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Abstract A camouflaging modulation method is proposed. The original whistle is represented as orthogonal frequency

division multiplexing (OFDM) blocks by using DFT coefficients. The m-sequence is used to modulate the subcarriers of

OFDM signal by using the orthogonal frequency division multiplexing cyclic shift keying (OFDM-CSK) spread spectrum

technology. The PEAQ algorithm is used to compute the similarity in auditory aspects and the correlation coefficient is

used to compute the similarity in waveform, which are as two metrics to evaluate the camouflaging effect. In addition,

a self-synchronization method that combines the correlation and OMP algorithm is proposed and hence the frame

structure of transmitted signal could be designed as same as the origin whistles, which would improve the camouflaging
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performance. The bandwidth efficiency of the system is improved by using CSK spread spectrum technology and the

robustness of the system is improved by using the vertical time reversal equalization technique. The experiment results

verify the feasibility of the proposed camouflaging communication method.
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' ��(�)�*�+�,�-�.

Yd(k) = Xd(k) · 10SdδA(k), (4)

/10
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Þ Ç�È ¡ Ä a�; PEAQ Õ�Ö '���� ¡ Ä�Å�Æ�� Ë :
PEAQ Õ�Ö�-�������� ' ITU-RBS.1387-1  �!�:
;�× Ç�È�" I '�#�$ @�: PEAQ Õ�Ö ' ��%�¡ Ä -
ODG (Objective Difference Grade)

� ��Ì�:'& � ��Ì( =*)N= −4, DN�N-*+N� f�, ODG Ì ( =*)N= 0- : Ð1Ñ/.�0 4 *�Ò�1�2 4 *�C�D�3 � : ��D�4 	�
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4[P[][^ d e[_[` F ^ m[� f W�a[b4�P�]�^ M ' Î�C 4 * ��c ��� rd(n) (06n<N−1,

S�( � @�- N ,d=0, 1, · · ·, D−1), G M :ed DFT
Å�Æ

OFDM )�*�f�7�: ��� CSK 7 ? 4 * ( g c I 7 ?¬N_ 4N5 - b1, CSK 7 ?N¬N_ 'N4N5 - b2), hN�NY
Ò Ó*i 4N5 � S ∈ {±1} Ò gNhN�N� c IN� ωi(l)

'
j ¢ Å�Æ�k�l�k á�:ml�n�T ( Ì Å�Æ�o�p :mq�r CSK

f c f Î�C�s © á�t�o�n�o 4
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[
îd, Ŝd

]
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i,S

N0+L−1∑

k=N0

Sωi(k − N0)· lg |DFT(rd(k))| .

(10)� ( o�p ¡ Ä : G Ŝd u�v %�c I 7 ?�¬�_ 4�5
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G M �N� Å ? 4N5 2N3 u*v -�w Å ? SN(�xN:yq*r
f�7 b�z f

2 {}|}~����������
-���� â ��� 4�P '�����Q R�R�S D �����

-�.

h(τ, t) =
∑

p

Ap(t)δ(τ − τp(t)), (11)

Y 0 :���� ' δ(τ) ��9�� ����� R�S�: Ap(t) Ò τp(t)��� -�§ p ����� ' 8�@�Ò -�� :'g Ap(t) T ( ' �
��-���� f»�¼
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(1)
� y[�[� Ï ¿[� y k ~ ' �[����P $ a, � .
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4 * s(n) < -�� Ò�������P $ ¾
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Ì�Ï f g�8�@ Ap T ( ' ����-�����: ��T ( Á�Ì�ÏW R ' -*� -*�*� 4 * kNW Î*C 4 **Ð ª -*Ñ ' �- N*ONÌ τ ′, T ( ÁNÌ*Ï W R ' �*�*�NP $ a′ -*�
� 4 * ' c�Ò P $ (a′<0,

:
a′>0 ��-�Ó�Ô�P $ )

f
��N�O ' ��- τ ′ d�- whistles

4 * ' � � -�Ñ :�q
r���� 4 *�~�� 6 ` ;�N�O ' ������P $ a′

W Î�C4 * Å�Æ�Õ a���:�Ö�×������ I ��W F�^ '�Ø�Q f
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2.2 ��� OMP ������¯�������³� �±�²�¹�º
Î�C�F�^�a�; J ��!�"�M�Î�C 4 *�: � g�Î�C4 * a�b�Õ a�� M q$#�Ö�×�[������ I ��'�Ø�Q : j

