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Abstract

A Self-Interference Canceller

for a High Density Frequency Division Multiplexing

Shinji TAKAHASHI

Orthogonal frequency division multiplexing has been attracted recently because of

its high spectral efficiency and its easy configuration of DFT (discrete Fourier transform)

based transceiver. OFDM makes it possible to overlap the half of signal spectra using

a certain distinct frequency for subcarriers. When we choose a narrower frequency

difference between two adjacent subcarriers than the OFDM, a large self-interference

appears. Then, communication quality will deteriorate.

This paper proposes a self-interference cancellation method for a higher spectral

density frequency division multiplexing. The proposed method first estimates the am-

plitude and phase angle of adjacent frequency signal to the signal of interest, and then

demodulates the signal of interest after subtracting the replica of adjacent signal from

the received signal.

As a result, it is shown that a high density FDM can be realized by using the

proposed canceller with an approximately twice spectral efficiency, with a slight extra

power.

key words OFDM, Multiplexing, Spectral Efficiency, Interference Canceller, Soft

Decision
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� 2�

PSK

2.1 ��

��J(�¡�`¢�£%Y
�qkm^-ê§9U�që^�¡�`¢�£%Y
ì

íUê§9î^/_J3?/0��(ê§9��
ï�Ä�`��i?/>�14

@ðñ��òJ.Èjk(ê§9��
_JUóX0

ê§9��3(�ê§989: fc 
ê§9 cos(2πfct)
Äô ��
1õU¡�`¢�

£%Y�Åë^/0_
J7��9(±D3¤ëG/0

s(t) = A(t) cos(2πfct+ φ(t)) (2.1)

__3�	
Äô ��U¡�`¢�£%Y�Åë^/���-�ö´���¹º���

89:��
 3ß��2DUM÷X/_J>37/ [1]0

rst3(�ê§9
¹º φ(t) U¡�`¢�£%Y�Åë^/¹º��2D
Èø�

!"ù����2D3?/¹º~µ�y���ÞQPhase Shift Keying: PSKRU6./0

PSK(ö´ A(t) U1�ú A J+-¹º φ(t)U¡�`¢�£%Y�Åë^/i
3�

�
��9(±
�È¤ëG/0

s(t) = A cos(2πfct+ φn(t)) (2.2)

@ð+�φn(t)( nûT
~����Å+@¹º3�1~����U T JX/J�t = nT

üJ1�
úUJ/i
JX/0

Ð@�D (2.2)(±
�È�ýX/_J>37/0

s(t) =
A√
2
cos(φn(t)) cos(2πfct)− A√

2
sin(φn(t)) sin(2πfct) (2.3)
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2.2 BPSK

_G(�þ.¹º> π/2[rad]ð,��/ê§9U sin�� cos3��+��GFUkÖX

/_J3��9U�/_J>37/_JU¤+-./0

ø���PSK 3(��!�� log
2
(M) ¯��U 1 ß
¹º�Åë^/0_
Èø

M = 2
 2º PSKQBinary PSK: BPSKRJM = 4
 4º PSKQQuadri PSK: QPSKR

(��146.FG-���rst�3i²6+-./@A�Z[�
�	U×Ø/0

2.2 BPSK

BPSK%Y(¹º φn(t)> 0Ð@( π J�/0_GUD (2.3)
�X/J

s(t) = Ad(t) cos(2πfct), (d(t) = ±1) (2.4)

J�/0

D (2.4)�FM�/�È�BPSK%Y(�ê§9J��!�� d(t)J
î���¶·

ë^/_J>37/0_
�UÁ 2.1áX0

� 2.1 BPSK�����

BPSK9
¸UÁ 2.2áX0
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2.3 QPSK

� 2.2 BPSK���

2.3 QPSK

QPSK%Y(�±π/4�±3π/4
 4ß
¹º»¼UJ/0_GUD (2.3)
�X/J

s(t) =
A√
2
d0(t) cos(2πfct)− A√

2
d1(t) sin(2πfct), (d0(t), d1(t) = ±1) (2.5)

