)f + (q2 − m2
0)f�Âÿ¥�ÝÎ	 q = m0 `�θ(q) Þº�y

0�X|�







sin(2πθ(m0)) = 0

cos(2πθ(m0)) = 1

(2.34)

t¡ÞîP�á (2.33) P�|. zI(k) = 0 �î�

zI(k) = b(k − m0)gI(m0)

+

M+Q−2
∑

q=0, q 6=m0

b(k − q)[gR(q) sin(2πθ(q)) + gI(q) cos(2πθ(q))] = 0

(2.35)

2.4.4 ßßß���;;;WWWñññÝÝÝ������fff���

´�ÌD (2.35) P��rÝ�\�|Ú b(k), b(k − 1), · · · , b(k − Q + 2) ÝaPà

)�qA�GÝ�'�b(k) Î×Í}ñ!5µÝ���µïÙ�}ñúyaP}ñÝ

©P [5] [6]�A� b(k), b(k − 1), · · · , b(k − Q + 2) Ù�}ñJEy�È�ÝÌD`

 �ì�Ý'�ÞºÎaP}ñ (¬D�ÎÄQ)�















b(k)

b(k − 1)

...

b(k − Q + 2)





























b(k + 1)

b(k)

...

b(k − Q + 3)





























b(k + 2)

b(k + 1)

...

b(k − Q + 4)















· · · (2.36)
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.hEyXbÝ k K¸ÿ zI(k) = 0Ý�µì�î (2.35)P� b(k), b(k−1), · · · , b(k−

Q + 2) Ý;ó� 0�ôµÎ�






gI(m0) = 0

gR(q) sin(2πθ(q)) + gI(q) cos(2πθ(q)) = 0 ∀q 6= m0

(2.37)

�îPWñÎÍµ²î (2.25) PWñ�9Í�n3 sin(2πθ(q)), cos(2πθ(q)) ∀q ∈

(0, · · · , M + Q − 2) ÎaP}ñÝ�µìÎù�Ý�.39øÝ�µì (2.37) P©

D3Pà� (trivial solution)�






gI(m0) = 0

gR(q) = gI(q) = 0 ∀q 6= m0

(2.38)

9Í`ÎJ�(T g �¬©b×Í�ëÝ-ô��v�Î@ó (g(m0) = gR(m0))�

.h²îÝ (2.25) P�

t¡Ýf�yì sin(2πθ(q)), cos(2πθ(q)) ∀q ∈ (0, · · · , M + Q − 2) Ä6aP}

ñ�. θ(q) = −2k(q − m0)f + (q2 − m2
0)f�Í�Ý f �Î*rÝ'�¢ó�&Æ

�|¢ãÊ	2óC f ÝÂ¼¸ÿ sin(2πθ(q)), cos(2πθ(q))∀q ∈ (0, · · · , M + Q − 2)

aP}ñ�� f ÝóC�|¢� [4] �Ý�§�SàAì�

�§ 1

uv°u	 f ��|ìf�`�(2.37) P©D3Pà��

f 6= n

4(q − m0)
0 < |q − m0| ≤ M + Q − 2, n ∈ (0,±1,±2, · · · ) (2.39)

á)|în;�|ÿÕ×Í�¡�3 f ¸�� (2.39) P¬v b(k) @óÝ�µ

ì�©� zI(k) = 0�;¼��; ÝJ�(T g µ©ºb×Í� 0 Ý@ó-ô
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gR(m0) ��� (2.25) P�.h¾Õ�tÐD �WÝêÝ�X|3î�f�Wñì�

©��J�; ;ó w ¸ÿ z(k) @óµ�Èß�;;¼í� x(k)��v���m

�IYÐDÝQÃ�ô�m�ÿá b(k) ÝÞ$Ù�©PA σ2
b�9b½yÍ¸ÃyÞ$

Ù�©PÝ�Õ°�A [3] ���
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ÏÏÏ 3 aaa ÃÃÃyyy���ÎÎÎ***rrr������ÝÝÝ���ÕÕÕ°°°

Ía´�+ÛËËÃy�Î*r��Ý�Õ°�35�ÍP�îÝþF�¡Þè�×

Í�Êày�íá9í�;¼��v�È_·">�;;¼ÝÊTP�Õ°�

3.1 111ggg���ÕÕÕ°°°

¨3&Æ�Bá¼�¾Õ�;;¼ÝêÝ�|¿à¸ zI(k) = 0 9ÍWð¼�W�Ý

]-#ì¼Ý5��&Æ. z(k) 5�@I�ÌIÝõ�qA (2.30) P z(k) �|¶

W�

z(k) = c∗(k − m0)y(k)

= [cR(k − m0)yR(k) + cI(k − m0)yI(k)]
︸ ︷︷ ︸

zR(k)

+j [cR(k − m0)yI(k) − cI(k − m0)yR(k)]
︸ ︷︷ ︸

zI(k)

(3.1)

A� z(k) @óJ�î�

zI(k) = cR(k − m0)yI(k) − cI(k − m0)yR(k)

= 0 (3.2)
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#½Þ (2.19) P�áîP�|�;¶�

