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Abstract—The shortcut tree routing has been proposed to pro-

vide near optimal routing path as well as maintaining the ad-

vantages of the ZigBee tree routing like resource-free multi-hop 

routing capability. However, in spite of the efforts to provide an 

efficient and reliable protocol, the unicast routing itself has the 

fundamental limitation in wireless environment due to lossy, 

time-varying, and broadcast nature of wireless medium. For 

example, even one lossy link on a path may result in the failure of 

end-to-end packet delivery in wireless network environment. In 

this paper, we propose the opportunistic shortcut tree routing that 

combines shortcut tree routing and opportunistic routing. Instead 

of specifying a next hop node, the opportunistic shortcut tree 

routing allows receiving nodes to compete to forward a packet 

with the priority of remaining hops. Since it has inherited ad-

vantages of both routing protocols, it can provide reliable packet 

delivery service without any resources for multi-hop routing and 

forwarder candidate selection for opportunistic routing. The 

performance evaluation proves that the opportunistic approach 

significantly enhances diverse network performances, while 

suppressing duplicate forwarding effectively with a metric of the 

remaining hops and the 1-hop neighbor table. 

Index Terms— ZigBee, Shortcut tree routing, STR, Opportun-

istic, OSTR, DOSTR, Neighbor table, Hierarchical addressing  

I. INTRODUCTION 

IGBEE is one of the worldwide standards for creating 

Internet of Things (IoT) [1]. Beyond personal area network 

applications such as smart home, building automation, and 

health care, ZigBee extends its application area to smart city 

and smart grid by connecting tens of million devices [2]–[4]. 

The ZigBee Alliance also defined more than 130 types of 

devices to support diverse application standards. In addition, 

network level standard provides scalable and reliable multi-hop 

mesh networking for battery-operated devices.  

Since ZigBee network specification has released [5], the 

ZigBee tree routing (ZTR) has attracted considerable attention 

due to its resource-free multi-hop routing capability. In other 
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words, it does not require any routing table and route discovery 

overhead to send a packet to the destination by exploiting 

distributed and hierarchical addressing scheme. As an exten-

sion of ZTR, the shortcut tree routing (STR) [6] has improved 

the efficiency of multi-hop routing path as well as alleviated the 

traffic load concentrated on tree links. To keep maintaining the 

advantages of ZTR such as no route discovery overhead and 

additional memory consumption for routing table, STR utilizes 

the hierarchical addressing scheme and the 1-hop neighbor 

table in ZigBee.  

In spite of such efforts to provide an efficient and reliable 

routing protocol in resource-limited devices, the unicast routing 

itself has fundamental limitation in wireless environment due to 

lossy, time-varying, and broadcast nature of wireless medium. 

These problems of unicast routing protocols in wireless 

network have been addressed in the opportunistic routing (OR) 

protocols [7]–[9], and the OR protocols utilize the cooperative 

diversity that takes advantage of broadcast nature of wireless 

medium to send a packet through multiple forwarder candidates. 

Although the OR protocols have potential to improve band-

width utilization as well as end-to-end reliability, the key 

challenges such as the forwarder candidate selection and the 

prioritization of them should be handled. Note that it requires 

additional communication or computational resources to handle 

these challenges [7], and these cost should be minimized in 

resource-constrained devices in ZigBee networks. 

In this paper, we propose the opportunistic shortcut tree 

routing algorithm that combines OR and STR. In detail, like 

STR, the proposed algorithm utilizes a routing metric with the 

remaining hops to the destination, which can be calculated with 

the hierarchical addressing scheme in ZigBee. However, 

instead of designating a next hop node, a sender node simply 

broadcasts a packet and receiver nodes compete to forward a 

packet with the priority of the remaining hops. Thus, it is 

designed in order that the node closest to the destination among 

receiver nodes forwards a packet. In addition, the set of 

forwarder candidates and prioritization are decided based on 

the remaining hops and the 1-hop neighbor table without any 

centralized or separate mechanism. Despite distributed mech-

anism, performance evaluation proves that we can suppress the 

unnecessary packets from the forwarder candidates effectively.  