J�/0

QPSK%Y
¶·2ÎUÁ 2.3 áX0QPSK%YU¶·ë^/(�ÐÙ��!��

U 2¯��ÐJA-K����X/0�
è��G�GUþ.¹º> π/2[rad]ð,��

/ê§93î�+-��+?m^/0

� 2.3 QPSK�����

QPSK%Y
¹ºJ��!�� d0�d1 
�k^
�ÅUÁ 2.4�QPSK9
¸UÁ 2.5

áX0
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3.1 OFDM��

KL89:MNOPQOrthogonal Frequency Division Multiplexing: OFDMR(�§

%!��U�:
KL+@Ñ�89:ef��
�ê§9��OPqX/OPq2D

3?/0�ê§9
��(�PSK �KLö´��QQuadrate Amplitude Modulation:

QAMR>6.FG/0�
89:�\(Á 3.1
�È�/0

� 3.1 OFDM�����

3.2 OFDM���

Á 3.2(�� QPSKU6.@ OFDM§%¨3?/0��!��(K����ëG�2

¯��ÐJA- 1~���J+-�ê§9N��-FG/0_
~������ê§9

(��ëG/0Ð@��ê§9(��G�G~���� T 
�:Ùß89:>ÙFëG-

./0

Ð@�Á 3.3( QPSKU6.@ OFDMª%¨3?/0ª%%Y(��ê§989:3

QPSK��ëG�� ¡�`¢�£%YJ�/0
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3.2 OFDM
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� 3.2 QPSK���� OFDM���

� 3.3 QPSK���� OFDM���
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3.3 DFTU6.@ OFDM

3.3 DFT�	
�OFDM

Á 3.2�3.3
�È�§ª%¨(��ê§9
:>O.jk(ËH>�+.>���µ�

¬���QDiscrete Fourier Transform: DFTRU6./_J3_GU��37/0

nûT
�ê§9
89:U fn = (nf0)�~����U T = 1/f0��ê§9:U N��

� ¬�Þ��U T/N JX/J����µ�¬���QInverse DFT: IDFTR��-·

ÖëG/%Y(±D3¤ëG/0

s

(
p

Nf0

)
=

N−1∑
n=0

dn

(
p

Nf0

)
exp

(
j
2πpn

N

)
, (p = 0, 1, . . . ,N − 1) (3.1)

__3�p(%Y
�� ¬�ÞûY3?/0

ª%¨3( DFTU6.-!�X/0D3¤XJ

d̂

(
p

Nf0

)
=

N−1∑
i=0

N−1∑
n=0

d

(
p

Nf0

)
exp

(
j
2π(fn − fi)p

N

)
(3.2)

J�/0

Á 3.4 IDFTU6.@ OFDM§%¨�Á 3.5 DFTU6.@ OFDMª%¨UáX0

_GF(Á 3.2�3.3
§ª%¨J"��ÕÖ3?/0

� 3.4 IDFT���� OFDM���
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3.3 DFTU6.@ OFDM

� 3.5 DFT���� OFDM���
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4.1 ��������������

ÐÙ�89:ÙG ∆f 
?/ RF%Y
� ¡�`¢�£%Y¤Hß.-ÐJA/0

ª%¨
#$89:�F ∆f ð,89:
ÙG@ª%%Y g(t)U

g(t) =
√
2Pb(t) cos(2π(fc +∆f )t+ α)

=
√
2Pb(t) cos(2πfct+ 2π∆f t+ α) (4.1)

JX/QP (ª%�� [W]�α(%&¹ºR0__3�b(t)(

b(t) =
∞∑

n=−∞

d(n)a(t− nT ) (4.2)

d(n) =

{
±1 (BPSK)

±1± j (QPSK)
(4.3)

a(t) =

{
1, 0 < t < T

0, otherwise
(4.4)