*�M�� 4�P�����Q R�- hj =[hj(0), hj(1), · · ·, hj(L −

1)] (L - 4*PN� @ )
f G = � â 4*PN'&%&'N}Nm [22],

hj

' ( � � Ì�- 0 (�) Â +�:vP�Q�a�; ����Ë�Ì�*+
(OMP) Õ�Ö [21−23]

Õ H 4�P�����Q R f
g ¡ v 4 *�- s

′,
� @�- Ls′ = D · N(N - c� : Ê ¨ whistles

� - D
c

) 9 Ls′ >L,
a�����Q R

- hj

'�4�P � � M : j *�M���Î�C 4 *�D�+�,�-�.
rj = s

′ ∗ hj + zj , (13)

Y 0 : ∗ +�, u�m�,�-�£ Õ�: zj - 4�P Ü m�  â fG o 2
� , '���c ¡ H�D$.�:�g Ê ¨ whistles ¥

¦�- Ê�/ : Ê�/�0 ��1�2�3 D ¨ � ��: G = � â 4P x�y���� c�Ò Ã R�: 454� Ò�É : : H������ 44 � � -*Ñ d&6NÎ*C&7 4 Ð ª -*Ñ&8&9 # y�; 3 7: : ª&;&<&= ON� 0 ��� y�y Ã ���&7 : 3 / ~N�ß Ö f G =NC�~*�*� 3 7 4 � �NÎ*C*s 3 -*Ñ C�~&>
9*�*�&7 4 hNC Ê � 6*T�F � � 3 7 4 >�g�§ Ê �
�*�&7 4 � � -*Ñ Ò*�*�&7 4 � � -*Ñ 3 -�� 	 T( 6 Nb ¨�a���Ï�?A@�B�> a�C Ë�Ì�k�l�Å�Æ ����7

4 ~�� - ¿ <�~��$D 	 > g�~���D 	 T ( 6 Ne ¨�a
��Ï f P�Q�>�a�C OMP Õ�Ö Å�Æ 7 P N�O - > : �
����~�� -�Ñ$E M 2$3 Ls′+L−1 ¨�a���Ï�H�I$6$F.HG � - D � 8$9 # y$C$7 : f P�Q�> Ó » �����$74 ~�� -�Ñ$I ; 3 Nb+Ne ¨�a���Ï E ~�� -�Ñ$I M3

Ls′+L−1+(Nb+Ne) ¨�a���Ï�H�I$6$F .HG � vj ,

Q - F .JG � vj

0 �*� y 3 y�C�7 : >�� hj <�KL�M�N�M > OMP N�O ����O�P 6�Q
vj = Φhj + nj , (14)

YJRS> hj , nj , vj 6 (Ls′ + L − 1 + 2(Nb + Ne)) × 1

Å�T G � ? Φ 6 (Ls′ + L− 1 + 2(Nb + Ne))× (Ls′ +

L − 1 + 2(Nb + Ne)) Å�L�M�> O�P 6�Q

Φ =




s
′

s
′

. . .

s
′

0




, (15)

YHRU> 0
O$P

2(Nb +Ne)× 2(Nb +Ne)
3 # N L�M f

vj 6�F
.JG � > Φ 6 . � L�M�> OMP Õ�Ö 3¬ Ó�V�W ��<�X Ê�Y�Z � 3�b�z RS>�½ Φ R l�[�TË�Ì�3�©�\�W

hj

Å�Æ Ï ¿ f a�b Ê � 3 Z � I M >
7 4$] G$^ l ©$\�Å�Æ�u�m O�P f OMP Õ�Ö Å�Æ 7P N�O 3 x � ��_�n ª Q

(1) ` ª Ë�a 	 v
0 = vj ,

Z � Y S i = 1, lJR 3b�c�d
Λ

0 6�e�>�lJR 3 T d�¢ B
0 6�e f

(2) Í�Î Ë�Ì G � λi = arg max
λ=1,2,···

|〈vi−1, Φλ〉|, Y
RS> Φλ 6���L�M Φ

3 § λ T f
(3)
c�Ò�b�c�d

Λ
i =Λ

i−1 ∪ {λi},
c�Ò lJR 3 d¢

B
i =[Bi−1, Φ

Λ
i ], B

i R|y i ¨�T G � f
(4) f�g a 	 v

i =v
i−1 − (Bi · (Bi)H)vi−1, YJR

(·)H 6�U V Z�h f
(5) i = i+1, n Ä i < I , ikj (2), I 6 hj

3&%
'�l f

(6)
` C B R 3 G ��m f�Q

h
′

j =argmax
hj

|Bhj − vj |.