In summary, it is interesting to note that the proposed algo-

rithm has inherited the advantages of STR and OR. First, it does 

not require any resources for finding routing path and obtaining 

prior knowledge for forwarder candidate selection. This feature 

enables resource-constrained device to apply the proposed 

Opportunistic Shortcut Tree Routing  

in ZigBee Networks 

Taehong Kim and Daeyoung Kim, Member, IEEE 

Z 



1530-437X (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2016.2557344, IEEE Sensors
Journal

algorithm and provide efficient and reliable packet delivery 

services. Second, OR mechanism provides reliable end-to-end 

delivery service. It is also possible that the proposed algorithm 

shortens the end-to-end routing path by the OR mechanism that 

receiver node decides to forward a packet or not.  

This paper is organized as follows. Section II summarizes the 

related works on the OR protocols, and section III describes the 

overview of ZTR and STR, and their problems. Section IV 

presents the opportunistic shortcut tree routing algorithms; the 

basic algorithm (OSTR) and the extended algorithm (DOSTR). 

The diverse performances are evaluated in section V, and we 

conclude this paper in section VI. 

II. RELATED WORKS 

The OR protocol in wireless ad hoc networks is firstly pro-

posed by ExOR [7]. ExOR has addressed the problems of 

unicast routing protocols in wireless ad hoc networks, and it 

proposes to exploit cooperative diversity due to broadcast 

nature of wireless medium. In ExOR, a sender broadcasts a 

packet without determining the next hop node, and the nodes 

that actually receive the packet forward the packet. However, 

ExOR prevents the forwarders from exploiting spatial reuse 

and requires global scheduler which is hard to use in reality. 

Motivated by this, MORE [8], MAC-independent OR protocol, 

has been proposed to mitigate the drawback of ExOR by 

randomly mixing packets before forwarding them. As a result, 

MORE does not need the highly structured global scheduler as 

in ExOR. SOAR [9] employs adaptive forwarding path selec-

tion, local loss recovery, and adaptive rate control. SOAR sets 

forwarding timer proportionally to node priority, and the 

forwarder node with lower priority cancels its packet for-

warding by overhearing the packets. This is different from 

ExOR in that SOAR provides fully distributed forwarding 

scheduling instead of the global scheduler of ExOR. 

Note that it is inevitable that there occur duplicate packet 

transmission from the forwarder candidates in OR.  Thus, the 

key issue in designing OR is how to select forwarder list and 

how to prioritize them. The basic metrics used for prioritization 

are hop count, ETX, ETT, and EAX. While some metrics such 

as hop count and ETX are calculated with local link, the other 

metrics like ETT is measured with end-to-end link [10]. In 

addition, there are researches on forwarder candidates selection 

[11]–[13]. MTS (Minimum Transmission Selection Scheme) 

[11] minimizes the expected number of transmissions needed to 

transmit a packet from a source to a destination. It computes the 

optimal forwarder list for all the sources to the given destina-

tion based on EAX metric by using the dynamic programming 

formulation. Some algorithms utilize auxiliary metrics such as 

geographic location [12] and residual energy [13]. D-MACE 

(Distance-based MAximum number of Candidate Estimation) 

[12] estimates the maximum number of candidates by consid-

ering the distance of nodes to the destination. ENS_OR (Energy 

Saving via Opportunistic Routing) [13] defines the energy 

model and proposes the forwarder selection algorithm based on 

energy saving.  

However, above candidate selection algorithms [11]–[13] 

have the limitation that they require prior knowledge such as 

distance, location, and global topology information. Thus, the 

cost in time and control packets should be accompanied with 

the benefit from the optimized candidate forwarders. Note that 

the OSTR algorithm utilizes the hop distance for fully distrib-

uted candidate selection, and the 1-hop neighbor table that is 

already defined in ZigBee standard is additionally exploited to 

further reduce the candidate set.  

There are several OR protocols targeted for wireless sensor 

networks and IoT network environment. Collection Tree 

Protocol (CTP) is the representative tree routing protocol in 

wireless sensor networks. In CTP, the base station as the root of 

a tree builds a collection tree and every sensor node selects its 

parent node and sends a data packet to the parent [6]. O-CTP 

[14] applies the OR mechanism to CTP protocol in order to 

improve data delivery rate as well as reduce the routing cost. 

Note that O-CTP is specially designed for many-to-one traffic 

pattern that the designated destination collects the information 

from all the other devices in a network. On the contrary, ORPL 

[15] provides any-to-any traffic pattern based on RPL, which is 

one of the IETF’s IoT standards. Based on DODAG (Destina-

tion Oriented Directed Acyclic Graph), the nodes in ORPL can 

send a packet upwards or downwards in an opportunistic way. 