−
(
wT

RxR(k) − wT

I xI(k)
)
cI(k − m0) +

(
wT

RxI(k) + wT

I xR(k)
)
cR(k − m0) = 0 (3.3)

t¡.�; ;óÝI5 wR�wI è�¼¬v4WÎpÝlP�

[cR(k − m0)x
T

I (k) − cI(k − m0)x
T

R cI(k − m0)x
T

I + cR(k − m0)x
T

R(k)]







wR

wI







= 0

(3.4)

Ý�;�î�&Æ�L�

uI(k) =[cR(k − m0)x
T

I (k) − cI(k − m0)x
T

R

cI(k − m0)x
T

I + cR(k − m0)x
T

R(k)]T ∈ C2LQ

(3.5)

|C

v =







wR

wI






∈ C2LQ (3.6)

#½Þ (3.5)�(3.6) �á (3.4) P¡��|ÿÕ×Í8	��ÝlP�

uT

I (k)v = 0 (3.7)

¢ãO� (3.7) P9ÍaP]�PÇ�¾Õß�;;¼ÝêÝ�

�9×;�+ÛÝ1g�Õ° (batch algorithm) -Î×gÀP��Ý uI(k) ¡�

¼O�AìÝaP]�P�

UIv = 0 (3.8)
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Í�

UI = [uI(0) uI(1) · · · uI(N − 1)]T (3.9)

� N JÎN×gÀP uI(k) Ýóê�

��2� (3.8) P9ÍaP]�PÎ3´0 UI Ýëè '��Q�ÓG n(k) D

3`º¸ÿ UI �è (full rank) �P°0Õ&ëÝëè '��Æ©�´0t�¿]

� (least square solution)�X|3�ÊÓGD3Ý�µì�1g�Õ°T�;´0�

Èt�; ‖UIv‖2 Ý��ôµÎ�

Minimize: ‖UIv‖2 = vTRUI
v RUI

= UT

I UI (3.10)

Subject to: ‖v‖2 = 1 (3.11)

Í� ‖v‖2 = 1 Ý§×ÎÝ��¹ÿÕPà��ôµÎ v = 0 Ý�µ��×��ÿÕ

t�¿]��|¿àE RUI

��²Â5� (sigular value decomposition)�¬v0�

ETÕt��²ÂÝ�²'�Çt�; (3.10) PÝ��

×�¼1��O UIv = 0 Ýt�¿]��ÀPÝóê N �K��y�y v Ýî

� (2LQ)�A�|�; �� Q = 7�#[ óê L = 4 »�µm�ÀP�K 56 �

|îÝ uI(k)�A��ÿÕ��ÝP�???m�ÀP 200 �|î��#ì¼�m��

Õ RUI
= UT

I UI |C RUI
Ý�²Â5��Í�Õ�8	�Ì�

ãyÄ{Ý�Õ�Ó�|Cm�õD��Ý£]�¸ÿ1g�Õ°�Ê)ày±

�Ó�Ý{�|C�O±;ôÝÇ`;G�(î�¬�ÊPa;G;¼Í²îÎ�>

�;Ý�u��Ç` (T�Ã) 2?±�; Ý;ó�Jß�;Ýí�ÞP°��2_

·;¼Ý�;�9¸ÿN N �£]��?±×g�; ;óÝ1g�Õ°�Ê)ày

">�;Ý;¼�
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3.2 tttqqq���ªªª°°°

#ì¼+Û¨×ÍÃy�Î*r��Ý�Õ°—tq�ª° (steepest descent

method)�

3.0tq�ª°�Gm���LÍêýÐó (objective function) J�qA (3.10)

P�|á¼T�óCêýÐóAì�

J = ‖UIv‖2 = vTRUI
v (3.12)

ÞîPE v(k) ®��5�|ÿÕÍV�Ðó�

∂J(v(k))

∂v(k)
= 2RUI

v (3.13)

#½ÞV�Ðó�átq�ª°ÝP�2P�

v(k + 1) = v(k) − 1

2
µ

∂J(v(k))

∂v(k)

= v(k) − µRUI
v(k) (3.14)

Ý3K×I	Ý�Õ�|C�¹ÀP��Ý'� uI(k)��|ÞîP�Ý RUI
;|

¼ó�J (exponentially weighted) Ý]P¼?±Aì�

RU
k

I
= βRU

k−1
I

+ (1 − β)uI(k)uT

I (k) (3.15)

Í� β ö�.� (forgetting factor)�ÍÂ3 0 ∼ 1 � �

A��?
×M3K�Õ����|à�`0- ‖uI(k)v(k)‖2 ¼ã� ‖UIv‖2�.

htq�ª°�|��;W�

v(k + 1) = v(k) − µuI(k)uI(k)Tv(k) (3.16)
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�qA (3.7) P�zI(k) = uT

I (k)v(k) ¬Þ��áîPÇ�ÿÕºÕ�Ó�Á±Ýt�í

] (least mean square) �Õ°�

v(k + 1) = v(k) − µzI(k)uI(k) (3.17)

Q�Bã@�¡s¨�(3.14) PÝtq�ª°� (3.17) PÝt�í]°39í�

(L ≥ 2) ;¼ÝP�K�§��&ÆÞ3ì×;5�ÍP��·Ýæ.�

3.3 999íííááá;;;¼¼¼ÝÝÝPPP���555���

Ý5��Õ°ÝP��&Æm�×Í�ÌÝP�ãJ—í�*r��ÓGf (output

signal to interference noise ratio, SINR)�Í�LAì�

SINR =
σ2

s

σ2
i + σ2

n

(3.18)

