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Abstract: In N-policy, the nodes attempt to seize the channel when the number of packets in the buffer approaches N. The 
performance of N-policy on the energy efficiency is widely studied in the past years. And it is presented that there exists one optimal 
N to minimize the energy consumption. However, it is noticed that the delay raised by N-policy receives little attention. This work 
mathematically proves the delay to monotonically increase with increasing N in the collision-unfree channel. For planar network 
where the near-to-sink nodes burden heavier traffic than the external ones, the data stemming from the latter undergo longer delay. 
The various-N algorithm is proposed to address this phenomenon by decreasing the threshold N of outer nodes. Without the 
impacting on the network longevity, the maximum delay among the network has decreased 62.9% by the algorithm. Extensive 
simulations are given to verify the effectiveness and correctness of our analysis. 
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1 Introduction 
 

Wireless sensor network (WSN) is extensively 
studied nowadays due to the wide range of potential 
applications, such as habitat monitoring, battlefield 
surveillance, intelligent agriculture, and etc. Particularly, 
the sensors are deployed in distant, unattended and 
hostile environment, and the physical size of sensor is 
made to be as small as possible for cost conservation [1]. 
Since the exchange of power supplier is difficult or even 
impossible, the energy of sensors is scarce, and one of 
the major design concerns lies in the increase of the 
operational lifetime of WSN. 

YE et al [2] proposed the S-MAC protocol which 
employs sleeping scheme for energy conservation. The 
energy consumption of nodes is summarized as four 
factors, including idle listening, overhearing, collision, 
and control packet overhead. Furthermore, MILLER and 
VAIDA [3] indicated that the energy cost due to the 
transitions of radio server between the idle and sleep 
modes is not negligible. N-policy is proposed to decrease 
collision probability and state-transition times by tuning 
the control parameter N [4]. The nodes conduct the 
medium-contention process in case the packet stored in 
the buffer approaches N. In case the node seizes the 
channel, the data are transmitted in an exhaustive 
manner. 

In the multihop scenario [5−6], since all the nodes 
intend to send data to the sink, the uneven data load 
distribution is unavoidable. Furthermore, the data 
sourced from the periphery nodes undergo multiple hops 
to the sink. We proved that N-policy may exacerbate the 
latency because the queuing delay strictly increases with 
N in the collision environment. 

To address this problem, we proposed the various-N 
scheme to adjust the control parameter N according to 
the data load of nodes in the network. On one hand, the 
optimal network longevity was achieved by carefully 
altering the threshold N. On the other hand, the various N 
schemes reduced the overall latency. 

 
2 Related work 

 
The designers have mainly two means to optimize 

the network longevity. The first one is to directly 
minimize the energy consumption for certain metrics 
(e.g., bit [3], transmission distance per bit [7]). And 
numerous techniques are applied for the minimization of 
power cost, including N-policy [8−10], sleep scheme [3] 
[11−12] and cooperative transmission [13]. YUAN et al 
[11] presents a dynamic sleeping scheduling algorithm to 
balance the energy consumption with the restriction that 
each node has at least k neighbors to communicate with. 
ZHANG et al [14] analyzed the performance of IEEE 
802.11 DCF MAC protocol which is widely applied in  
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wireless networks. The authors accurately modeled 
CSMA/CA scheme by M/G/1 queuing system. And it 
was indicated that for a large buffer size, the simpler 
M/M/1/K model had comparable accuracy to the 
M/G/1/K model for the collision probability, the mean 
and variance of the MAC accessed delay as well as the 
mean total delay. LI et al [7] studied the operations of the 
N-policy M/M/1 queuing system under steady-state 
conditions. Based on the collision-free channel and 
full-duplex nodes, the optimal value of N was derived to 
minimize the energy consumption. Then, the conclusion 
was extended to circular multihop networks and N was 
adjusted due to the uneven data load. However, the 
latency brought by N-policy was ignored in the work. 