3?/QT (~����R0ª%'3(_GU�Á 4.1
�È(ºÖMJKLÖMM,

-)*+¦+@èkÖX/0__3(�(ºÖMU� :
Ëõ�KLÖMU� :
,

õJ+-¤+-./0

Á 4.1
 x(n)(

x(n) =
1

T

∫ (n+1)T

nT

g(t)
√
2 cos(2πfct)dt

=
1

T

√
2Pb(t) cos(2πfct+ 2π∆f t+ α)

√
2 cos(2πfct)dt(

T � 1

fc
JX/J

)
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4.1 � ¡�`¢�£%Y¤H
¥¦

� 4.1 ��������

=
2

T

√
Pd(n)

∫ (n+1)T

nt

1

2
{cos(2π∆f t+ α)}dt

=
1

T

√
Pd(n)

∫ (n+1)T

nt

cos(2π∆f t+ α)dt

=
1

T

√
Pd(n)

1

2π∆f t
[sin(2π∆f t+ α)]

(n+1)T
nT

=
√
Pd(n) cos(2π∆f Tn+ π∆f T + α)

sin(π∆f T )

π∆f T

=
√
Pd(n)Sa(π∆f T ) cos(2π∆f Tn+ π∆f T + α) (4.5)

J¤ëG/0__3�Sa(x) = sin(x)/x3?/0(��y(n)(

y(n) =
1

T

∫ (n+1)T

nT

−g(t)
√
2 sin(2πfct)dt

=
1

T

√
Pd(n)

∫ (n+1)T

nt

sin(2π∆f t+ α)dt

=
1

T

√
Pd(n)

1

2π∆f t
[− cos(2π∆f t+ α)]

(n+1)T
nT

=
√
Pd(n)Sa(π∆f T ) sin(2π∆f Tn+ π∆f T + α) (4.6)

J¤ëG/0��-

x(n) + jy(n) =
√
Pd(n)Sa(π∆f T ) exp(j(2π∆f Tn+ π∆f T + α)) (4.7)

J���_G>89:ÙG
?/ RF%Y
� ¡�`¢�£¤H3?/0

ø���OFDM3(89:`ab��
cMUPd-efX/0_G(�89:ÙG

∆f J%Y`ab��
cM
´ 1/T >"+.�X�mø ∆f T = 1J.È_J3?/0_
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4.2 §%¨©!�

GUD (4.7)
�X/J�Sa(π) = 0���x(n) + jy(n) = 0J�/0_G(W�X/8

9:
%Y
uvU-�ª,�.J.È_JU¤+-./0OFDM(_
\.U56X/

_J389:56BCU�A-./0

Ð@�__3(/0
©!�qß.-(12X/>�½¾�¿�¢��
(ºÖM��

�KLÖM�G�G�+-�����µ"��
©!�Q34 AR>5637/0

4.2 ������

Á 4.2(�89:6U56+@OPq2D�,/§%¨©!�3?/0

��!��(ÐÙK����ëG��G�G���@ê§9����ëG/0�
è�

+kmëG�§%ëG/0

� 4.2 ���
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4.3 ª%¨©!�

4.3 ������

Á 4.3(�89:6U56+@OPq2D�,/ª%¨©!�3?/0

� 4.3 ���

ÐÙ�ª%ëG@%Y(�K 7
%Yª%õ§FG�½¾�¿�¢����-�

 ¡�`¢�£%YJ�/0_
� ¡�`¢�£%YU A-D ��+@i
U��%Y

zk(n)JX/0±��%YJ¹º8�ú w∗

k
(n)
9 ck(n)UEA�!��+¦UåÈ0Ñ

è�XØ-
%Yª%õ�F¦�ëG@!��U�K���+-¦�X/0

Ð@�¹º8�ú(�:;%Y d̂k J���%YJ¹º8�ú
<9 ck(n) J
6>

Ñ�J�/�È5Åàç=ëG/0rst3(�5Å#�«¬®J+->?q LMS

QNormalized Least Mean Squares: N-LMSR#�«¬® [3]U6.-./0
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4.4 �OPq$%
\h