Í� σ2
s�σ2

i õ σ2
n 5½Î*r�ÐD �W�ÓGÝ�£�

ã SINR Ý�L�|:��×Í�Õ°P�Ý?û�ãXy�Í3�tÐD �

W�²���è{*rÝ�£|C9×ÓGÝÅ(�Ãy9×F¼:tq�ª°��

Õ°Í�ÝêÝ©Îª± |zI(k)|2 ¸Í���� (2.38) P�ôµÎ©b�tÐD �W

ÝI5�¬Î3�Íè{*rÝ�£TÎ9×ÓGî¬P1J�

�¨×]«¼:�;¼�;ÝêÝÎ0×à w ¸ÿJ�(T g ©D3×Í�ë

Ý-ô��. w � g n=R¼ÝÎ;¼Îp H�ôµÎ g = HTw�9×ÍaP]�

PÝ�D�D3X�y HT Ýî��qA (2.16)P�HT Ýî� (M + Q− 1)×LQ�

3¸àÄãøTï¸à9#[ Ý�µì (L ≥ 2)�9Í`Î (M + Q − 1) < LQ�X

| g = HTw 9ÍaP]�PºbP§9à��.hÇ¸¿à zI(k) = 0 ¸ÿÐD �
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WÝI5�y 0�*r¦Ç gR(m0) ÝÂ)QbP§9Ë���&Æ#��|0ÕP§

9à w ¸ÿ zI(k) = 0 �tÐD �W�¬Î*rÝ¦Ç gR(m0) = 0�

.|î§ã�tq�ª°¸à3�íá9í�;¼`�??�Õ°�B[eÕ

zI(k) = 0 Ý��*rÝ¦Ç gR(m0) Q)QP°è>#��º3�±ÝÂ�X| SINR

;ð�{�

3.4 ;;;���ÝÝÝ���ÕÕÕ°°°

9×;Þ5�ÓGÝÙ�©P¼0�9×ÓGÝ]°�|Cÿ�×Í;�ÄÝêýÐ

ó¼è>*r¦Ç gR(m0)�#½Þ9×ÓG�è{*r¦ÇÝ]°�)R¼ÿÕ×Í

�Êày9í�;¼ÝÊTP�Õ°�t¡�J;��Õ°Ý%�P�

3.4.1 ÓÓÓGGGÙÙÙ���©©©PPPÝÝÝ555���

´�D¡;¼í�ÐD3ÓG n(k) Ý�µì�Ey z(k) ÝÙ�©Pºb%�Å(�

qA (2.29) P�z(k) Ý�²ó�|�îAì�

E{z(k)z∗(k)} = E{c∗(k − m0)y(k)c(k − m0)y
∗(k)}

= E{y(k)y∗(k)} (3.19)

Þ (2.19)�(2.29) P�áîP�

= E{[wTHs(k) + wTn(k)][wTHs(k) + wTn(k)]∗} (3.20)
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qA n(k) � s(k) PnÝ�'��|�;¶Aì�

= E{wTHs(k)sHHHw∗} + E{wTn(k)nH(k)w∗}

= gHE{s(k)sH(k)}g + wTE{n(k)nH(k)}w∗

= gHRsg + wTRnw
∗ (3.21)

qA (2.22)P|C n(k)ç�ÓGÝ�'�s(k)� n(k)Ý�8nÎp (autocorrelation

matrix) �|�îAì�

Rs = σ2
sI Rn = σ2

nI (3.22)

.h (3.21) P�|;��

E{z(k)z∗(k)} = σ2
s‖g‖2 + σ2

n‖w‖2 (3.23)

(3.23) P�î3 z(k) Ý�£���σ2
s‖g‖2 Î*r�îÐD �WÝXCWÝQ

¤�� σ2
n‖w‖2 JÎ�îÓG��CWÝQ¤�y:�ì (3.23) PG¡Ë4K� w b

n�P°}ñ2�JÍ�×4¼¾Õ9×ÓGÝêÝ�¬ÎA�&Æ3�Õ°��î

‖w‖2 = 1 Ý§×�J σ2
n‖w‖2 9×4µº�W×Íðó�39Í§×�ìA��J w

¸ÿ E{|z|2(k)} ��µ�î ‖g‖2 º8ETÝ���ãy σ2
n‖w‖2 )ðó�X|ÓG

XCWÝÅ(µº8E2���.h¾Õ9×ÓGÝêÝ�

4Q3 v(k) �ÿ (unit norm) Ý§×�ìw� E{|z|2(k)} �|9×ÓG�¬Î

&Æá¼�

E{z(k)z∗(k)} = E{(zR(k) + jzI(k))(zR(k) − jzI(k))}

= E{z2
R(k)} + E{z2

I (k)} (3.24)
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ãy E{z2
I (k)} �îÐD �WXCWÝQ¤�X|T�©w� E{z2

R(k)} ÝI5|�

¹w�ÐD �W�

3.4.2 ;;;���ÝÝÝêêêýýýÐÐÐóóó

tq�ª°ÝþF3yÍêýÐóGt�;ÐD �W��P°è{*r¦Ç gR(m0)

|C9×ÓG�ÝR�9ÍþFbÄ�;�ÍêýÐó|èº;�Ý�Õ°¸à�

�î×;Ý5�&Æá¼w� z2
R(k) bÃy9×ÓG�� zR(k) �|�îAì�

zR(k) = cR(k − m0)yR(k) + cI(k − m0)yI(k)