However, any-to-any traffic pattern supported by ORPL is the 

combination of upwards traffic and downwards traffic. Thus, 

for the communication between end points, a packet routed 

toward the root or the common ancestor of a source and a 

destination, and then downwards to the destination. Different 

from ORPL, the proposed OSTR algorithm does not require 

tree traversal for any-to-any traffic pattern, and the packet can 

cut across the tree topology based on the hop distance.  

In addition, there are many researches [16]–[18] on applying 

OR to neighborhood area network (NAN) in smart grid appli-

cations. Yoon et al. [16] propose the OR-based PLC routing 

algorithm, and Gormus et al. [17] have applied ORPL to AMI 

mesh networks in order to improve reliability and efficiency of 

AMI mesh networks. However, as surveyed in [18], there is no 

opportunistic mechanisms on ZigBee routing protocol, alt-

hough ZigBee protocol has used for diverse smart grid appli-

cations [2]–[4]. To the best of our knowledge, this is the first 

paper proposing OR based ZigBee tree routing. Note that 

OSTR does not require any resources for finding routing path 

and obtaining prior knowledge for forwarder candidate selec-

tion. Thus, the OSTR algorithm can provide reliable any-to-any 

routing for resource-constrained devices, and it is suitable for 

diverse ZigBee applications.  

III. PRELIMINARIES  

Since the STR algorithm provides the basis for the proposed 

algorithm, we first describe the details of both ZTR and STR in 

ZigBee networks. With the protocol overview, this section also 

discusses the fundamental problems of a unicast protocol in 

wireless networks.  

A. ZigBee Tree Routing (ZTR) 

ZTR is designed for resource constrained ZigBee devices to 

send a packet to the destination on a multi-hop routing path. It 

prevents the route discovery overhead in both memory and 
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bandwidth using the hierarchical block addressing scheme 

described in Eq. (1) and (2) [5].  

Note that Cm (nwkMaxChildren), Rm (nwkMaxRouters), 

and Lm (nwk MaxDepth) are defined as the maximum number 

of children a parent may have, the maximum number of routers 

a parent may have as children, and the maximum tree level of a 

network, respectively.  
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As shown in Eq. (1), the block addressing scheme in ZigBee 

pre-allocates the available network address space at each tree 

level, and the address space is split in a recursive manner as the 

tree level increases. The Cskip(d) in Eq. (1) computes the size 

of address space assigned by each router node at tree level d, 

and the size of Cskip(d) covers the Rm number of rout-

er-capable children and (Cm-Rm) number of end devices. This 

is why the size of Cskip(d) is same as Rm∙ Cskip(d+1)+ 

(Cm-Rm)+1. Based on Cskip(d), Eq. (2) shows how the parent 

at tree level d assigns the network address for each k
th

 rout-

er-capable child and n
th

 end device.  

( 1)                         (3)A D A Cskip d     

With the hierarchical addressing scheme, it can be easily 

identified whether the destination is descendant of each source 

or intermediate node. If Eq. (3) is satisfied, the destination with 

address D is descendant of the node with address A [5]. Thus, in 

ZTR, each source or intermediate node sends the data to one of 

its children if the destination is descendant; otherwise, it sends 

to its parent.  

B. Shortcut Tree Routing (STR) 

The STR algorithm [6] has proposed to solve the problem 

that a packet detours toward a destination by following a tree 

topology in ZTR. STR basically follows ZTR; but it can select 

one of neighbor nodes as the next hop node, if the remaining 

hops to the destination can be reduced.  

The main idea of STR is that we can compute the remaining 

hops from an arbitrary source to a destination using hierarchical 

addressing scheme in ZigBee. As shown in Fig. 1 (a), the tree 

routing cost between S and D can be calculated with level(S), 

level(D), and level(LCA(S, D)), where level(u) and LCA(s, d) 

are defined as the tree level of node u and the lowest common 

ancestor between source node s and destination d, respectively. 

The packet from the source node S always goes up to the lowest 

common ancestor LCA(S, D) through the parent nodes regard-

less of subtree A’ structure. From the LCA(S, D), the packet 

directs to the subtree A’’ and goes down through the child nodes 

to the destination.  

