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Abstract 

This paper deals with a novel forwarding scheme for wireless 
sensor networks aimed at combining low computational complexity 
and high performance in terms of energy efficiency and reliability. The 
proposed approach relies on a packet-splitting algorithm based on 
the Chinese Remainder Theorem (CRT) and is characterized by a 
simple modular division between integers. An analytical model for 
estimating the energy efficiency of the scheme is presented, and 
several practical issues such as the effect of unreliable Channels, 
topology Changes, and MAC overhead are discussed. The results 
obtained show that the proposed algorithm outperforms traditional 
approaches in terms of power saving, simplicity, and fair distribution 
of energy consumption among all nodes in the network. 

 
Keywords: Chinese Remainder Theorem, energy efficiency, packet 
splitting, reliability, wireless sensor networks. 
 

 
1. Introduction 
 

A wireless s e n s o r  network (WSN) is composed of a large 

number of low-cost devices distributed over a geographic 

area. Sensor nodes have limited processing capabilities, 

therefore simplified protocol architecture should be designed 

so as to make communications simple and efficient. 

Moreover, usually the power supply unit is based on an 

energy-limited battery, therefore solutions   elaborated   for  

these networks should be aimed at minimizing the energy 

consumption. To this purpose, several works have shown that 

energy consumption is mainly due to data transmission, and  

accordingly energy conservation schemes have been proposed 

aimed at minimizing the energy consumption of the radio 

interface [1], [2], [10]. 

 

With the aim of reducing energy consumption while taking 

the algorithmic complexity into account, we propose a novel 

approach that splits the original messages into several packets 

such that each node in the network will forward only small 

subpackets. The splitting procedure is achieved applying the  

 

Chinese Remainder Theorem (CRT) algorithm [14], which is 

characterized by a simple modular division between integers. 

The sink node, once all subpackets (called CRT components) are 

received correctly, will recombine them, thus reconstructing the 

original message. The splitting procedure is especially helpful 

for those forwarding nodes that are more solicited than 

others due to their position inside the network. Regarding the 

complexity, in the proposed approach, almost all nodes 

operate as in a classical forwarding algorithm and, with the 

exception of the sink, a few low-complex arithmetic 

operations are needed. If we consider that the sink node is 

computationally and energetically more equipped than the other 

sensor nodes, the overall complexity remains low and suitable 

for a WSN. Moreover, the proposed technique does not require 

the use of disjoint paths. 

Some preliminary results of this approach have been pre 

sented in [4], but they were empirical only and obtained 

through simulations on a sensor network where it is assumed 

that an ideal communication among neighbor sensors 

occurs, and all the CRT components can be received 

correctly. Obviously, this hypothesis is not valid in a real 

network. Consequently, in [5], some considerations about a 

more realistic WSN scenario have been introduced. 

In this paper, we present a comprehensive framework in 

which we provide a thorough analytical model that allows 

us to derive some accurate results regarding energy 

consumption and complexity. Also, we introduce some main 

considerations about the implementation of the proposed 

technique in a real sensor network, i.e., by taking into 

account erasure channels, MAC-layer o v e r h e a d , a n d  

actual computational resources of nodes.  Furthermore,  we  

discuss  the  effect  of  important parameters  such  as  

nodes’  density  and  transmission  range through both 

extensive simulations and an analytical study of the tradeoff 

between energy saving, complexity, and reliability of the 

proposed technique. 
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 2. Related Works 

 

Energy saving, reliability, and complexity are three key issues in 

WSNs.With regards to energy saving, two main approaches 

can be found in the literature:  duty cycling and in-network 

aggregation; see [2] and [10], respectively. The first approach 

consists in putting the radio transceiver on sleep mode (also 

known as power-saving mode) whenever communication is 

not needed. Although this i s  the most  effective way to  

reduce e n e r g y  consumption, and energy saving is obtained 

at the expense of an increased node complexity and network 

latency. The second approach is intended to merge routing and 

data aggregation     techniques and is primarily aimed at 

reducing the number of transmissions. 