HUANG et al [8] analyzed the energy cost 
performance of N-policy for half-duplex nodes with 
limited buffer, and collision channel. Eventually, the 
authors proposed an analytical method which can 
efficiently assist the researchers to decide the threshold N. 
HUANG and LEE [9] studied the energy consumption of 
a M/G/1/K queue. The optimal control parameter N for 
various arrival rate λ was obtained by the expressions of 
the systematic energy cost. Although there existed a 
optimal N for the optimization of energy cost for both of 
the situations, the delay induced by N-policy was 
overlooked. For the traceability of the expressions, we 
lost the limiting of the buffer size which suited the 
situations that the packets rarely lost due to buffer fully 
occupied. Based on this assumption, the relationship 
between the threshold N and the delay was derived in our 
work. 

Summarily, the researches of N-policy [8−10] were 
mainly focused on the optimization of energy 
consumption. The delay brought out by N-policy does 
not receive enough attention. We prove the relationship 
between delay and the value of N. Then, various-N 
algorithm is proposed to address the delay caused by 
multi-relay in multihop network without impacting the 
network longevity. 
 
3 Queue model and N-policy description 
 

As shown in Fig 1, the packets arrive at the node 
with arrival rate λ. In case the buffer is empty, the node 
sleeps to save energy. If the number of packets buffered 
approaches the contention threshold N, the node commits 
channel contention to seize the channel. If the contention 
fails (the probability is denoted by γ), the nodes keep 
trying whenever new arrival comes in. Otherwise, the 
node sends data in an exhaustive manner with service 
rate μ. 

The energy consumption of node at each state is 
given by Table 1 [8]. 

 

 
Fig. 1 Birth-death graph 

 
Table 1 Network parameters 

Parameter Description Value

Cempt 
Energy consumption when no packets in 

buffer 
1 

Cset Setup energy for idle state to busy state 150 

Chld Holding power for each data packet 5 

Cidl 
Power consumption for holding node in 

idle period 
50 

Ccon 
Power consumption while nodes 

attempt to seize the channel 
500 

Csn 
Power consumption for data 
transmission per unit time 

500 

 
4 Mean delay and energy consumption 
 
4.1 Delay 

P0 represents the steady state probability (SSP for 
short henceforth) of nodes when the buffer is empty. Pi, 
Pc and Ps denote the SSP of nodes in idle, contend and 
send states, respectively. We derive the performance of 
the model by probability generating function (PGF). For 
representation brevity, the calculative process is omitted 
and the SSPs are given by 
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where μe=(1−λ)μ and ρe=μe/λ. The average queuing 
length can also be derived by PGF and shown as  
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where the response time (elapsed from the arrival of 
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packet to its delivery) Wt is determined by the Little’s 
law. So, the total time is 
 

t i c s( ) /W T T T                                                         (3) 
 

Using the following Theorem 1, the relationship 
between the threshold N and packet delay is analyzed. 

Theorem 1:  The queuing length as well as delay 
monotonically increases with increasing contention 
threshold N. 

Proof: First, we take LI(N)=Ti+Tc. The derivative of 
LI according to N is 
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The second step of Eq. (5) is from 

(μμe)/(Nμμe+λμγ)<1/N. If 2,N   Eq. (5) is larger than 
0. Obviously, we have 0 2 2.   And, 
 

I

I

( 2)

( 1)

L N

L N





 

2
e e e e

2 2
e e e e e

( )( ) ( 1)( )
1

( )( ) ( )

      
      
    


    

   (6) 

 
So, LI strictly increases with N when NN. 
The derivative of Ts according to N is 
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examine the values of Tt(N=1) and Tt(N=2) which yields 
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So, Tt strictly inclines with increasing N when NN. 
Although the numerical demonstration seems to be 

tedious, one can simply illuminate this phenomenon. 
Take two values N1 and N2, and N2>N1. In case the node 
enters idle state, it takes longer time to collect N2 packets 
to start the channel contention. The expected number of 
packets to access send state is N2+ρ/(1−γ) which is 

obviously larger than the case of threshold N1. Hence, the 
period of node in send state is also extended. 
Furthermore, the threshold N does not impact the time 
cost in contention state. Eventually, larger N leads to 
longer delay. 
 
