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Abstract: Aiming at triple hidden terminal problems in wireless sensor networks, an adaptive duty cycle based 

multi-channel MAC protocol was proposed, called MCR. MCR efficiently handled triple hidden terminal problems with 

multiple channel reservation. By minimizing the lower bound of average times of channel switching in MCR, the optimal 

duty cycle in theoretical analysis was obtained. To investigate values of multiple channel reservation and dynamic duty 

cycling in MCR, extensive simulation and real testbed experiments were conducted. The results show that compared with 

other protocols, when the number of channels is larger or loads are heavy, M-cube improves throughput and energy effi-

ciency significantly. 
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=  (1) 

5.1  �� p 

� 9:;)�,-�������</07

8� 

Pr[ | ] Pr[ ]p MCC MAN MAN= ⋅ +  

Pr[ | ] Pr[ ]MCC MAN MAN⋅  (2) 

8(2)=>?@8(3)�8(4)A 5.2 �)�8(9)

BC' 

D MCR)��� MCEF�G�HI9JK

vL@MNO��PQ� ANC�IR 

 Pr[ | |] 0MCC MAN =  (3) 

� i � v �,-��NO��� Pr[ ]MAN SK

Pr[MANi]'� j�T i?
�,-��NO��� 

[ ]Pr MCC | Pr[MCC | | ]i i ivMAN MAN j N= ∈  

Pr[ ]ivj N∈ + \ \Pr[MCC| | ]Pr[ ]i i v i vMAN j N j N∈ ∈  (4) 

5.1.1  �� Pr[ ]ivj N∈ � Pr[ ]i\vj N∈  

� i UVWTX�Y��NO?
���

Pr[j∈ Niv]Z[WSK 2 ���?
\]�^_T 1

���?
\]�`a'bcd�?
\]9ef

� r�ghi�j����kl12mn�@op

qK:;r���st[13]' 

Pr[ ] 1.84 / 3.14j Niv∈ ≈ � Pr[ ] 1.30 / 3.14\j Ni v∈ ≈  (5) 

5.1.2  �� \Pr[MCC | | ]i i vMAN j N∈  

bc j ∈ Ni\vi v L@M i PQ� ANC��� v

L@MG�uvw DC x i A j yz�2{��>

MCC>/0 1PF�|  

 \Pr[MCC | | ] 1i i vMAN j N∈ =  (6) 

5.1.3  �� Pr[MCC | | ]i ivMAN j N∈  

bc j ∈ Nivi vL@M iPQ�ANC���MCC

PF}i~}MANjPF'�9JK v�j��?@

�� j� ANCuvwDCxyz iA j�2{�IR 

Pr[ | | ] = Pr[ | | ]i iv j i ivMCC MAN j N MAN MAN j N∈ ∈
  (7) 

Pr[MANj|MANi|j∈ Niv]SK v ��L@M i PQ

� ANC�iL@M jPQ� ANC�/0��>�

��st[13] 

DC DCPr[ | | ] (1 )( ) /j i iv ANMAN MAN j N q q T T T∈ < + − −  

  (8) 

5.2  �� Pr[MAN] 

JK Pr[MAN]SK Pr[MANi]�i 

 Pr[ ] 1 Pri iMAN MAN⎡ ⎤= − ⎣ ⎦  (9) 

IR��?@ Pr MANi⎡ ⎤⎣ ⎦BC Pr[ ]MAN '���</

078� 

 Pr Pr | Pr[ ]i iMAN MAN IIS IIS⎡ ⎤ ⎡ ⎤= +⎣ ⎦ ⎣ ⎦  

          Pr | Pr[ ]iMAN IIS IIS⎡ ⎤
⎣ ⎦  (10) 

8(10)=>?@8(11)A8(12)BC' 
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�Kd��i 9 v �,-��NO��>D�

o�-��� 

 Pr[ ] Pr[ ] 1/ 2IIS IIS≈ ≈  (11) 

5.2.2  �� Pr[ | ]MAN IISi � Pr[ | ]MAN IISi   

DMCR)�bc i�PQ�����MANi P

F}i~}>� 3������1) } i��PQ(

ANC�(�w��� ti,A)�vDCC����|OCCv(ti,A)

PF�2)D iPQ( ANC����r(�w����
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NSCv(TiA)PF�3) v� i>���jNO���� v

D CC�����| ( )\{ } NIC Tu N i u iAv∈I PF'�> 

,Pr[ | ] Pr[ ( )i v i vMAN IIS OCC t= ∩    

  \{ }( ) ( )]
vv iA u N i u iANSC T NIC T∈∩I  (12) 

���bc i9� ����� 
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 , \{ } ,( ) ( )]
vv i A u N i u i ANSC T NIC T∈′ ′∩I  (13) 
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|
,
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�9JK}NO��PQ����MAC «¬�

®��PQ���>¯°±��%²³´'�

,
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i A
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u iA
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5.2.3  �� ,Pr[ ( )]v i AOCC t  

¸K v� ,i At 9��,-����> 

 , ccPr[ ( )]v i AOCC t p=  (15) 