4.4  !"#$��%&

%Y`ab��UPd-ef+@jk�ª%@W�X/89:
%YQZ[�W�%YR

>no%YJ��\h>pqX/0�_3�%Y`ab��U OFDM��iPd/_J

���¯��°�CQBit Error Rate: BERR>	
�È�qX/
�UáX0AB
@

A�2OP3+CUå.�$%D(EFG¾`/0$%D [4]J+@0

4.4.1 BPSK��������

Á 4.4�4.5�4.6��2DJ+- BPSKU6.@jk�,/¯��°�C�\UáX0

Á 4.4�4.5�4.63(�HI%Y
¹º α0U 0[rad]3J�+�W�%Y
¹º α1U 0[rad]�

π/4[rad]�π/2[rad]J�që^@0_GF
ÁUÂØ/J�∆f T = 0.5 
jk
¯��°

�C�\ð,>W�%Y
¹º��-K7���/_J>M�/0��α1 = 0[rad]


jk�W�%Y
uvUª,-.�.0_G(�%Y
��2DJ+- BPSKU6.-.

/LMNX/0D (4.7) P = 1�∆f T = 0.5�α = 0U
�X/J�

x(n) + jy(n) = d(n)Sa(π/2) exp(j(2πn+ π/2)) (4.8)

J�/0_
D�F�W�%Y
(ºÖM>HI%Y
KLÖM�W�%Y
KLÖM>H

I%Y
(ºÖMnoJ+-HG/L>m�/0BPSK 3(%Y
(ºÖM
�!�

�>OIX/@A�HI%Y
KLÖMHG@W�%Y
uvU�PX/_J>37�Ð

@�HI%Y
(ºÖM(-�uv>HG�.J.È_J�/0_GU56X/_J

3�BPSK�.-(∆f T = 0.53QPSKU6.@ OFDMJ("
89:56BCUË

H37/0

∆f T = 0.5ZQ3(�89:ef��>R��GS�/ï	$%
\h(pq+-./0
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4.4 �OPq$%
\h

� 4.4 � !"#$��%α0 = 0, α1 = 0&

� 4.5 � !"#$��%α0 = 0, α1 = π/4&
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4.4 �OPq$%
\h

� 4.6 � !"#$��%α0 = 0, α1 = π/2&

4.4.2 QPSK ��������

Á 4.7�4.8�4.9��2DJ+- QPSKU6.@jk
¯��°�C�\UáX0

BPSK 
�ÈW�%Y
uvUª,�.J.È_J(�.>�QPSK �.-i

∆f T = 0.5
jk
¯��°�C�\ð,>W�%Y
¹º��-���-./0��

α1 = π/4[rad]
J7¯��°�C�\>T+�pq+-./0_G(�W�%Y
(º

ÖMJKLÖM
¡b��U>�HI%Y
(ºÖMJKLÖM
	øF�
�Vno

J+-HG/�F3?/0
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4.4 �OPq$%
\h

� 4.7 � !"#$��%α0 = 0, α1 = 0&

� 4.8 � !"#$��%α0 = 0, α1 = π/4&
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4.4 �OPq$%
\h

� 4.9 � !"#$��%α0 = 0, α1 = π/2&
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5.1 ������

_GÐ3×Ø@�È��OPq$%�.-(W�%Y
uv3$%
\h>pqX

/0_GU��X/@A(�ª%'3W�%Y
uvUwxX/W'>?/0�_3�Á

5.1
�È�ª%¨U6./W�89:!��yz�{�2DUXÊ@0���__3(A

B
@A%Yª%õU 2ßJ+-./0

� 5.1 '��()�*+���

_
2D
�	(��%Y`ab���ÅX/ª%õ>!��+¦UåÈÌ�W�%

Y�ÅX/ª%õ�F§FG@!��
8�ú d̂k(n)J¹º
8�ú wk(= exp(jαk))U
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5.2 ���

6.-W�%Y
� ¬YUZ��x�X/_J3uvUwxX/J.È_J3?/0

[\à�¸UáX02OP�ª%��U 1WJX/J�0ûª%õ
��%Y(

z0(n) = d0(n) exp(jα0) + d1(n)Sa(π∆f T ) exp(j(2π∆f Tn+ π∆f T + α1)) (5.1)

1ûª%õ
��%Y(

z1(n) = d1(n) exp(jα1) + d0(n)Sa(−π∆f T ) exp(j(−2π∆f Tn− π∆f T + α0)) (5.2)

3¤ëG/0

ÐÙ�1ûª%õ3]ª%Uå.�!�� d1(n)
8�ú d̂1(n)U�/Jâ�5Å#�

«¬®��^+.¹º
8�ú w1 U�/0__3(^+.¹º
8�ú( 0ûª%õ


no8�õ_§/ð,3�`^(åm�.0

±�0ûª%õ3ª%UåÈ>�_
J7aï	�@ 2ß
ú d̂1(n)�w1 U6.-W

�%Y
� ¬YUZ����%Y�Fx�X/0_GUD3¤XJ

ẑ0(n) = z0(n)− d̂1(n)Sa(π∆f T ) exp(j(2π∆f Tn+ π∆f T ))w1 (5.3)

J�/0_
 ẑ0(n)U 0ûª%õ
��%YJ+-!�� d̂0(n)U+¦+ª%X/Jâ�

¹º
8�ú w0 UEA�`^X/0

Ñè�1ûª%õ3 d̂0(n)�w0 U6.- 0ûª%õJ(�ª%Uå.�¹º
8�ú

U`^X/0

5.2 ��	

!��yz�{�UåÈÌ�!��
8�ú d̂k(n)>°�-./J�noU)´+-+Ð

.��BbJ�/0!��+¦6./c��3(���>>�d�ð,UÇ-¦�U�A

/@A���> 03Ò
J7
%e\>f��/0�_3����.gä
!��yz�{

�UËHX/@A�!��
8�úUEA/Ì���UåÈ2Dß.-+C+@0��

�(~Þ©�£h:UÅ6+@0

f(x) = 2

(
1

1 + exp(−ax)

)
− 1, (a > 0) (5.4)
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5.2 ���

__3 a(���À�
i7U�A/Äô ��3?/0���À�UÁ 5.2áX0

� 5.2 ,-./0

���U6./jk
ª%¨©!�UÁ 5.3áX0

� 5.3 ,-.'��()�*+���
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5.3 \h��

5.3 
��

|}2D
\hU��X/@A�¯��°�C�\J²6�³´�X/89:56BC

UáX0

5.3.1 ��������

|}2D�,/¯��°�C�\UÁ 5.4�5.5�5.6�5.7áX0OPq: 2�ª%�

� 1W�(¹º�$%D(EFG¾`/0$%DJ+@0Ð@����À�
i7U�A/

Äô �� a ß.-(�� ∆f T �+- 1 �F 6 Ð3
j:
.ÙG�J+-~��

��~��Uå.��
éb�ÑiBb>kAFG@i
ß.-Áá+-./0

Á 5.4(�OFDMQ∆f T = 1RJ ∆f T = 0.8
jkUÂÃ+@i
3?/0OFDM3

(�W�%Y>KL+-./@Aºþno(���Eb/N0 = 6.8 dB 3¯��°�C>�

10−3 J�/012�∆f T = 0.8
jk(�W�%Y
uv���Eb/N0 = 9 dB3¯�

�°�C>� 10−3 J�/0+�+�!��yz�{�UåÈ_J���
uvUwx3

7/0ÁáëG/�È����U6.@!��yz�{�2D��-�∆f T = 0.8


¯��°�C�\( OFDMJïl(ãäÐ3��ëG/0

Á 5.5(�OFDMJ ∆f T = 0.7
jkUÂÃ+@i
3?/0Ü×+@ ∆f T = 0.8J

ÂØ-�89:ef��>R.Mð,W�%Y
uvUm�ª,�¯��°�C�\>��

pqX/@A�!��yz�{��+3( Eb/N0 = 11.2 dB3¯��°�C>� 10−3 J

�/0+�+�!��yz�{�2D3( Eb/N0 = 8.5 dB�ëF���U6.@jk(

Eb/N0 = 7.8 dB3¯��°�C>� 10−3 J�/0

Á 5.6(�OFDMJ∆f T = 0.6
jkUÂÃ+@i
3?/0!��yz�{��+3

( 15.2 dB�!��yz�{�2D3( 12.2 dB�ëF���U6.@jk( 10 dB 3

¯��°�C>� 10−3 J�/0� 5 dBJK7���ëG-���__3á+@ 4ß
¸


Èø3(Ñi Eb/N0 
��Bb>nT¤G-./0

Á 5.7(�OFDMJ∆f T = 0.5
jkUÂÃ+@i
3?/0∆f T = 0.5
jk�̄ �
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5.3 \h��

� 5.4 � !"#$��%OFDM1∆f T = 0.8�23&

� 5.5 � !"#$��%OFDM1∆f T = 0.7�23&
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5.3 \h��

� 5.6 � !"#$��%OFDM1∆f T = 0.6�23&

� 5.7 � !"#$��%OFDM1∆f T = 0.5�23&
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5.3 \h��

�°�C>� 10−3 J�/ Eb/N0 >�!��yz�{��+3( 15.3 dB����U6.�

.!��yz�{�2D3( 15 dBJ�ïJo	��>ÇFG�.0_G(�89:ef�

�>R����W�%Y
uv>K7���Xp@@A�!��8�°�>q¦X/_

J>�N3?/JXÊFG/012����U6.@!��yz�{�2D3(�12 dB3

¯��°�C>� 10−3 J���3 dBï	��ëG-./0_
_J�F����U6./

_J3!��8�
°��/uvUæÊ���gä
�.!��yz�{�UËHX/_

J>37/JrÊ/0

5.3.2 	
����������
��

²637/�³´�X/89:56BCß.-�OFDMJ∆f T = 0.5JUÂÃ+@

i
UÁ 5.8áX089:56BC(�KR/LQ�ê§9: ×!��§%�ä/²6�³

´R[bits]3EAFG/0

� 5.8 4�56789:;��<�=$

Á
�È�OFDM
cM
89:ef��3%Y`ab��Uef+@jk�OFDM
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rst3(�OPq$%
@A
W�89:!��yz�{�2DU|}+��
\h


��Uå�@0�
éb���2D QPSK�OPq: 2�(¹º�∆f T = 0.6 
jk�

BER = 10−3 �,/ Eb/N0 3� 5 dB
��>�FG@0Ð@�OFDM
� 2 s
8

9:56BC>�FG/ ∆f T = 0.5
jk�.-i�� 3 dB
��U�/_J>37

@0_G(����U6.@!��yz�{�2D���W�%Y
uvUBC��wx

X/_J>37/_JUá+-./0+@>�-�|}2D(�W�%Y
89:ef��

U OFDM��R�+@@
¯��°�C�\
pqUK´æÊ/_J>gh3?��8

9:56BC
���+-�B3?/JrÊ/0tè
uvJ+-(�OPq:UK7�

+@jk
+C���2D
OúOºq�89:ef��üJ
���À�
i7
Ñ5q

�	>wxFG/0
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� [4]

A.1 ��������	


����µ"��J(��
µ"��¦�3
%Y�/0ÂUÑKX/_JUTàJX

/µ"��
_J3?/0

rst3¸È�È�!"ù��!��$%3(��=7
¹Ï
9ýU§¦+��GUª

%¨'3+¦X/0$%
º�3�%Y($%D
/0>*m��_
/0
uv��

-ª%@
��°�>·»/0Ð@�°�>·»/NkQ°�CR(/0>K7��/

+@>�-)*X/JXÊFG/0°�C(!"ù��$%
%Y+¦3(P'�#$3?