4.2 Energy 

The energy consumed by nodes consists of the 
energy consumption in each state and the times 
switching from the sleep state to idle. Let PT denote the 
period with no packets income. Since the arrival process 
is Poisson, the intervals between successive arrivals 
exponentially distributed with mean 1/λ. Then, we have 
 

T 0ln /P P                                                                 (9) 
 

The frequency that the system switches from sleep 
state to idle state, i.e., the setup times, is 1/PT per unit 
time. Summarily, the mean value of energy cost EN per 
unit time according to the threshold N can be derived as 
 

emp 0 set T hld s idl I/NE C P C P C T C P         

con snd TBC P C P                                               (10) 
 

We plot the energy consumption performance 
versus various arrival rates in Fig. 2. Notably, consistent 
with the conclusions of Ref. [11], there exist optimal 
energy costs in corresponding to the threshold with 
different arrival rates. And the energy cost with N=1 
significantly exceeds those with larger N. The rationality 
is illustrated by Fig. 3, wherein it is shown that the nodes 
frequently switch the state from sleep to idle when N=1. 
The energy cost by setup is much more remarkable than 
that when N>1. This implicitly explains why MILLER 
and VAIDYA [3] chose N=2 to optimize the network 
longevity. The calculation of optimal N for 
energy-efficiency is almost impossible due to the high 
nonlinearity and complexity of Eq. (10). We are able to 
search the value of N at the inflection point in Fig. 2 to 
minimize the energy cost since the curves of EN 
according to N is concave. Figure 4 shows the size of N 
 

 
Fig. 2 Energy cost performance of N-policy 
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Fig. 3 Optimal threshold N with minimum energy cost (μ=10, 

γ=0.1) 

 

 
Fig. 4 Queue length with various thresholds N (γ=0.1, λ=0.1, 

μ=0.1) 

 
to minimize the energy cost with different λ and γ. As we 
have proven in Theorem 1, the delay inclines with 
increasing N. Eventually, the tradeoff of energy 
consumption and delay exists before N is achieved. 

The queue length at each state versus various sizes 
of N is shown in Fig. 5. Although Tb decreases with 
increasing N(dTb/dN=λμρe(γ−1)<0), the sum of Ti and Tt 
 

 
Fig. 5 Frequency of switching from sleep to idle 

strictly inclines with increasing N. Thus, the total 
queuing length increases with increasing N. The 
probability of each state is shown in Fig. 6 wherein it is 
shown that the system stays at the idle state most of the 
time if N≥3. The mean response time for various N is 
depicted in Fig. 7. In accordance with our analysis, the 
delay monotonically increases along with the ascending 
N. And the tradeoff exists between the optimal N for 
energy-efficiency and that to minimize the delay. It is 
worthy to note that λ is correlated reciprocally with the 
delay when λ is small, since the number of packets in the 
buffer fast attained N with high arrival rate. 
 

 
Fig. 6 State probability with various thresholds N (λ=1, μ=10, 

γ=0.1) 

 

 
Fig. 7 Delay with threshold N (μ=10, γ=0.1) 

 
5 Various-N algorithm for multihop network 
 

The nodes are randomly deployed in a circular area 
with the base station (BS) at the center [15], as shown in 
Fig. 8. The radius of the area is R and ρ denotes the node 
density. The nodes not only gather the data from the 
target area, but also relay the sensory data from external 
nodes. The arrival rate at each node is λ. This many- 
to-one paradigm leads to non-uniform traffic distribution 
among the nodes. 

In this section, l=mr+x represents the distance 
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Fig. 8 Multihop WSN deployment 

 
between the node and BS, where r denotes the 
transmission radius and x<r. For example, λl denotes the 
arrival rate for node nl consisting the data packets 
originated and relayed by it. And k denotes the number of 
hops from nodes at the outmost circle to node nl. We 
derive the data arrival rate at nl and the delay of packets 
stemming from node nl to BS in Theorem 2. 

Theorem 2: The arrival rate of nl is given by 
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where Wl denotes the delay between the original sending 
at nl and the arrival at BS. 