Since the remaining hops from S to LCA(S, D) and from 

LCA(S, D) to D can be calculated using difference of tree levels, 

the tree routing cost from S to D can be obtained by the 

equation ‘level(S)+level(D)-2∙level(LCA(S,D))’. Fig. 1 (b) 

shows an example of tree routing cost calculation for the given 

S and D, and Table I describes the detail algorithm to calculate 

remaining hops between S and D, where A(u) is defined as {A(u, 

i) | A(u, i) is the network address of u’s ancestor at tree level i, 

i≤level(u)}. Note that the function Find_Ancestor(devAddr) 

finds ancestors’ network addresses at each tree level together 

with the tree level of given devAddr, and the detail algorithm is 

described in [6].  

In STR, a source or an intermediate node selects the neighbor 

as the next hop node, which has the minimum remaining hops 

to the given destination, and it transmits a packet to the next 

hop node. In case that there is no neighbor node to reduce the 

remaining hops, STR selects the parent or one of children as the 

next hop node like ZTR. The performance of STR is analyzed 

in [6], and it has proved that STR achieves the comparable 

performance to AODV in all network conditions such as 

network density, configuration, and traffic.  

C. Problem description of ZTR and STR 

As many literatures about OR in wireless ad-hoc networks 

[7]–[9] have pointed out, unicast routing protocols including 

ZTR and STR may have fundamental problems in wireless 

environment. 

First, wireless link is lossy and time-varying [19], and even 

one lossy wireless link on a path may results in the failure of the 

end-to-end packet delivery. Especially, unicast routing selects 

one routing path; thus, it is highly possible to lose a packet in 

case of vulnerable link or traffic congestion. In Fig. 2, we have 

measured packet delivery ratio of ZTR and STR according to 

Euclidean distance between multi-hop communication pair. 

TABLE I  
REMAINING HOPS CALCULATION ALGORITHM 

Calculate_RemainingHops(srcAddr, dstAddr) 

Input: srcAddr – network address of the source 

dstAddr – network address of the destination 

Output: RH(srcAddr, dstAddr) – the remaining hops from srcAddr   

to dstAddr 

1: level(srcAddr), A(srcAddr) ← Find_Ancestors(srcAddr)  

2: level(dstAddr), A(dstAddr) ← Find_Ancestors(dstAddr)  

3: level(LCA) = 0 

4: while (level(LCA) ≤ min(level(dstAddr), level(srcAddr))  

&& A(dstAddr, level(LCA))=A(srcAddr, level(LCA))) 

5:    ++level(LCA) 

6: end while 

7: RH(srcAddr, dstAddr)←level(srcAddr)+level(dstAddr)-2∙level(LCA) 

8: return RH(srcAddr, dstAddr) 
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Fig. 1. Calculation of ZigBee tree routing cost between a source and a 

destination [6]  
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Fig. 2. Packet delivery ratio of ZTR and STR, when the numbers of traffic 

sessions are 10 and 100 respectively 

(a) (b) 

Fig. 2 (a), measured with 10 number of traffic sessions, 

shows that most of test set has more than 90 percent of packet 

delivery ratio. On the other hand, Fig. 2 (b) is measured with 

100 traffic sessions, and the packet delivery ratio of both ZTR 

and STR in Fig. 2 (b) tends to decrease with the increasing 

distance. It is because the possibility of packet loss increases 

with increasing the end-to-end distance of a multi-hop path.  

Second, the inherent broadcast nature of wireless medium 

does not allow concurrent transmission, since they interfere 

with each other. In other words, even though a sender desig-

nates a next hop node in unicast routing protocol, most of 

neighbor nodes should not transmit other packets in order not to 

interfere the packet transmission. Even in case that the desig-

nated next hop node fails to receive a packet, neighbor nodes 

received the packet simply drop the packet. To handle this 

inefficiency, the authors of the OR protocols [7]–[9] have 

suggested making neighbor nodes participate in forwarding a 

packet, not making them do nothing. They have proved that OR 

increases channel utilization, throughput, and the reliability of 

end-to-end packet delivery.  