 

An interesting example of using a multipath approach to- 

gether with erasure codes to increase the reliability of a WSN 

has been proposed in [9]. However, in that work, the 

authors suggested the use of disjoint paths.  When compared 

to our proposed forwarding technique, using disjoint paths 

has two main drawbacks. First, a route discovery mechanism 

is needed. Second, as the numbers of disjoint paths are 

limited, the numbers of splits (and therefore the achievable 

energy reduction factor) are limited as well. Furthermore, in 

[9], the authors considered general forward error 

cor r ec t io n  (FEC) t e c h n i q u e s  w i t h o u t  investigating 

their specific complexities and/or their impact on energy 

consumption. 

Another similar work is [7], where the authors have 

proposed a protocol called ReInForM (Reliable Information 

Forwarding using Multiple paths in sensor networks). The 

main idea investigated in this paper is the introduction of 

redundancy in data to increase the probability o f data 

delivery.  The redundancy adopted is in the form of multiple  

copies of the same packet that travel to the destination along 

multiple paths. However, as shown in [12], multiple paths 

could remarkably consume more energy than the single 

shortest path because several copies of the same packet 

have to be sent. An attempt to guarantee reliability, while 

minimizing the energy consumption and, at the same time, 

considering a packet-splitting procedure, has been made in [8]. 

In this paper, we show that by using the CRT-based approach, 
both reliability and energy saving can be achieved with a mod 

erate increase in the overall complexity and with very low over- 

head as compared to the commonly used forwarding techniques. 
 
 
 

3. CRT-Based Forwarding Technique 
 

In this section, we briefly outline the CRT and show how 

to use it to implement a new forwarding technique that is 

both reliable and energy-efficient. 

 

3.1. Chines Remainder   

theorem 
 

  Basically, in its simpler form, the CRT can be formulated as 

follow s [14]: Given  primes      P       i          >         1         ,with  i       ε       {        1          …..N         }                                                             by 

considering their product M=πi pi ,then for any set of given 

integers,{m1,m2……………,mN},there exists a unique integer m< M 

that solves the system of simultaneous congruences m=mi 

(mod pi)and it can be obtained by m=( ∑
N

i=1 ci . mi )The 

coefficients ci are given by ci=Qi qi , where Qi=M / pi , and qi is 

its modular inverse, i.e.,qi solves qi Qi =1(mod pi)  

 

For instance, let us consider the system: m = 1(mod 3); m=4 

(mod 5): m=1 (mod 7).It is simple to prove that m=64 

solves the system and that it can be obtained through the above 

equations (in fact, we have M=105: c1=70, c2=21, c3=15,and 

m=64). 

 

 

 

 

3.2. Metrics for Energy Efficiency  
    

 According to the CRT, the number   can be alternatively 

identified with the set of numbers provided that are 

known. However, it is worth noting that in the above 

example, Therefore if, instead of m, mi 

 
 

Fig. 2. Example of forwarding after splitting 

 

Fig.2.Example of forwarding after splitting numbers, with  m   i  = 

m(mod pi), are forwarded, the maximum energy consumed 

by each node for the transmission can be substantially 

reduced. 
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For instance, consider Fig. 2. If X, Y, and Z receive a  

message mA from A, each of them, applying the procedure 

shown above can transmit a message mi, with          i              ε                 {            1   ,        2 ,           3,            }, to the 

sink instead of      m                         A         Furthermore, the sink, knowing  p                                   i, with         i                            

ε                            {            1   ,    2         ,   3,         } ,  and using the CRT approach,  will be able to 

reconstruct   m     A,,In general, if we consider that the energy 

consumption is proportional to the maximum number of 

bits transmitted,  

and assuming ω as the number of bits in the original message 

m, and as the ωCRTMAX  maximum number f bits of a CRT 

component, i.e., ωCRTMAX  = max ( [log 2 (p i)]), we can consider 

a theoretical maximum energy reduction factor (MERF) 

given by 

  
  MERF = ω - ωCRTMAX / ω 

 

For instance, in the previous example, MERF = 7-3/7
  
≈ 

0.57.This means that about 57% of the needed energy 

could be saved by considering the proposed forwarding 

scheme. 

The previous energy reduction factor can be obtained when 

all the CRT components,  m                                      I, are forwarded by different nodes 

(i.e., for disjoint paths). In a real scenario, where the CRT 

components are not always  forwarded through  disjoint 

paths, the MERF is rarely obtained,  and the  expected  

energy reduction factor (ERF) has to be expressed taking into 

account both the actual number of bits forwarded by a 

traditional forwarding algorithm and our proposed CRT-based 

forwarding algorithm, under the same conditions. 