/0°�C>f,GSf.ï	�~`|®
%e\(�.JrÊ/>�~`|®��-(

WÙ+i%Y�/0ÂQSignal to Noise Ratio: SNÂRUK7�X/_J>°�CU�ë

�X/J(=F�.0+�+�EF/0U¼ÈïJo	
$%~`|®�.-�SNÂ(

P'�' 3?��_GUÑKJX/µ"��(Ñi#rà�i
3?/0�_3�Z[3

(����µ"��
��ß.-×Ø/0__3(1¸J+-�2½¾Y$%�X�mø

2ß
¾Y+�6.�.$%U¿�¸È0

2½¾Y$%3(�$%%Y( 2ß
¾Yð,3À§ëG/0¾Y
12UÁ A.1
�È

�Ä�`3¤+�iÈ12UÄ�`>OI+�.»¼3¤X0Ä�` s(t)>OIX/@�

U τ ÁJ+�Ä�`>OI+�.@�i(»� τ ÁJX/0__3(�Ä�`
9ý
ý»


+¦(P'3�.0!"ù��$%2D3(�Ä�`
9ý(¹Ï3?/@A��
��

ð,U��XGS�.0

— 31 —



A.2 ����µ"��
��

� A.1 >+?��

A.2 ����������

a×Ø@�È�����µ"��
ÂZ(��
Ã�%YÖMU)m+�/0ÖM

UxÄë^/_J3?/0_G(?/Ã�
¦��,/%Yö´J/0ö´J
ÂUÑK

X/_J"+.0ö´(>d>?��2îU6./ïÈ>Å53?/
3�%Yö´

���/0ö´
 2î
Â>ÑK�/�È�µ"��UÆÇX/0

Á A.2áX�È���%YU s(t) + n(t)JX/0__3 s(t)(%YÄ�`�n(t)(

$%D
/03?/0Ð@�µ"��¦�U so(t) + no(t)JX/0so(t)(¦�%YÖM�

no(t)(¦�/0ÖM3?/0__3�?/Ã� t = tm �,/ s2o(t)/n
2
o(t)
úUÑK

+@.0+�+�no(t)(ô�½®%Y3?�>È(��37�.@A��
 2îÉÊú

n2o(t)U6.-

ρ =
s2
o
(t)

n2
o
(t)

(A.1)

3ËÊFG/ ρUÑKX/0

� A.2 @A+�

s(t)
µ�¬���U S(ω)�IÐ+.Ñ5µ"��
ÀÌh:U H(ω)JX/J�¦�

%YÖM(

so(t) = F−1 [S(ω)H(ω)] =
1

2π

∫
∞

−∞

H(ω)S(ω) exp(jωt)dω (A.2)
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A.2 ����µ"��
��

Ð@

so(tm) =
1

2π

∫
∞

−∞

H(ω)S(ω) exp(jωtm)dω (A.3)

J�/0

/0%Y
 2îÉÊú(�¦�
/0��Íä`ab��3¤X_J>37/0Sn(ω)U

��/0%Y n(t)
��Íä`ab��JX/J�|H(ω)|2Sn(ω)( no(t)
��Íä`a

b���/0+@>�-�¦�/0ÖM
 2îÉÊ(

n2
o
(t) =

1

2π

∫
∞

−∞

|H(ω)|2Sn(ω)dω (A.4)

no(t)
 2îÉÊú( t
h:3�.�F

n2
o
(tm) =

1

2π

∫
∞

−∞

|H(ω)|2Sn(ω)dω (A.5)

J�/0$%D
/0 n(t)U��Íä N /2UißEF/0JX/J

Sn(ω) =
N

2
(A.6)