IV. OPPORTUNISTIC SHORTCUT TREE ROUTING (OSTR) 

In this section, we propose the OSTR (Opportunistic 

Shortcut Tree Routing) that solves the problems of both ZTR 

and STR by applying the OR mechanism. Different from the 

STR algorithm in which a sender designates a next hop node, 

the sender node in OSTR broadcasts a packet and receiver 

nodes decide whether to forward the packet or not. The com-

mon feature of STR and OSTR is that they utilize tree routing 

cost as a routing metric. As already discussed in Fig. 1, the tree 

hop distance from a certain node to the destination can be easily 

calculated by analyzing the hierarchical structure in ZigBee. 

Therefore, the OSTR algorithm does not require any routing 

table and route discovery overhead to send a packet to the 

destination, and this is differentiated feature compared with 

other OR algorithms [7]–[13].  

Fig. 3 shows a motivating example of OSTR, where RH(u) is 

denoted as the remaining hops to the destination from a node u. 

In Fig. 3 (a), the next hop node in both ZTR and STR is decided 

by a sender node; thus, a routing path cannot be changed even 

there exists lossy link or traffic congestion. On the contrary, the 

routing path of OSTR in Fig. 3 (b) can be adjustable according 

to the link and traffic condition. The nodes inside the gray area 

in Fig. 3 (b) are forwarder candidates assuming a source S 

transmits a packet to the destination D, and forwarders are 

dynamically selected based on packet reception and the priority 

of remaining hops to the destination. Due to dynamic partici-

pation of neighbor nodes, OSTR can improve the reliability of 

packet delivery as well as efficiency of channel utilization.  

The main concern of OSTR is how to reduce the packets 

from the multiple forwarder candidates and how to reduce the 

end-to-end latency from a source to the destination node. In 

OSTR, we adapted the overhearing and cancellation mecha-

nism based on the remaining hops to the destination in order to 

handle this issue. As well as OSTR, we also propose a DOSTR 

(Directional OSTR) that utilizes the remaining hops of 1-hop 

neighbors as well as node itself. As shown in Fig. 3 (b), 

DOSTR can reduce the number of forwarder candidates 

compared with OSTR by considering the direction of a packet 

to the destination.  

A. OSTR 

To apply the OR mechanism in OSTR, a source or an in-

termediate node forwards a packet by broadcasting, and all the 

receiver nodes have an opportunity to forward the packet. 

Moreover, the receiver nodes are provided the priority accord- 

  

TABLE II  
OPPORTUNISTIC SHORTCUT TREE ROUTING  

Opportunistic Shortcut Tree Routing (OSTR) 

Assume that s, u, and d, which are represented by ZigBee network 

address, are the identifiers of a source node, a receiver node, and a 

destination, respectively.  

1: if (u receives a packet p destined for d from sender s) 

2:   if (p is received for the first time) 

3:     if (RH(u, d) == 0)  

4:       rebroadcast packet p  

5:     else if (RH(u, d) < RH(s, d))  

6:       store p to the buffer 

7:       retryCnt ← 0 

8:       set timer t within (RH(u, d)-1, RH(u, d))∙δ  

9:     end if 

10:   else 

11:     if (timer t is activated && RH(u, d) > RH(s, d)) 

12:       remove p from the buffer 

13:       cancel the timer t 

14:     end if 

15:   end if 

16: end if 

17: if (timer t expires) 

18:   rebroadcast packet p 

19:   if (++retryCnt < maxRetry) 

20:     set timer t with RH(u, d)∙δ 

21:   end if 

22: end if 

 

(a) Routing path of ZTR/STR (b) Routing path of OSTR
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Fig. 3. Motivation of Opportunistic STR (OSTR) 
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ing to the remaining hops to the destination in order to suppress 

a number of duplicate packets from forwarder candidates. The 

detail algorithm of OSTR is described in Table II. 

Table II is described from the perspective of an intermediate 

node or a destination u, since a source node simply broadcasts a 

packet. Note that identifiers, s, u, and d in Table II, are the 

network addresses in ZigBee and they indicate a source node, a 

receiver node, and a destination node, respectively. If u 

receives a packet for the first time, it investigates whether u is 

an intermediate node or a destination node.  If u is an interme-

diate node, it compares the remaining hops (RH) to the desti-

nation from itself with that from the previous sender s, where 

RH(u) calculation follows Table I in STR. The intermediate 

node that can reduce the remaining hops becomes forwarder 

candidate. In other words, it sets broadcast timer proportionally 

to the size of the remaining hops, allowing the nodes with the 

smaller remaining hops to have higher priority to forward a 

packet. Thus, the packet transmission is canceled if it overhears 

the same packet before the timer expires. Since it is possible 

that there exist more than one node with the same remaining 

hops, the amount of timer is randomly chosen within (RH(u, 

d)-1, RH(u, d))∙δ to avoid collision, where δ is defined by the 

minimum duration for reliable forwarding.  