= uT

R(k)v (3.25)

Í�

uR(k) = [cI(k − m0)x
T

I (k) + cR(k − m0)x
T

R(k)

cI(k − m0)x
T

R(k) − cR(k − m0)x
T

I (k)]T ∈ C2LQ

(3.26)

� v ��GÝ�L (3.6) P8!�

ãy zR(k) = uT

R(k)v�zI(k) = uT

I (k)v�ËïK� v bn�X|�|D|2Þ

zR(k) ¿áæbt�; z2
I (k) êýÐó���&Æ�|¿àt�; −|uT

R(k)v|2 ¼¾Õt

�; |uT

R(k)v|2 ÝêÝ�ôµÎ�

Minimize: − ‖uT

R(k)v‖2 = −vTuR(k)uT

R(k)v (3.27)

#½¿à×Í�y 0 Ý�J.� (weighting factor) γ . (3.27) P)¿ÕæbÝêýÐ

23



ó (3.12) P���ÿÕ±ÝêýÐó Jnew�

Jnew = vTRUI
v − γvTuR(k)uT

R(k)v

= vTRUI
v − γz2

R(k) (3.28)

¨3&Æ�|¢ãt�;±ÝêýÐó Jnew !`2t�; z2
I (k) |Ct�;

z2
R(k)�Âÿ¥�ÝÎ�t�; z2

R(k) 4QÎ39×ÓGÝêÝìÿ�ÝWð�

¬Î�½t�; z2
I (k) ÝÄ���2�tÐD �W�º¸ÿ z(k) ' zR(k) '

gR(m0)b(k − m0)�39Í�µìt�; z2
R(k) �¬�|9×ÓG��|!`è{*r

Ý¦Ç gR(m0)���39×ÓG��tÐD �W|Cè{*r¦Ç� ãÿ¿É�

Jm��ä)ÊÝ�J.� γ�

3.4.3 ���JJJ...��� γ

ÕêGc&Æá¼��tÐD �W�|¿àt�; z2
I (k)��9×ÓGCè{*r

¦Ç�|¿àt�; z2
R(k)��A¢Ê	2óC�J.� γ ¼ãÿ� Ý¿ÉÞº39

×�;1��

´�ÌDêýÐó Jnew �Ý RuI
�qA Rayleigh ��P&Æá¼Ey�¢�ÿÝ

v�ÞgP (quadratic form) vTRuI
v Ä���|ìn;�

λmax ≥ vTRuI
v ≥ λmin (3.29)

Í� λmax � λmin 5½ RuI
Ýt��t�©ÇÂ (eigenvalue)��h`ETÕt�©

ÇÂÝ©Ç'� (eigenvector)Çt�; vTRuI
v Ý��ð���´0t�; vTRuI

v

Ý�µÎ3´0ETÕt�©ÇÂÝ©Ç'��
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qA (3.29) P�±ÝêýÐó Jnew ÝÁÂP��|�îAì�

λmax − γz2
R(k) ≥ Jnew ≥ λmin − γz2

R(k) (3.30)

ãîP�|s¨�.�áÝ −γz2
R(k) 9×4�¸ÿt�; Jnew Ý��×��Èt�

; vTRuI
v�9¸ÿ9×ÝÓG|Cè{*r¦ÇÝ!`�ÐD �WQb��¦��

¬ÎA�&ÆóC�

γ =
λmin

z2
R(k)

(3.31)

Þ (3.31) P�á±ÝêýÐó (3.28) P¡�¨3t�; Jnew Ý®Þº�W�

Minimize: Jnew = vTRuI
v − λmin

z2
R(k)

z2
R(k)

= vTRuI
v − λmin (3.32)

ãîP�|ÿá�t�; vTRuI
v � λmin � -ûÝ��Çt�; vTRuI

v Ý��

Ah×¼µ�|3�¦�9õÐD �WÝ�µì¼t�; z2
R(k)�Âÿ¥�ÝÎh`

Jmin ÝÁ�Âª�y 0�9Ín;�¡ºày�Õ°Ý%�P5�î�

ãy z2
R(k) Î×Íº��ÝÂ�X|@jî&ÆóC�

γ =
λmin

E{z2
R(k)} (3.33)

� RuI
|C zR(k) KÎ#[Ðí�Ý£]�X|�|£�� RuI

Ýt�©ÇÂ λmin

|C E{z2
R(k)} ¼X� γ ÝÂ�

|îÝ5�Î�ñ3%VÝÃ�î (Jnew [eÕÁ�Â`5� γ t?ÝÂ)��Ä

3;¼�;â��Ý`ÎÐD �W (|zI(k)|2) ??���X|�">è> SINR �|

3�Õ°â��`¸à´�Ý γ Â�@@2è> gR(m0)���½ÐD �W���t
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*�¯ γ Â��2�� λmin/E{z2
R(k)}�Ah×¼ SINR ºî>Ýf´"�Ý.T9

øÝmO�&Æ�|àì�¼ó�JÝ]P¼?± γ Â�

γk = αγk−1 + (1 − α)
λmin

E{z2
R(k)} (3.34)