�F

n2
o(tm) =

N

4π

∫
∞

−∞

|H(ω)|2dω (A.7)

J�/0

D (A.1)D (A.3)�(A.5)U
�X/J

ρ =
s2
o
(tm)

n2
o
(tm)

=

∣∣∣∫∞

−∞
H(ω)S(ω) exp(jωtm)dω

∣∣∣2
πN

∫
∞

−∞
|H(ω)|2dω

(A.8)

J�/0so(t)(Ë:3?/�F�s
2
o
(t) = |so(t)|2 J¤X0

__3 Schwarz
Î"DU6./J

∣∣∣∣
∫

∞

−∞

H(ω)S(ω) exp(jωtm)dω

∣∣∣∣
2

≤

∫
∞

−∞

|H(ω)|2dω

∫
∞

−∞

|S(ω)|2dω (A.9)

J�/0D (A.8)D (A.9)
Î"DU
�X/J

s2o(tm)

n2
o(tm)

≤
1

πN

∫
∞

−∞

|S(ω)|2dω (A.10)
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A.2 ����µ"��
��

+@>�-

ρmax =
1

πN

∫
∞

−∞

|S(ω)|2dω (A.11)

J�/0_
ÑKú(D (A.9)
"Y>Ö�*ßJ7�FG�

H(ω) = kS∗(ω) exp(−jωtm) = kS(−ω) exp(−jωtm) (A.12)


J7ð,Ö*X/0__3 k (Ï�
�:3?/0

Ñ5µ"��
��Ä�`ÅÆ h(t)(

h(t) = F−1[H(ω)] = F−1[kS(−ω) exp(−jωtm)] (A.13)

3¤ëG/0__3�S(−ω)
�µ�¬���( s(−t)3?��exp(−jωtm)( tm Á
@

�Í
ÐÂU¤X_J���

h(t) = ks(tm − t) (A.14)

J�/0__3(�ÅÑ� k = 1JX/0

%Y s(tm − t)( s(t)UÒKÍ3Ó�Ô+�tm Áð,ÕÐÂX/_J3�FG/0_

_3���Ä�`ÅÆ h(t)( tm < τ 3(NbÖU×�+�.@A�ËHÎgh3?/0Ð

@�tm (��U37/ð,Ø�X/@A�ë._J>IÐG/@A�tm > τ �� tm = τ


ïÈ>�.0�
@A�����µ"��
��Ä�`ÅÆ(�%Y s(t)UÒKÍ3Ó�

Ô+��GU τ Áð,ÕÐÂë^@i
3?/0

����µ"��3�FG/ SNÂ(�%Y s(t)>ª%¨��Ùm/@� tm 
Ã�

ÑK�/0�
ÑKú(D (A.11)3ËÊFG/0%Y s(t)
���Ú� Es (

Es =

∫
∞

−∞

s2(t)dt =
1

2π

∫
∞

−∞

|S(ω)|2dω (A.15)

3¤ëG/0+@>�-

ρ =
s2
o
(tm)

n2
o(tm)

=
Es

N/2
=

2Es

N
(A.16)

J�/0
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¦�%YÖM
ö´ so(tm)(�D (A.3)D (A.12)U
�X/J�FG

so(tm) =
1

2π

∫
∞

−∞

|S(ω)|2dω = Es (A.17)

J�/0

_G��¦�%YÖM
ö´( t = tm 3ÑK����
K7ë(%Y s(t) 
���

Ú� Es �/0_
�UÁ A.3áX0_G(�ÑKö´( S(t)
9ýJ(�hÛ3�

�
���Ú�
K7ëð,ÜOX/_JU¤+-./0

� A.3 @A+��BC

¦�/0ÖM
 2îÉÊú(�D (A.16)D (A.17)U
�X/J�FG

n2
o
(tm) =

NEs

2
(A.18)

J�/0

Ð@�����µ"���/+¦(#rà((&+93?/0

— 35 —