After an intermediate node u forwards a packet, it sets timer 

again until retryCnt reaches to maxRetry for the purpose of 

retransmission. This retransmission procedure is stopped by the 

rebroadcasting from the node with the smaller remaining hops 

than u, since the rebroadcast packet can be considered as an 

acknowledgement. For the same reason, even though a packet 

is destined to d, d rebroadcasts a received packet as an ac-

knowledgment.  

B. Example of OSTR 

Fig. 4 shows an example of an end-to-end routing path as-

suming source node S transmits a packet to the destination D. 

Suppose that nodes A, C, and D in Fig. 4 (a) receive a broadcast 

packet sent by S, and node B misses. While node C and D set 

random delay within [2∙δ, 3∙δ], and node A sets random delay 

within [3∙δ, 4∙δ]. As shown in Fig. 4 (b), node C firstly re-

broadcasts the packet, and then the node A and D cancel the 

timer for forwarding the packet. At the same time, source S also 

stops the timer set for retransmission, since the packet from C is 

regarded as an acknowledgement. Again, node E, G, and H set 

random timer to forward the received packet, and H forwards 

the packet earlier than others, because it has the smallest 

remaining hops to the destination. As shown in Fig. 4 (c), the 

packet is reached to the destination, and it suppresses E and G’s 

forwarding. Note that the destination D rebroadcasts the packet 

in Fig. 4 (d) in order to notify H that it received packet well, and 

this is different from the unicast based STR algorithm.  

The interesting characteristic of the OSTR is that there are 

many forwarder candidates on a path, enhancing the packet 

delivery ratio against failures of particular nodes on a path. The 

detail discussion about the number of forwarder candidates and 

the packet delivery ratio is presented in the performance 

evaluation section.  

C. DOSTR 

In this section, we describe DOSTR (Directional OSTR), 

which is an extended version of OSTR in a view point of 

reducing end-to-end latency and unnecessary data transmission. 

Assuming that B receives the packet and D misses the packet in 

Fig. 4 (a), node C with the smallest remaining hops may 

forward the packet. In this case, the packet sent by C is received 

by H. However, B rebroadcasts the received packet when the 

timer expires, since B cannot overhear C’s forwarding packet. 

In case that D already overheard the packet from C, D can 

discard the same packet received from B. But if D also misses 

the packet from C, D will rebroadcast the same packet again. 

Like this example, OSTR may cause unnecessary redundant 

packets, and it is caused by lossy link environment and hidden 

terminal situation like relationship between B and C. In detail, 

the redundant packet from D is caused by lossy link environ-

ment, and that from B is caused by hidden terminal problem. 

The lossy link environment is not only one of the important 

motivations of OSTR but also one of OSTR can be faced with, 

but the redundant transmission from hidden terminal problem 

can be solved by restricting the area of forwarder candidates as 

shown in Fig. 3 (b).  

The main idea of DOSTR is to restrict the area of forwarder 

candidates by utilizing the minimum remaining hops of 1-hop 

neighbors. To do this, each packet encapsulates the minimum 

remaining hops field in the header, and each source or inter-

mediate node u updates this field with the minimum remaining 

hops among u’s 1-hop neighbors.  

In DOSTR, the node can be forwarder candidate only if it can 

reduce both of remaining hops to the destination and the 

minimum remaining hops of 1-hop neighbors, while OSTR 
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TABLE III 

DIRECTIONAL OPPORTUNISTIC SHORTCUT TREE ROUTING 

Directional Opportunistic Shortcut Tree Routing (DOSTR)  

The below lines 3-9 are replaced in Table II, where minRH(u, d) is 

defined by min(RH(v, d)) for all u’s 1-hop neighbor v, and minRH(s, d) 

is encapsulated in p sent by sender s. 