Í� 0 < α < 1ö�.��à¼X� γ �´�Ý��Â γ0��yâÂ λmin/E{z2
R(k)}

Ý>��

3.4.4 ���ÕÕÕ°°°øøø���

¨3&Æ�Bb;�ÝêýÐó Jnew |CÊ	Ý�J.� γ�#ì¼�Þ9°)¿R

¼ÿÕ&Æè�ÝÊTP�Õ°�

´�Þ Jnew E v ®��5ÿÕV�Ðó�

∂Jnew(v(k))

∂v(k)
=

∂

∂v(k)

(
vTRuI

v − γvTuR(k)uT

R(k)v
)

= 2RUI
v − 2γuR(k)uT

R(k)v (3.35)

. (3.35) Pñátq�ª°ÝP�2P�

v(k + 1) = v(k) − 1

2
µ

∂J(v(k))

∂v(k)

= v(k) − µ
[
RUI

− γkuR(k)uT

R(k)
]
v(k) (3.36)

(3.36) PÇ&Æè�Ý;��Õ°��Õ°ø�Aì�

�Õ°ø��

step 1

uI(k) = [cR(k−m0)x
T

I (k)−cI(k−m0)x
T

R(k) cI(k−m0)x
T

I (k)+cR(k−m0)x
T

R(k)]T
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step 2

uR(k) = [cI(k−m0)x
T

I (k)+cR(k−m0)x
T

R(k) cI(k−m0)x
T

R(k)−cR(k−m0)x
T

I (k)]T

step 3

Ru
k

I
= βRu

k−1
I

+ (1 − β)uI(k)uT

I (k)

step 4

γk = αγk−1 + (1 − α)λmin/E{z2
R(k)}

step 5

v(k) = v(k)/‖v(k)‖

step 6

v(k + 1) = v(k) − µ
(
RuI

− γkuR(k)uT

R(k)
)
v(k)

step 7

k = k + 1 goto step 1

3.4.5 %%%���PPP555���

39×;Ýt¡��J&Æ;�Ý�Õ°Ý%�P�|1J v(k) @@º[eÕt�;

êýÐó Jnew Ý��

´��Ê|ìÝP�2P�

v(k + 1) = v(k) − µRuI
v(k) (3.37)
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EîP�rË\K3� v(k) Ýt·;� vo�

v(k + 1) − vo = v(k) − vo − µRuI
v(k) +

(
µRuI

vo − µRuI
vo

)
(3.38)

#½�L v(k) �t·� vo � Ý0- e(k) = v(k) − vo�îP�|¶�

e(k + 1) = e(k) − µRuI
e(k) − µRuI

vo

=
(
I − µRuI

)
e(k) − µRuI

vo (3.39)

. vo  RuI
Ýëè '�X| RuI

vo = 0�.hîP�|�;W�

e(k + 1) =
(
I − µRuI

)
e(k) (3.40)

A� (3.40) P�[e�e(k) µ��½ k �����y 0�qA [7]�(3.40) P�[eÝ

f�Î�

0 < µ <
2

λmax

(3.41)

Í� λmax  RuI
Ýt�©ÇÂ�

#ì¼/��Ê&Æè�Ý�Õ°�!ø2E (3.36) P�rË\3�t�; Jnew

Ýt·� v̂o�

v(k + 1) − v̂o = v(k) − v̂o − µ
(
RuI

− γkuR(k)uT

R(k)
)
v(k) (3.42)

!ø�L êo(k) = v(k) − v̂o ¬v�áîP�

ê(k + 1) = ê(k) − µ
(
RuI

− γkuR(k)uT

R(k)
)
ê(k)

− µ
(
RuI

− γkuR(k)uT

R(k)
)
v̂o

(3.43)

28



. v̂o t�; Jnew Ý��3 γ = λmin/E{z2
R(k)}Ý�µì Jmin ÝÁ�Âª 0�X

|
(
RuI

− γuR(k)uT

R(k)
)
v̂o = 0�¬vqA (3.15) P	 k → ∞ ` γk → γ�.h (3.43)

P�|;�Aì�

ê(k + 1) =
[
I − µ

(
RuI

− γuR(k)uT

R(k)
)]

ê(k) (3.44)

f´ (3.40) � (3.44) P�|s¨�(3.44) P©9Ý γuR(k)uT

R(k) 9×4�A��

|J� RuI
Ýt�©ÇÂ λmax ×��y�y RuI

−γuR(k)uT

R(k)Ýt�©ÇÂ λ̂max�

£�©�óC µ �� (3.41) P�µ×��|¸ÿ (3.44) P[e�.�

µ <
2

λmax

≤ 2

λ̂max

(3.45)

X| µ ôº��¸ (3.44) [eÝf�— µ < 2/λ̂max�

�§ 2.

