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Abstract 

In this paper, we propose a novel protocol called Cooperative Multi-hop transmission using Incremental Relaying 
(CMIR). We evaluate the performance of the CMIR protocol by deriving expressions for the average end-to-end outage 
probability and the average number of transmissions. Monte Carlo simulations are presented to verify the accuracy 
of the theoretical analyses.
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Ⅰ. Introduction

Cooperative wireless communication continues to at-

tract a great deal of interest in the research community. 

Cooperative diversity exploits the broadcast nature of 

the wireless channel and allows single-antenna radios to 

share their antennas to form a virtual antenna array. The 

current literature describes studies on various coopera-

tive transmission protocols [1], [2] from the viewpoint 

of implementation issues and performance evaluations. 

At present, most of the work related to cooperative co-

mmunication has been performed on single-hop net-

works. However, the multi-hop relaying in which a so-

urce communicates with a destination via a number of 

relays has become a promising technique for applica-

tions in current and future wireless systems. 

In a conventional multi-hop transmission (CMT), each 

relay on the line route only processes the signal received 

from its immediately preceding terminal and it forwards 

this signal to next terminal. However, each relay on the 

multi-hop route can employ diversity to improve the 

performance. Multi-hop diversity transmission protocols 

have been proposed and analyzed in previous studies [3] 

～[5]. In these protocols, each relay on the primary 

route can receive the signals from all previous trans-

mitting terminals and combine them appropriately, be-

fore forwarding the detected signals. However, these 

strategies require each node to restore all versions of the 

received signals, which requires huge storage capacity. 

The end-to-end delay and the power consumption, which 

are important criteria in multi-hop transmission, are also 

not also considered.

In this paper, we propose a novel protocol called co-

operative multi-hop transmission using incremental re-

laying (CMIR) to enhance the performance in terms of 

average end-to-end outage probability and average num-

ber of transmissions. We assume that a route between 

the source and the destination is established by the net-

work layer. Due to broadcast nature of the wireless 

channel, each node that lies on this route can receive the 

packet transmitted by all previous nodes [3]～[5]. 

Whenever the destination decodes the packet incorrectly, 

it sends a negative acknowledgment (NACK) via feed-

back to request a retransmission. Then, a node that has 

successfully decoded the signal and that has the best 

channel to the destination is chosen to retransmit the 

packet. This strategy is called incremental relaying [1]. 

The best relay then becomes a new source and repeats 

the above process. This process is repeated until the 

destination receives the packet correctly or until no node 

between the new source and the destination can decode 

correctly. 

In this study, we evaluate the performance of the 

CMIR protocol by deriving mathematical expressions for 

the average end-to-end outage probability and the aver-

age power consumption. Monte Carlo simulations are 
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presented to validate the theoretical results. The pro-

posed protocol improves the performance when com-

pared to the CMT protocol and it achieves full diversity 

order, which is equal to the number of hops.

The rest of the paper is organized as follows. The 

system model and the proposed scheme are described in 

Section Ⅱ. In Section Ⅲ, the performance of the CMIR 

protocol is analyzed. The simulation results are pre-

sented in Section Ⅳ. Finally, the paper is concluded in 

Section Ⅴ.

Ⅱ. System Model    

Fig. 1 presents an N-hop route consisting of nodes, 

i.e., 0, 1, 2, … , N—1, N, where node 0 is the source, 

node N is the destination and the remaining nodes are 

intermediate nodes or relays. 

Each node is assumed to be equipped with a single 

antenna and operating in a half-duplex mode. Hence, for 

medium access, a time-division channel allocation is oc-

cupied in order to realize orthogonal channels. In this 

paper, we assume that control messages such as ac-

knowledgment (ACK) and negative acknowledgment 

(NACK) also use powerful error-correcting codes (ECC) 

for error-free reception at all of the nodes on the estab-

lished route. In addition, the size of control messages is 

also assumed to be small compared to that of the trans-

mitted packet. Therefore, the delay time and transmit 

power for transmitting them can be ignored  compared 

with those needed for transmitting the packet.