3:     if (RH(u, d) == 0)  

4:       rebroadcast packet p by updating minRH(u, d) 

5:     else if (minRH(u, d) < minRH(s, d) && RH(u, d) < RH(s, d))  

6:       store p to the buffer by updating minRH(u, d) 

7:       retryCnt ← 0 

8:       set timer t within (minRH(u, d)-1, minRH(u, d))∙δ  

9:     end if 

 

makes node u with smaller remaining hops than previous 

sender to be forwarder candidate. For example in Fig. 4 (a), 

source node S has the minimum remaining hops with 3, since C 

and D are 1-hop neighbors of S. When S broadcasts a packet, 

the nodes A, B, C, and D are the forwarder candidates in OSTR. 

However, in DOSTR, only C and D can be forwarder candidate, 

since they can reduce the minimum remaining hops to 2.  

By investigating the minimum remaining hops of 1-hop 

neighbors as well as node itself, it is possible to restrict the 

nodes within the direction to the destination to have an oppor-

tunity to forward the packet. The modified parts for DOSTR is 

described in Table III, and it can replace lines 3-9 in Table II 

OSTR algorithm.  

It is interesting to note that DOSTR resembles STR in that 

both consider the minimum remaining hops of 1-hop neighbors, 

and this is why the routing paths of STR and DOSTR in Fig. 3 

are similar each other. Moreover, there is no additional resource 

requirement, since the 1-hop neighbor table is already defined 

in ZigBee standard.  

V. PERFORMANCE EVALUATION 

We evaluate OSTR and DOSTR in diverse metrics on the 

routing performance and overhead by comparing with ZTR and 

STR. Especially, we focus on the packet delivery ratio by 

varying the number of traffic sessions in order to investigate the 

reliability of the proposed algorithms in high congestion 

condition. In addition, the routing costs such as the number of 

packets transmitted during end-to-end delivery are measured to 

see how much the proposed algorithms incur unnecessary 

packets on the alternative routing paths. As well as these 

important metrics, we also measure the end-to-end latency of 

packet, the end-to-end hop count, the effect of the network 

density and the node fault. 

In this evaluation, the network simulator Qualnet 4.5 and 

IEEE 802.15.4 PHY/MAC protocols are used, and the general 

parameter settings are summarized in Table IV. We fixed the 

number of nodes to 200 except the evaluation on network 

density. The network association procedure and ZigBee 

address assignment scheme are applied to the all routing 

protocols. Every node in each simulation starts association 

procedure at random time from 0sec and ends with assigned 

network address within 50secs. The application sessions follow 

any-to-any traffic pattern, in which both a source and a desti-

nation are randomly chosen. The application sessions start at a 

random time from 100secs to 200secs, and they ended ran-

domly during 300−350secs. Moreover, all the statistics of the 

evaluations are measured from the successfully delivered 

packets, and the figures in this section represent the average 

value and the 95% of confidence interval. 

The packet delivery ratio tends to decrease as the number of 

traffic sessions increases as shown in Fig. 5 (a), and it is natural 

in that contention and collision of packets increase for the 

higher number of packets. It is interesting to note that the 

packet delivery ratio of STR decreases to 70% in 100 number of 

traffic sessions in spite of near to the shortest path. On the 

contrary, both of OSTR and DOSTR show 80% and 85% 

packet delivery ratio even in 100 traffic sessions. It proves that 

the OR protocol provides reliable communication through 

diverse number of candidate paths. In addition, DOSTR always 

shows better performance than OSTR. It is because DOSTR 

can reduce the number of candidate nodes by applying the 

minimum remaining hops (minRH) in 1-hop neighbor infor-

mation in Table III. Moreover, by applying the hop delay 

proportional to minRH instead of RH, the closer node to the 

destination in a view point of 2-hop coverage can be assigned 

the highest priority. This is why DOSTR shows better perfor-

mance in most metrics including the end-to-end latency in Fig. 

5 (c). Remind that DOSTR resembles STR in that both consider 

the minimum remaining hops of 1-hop neighbors.  

The end-to-end hop count is depicted in Fig. 5 (b), which is 

measured from the successfully delivered path. Note that the 

hop count in OSTR and DOSTR is measured with the effective 

packet transmissions in the shortest path. We observed that 

OSTR and DOSTR improve the hop count of STR by up to      

25% and 40% respectively. The main reason is that next hop 

nodes in OSTR and DOSTR are decided by the receiver nodes. 