 

3.3.On the Choice of the Prime 

Numbers 
 

It is important to observe that the set of prime numbers pi 

>1, with i ε {1…N}, can be arbitrarily chosen provided 

that m < M. Therefore, the number of bits needed to 

represent mi can be reduced by choosing the prime 

numbers as small as possible. As a consequence of this 

choice, the MERF is maximized. 

 The MERF in this case is 0.725. However, when the primes set 

are chosen as above, the message can be reconstructed if and 

only if all the CRT components are correctly received by the 

sink. 

       Let us consider another prime set {10313, 10321, 10331, 

and 10333}.These is the smallest   consecutive   primes   that   

satisfy the condition even if one of primes is removed. We 

call this set the Minimum Primes Set with one admissible 

failure (the name will be better clarified below), and we will 

indicate it as MPS-1. In general, throughout the paper we will 

indicate with MPS-f the Minimum Primes Set with f 

admissible  

 failures. 
 

When compared to the previous MPS, it is possible to 

observe the following. 

•   The number of components is not changed (i.e., the 

same number of forwarders is needed). 

•   The MERF obtained with the new set is 0.65, i.e., MERF 

is reduced by about 11%. However, with this choice it is 

possible to reconstruct the original message m even if a 

component is lost (i.e., if we have one failure). In fact, 

whatever the lost component is, the product of the 

primes associated with the received components satisfies 

the condition  

        Mꞌ = πi ≠ j pi > 2
40 

, and therefore it respects the 

hypothesis of the CRT theorem. 
 
 

3.4 Forwarding Algorithm 
 

The forwarding algorithm is based on two temporal phases, 

the Initialization phase and the Forwarding phase. 

1) Initialization Phase: This phase organizes the network in 

clusters and also has the advantage of minimizing the number 

of hops needed to reach the sink. 

The Initialization phase has been described in detail in [5], 

and it is realized through an exchange of initialization mes- 

sages (IMs) starting from the sink that is supposed to belong to 

the cluster 1, i.e., CLID = 1, where CLID identifies the cluster 

number. Each node that receives an IM from its neighbors 

with a sequence number     S     N      =      h , will belong to cluster  h and 

will 
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Fig. 3.  Example of computation of the MPS-f. 

 

 

 
 

Fig. 4.  Initialization procedure. (a) Sink sends the first IM. (b) 
Nodes X, Y, and Z belong to CLID = 2. (c) Node X knows that 
A will use X and Y as next-hops and therefore that all packets 
originated by A can be split in NA parts. 
 
retransmit the IM with an increased SN together with its own 

ad- dress and the list of the nodes that will be used as 

forwarders (that it knows on the basis of the source addresses 

specified in the received IMs). On the basis of the received 

IMs, at the end of the procedure each node in the network will 

know its own next-hops, which other nodes will use it as a 

next-hop, and into how many parts the received packets can be 

split (see Fig. 4 for a simple example). 

      2) Forwarding Phase: Once the network has been organized, 
the Forwarding phase is applied. 

     Basically, all nodes follow the same forwarding rule: If 

there is a number of neighbors at least equal to N, and the 

packet has not previously split, then split the packet; else use 

conventional shortest path approach. Let us consider the 

network shown in Fig. 5, where clusters are obtained according 

to the initialization procedure already described in the previous 

section. The figure shows the messages sent by each node 

when the source node H sends a message m to the sink S. 

 

 
 

Fig.5. Forwarding example 

 
According to the initialization procedure, node G knows that it 
is the only next-hop of node H, and therefore it must forward the 
packet without performing a splitting procedure. It is worth 
highlighting that it is not necessary for G to specify the list of the 
destination addresses {C, D,E,F} in the packet. In fact, in the 
initialization phase, nodes {C, D, E, F} have already received 
the IM message IM : [SN=5,G, {C, D, E, F}], and therefore 
they know that node G has four next-hops and that all of them 
have to split the messages received from G into NG = 4 parts. 

  Therefore, when they receive the packet, according to 

both the packet size, w, and  NG, they independently  select 

the prime numbers3  and send the components mi = m (mod 

pi), together with a proper  mask, to one of the possible  

next-hops. When the sink receives a component  mi, it 

identifies the number of expected components on the basis of 

the mask, and therefore it calculates the MPS-f and the 

coefficients ci needed to reconstruct the original message. 