Ey�¢EÌÎp A |C'� b�©�ðó a > 0 J×�1J A Ýt�©ÇÂ

λmax ×��y�y A − abbT Ýt�©ÇÂ λ̂max�

J��

qA Rayleigh ��P&Æá¼�

λmax ≥ pTAp (3.46)

�rsßÝf�Î p ªETÕ λmax Ý©Ç'� p
max
�!§�	 q ªET

A − abbT t�©ÇÂ λ̂max Ý©Ç'� q
max
`�

λ̂max = qT

max

(
A − abbT

)
q

max

= qT

max
Aq

max
− a|bTq

max
|2 (3.47)
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. q
max
�×��y p

max
�X| qT

max
Aq

max
≤ pT

max
Ap

max
= λmax�Þ��á

(3.47) P�|ÿÕ�

λ̂max ≤ λmax − a|bTq
max

|2

⇔ λmax ≥ λ̂max + a|bTq
max

|2 (3.48)

. a|bTq
max

|2 ≥ 0�Æ�§ 2. ÿJ�

��§ 2. �|á¼�ãy γk ÑÂX|©�óC µ < 2/λmax µ�|1J&Æ

Ý;��Õ°ôº[e�
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ÏÏÏ 4 aaa ÿÿÿaaa������

9×aÞ|@jÿaÝ��¼f´¨bÝ�Õ°õ&Æè�Ý�Õ°ÝP��

4.1 999555;;;¼¼¼¢¢¢óóó

&Æ¸à×ÍÌbëf5Ý;¼ h(t) ¼
�ÍaÝÿa@��h(t) ��Aì�

h(t) =
[
a1e

j2πfcτ1p(t − τ1, b) + a2e
j2πfcτ2p(t − τ2, b) + a3e

j2πfcτ3p(t − τ3, b)
]
W8T (4.1)

Í� p(t, b) >õ<Ðó (raised cosine function)�Í roll-off .� b = 0.11�µ®�£

fc = 900 MHz�W8T ×ÍÌD 8 ÍÐD��Ý�lÐó�ÐD�� T = 1µs�ai �

τi 5½Ï i f5Ý5¦Çõ5;ô�óÂA� 4.1�

i = 1 i = 2 i = 3

ai 0.2 0.4 0.3

τi 3.0000 3.7271 4.0122

� 4.1: 95;¼¢ó

h(t) Ý@I�ÌI(TAì%�
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4.2 ���ííí���CCC999ííí���;;;¼¼¼ÝÝÝPPP���fff´́́

9×;&Æf´3�í�;¼ (L = 1) |C9í�;¼ (L ≥ 2) ìÝ&Ë�Õ°

P��¼�J&Æ;�Ý�Õ°@@ftq�ª°?�39í�;¼b[2è{

SINR�SINR Ý£�]°Þ¸àìP�

SINR =
1

R

R∑

r=1

σ2
b max{|gr(q)|2}

σ2
b

[
∑M+Q−2

q=0 |gr(q)|2 − max{|gr(q)|2}
]

+ σ2
n

∑L−1
i=0

∑Q−1
q=0 |wi

r(q)|2
(4.2)

Í� R 
2�1ó�gr�wr 5½ÎÏ r g
2�1ÝJ�(Tõ�; ;ó�

4.2.1 ���íííááá���ííí���;;;¼¼¼ÝÝÝPPP���fff´́́

3�¸àÄãøÝ�µì (L = 1)�|ÐD�� (1µs) ãø��¼ãø h(t) �|ÿÕ

Ò÷` Ý�í�;¼(T�(T;óA� 4.2�

h(0) 0.007 − 0.021j

h(1) −0.010 + 0.031j

h(2) 0.017 − 0.052j

h(3) 0.158 + 0.128j

h(4) −0.016 + 0.049j

h(5) 0.024 − 0.074j

h(6) −0.012 + 0.039j

h(7) 0.008 − 0.025j

� 4.2: Ò÷` �í�;¼(T
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39Í�µì�;¼í�Ýóê L = 1�;¼�� M = 8�&ÆóC�; ��

Q = 7��Î*rÝ'�¢ó 1/f = Tf = 17 > M + Q− 2 |���§ 1. Ý�O��F

XÝ£GÐD b(k) Þ-Ý�� (±1)�

&Æè�Ý�Õ°¸àö�.� α = 0.95�β = 0.98�µ = 2 |C�J.� γ =

λmin/E{z2
R(k)} = 0.05��J.�Ý��Â γ0 = 1�tq�ª°¸à β = 0.98�µ = 2�

�1g�Õ°ÀPÝ£]óê N = 200�|î�Õ°Ý�;;ô m0 K 7 (M + Q− 2

Ý� Â)�ð��&ÆÞ¸ÿ�;¬v���Ýí� z(k) = gR(m0)b(k − m0)�5½

jEëÍ�Õ°3;¼í� SNR = 20dB Ý�µ
� 100 g
2�1 (R = 100)��Õ

°ÝP�f´A% 4.2�

4.2.2 ���íííááá999ííí���;;;¼¼¼ÝÝÝPPP���fff´́́

#½|Äãø 4 ¹Ý]P»¼®ß×Í�[Ý9í�;¼�¸à 1/4 ÐD��

(0.25µs) ãø��Äãø h(t) �|ÿÕ 4 Í�[�;¼��[�;¼Ý(T;óA

� 4.3�

h`�í�Ýóê L = 4�;¼Ý�� M = 8�;�Ý�Õ°¸àö�.�

α = 0.95�β = 0.98�µ = 2 |C�J.� γ = λmin/E{z2
R(k)} = 0.002��J.�Ý

��Â γ0 = 1�tq�ª°¸à β = 0.98�µ = 2��1g�Õ°ÀPÝ£]óê

N = 200�|î�Õ°Ý�;;ô m0 K 7�jEëÍ�Õ°3;¼í� SNR =

20dB Ý�µ
� 100 g
2�1��Õ°P�f´A% 4.3�
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i = 0 i = 1 i = 2 i = 3