a�C OMP Õ�Ö�N�O % 7 P�3�����Q R h
′

j

M >
h
′

j

G � R 3 T ( �$n$6����$7 4$3$o$l >�� h
′

j R
É

Ê�Ë o$l +$p 0.1
3 �$n h N >Û��§ Ê ¨$q N �$n W

R 3 -�Ñ 6 vj R
� 0 ��3 y�C�7 4�3 Ð ª -�Ñ > Q- Ù�b

OMP Õ�Ö�q�r W Î�C$7 4$3 / ~�� f P�Q$>Ù*b
OMP ÕNÖ ] �N~ - q*r W 7 P&3 N�ONÒ W Î
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C$7 4$3���� ~�� f < »��$3 M 2 � � > ]�� g�~��^ a q�r�> 7 4�3���ª -�Ñ 6 n=0
f

2.3 VTRM ¯������
7 4qi ~N�NÒ&7 P N*O*q*r M >�� j

4 MN� 3
Î�C57 4 rj(n) Ò OMP Õ�Ö�N�O 3 7 P�����Q R
h′

j(n)
3 -�X Y�Z

[24−28] d ,�- Q
rV
j (n) = rj(n) ∗ h′

j(−n) =

y(n) ∗
{
hj(n) ∗ h′

j(−n)
}

+ zj(n) ∗ h′

j(−n) =

y(n) ∗ hV
j (n) + z′j(n),

(16)

YJRS> ∗
O�P u�m�,�- > hV

j (n) = hj(n) ∗ h′

j(−n) 6
��M���V�W - Y 7 P f� Ü���M���7 4�	 � e X Ú�
�Q

rV (n) =

J∑

j=1

rV
j (n) =

y(n) ∗

J∑

j=1

hV
j (n) +

J∑

j=1

z′j(n) =

y(n) ∗ hV (n) + z′(n),

(17)

YkR hV (n) =
∑J

j=1 hj(n) ∗ h′

j(−n)
X 6N�*MN�*V*W-�X Y�Z 7 P > , ( � Ú�Ü�M���S�� - >��~�M��$7P�Q R�R�S 3���� q k���� Ü$> � � y�M�� 3 T ( Ì

<N~ Ê -*Ñ � �*h k���� Ü  Ú��&>�Q - hV (n)
]

Ï ¿ 6������*R*S&>�xNy�Ç�] 3�kNl Á�Ô*Ç�� 3��� > ¡ v 7 4�Ù�b$3 T��$7 P Ï ¿ 6������ 3 >'Ö�×
[�7 P ��� ��� fÙ[b

VTRM 7 P[][^ Ö[× �[� ����� >�� rV (n)Å�Æ���c >�h �� �! (10) O�Õ ��� k�l f � ¡ Ä f

3 "$#$%$&
3.1 '�(�)�*�+�,

6�-�.�/�0�1�2�3�46587�9�:�;�<�=�>�4�?�@A�BDC
2015 E 11 F�G�H�I�J�I�K�L�@�-�I�M�N�.�OP�Q�R�S�T�U�V�R�S BXW�Y

32 Z�[�\�]�^�_�<�` Ba
1 b�N�.�c�d�e�f�g�h�O

3.2 i�j�k�l�m�na
2 op3p-pqprpsptpupfpvpwyx B syzy{p4

whistles <�`�4|5}7 A�~�������B��}C�W�Y - CSK��� s�z B���� 4 ODG � ρ ��b�q�r����������� v�w�x�����4���� B a|�}��� s�t�u�f�4������� B
ODG ����������f���������x�� BX��  ��¡�¢£