� T0���¹��������D T05��Y�

���º�»¼�SK 0 /T AVGλ �!�����PQ
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;¿À���������PQ�½»¼�z��
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 cc DC(1 2 / )(1 1/ )p T AVG qλ> − +  (16) 
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vu N i u iANIC T∈I  

D�� ,i At �ÂÃ uDÄ�
��MCR��

® uD(�
��NO�DPQ»¼5�PQ u�

»¼'�>�bc viu N∈ ��� ( )u iANIC T >/0

1PF'�����8(5)�u 
\| |
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v
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u N i u iA u iANIC T NIC T∈ = ⋅I  

      1.3Pr[ ( )] N
iANIC T=  (17) 

()� 

Pr[ ( )] Pr[ ( ) | ]Pr[ ] +u iA u iA vi viNIC T NIC T u N u N= ∈ ∈  

 \ \Pr[ ( ) | ]Pr[ ]u iA v i v iNIC T u N u N∈ ∈  (18) 

8(18)=>?@8(5)�8(19)A8(20)BC' 
5.2.5  �� Pr[ ( ) | ]u iA viNIC T u N∈ � 

\Pr[ ( ) | ]u iA v iNIC T u N∈  

bc viu N∈ ��KT8(17)¦��HI� 

 Pr[ ( ) | ] = 1u iA viNIC T u N∈  (19) 

���</078� 

\Pr[ ( ) | ] =u iA v iNIC T u N∈  

 \Pr[ ( ) | | ( )]Pr[ ( )] +u iA v i u iA u iANIC T u N SLP T SLP T∈  

\Pr[ ( ) | | ( )]Pr[ ( )]u iA v i u iA u iANIC T u N SLP T SLP T∈  (20) 

8(20)=>Åz8(21)�8(22)A8(23)BC' 
5.2.6  �� \Pr[ ( ) | ]u iA v iNIC T u N∈  
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u iA

T T T T
SLP T

T T T T

− −
= =

+ +  (21) 

bc ,( )u i ASLP t PF���JKÆÇ�����

(¾���Èj 

 \Pr[ ( ) | | ( )] 1u iA v i u iANIC T u N SLP T∈ =  (22) 

bc ( )u iASLP T PF�����</078 

\Pr[ ( ) | | ( )] =u iA v i u iANIC T u N SLP T∈  

\ , ,Pr[ ( ) | | ( ) | ( )]Pr[ ( )]u iA v i u iA u i A u i ANIC T u N SLP T OCC t OCC t∈ +

\ , ,Pr[ ( ) | | ( ) | ( )]Pr[ ( )]u iA v i u iA u i A u i ANIC T u N SLP T OCC t OCC t∈

  (23) 

8(23)=>J8(15)�8(24)A8(25)BC' 

5.2.7  �� \Pr[ ( ) | | ( )]u iA v i u iANIC T u N SLP T∈  

u ��� v �� i � ANC }i~}( , ,i A ANt T−  

,i A ANt T+ )5� u �PQ���|Éj���º u'

�>���mn�º@o� 
2

\ ,Pr[ ( ) | | ( ) | ( )] e ANT
u iA v i u iA u i ANIC T u N SLP T OCC t λ−∈ =  (24) 

bc \v iu N∈ �����</078� 

\ ,Pr[ ( ) | | ( ) | ( )]u iA v i u iA u i ANIC T u N SLP T OCC t∈ =  

\ ,Pr[ ( ) | | ( ) | ( ) |u iA v i u iA u i ANIC T u N SLP T OCC t∈
( )]Pr[ ( )]iA iABTC T BTC T +  

\ ,Pr[ ( ) | | ( ) | ( ) |

( )]Pr[ ( )]

u iA v i u iA u i A

iA iA

NIC T u N SLP T OCC t

BTC T BTC T

∈
 

(25)
 

8(25)=>?@8(26)�8(27)A8(28)BC' 

5.2.8  �� \ ,Pr[ ( ) | | ( ) | ( )]u iA v i u iA u i ANIC T u N SLP T OCC t∈  

I� u�� DC���Êv��> u�Ë
CC���UVW%&DÌ� iAT ��!� 

 DC DCPr[ ( )] | | / /iA iA ANBTC T T T T T= =  (26) 

JKDÌ�( , , DC,i A i At t T+ )r u�{�Ë CC�

IR u�{ÍÎ,$D CC������� 

\ ,Pr[ ( ) | | ( ) | ( )u iA v i u iA u i ANIC T u N SLP T OCC t∈

 | ( )]Pr[ ( )] 1iA iABTC T BTC T =  (27) 

� u�Ë CCÏD CC�������Ð�

tΔ '���KT8(26)¦��HI� tΔ UVW%&
DÌ�(0, ANT )���> 

\ ,Pr[ ( ) | | ( ) | ( )u iA v i u iA u i ANIC T u N SLP T OCC t∈

 | ( )] Pr[ ( )] E[e ]t
iA iABTC T BTC T λ−⋅ = �  
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