hi(0) 0.007 − 0.021j 0.020 − 0.016j 0.023 + 0.000j 0.012 + 0.020j

hi(1) −0.010 + 0.031j −0.030 + 0.025j −0.041 + 0.000j −0.025 − 0.032j

hi(2) 0.017 − 0.052j 0.074 − 0.045j 0.128 − 0.005j 0.160 + 0.060j

hi(3) 0.158 + 0.128j 0.124 + 0.172j 0.071 + 0.172j 0.018 + 0.126j

hi(4) −0.016 + 0.049j −0.025 − 0.029j −0.014 − 0.083j 0.007 − 0.098j

hi(5) 0.024 − 0.074j 0.028 − 0.028j 0.018 + 0.016j 0.001 + 0.041j

hi(6) −0.012 + 0.039j −0.018 + 0.018j −0.013 − 0.007j −0.002 − 0.024j

hi(7) 0.008 − 0.025j 0.012 − 0.012j 0.009 + 0.004j 0.001 + 0.017j

� 4.3: Ò÷` 9í�;¼(T

4.2.3 ÿÿÿaaa������fff´́́

ã% 4.2�% 4.3 �|á¼�tq�ª°4Q�|Êày�í� (L = 1) Ý;¼�¬Î

ày9í�;¼Q��P°2è> SINR�¢ãÑ;êýÐó|CóCt·Ý�J.�

γ ÝQÃ�;�Ý�Õ°3�í�Ý�µì�SINR Ýî>>�|C%VÝ SINR ÂK

Gfæ¼Ýtq�ª°¼ÿ?��39í�;¼Ý�µìù�|b[Ýè> SINR�#

�3%V`;��Õ°Ý SINR ��|¯{y1g�Õ°�
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% 4.2: �íá�í�;¼ SNR=20dB ÝP�f´
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% 4.3: �íá9í�;¼ SNR=20dB ÝP�f´
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4.3 ���!!! SNR ÝÝÝPPP���fff´́́

9×;�f´39í�;¼ (L = 4) Ý�µì�;¼í�*rÓGf SNR Ey�; 

í� SINR ÝÅ(�Ý�Ê´Ì×�PÝ9í�;¼Ý�µ�P°39í�;¼�

ÿ�?ÝP�tq�ª°Þ��áf´ÝP�/�

´�&Æ¸à9í�;¼Ý(T;ó (� 4.3) |C 4.2.2 ;Ý�Õ°¢ó
�

100 g
2�1@��¼f´�! SNR `&Æ;�Ý�Õ°Ý[e>�|C%VÝ

SINR�@���A% 4.4�ã% 4.4 �|s¨Ç¸3ÓGú���Ý�µì�;��

Õ°Ý SINR )Q�|�"2è>Õ%V�¬v%VÝ SINR �|{Ä;¼í�ÐÝ

SNR (V 1 Õ 2dB)�9�î;�Ý�Õ°3�tÐD�WÝ!`ô9×Ý×I5ÝÓ

GÅ(�Ah�b��¸ÿ�; í�ÐÝ SINR {y;¼í�ÐÝ SNR�
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% 4.4: �! SNR ;�Ý�Õ°ÝP�f´
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% 4.5: �! SNR ;�Ý�Õ°�1g�Õ°ÝP�f´

#ì¼f´3�! SNR Ý�µì�;�Ý�Õ°Ý%V SINR �ÀP�!óê£

]Ý1g�Õ° SINR�!ø|� 4.3 Ý;¼;ó|C 4.2.2 ;Ý¢ó
� 100 g
2

�1Ý@���A% 4.5��% 4.4 �|á¼�;�Ý�Õ°m� 150 Õ 250 gÝP�

¼Õ¾%V�õ% 4.5 f´¡s¨ÀPÝ8!ó� (150 Õ 250) £]Ý1g�Õ°�Í

SINR $±y&Æ;�Ý�Õ°�1g�Õ°m�NgÀPÕ 300 �£]ÍP��º#

�&Æ;�Ý�Õ°�
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4.4 ���JJJ...��� γ ÂÂÂEEE SINR ÝÝÝÅÅÅ(((