DFT ��f�4�¤�¥�¦�§�¨�©�¨ � B s�z�ª�{�4�<�`G�«�¬����®�M�4y5¯7�° � ¨�©�¨�±�O

²
7 o�3�- δ =0.2 ³ ¢�£ whistles <�`���s�z{�4 whistles <�`�4��® ¡p´¶µ ² 8 b δ=0.2 ³ ¢�£

whistles <�`���s�z�{�4 whistles <�`�4�·�³�¸�¹�º¡y´ O�?�»�¼ δ 60.2 ³�s�z�ª�{��®���·�³�¸�¹�º4�±�½ A�¾�¿�BÁÀ ¡p´ ³�Â�Ã�Ä�Å�OÁÆ�Ç B ¼ δ60.2³�s�z�ª�{�<�`�È�É ODG >−0.5, Ê�³�«�¬�±�½ AË Â�Ã�Ä�Å�O Ì
1 ÍÏÎÏÐÏÑÏÒÏÓ

ÍÏÎÏÐÏÑ ÑÏÔÍÏÎÏÕÏÖÏ×ÏØ 60∼ 80 mÙÏÚÏÛÏÜÏÝ ØÏÞ 15 mÙÏÚÏßÏàÏá
180 dBâÏãÏä
48 kHz

whistles åÏæÏçÏè 400 ms

whistles éÏêÏëÏÑ / ìÏêÏíÏÑ 4/4096

m îÏïÏèÏÞ 255ðÏñÏò Ñ 0.1, 0.2óÏôÏõ ØÏÞ 12∼ 58.5 móÏôÏõÏõÏöÏ÷
1.5 mø å ÷Ïù 5 kmÌ

2 úÏû ðÏñÏò ÑÏüÏýÏþÏÿ������������ÏÞ�����	�

��� åÏæ ðÏñÏò Ñ δ E (ODG) E(ρ)Õ� whistles 0.05 0.1227 0.9992Õ� whistles 0.10 −0.0237 0.9966Õ� whistles 0.15 −0.3433 0.9923Õ� whistles 0.20 −0.4594 0.9859Õ� whistles 0.25 −0.5087 0.9773Õ� whistles 0.30 −0.5611 0.9660Õ� whistles 0.35 −0.5166 0.9520Õ� whistles 0.40 −0.6286 0.9348

�
7
ð��������

whistles åÏæÏÿ������
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�
8
ð��������

whistles åÏæ��Ïç�� ä�� ���
3.3 '�(���l����
3.3.1 <������

N�.�������4�:��� �!�" ² 9 #�$ B ^�%���:
��O N�.&� W�Y OMP L�@�<'�'(���³ B g�h�<��')* § I =15, " ² 10 o�3 W�Y OMP +�> ¡ 32

Q ]Z�<'�','-'.'/�4'(�� ��� O ¡p´10 ]�Z�<'�'2','.
/�?�» B <'�'.3/'4'5�G ¾ � 4'6'7'8'9 Ë 5�G ¾':4';'< �'='>'? OA@'2','.'/�t�§'B : 4'C'<'D�b�\E'F < BHG'I'F <'D�b�I'J�KÁI'!���L S F < B ¡p´0 <���4�2�,�.�/�t�§�?�»�q�r�M�§�4�^�_�<�` UN 5�G ¾ ��O�P B3Q B � 4�;�<�³�R�? E 20 ms O

�
9 S�T ß�U�V�W

�
10 OMP X�Y�Z�[ � 32

õ�\ å�]�^�_�`�a

3.3.2 s�t�u�f ¡ ;�< A U 4�b�.
b�- ´ ¾ s�t�u�f δ

¡ ��� A U 4'b'. B N�.&�¡p´ -'c'd�q�r�4�s�t�u�f δ=0.1 � δ=0.2 e'f�x����4 A U O ² 11(a) g'$�- 1 `�]�Z�^�_'h�G�s�tu�f δ=0.1, ;�<'i'j�b 5 km ³ Blk s OFDM-CSKm `�n�o�4�p�q�9���� ����B ?�Ã�r�3�5�G����ts� Bvu ���'w'x�� ´ ¾ � B @ ¡ k s ���'y�z'{�| O²
11(b) g�$�- 1 `�]�Z�^�_�h�G�s�t�u�f δ =0.2,;�<�i�j�b 5 km ³ B}k s OFDM-CSK

m `�n�o�4
p�q�9���� ����B ?�Ã�r�3���� ��� 5�G � g�4tC
s B ����w�x���~ ¿ O ¡y´ ² 11(a) � ² 11(b) ?�»^�_�<�� ´ ��<���.�/�%�����r�³ B s�t�u�f δ ¨� B ��� k'��A U ¨'��OH��Ê B G�È�Éy5¶7 A 4�ª�2x B /���� δ ©�2���;�< A U O