Finally, when the sink receives at least NG - f components 

of the original message, it can reconstruct the message by  m 

= ∑I ci mi (mod Mꞌ). Note that because the events that happen 

in a sensor network may change, in number and locations, 

during the time period considered, consequently the packets 

can be generated by different nodes, and the components (mi) 

received and transmitted by the nodes change accordingly. 

Thus, for different source nodes, any node transmits CRT 

components based on different prime numbers. 

  Concerning the complexity of the algorithm, it is worth 

mentioning that the message splitting is performed only  

one time by the nodes that are the closest to the source and 

have the opportunity to do it (e.g., if they are in proximity 

of a number of neighbors higher than the threshold 

specified for the initialization phase), whereas the other 
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sensor nodes in the network will just forward the 

subpackets. Moreover, only the sink node will reconstruct 

the original message through more complex operations as 

described, but this can be neglected if we consider that 

usually the sink node is computationally and energetically 

more equipped than the other sensor nodes. Obviously, in 

the case of very large packets, it is possible to split the 

packets recursively, but in order to keep the complexity of 

the proposed algorithm very low, we will consider that a 

packet can be split only one time. 

 

4. Performance Evolution 
 

 In this Section we show a comparison between the results 

obtained through the analysis reported in the previous section 

and those obtained through a custom NS-2 simulator. For the 

sake of space we report simulation results for a specific case 

study but several simulations have been carried out with similar 

results. 

      The bit error rate or bit error ratio (BER) is the number of 

bit errors divided by the total number of transferred bits during 

a studied time interval. BER is a unitless performance measure, 

often expressed as a percentage. the bit error probability pe is 

the Expectation value of the BER. The BER can be considered 

as an approximate estimate of the bit error probability. This 

estimate is accurate for a long time interval and a high number 

of bit errors. 

 

 

 

 

Fig. a.  Bit error rate 

If you want to evaluate the performance of protocol using NS-2, 

first you have to define the evaluation criteria. This time I want 

to explore about Packet delivery ratio, packet lost and end to 

end delay. Packet delivery ratio: the ratio of the number of 

delivered data packet to the destination. This illustrates the level 

of delivered data to the destination. 

∑ Number of packet receive / ∑ Number of packet send 

The greater value of packet delivery ratio means the better 

performance of the protocol. End-to-end Delay : the average 

time taken by a data packet to arrive in the destination. It also 

includes the delay caused by route discovery process and the 

queue in data packet transmission. Only the data packets that 

successfully delivered to destinations that counted. 

∑ ( arrive time – send time ) / ∑ Number of connections 

The lower value of end to end delay means the better 

performance of the protocol. Packet Lost: the total number of 

packets dropped during the simulation. 

Packet lost = Number of packet send – Number of packet 

received. 

The lower value of the packet lost means the better performance 

of the protocol. 

 

Fig. b.  Packet delivery ratio 

bit rate (sometimes written bitrate or as a variable R
[1]

) is the 

number of bits that are conveyed or processed per unit of time. 

The bit rate is quantified using the bits per second (bit/s) unit. 
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Fig. c.  bitrate 

 

Fig. d.  bitrate (simulation time) 

delay also refers to the process of broadcasting an event at a 

later scheduled time. This is because either a scheduling conflict 

prevents a live telecast, or a broadcaster seeks to maximize 

ratings by airing an event in a certain timeslot. 

 

Fig. e.  Delay 

5. Conclusion 

In this paper, we have presented a novel forwarding 

technique for WSNs based on the Chinese Remainder 

Theorem (CRT). In particular, we have derived an analytical 

model able to predict the energy efficiency of the method, 

and we have especially focused on some implementation 

issues. 

First, we have discussed the choice of the CRT algorithm 

parameters in order to keep the processing complexity low, 

then we have derived a tradeoff between energy consumption 

and reliability. 

Finally, we have  investigated  the  overhead  introduced  

in terms of packet header size. Simulation results have 

confirmed the results obtained analytically and have shown 

that applying the CRT-based technique significantly reduces 

the energy consumed for each node, and consequently 

increases the network lifetime. 