The packet received at node r, { }1,2,...,r NÎ , due to 

the transmission of node t, { }0,1,2,..., 1t NÎ - , is given 

by 
 

, ,r t r t ry Ph x h= + (1)
 

where, P is the transmitted power of node t, x is the 

transmitted packet, ( )r nh is AWGN noise with variance 

0N , and ,r th , which is modeled as block and flat 

Rayleigh fading, is the channel between nodes i and j.
The instantaneous received Signal-to-Noise Ratio 

(SNR) at the node r is expressed by
 

2 2
, , 0 ,| | / | |r t r t r tP h N hg g= = (2)

 

where 0/P Ng = .

Fig. 1. An N-hop route established by network layer.

Because ,r th  is the Rayleigh fading channel coeffi-

cient, ,r tg  is an exponential random variable with pa-

rameter ,r tl . Path loss is taken into account by express-

ing the parameter ,r tl  as a function of distance between 

two nodes [6], as 
 

, ,r t r td bl = (3)
 

where b  is path loss exponent that varies from 2 to 6 

and ,r td  is the distance between node t and node r. 

The next section describes the transmission protocols 

applied on this route.

2-1 The CMT Protocol

In this protocol, the packet is transmitted sequentially 

from node j to node j+1 ( )0 1j N£ £ - . If node 1j +

cannot correctly decode the packet received from node 
j, the packet will be dropped at this hop.

2-2 The CMIR Protocol

The operation of the proposed protocol is described as 

follows:

2-2-1 Step 1

At the first stage, the source transmits the packet, 

which can be received by the destination and all relays. 

The destination and all relays then attempt to decode the 

received packet. If the destination decodes successfully, 

the operation goes to Step 4. Otherwise, it moves to 

Step 2.

2-2-2 Step 2

The destination sends a NACK message to request a 

retransmission from one of relays. If no relays are avail-

able (between the transmitting node and destination)  

that can successfully decode the packet, the packet is 

dropped. Otherwise, the successful relay that has the 

best channel to the destination will become a new trans-

mitter for the destination. The transmission of a NACK 

message from the destination allows estimation of the 

instantaneous wireless channel ( ), 1j Nh j N£ < between 

the destination and the successful relay j. Similar to an 

opportunistic relaying protocol [7], each successful relay 

sets a timer 
2

,/ | |j j NT hq= , where q  is a constant. The 

successful relay that is first to have its timer reduced to 

zero first will then be selected for the retransmission. 

Now, the operation goes to Step 3.
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2-2-3 Step 3

The chosen relay sends the packet to the destination 

and relays between it and the destination. If the destina-

tion decodes successfully, the operation goes to Step 4. 

Otherwise, Step 2 is repeated.  

2-2-4 Step 4

The destination sends an ACK message to the source 

and all relays to inform. The transmission of this packet 

ends and the source starts to transmit a new packet.

In this paper, in order to avoid a huge storage ca-

pacity at the receivers, the received packet is removed 

from the relay and destination buffers after each stage.

Ⅲ. Performance Analysis

3-1 Outage Probability

In this paper, a node is considered to decode the 

packet successfully if the received SNR exceeds a pre-

determined threshold thg . Otherwise, this node is con-

sidered to have received the packet incorrectly. 

Therefore, the probability that the link between nodes 

r and t is outage is calculated by
 

( ) 2
, ,, Pr Pr | |out r t th r tP r t hg g ré ù= < = <é ùë û ë û (4)

 

where /thr g g= .

From Eq. (3), we can calculate Eq. (4) as
 

( ) ( ),, 1 expout r tP r t l r= - -
(5)

 

For the CMT protocol, we consider an N-hop route as 

presented in Fig. 1, where all hops are independent. 