Proof: As shown in Fig. 8, node nl needs to 
undertake the packets stemming from nodes 1+l, 
1+2l, …, 1+ql. The number of nodes with distance l is 
approximately to be l·ρ, so the number of nodes which 
need nl to relay for is 
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Due to the superposition property of Poisson 

process, the arrival process to node nl is still Poisson 
with rate λl, which can be expressed as 
 

l lD                                                                      (13) 
 

The packets stemming from nl go through nodes nl−r, 
nl−2r, …, nx to sink. The cumulative delay composes the 
response time at all the downstream nodes, which can be 
expressed as 
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Substituting Eq. (3) into Eq. (14) yields the 

response time Wt,l at nl. So, the total delay of packets 

stemming from nl is 
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As we can see from the analysis in Theorem 1, the 
delay decreases with smaller N. Smaller threshold leads 
to remarkable large energy consumption (as shown in 
Figs. 2 and 3), since the nodes try to seize the channel 
frequently. This trait enables us to estimate 

*
iN  by firstly 

calculating the 
*
iN to minimize the energy cost. However, 

larger N brings about longer delay. 
In Ref. [3], the authors select N=2 as the threshold 

to start the channel contention. Figure 9 depicts the 
energy cost of N=2 and N=N* for every node. The nodes 
conserves almost 30% energy by adopting the optimal 

*
iN  compared to Ni=2. 

As shown in Fig. 9, the nodes nearer to sink 
consumes much more energy than the outer ones due to 
the large data load. Nonetheless, Fig. 10 depicts that the 
delay caused by 

*
iN  is significantly longer compared to 

Ni=2. This fact enables us to optimize the latency 
performance by regulating the threshold Nl without 
damaging the longevity of the network. So, we propose 
the various-N algorithm to achieve this goal. 
 

 
Fig. 9 Energy cost performance of N-policy 

 

 
Fig. 10 Delay performance of N-policy 
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In Algorithm 1, we firstly calculate the threshold 

*
iN  to minimize the energy consumption for each node 

in Step 1. Then, the algorithm picks the node with 
maximal energy consumption and set the value as a 
benchmark for network longevity. Then, the algorithm 
attempts to decrease 

*
iN  of the node with minimal 

energy consumption to decreases the delay. If the 
longevity is not harmed by this operation (i.e., the energy 
consumed by the node with minimal energy), it is saved. 
The algorithm recursively executes this process until 
there exists no N that can be adjusted. And the 
performance of the algorithm is valuated in Fig. 11. 
 

 
Fig. 11 Performance of various-N algorithm: (a) Comparison of 

energy cost; (b) Comparison of delay performance; (c) 

Comparison of threshold N 

Algorithm 1: Various-N algorithm 
Require: Network parameters, energy cost of nodes 

in various states. 
Ensure: The sequence of 

Al
iN  which can minimize 

the maximal energy cost as well as the transmit delay for 
each node. 

Step 1: Find the optimal 
*
iN  to minimize the energy 

consumption of each node i and Al *;i iN N  
Step 2: Find the maximal Emax(N) for nmax and set 

the value as the benchmark; 
Step 3: while can do 
Find the minimum Emin(N), the threshold 

*
minN  for 

nmin; 
Step 4: Find the max decreased ΔNmin to make sure 

that the energy consumption of node nmin is slight less 
than Emax(N); 

Step 5: Al Al
min min min ;N N N    

Step 6: end while 
Step 7: Output the sequence of Al ;iN  
Figure 11 depicts the performance of various-N 

algorithm on energy cost (Fig. 11(a)) and overall delay 
(Fig. 11(b)) as well as the output 

Al
lN  (Fig. 11(c)). The 

threshold Nl for outer nodes (l≥31) is set to be the 
possible smallest value 2 since the energy cost of these 
nodes are minimum. However, the value of  

Al
lN  for 

internal nodes increases to keep the energy cost less than 
that of maximum energy consumption. Meanwhile, the 
delay (maximum delay) is prominently optimized about 
74%. 
 
6 Conclusions 
 

The N-policy in full-duplex and collision-unfree 
channel is modeled by Markov chain. It is observed that 
there is an optimal N* to minimize the energy 
consumption. And we reveal the relationship between the 
delay and the value of N. For the planar network, N* can 
optimize the energy consumption, while brings in longer 
delay. So, we propose various-N algorithm to address 
this problem. The delay remarkably decreases without 
damaging on the optimal longevity of the network by the 
algorithm. In the future work, the relationship between 
the density of the nodes and the collision probability 
would be further studied. And the conclusion will be 
complemented into this model to make it more practical. 
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