 

References 

 
[1] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E  Cayirci, 

“A survey on sensor networks,” IEEE Commun. Mag., vol. 40, no. 8, 

pp.102–114, Aug. 2002. 
[2] G. Anastasi, M. Conti, M. Di Francesco, and A. Passarella, “How 
to prolong the lifetime of wireless sensor network,” in Handbook of 
Mo- bile Ad Hoc and Pervasive Communications.   Valencia, CA: 
Amer- ican Scientific Publishers, 2007, ch. 6. 
[3] T.R.Burchfield,  S.  Venkatesan,  and  D.  Weiner,   “Maximizing 
throughput in ZigBee wireless networks through analysis, simulations 
and implementations,” in Proc. Int. Workshop Localized Algor. 
Protocols WSNs, Santa Fe, NM, Jun. 2007, pp. 15–29. 
[4] G. Campobello, A. Leonardi, and S. Palazzo, “On the use of 
Chinese Remainder Theorem for energy saving in wireless sensor 
networks,” in Proc. IEEE ICC, Beijing, China, May 2008, pp. 2723–
2727. 
[5] G. Campobello, A. Leonardi, and S. Palazzo, “A novel reliable 
and energy-saving forwarding  technique  for wireless sensor 
networks,” in Proc.  ACM MobiHoc, New Orleans, LA, May 18–21,  
2009,  pp.269–278. 
[6] R. Crepaldi, A. F. Harris, III, M. Rossi, G. Zanca, and M. Zorzi, 
“Foun- tain reprogramming protocol: A reliable data dissemination 
scheme for wireless sensor networks using fountain codes, demo 
abstract,” in Proc. ACM SenSys, Sydney, Australia, Nov. 2007, pp. 
389–390. 
[7] B. Deb, S. Bhatnagar, and B. Nath, “ReInForM: Reliable 
information forwarding using multiple paths  in sensor networks,” in 
Proc. 28th Annu. IEEE LCN, Bonn, Germany, Oct. 2003, pp. 406–415. 
[8] P. Djukic and S. Valaee, “Minimum energy reliable ad hoc  
networks,”in Proc. 22nd Bienni. Symp. Commun., Kingston, ON, 
Canada, Jun.2004, pp. 150–152. 
[9] S. Dulman, T. Nieberg, J. Wu, and P. Havinga, “Trade-off 
between traffic  overhead  and  reliability  in  multipath  routing  for  
wireless sensor networks,” in Proc. WCNC, New Orleans, LA, Mar. 
2003, pp.1918–1922. 



IJREAT International Journal of Research in Engineering & Advanced Technology, Volume 1, Issue 1, March, 2013 

ISSN: 2320 - 8791 

www.ijreat.org 

 

7 

www.ijreat.org 
Published by: PIONEER RESEARCH & DEVELOPMENT GROUP(www.prdg.org) 

 

[10] E. Fasolo, M. Rossi, J. Widmer, and M. Zorzi, “In-network 
aggrega- tion techniques for wireless sensor networks: A survey,” IEEE 
Wireless Commun., vol. 14, no. 2, pp. 70–87, Apr. 2007. 
[11] W. Feller, An Introduction to Probability Theory, 3rd ed.   New 
York: Wiley, 1968, vol. 1. 
[12] D. Ganesan, R. Govindan, S. Shenker, and D. Estrin, “Highly 
resilient,energy efficient multipath routing in wireless sensor networks,” 
Mobile Comput. Commun. Rev., vol. 5, no. 4, pp. 10–24, Oct. 2001. 
[13] A. M. Gittelsohn, “An occupancy problem,” Amer. Statistician, 
vol.23, no. 2, pp. 11–12, Apr. 1969. 
[14] J.-H. Hong, C.-H. Wu, and C.-W. Wu, “RSA cryptosystem based 
on the Chinese Remainder Theorem,” in Proc. ASP-DAC, Yokohama, 
Japan, Jan. 2001, pp. 391–395. 
[15] M. Luby, M. Mitzenmacher, M. A. Shokrollahi, and D. A. 
Spielman, “Efficient erasure correcting codes,” IEEE Trans. Inf. 
Theory, vol. 47, no. 2, pp. 569–584, Feb. 2001



IJREAT International Journal of Research in Engineering & Advanced Technology, Volume 1, Issue 1, March, 2013 

ISSN: 2320 - 8791 

www.ijreat.org 

 

8 

www.ijreat.org 
Published by: PIONEER RESEARCH & DEVELOPMENT GROUP(www.prdg.org) 

 

 