Hence, the end-to-end outage probability this route can 

be given as
 

( )( )
1

0

1

, 1
0

1 1 , 1

1 exp

N
CMT

out out
j

N

j j
j

P P j j

l r

-

=

-

+
=

= - - +

æ ö
= - -ç ÷

è ø

Õ

å
(6)

 

For the proposed protocol, the average end-to-end 

outage probability for an N-hop route can be expressed 

by a recursive expression as follows: 
 

( ) ( )

( )

( ) ( )( )
0 0

0

CMIR

1

1

| |
CMIR

0 0
1

0, 0,

0,

,
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n D
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D k
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=
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é ù
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(7)

 

where 0D  is set of nodes decoding successfully the 

packet received from the source 0 and 0 0| |n D=  is the 

number of nodes in set 0D  and ( )0D k  is node which 

belongs to set 0D  and has the best channel to the 
destination.

In addition, the term ( )
1

1

0,
N

out
k

P k
-

=

Õ in Eq. (7) presents 

the case where all relays between the source and the 

destination cannot correctly decode the packet received 

from the source. Consider the set 0D , we can see that 

there are 12 1N - - possible cases for each set 0D  and the 

probability for each one is calculated by  
 

( ) ( )( ) ( )

( ) ( )

0 0

0 0

0

0, 0,

1 0, 0,

exp 1 exp

out out
k D k D

k k
k D k D

P D P k P k

l r l r

Î Ï

Î Ï

= -

= - - -

Õ Õ
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(8)

 

The term ( )( )CMIR
0 ,outP D k N  in Eq. (7) can also be ex-

pressed by a recursive form as follows:
 

( )( ) ( )( )
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(9)
 

where 1D  is set of nodes decoding successfully the 

packet received from the relay ( )0D k  and 1 1| |n D=  is 

the number of nodes in set 1D .

Next, we calculate the outage probability for the 

( )0D k N-  link. At first, we assume that {0 1 2, ,...,D s s s=

}0 1 2, ,..., nD s s s and ( )0 jD k s= where { } { }, 1,2,..., 1j n NÎ - , 

1 j n£ £  and 1 21 ... 1ns s s N£ < < < £ - . Because the 

node js  belongs to set 0D  and has the best channel to 

the destination, hence we have ( ), ,max
j is N s Ng g³ , whe-

re { }1,2,...,i nÎ , i j¹ . If we denote maxY = ( ),max
is Ng , 

the cumulative density function (CDF) of the random 

variable Y is given by 
 

( )( )

( ) ( )

0 0

0 0

1

1

1 1

, ,
1, 1,

1 1

1, ,..., 1,
...

( ) Pr 1 exp

1 1 exp

i i

i
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n n

Y s N s N
i i j i i j

n n
i
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i i j m m i

m m

F x x x

x
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w
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= ¹ = ¹

- -

= ¹ = ¹
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where ,
1

l

i

i s N
l

w l
=

=å .

Hence, the probability that the direct transmission 
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from node js  to the destination is an outage is calcu-

lated by
 

( )

( ) ( )
,

,

0 0

, Pr
j

s Nj

best
out j s N

y

Y

P s N Y

f y f x dxdy
r

g

g ré ù= £ <
ë û
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(11)

 

where ( )
,s Nj

f yg  and ( )Yf x  are probability density func-

tion (pdf) of the random variables ,js Ng  and Y , res-

pectively. Note that ,js Ng  has exponential distribution 

with parameter ,js Nl  as mentioned above. Therefore, us-

ing Eq. (10) and Eq. (11), it can be calculated as
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( ) ( )( )
0 0
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1
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1 1
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Similarly, in case where the link js N-  is not in out-

age, the probability for this event is calculated by
 

( ) , ,, Pr ,
j j
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sucess j s N s NP s N Yg g ré ù= ³ ³
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3-2 Average Number of Transmissions

In this subsection, we derive the average power con-

sumption required for a successful delivery from the 

source to the destination. 

In the CMT protocol, the source and all relays must 

transmit the packet to the destination; hence, the number 

of transmissions for a successful delivery is always 

equal to the number of hops of the established route, 

i.e., N.