3�GÝ5�&Æá¼%V`t·Ý γ ÂT��y λmin/E{z2
R(k)}�39×;&ÆÞf

´�!Ý γ ÂE SINR XCWÝÅ(�

&Æ¸à� 4.3 Ý9í�;¼;ó|C 4.2.2 ¼
�@��5½3 SNR = 20dB�

15dB� 10dB� 5dB Ý�µìóC γ �y 10 ¹(λmin/E{z2
R(k)})�λmin/E{z2

R(k)} |C

0.1 ¹(λmin/E{z2
R(k)}) ¼
� 100 g
2�1@��|ÌD γ ÂE;��Õ° SINR

ÝÅ(�

�% 4.7�% 4.8 õ% 4.9 �|:��	 γ Â 1/10 Ý (λmin/E{z2
R(k)}) `�Í%

VÝ SINR ºXXÝª±�¬v3 SNR ±Ý`Î SINR ª±Ý÷"�.A�óCÄ

�Ý γ Â�ÍP²º#�yP°b[è> SINR Ýtq�ª°�X|	 γk XX#�â

Â`�Õ°µ���È9×ÓG|Cè{*r¦Ç�.h SINR º��?ì*�

A� γ óC 10 ¹Ý (λmin/E{z2
R(k)}) `�|s¨Í%VÝ SINR º�±¬^b

?ì*�T�æ.Î	óC�y λmin/E{z2
R(k) H9Ý γ Â`�t�;;�ÝêýÐó

Jnew Ý��ÿ��t�;%VÝÐD �W (¢� (3.32) P)�.hÐD �Wî>J

�; í�Ý SINR µº�½ìª��È�Ý γ Â�|è>*r¦Ç¬9×ÓGX|

%VÝ SINR �º?ì*�

�y3% 4.6 �óCÄ�Ý γ Â`�Õ°P�^b%��;Ýæ.Î�3 SNR =

20dB Ý�µìÓGÝÅ(�B&ð��X|Õ¾%V¡�; Ý;óµ¿{�º.

ÓGÝÅ(�bX���.h%VÝ SINR �|î¹×�i¿�
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% 4.6: SNR=20dB `�! γ ÂÝP�f´
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% 4.7: SNR=15dB `�! γ ÂÝP�f´
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% 4.8: SNR=10dB `�! γ ÂÝP�f´
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ÍaÝt¡×;Þÿa�;�¡X�Ýý0sß£�!ø¸à� 4.3 Ý9í�;¼

(T;ó|C 4.2.2 ;Ý¢ó�´�FXÞ-�� (±1) Ý£GÐD b(k) 
� 100 g


2�1@��NgJ�; 100,000 � b(k)��X�Ý]°Î2àt�ûÒ (minimal

distance)�ÿaÿ�Ý�-ý0sß£A% 4.10�

38!Ý;¼;ó|C�Õ°¢óìFX PAM4 (pulse amplitude modulation) Ý

£GÐD b(k) ∈ {±3/
√

5,±1/
√

5}�f»ðó 1/
√

5 ¸ÿ E{b2(k)} �y 1�PAM4 Ý

@�!øôÎ
� 100 g�Ng�; 100,1000 � b(k)�ÿaÿ�ÝÐDsß£A%

4.11�

ÌD% 4.10�% 4.11 �|s¨39ËÍ@����&Æ;�Ý�Õ°3 SNR Á

± (SNR < 5) Ý�µìÍý0sß£K¯{y1g�Õ°ÀPóê N = 300 Ýý0s

ß£��3 SNR > 5dB ¼�;��Õ°Ýý0sß£��±y N = 300 Ý1g�Õ

°�v«Ý¨éô�¨3% 4.5 ���3 SNR < 5dB `;�Ý�ÕsÝ SINR ¯±y

ÀP 300 �£]Ý1g�Õ°��¡;�Ý�Õ°P���øÄ1g�Õ°�

CW9Í¨é��Ýæ.Î&Æ;�Ý�Õ°Î×Í�\P�ÝÊTP�Õ°�

	�; ;óåÕÓGÝ�W�®ß´���`ºm�¿gÝP��º/Õæ¼Ý%

V�3/Õ%VÝÄ�� �;Ýí�Kº.h�åÕÅ(�A�3ÓG´úÝ�µ

ìb��3/Õ%VÝÄ��®ßóÍý0�CWý0sß£î>�D�1g�Õ°

ÎÀPó�£]¡�×gO��; ;ó�ÿ�¼Ý�; ;óEyÀPÝ N £]¿

íî¼1Ît?Ý�ô�|Ú�; .ÓGÝÅ(¿í25µÕJÍÀPÝ� �

.h�´�ºbý0=�sßÝ^º�
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&Æ¢ã5� [4] è�Ý�Õ°�s¨Íè�ÝÊTP�Õ°P°Tày9í�;¼Ý

æ.�#½|hÃ�5½jE9×ÓG�è{*r¦ÇË]«Ý5�¼;�êýÐ

ó�|¸�æb�Õ°P°39í�;¼è> SINR ÝþF�¬vÿ��J.� γ t

·ÝóC]P¼ãÿ�tÐD �W�9×ÓGõè{*r¦Ç� Ý¿�|sì�

Õ°Ýt·P��t¡�| 3.4.5 Ý8nJ�ÿÕ×Í��Ý]P¼óC µ Â@1�Õ

°Ý%�P�

�ÿa���îÝ;�Ý�Õ°@@�|39í�;¼b[2v">2è>

SINR��vÍ%VÝP��1g�Õ°ÝP��8îì�.h¸�ÝæbÝÊTP�

Õ°P°39í�;¼è> SINR ÝþF�ÿa��ô1�Ý´��´�Ý γ ÂKº

CW;�Ý�Õ°P�ìª�ôJ@Ý&Æè�Ý γ óC]PE;��Õ°ÝP�@

@bQÃ�SNR f´Ý@�ô�î;�Ý�Õ°Ç¸3*rÓGfÁ± (5dB) Ý�µ

ì)Q�|sC®à�¸ÿ SINR {y;¼í�*rÓGf�¬v[e>��.{Ó

GÝÅ(��X�.h¦
Ý;��Õ°Ý@àP�t¡ý0sß£Ý@�ô� SNR

Ý@���Ù)�J�&Æ;�Ý�Õ°P�Ý@¾ÕÝ;�P�ÝêÝ�
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