(a) δ=0.1 ç � ����	�


(b) δ=0.2 ç � ����	�

�

11 1 æ õ�\�� ðÏñÏò ÑÏúÏûÏç OFDM-CSK � ð 	�
����
3.3.3 VTRM <������ ¡ ;�< A U 4�b�.� ²

10 ��(y�y4 32
Q ]yZy<���,�-�.�/y?» B <���5�G ¾�: 4�;�< ��= B N�.�� W�Y VTRM<�������©�����;�< {�| O b�.�/ VTRM <������¡ ;�< A U 4�b�. B ² 12 Ä�� ´ ¾ -�q�r�]�Z Q f��q�r�^�_�<�� ´ v�w�x B VTRM ����ª�{�4�� ´
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�
12 VTRM å�]������ ø å�� Ü���� `

��¹ (BER) �	� B ?�»t� (1) ��r�]�Z Q f���^�_<�� ´ v�w�x B VTRM <�������{�4�� ´ ��¹ ¿�C
VTRM <'���'��ª�4'� ´ ��¹ B ap� VTRM <'���
��?�Ã�
�Ä�� Y ;'<�<'� B� n�������� B 2'�����4�;�< A U�µ (2)

W�Y ;�]�Z�^�_�<�`�� ´¯P ]�Z�^_�<�` B ?�Ã  n'6'7���� B 2'��;�< A U B 6�7��
����� C ]�Z�f�� O�Æ�Ç B ]�Z�f�� ¨�; B VTRM<�������4�° � ¨�g�� B ����° � ¨���O
3.3.4 N�.�� �

� M���N�. ��� ?�» B ;�<t��¹�� ��� ���tq� ³ B ;�< A U �p5¶7 A U b'q ¡��� B"! s�t�u�f¨ ¿�# 587 A ¨�� u � ´ ��¹�¨�� B s�t�u�f�¨ �# 5¶7 A ¨�± u � ´ ��¹�¨�$ µ���� ����¨ � B ���A U ¨'� Bvu�%�Y�& � 4�'�( B 0�)�N�.�*�Ä�+ ���
��� ¡ ��� A U 4'b'. B ��b ��, ��� ;�<&�.-�/�4��0 µ W�Y ;�]�Z�^�_�<�`�� ´¶P ]�Z�^�_�<�` B ?Ã  n'6'7���� B 2'��;�< A U B 6�7�������� C ]Z�f1� µ VTRM <�������2�3�?�Ã�
�Ä�� Y ;�4�<
� B5 n�������� B 2�������4�;�< A U BHQ ^�_�]Z�f6�Á¨'; B �'��4�° � ¨�g�� B ����° � ¨���OH�Ê B�7�8 5¶7 A U ��;�< A U�9 7 , ��:�z�;�4 Bvu, ¼p5¶7 A U È�É'q � v�w (

! s�t�u�f�b�J'q=< �� ) ³�?�Ã�;�>�?�¼��'��^�_�]�Z Q f�4�=�@�©  n;�< A U 4�2'� B �'� � d�z�;���� B�A Ê�³�B��'�����4���C�§�O

4 DFE
Ã�I'� whistles <�`�b�<'�'	�d�4 OFDM-CSK��� 5}7�9�:�;�<�=�> B ;�> ¡ It� whistles <�`L�@ OFDM-CSK

��� s�z�©�G�'�<'� B r�³ B ;�>������f�� PEAQ +�>�;�H�s�t�u�f BJI n�s�z�ª{�4�<�` À�0 G��®�K , «�¬�M���c�L�~���4����§ B ;�>|5}7�4�=�@ E o�M�N�4O� 4�O�^�_�P�;�>Q�R ����� OMP +�> ��S 4�=�@�� > <�`�4OT r� B ?�Ã I n�;�<�<�`�U�V ¢�£ whistles W}:�4�X
@ B � : -y5¯7�4�° � O CSK

��� 2�3�~ � ¦�§�Y2���-�����4 � '�� Y ¹ Q ;�>�[�\�]�Z�[�³t7�L\ <�������2�3�2���-�;�<�����4�]�^ A O
_F`
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