For the CMIR protocol, let us first denote ,Pr ( )x y t as 

the probability that the packet is transmitted successfully 

from node x to node y under the condition where t no-

des are between node x and node y to transmit the pack-

et, and where { }, , 0,1,..., 1 ,x y t y x x N< £ - Î -  {y NÎ

{ }1,...,y NÎ . Considering the probability ( )0,Pr N t , this pro-

bability is calculated as 

( )

( )

( ) ( ) ( )
0 0

0

0
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| |
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In (14), ( ) ( )
0 ,Pr 1D k N t -  is determined recursively by
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where, ( )( )0 ,best
sucessP D k N  and ( )( )0 ,best

outP D k N are given 

in (12) and (13), respectively.

Finally, the average number of transmissions of the 

CMIR protocol is given as
 

( )0,
1

Pr

1

N

N
k

CMIR CMIR
out

k

Num
P

==
-

å

(16)

 

Ⅳ. Simulation Results

In this section, we use a Monte-Carlo simulation to 

verify our theoretical results. We assume that the trans-

mit power P is the same for every transmitting node, in-

cluding the source and all relays. We also consider the 

line network where all the nodes are on the same line 

and that the distance between two adjacent nodes is 

equal to 1.

 In Figs. 2, 3, we present the average end-to-end outage 

probability as a function SNR ( )g  in dB. The simulation 

in Fig. 2 is implemented on the 3-hop networks with 

path loss exponent 3b =  and threshold 1thg = . The theo-

retical results and simulation results match very well. In 

addition, the CMIR protocol obtains a better perfor- 

mance at high SNR value compared to the CMT pro-

tocol. Similarly, in Fig. 3, we set the parameters as 

follows: 4N = , 4b =  and 1thg = . Again, the theoretical 

and simulation results are in good agreement and the 

proposed protocol outperforms the CMT protocol at hi-

gh SNR region.

Fig. 4 presents the outage probability of the CMT and 

CMIR protocols based on the theoretical results, in order 

to determine the diversity order of each protocol. In this 

simulation, we assume that 3b = , 1thg =  and N  equals 
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Fig. 2. Outage probability as a function of SNR (dB) 

when 3N = ; 3b =  and 1thg = .

  

  

Fig. 3. Outage probability as a function of SNR (dB) 

when 4N = ; 4b =  and 1thg = .

  

 

Fig. 4. Outage probability as a function of SNR (dB) 

when 3b =  and 1thg = .

  

  

3 or 5. The figure shows that the proposed protocol ob-

tains the diversity order of 3 and 5, when the number 

Fig. 5. Outage probability as a function of SNR (dB) 

when 3b =  and 1thg = .

  

 

of hops equals 3 and 5, respectively. Even when we 

change the number of hops, the diversity of the CMT 

protocol remains 1.

Fig. 5 shows the average number of transmissions as 

a function of the SNR in dB, when the values of b and 

thg  are assigned as 3 and 1, respectively. The simulation 

and theoretical results are again in good agreement. In 

addition, this figure shows that the CMIR protocol uti-

lizes fewer transmissions than the CMT protocol does, 

and this is equal to the number of hops. 

Figs. 2～5 show that the proposed protocol not only 

enhances the performance of the system in terms of out-

age probability, but it also reduces the number of trans-

missions and therefore the power consumption.

Ⅴ. Conclusion

In this paper, we proposed a protocol called CMIR, 

which is a cooperative multi-hop transmission that uses 

an opportunistic relaying protocol, where the retrans-

mission is accomplished by the best relay. In order to 

evaluate the performance of the proposed protocol, we 

derived the mathematical expressions to calculate the 

end-to-end outage probability and the average power 

consumption. We then verified the accuracy of the deri-

vation by simulations. The simulation results show that 

the CMIR protocol improves the performance of the 

system at the high SNR region when compared to the 

CMT protocol. Our proposed protocol not only reduces 

power consumption of the system but also end-to-end 

transmission time, because it bypasses unnecessary re-

lays.
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