Thus, the hop count can be enhanced as much as applying the 

STR algorithm with 2-hop neighbor information. However, the 

hop count tends to converge to that of STR as the number of 

traffic sessions increases. It is because the nodes in the shortest 

TABLE IV  
SIMULATION PARAMETERS 

Simulation Parameters VALUE 

Network size 150m x 150m 

Number of nodes 200 

   Deployment type Random 

   Position of coordinator Center 

Number of iterations 30 

PHY/MAC protocol IEEE 802.15.4 

   Propagation Model Two-ray 

   Max. Rx range 25m 

   Max. Carrier sensing range 30m 

Network protocol ZTR/STR/OSTR/DOSTR 

   Cm/Lm 3/9 

Association duration 0-50 sec 

Application session   

   Packet type CBR 

   Packet interval 1packet/sec 

   Start/end time 100-200/300-350 secs 

Traffic type Any-to-any 

Number of sessions 10, 20, 40, ... , 100 

Number of faults 10, 20, 30, ... , 100 
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Fig. 5. Routing performance and overhead for the network traffic load (a) packet delivery ratio (b) hop count (c) end-to-end latency (d) number of MAC level 

packets per session (e) number of data packets in the shortest path (f) number of nodes participating in packet transmission 

(b) (a) (c) 

(e) 

 

(d) (f) 

path fail to overhear the packets due to traffic congestion, and 

the other nodes in alternative paths participate in packet 

forwarding.  

Fig. 5 (c) evaluates the end-to-end latency. STR achieves the 

smallest end-to-end latency and shows constant latency 

irrespective of the number of sessions. It is because there is no 

queueing delay during packet forwarding in STR. ZTR also 

does not require any queuing delay, but it needs more than three 

times of STR due to the detoured routing path to the destination. 

On the contrary, both OSTR and DOSTR require long 

end-to-end latency compared with ZTR and STR. The main 

reason of long latency is the hop delay that is used to prioritize 

the candidate nodes. In other words, intermediate nodes 

compete within the given δ in Table II, which is set with 

10msec in this simulation. Thus, the delay for packet for-

warding is proportional to the remaining hops to the destination, 

and it tends to be reduced as it goes near to the destination. 

However, such long end-to-end latency is inevitable feature of 

the OR algorithms. 

Fig. 5 (d) counts the total number of MAC level packets for 

the successfully delivered packets, which include data packet, 

acknowledgement packet, and retransmitted packets. We can 

observe that the total number of packets in all protocols 

increases as the number of traffic sessions increases. It is 

because increasing contention and collision cause the retrans-

mission of data packets. Another observation is that the total 

number of packets in DOSTR is similar to STR, and OSTR 

transmits the packets 40% more than DOSTR. It is interesting 

to remind that ZTR and STR use acknowledgement packet for 

each data, whereas OSTR and DOSTR do not use acknowl-

edgment packet. Therefore, Fig. 5 (d) indicates that OSTR and 

DOSTR require higher number of data packet transmissions 

than unicast routings. Since Fig. 5 (e) shows the number of data 

packets on the shortest path of OSTR and DOSTR, we can 

estimate the number of unnecessary data packet transmission, 

which is not on the shortest path, by comparing with Fig. 5 (d). 

These unnecessary packets cannot be perfectly prohibited in 

order to allow alternative paths to the destination. However, the 

noticeable point is that DOSTR reduces the unnecessary 

packets as well as shortens the end-to-end path of OSTR by 

applying 1-hop neighbor information.  

The number of participating nodes for packet transmission in 

Fig. 5 (f) indicates the number of candidate paths used for 

routing, and it proves how OSTR and DOSTR make end-to-end 

delivery reliable. Note that Fig. 5 (f) counts the number of 

nodes that participated in packet transmission without consid-

ering the number of transmitted packet of each node, whereas 

Fig. 5 (d) focuses on the number of transmitted packets per each 

traffic session. As shown in Fig. 5 (f), both OSTR and DOSTR 

allow 1.3−2.5 times of nodes in ZTR and STR to participate in 

routing. Whereas ZTR and STR give up to transmit the packet 

if the next hop node cannot receive it, OSTR and DOSTR can 

forward the packet through plenty of candidate nodes.  

Fig. 6 analyzes the packet delivery ratio for each hop dis-

tance of end-to-end routing path by fixing the number of traffic 

sessions with 80. These results prove the statement in Fig. 5 

that OSTR and DOSTR can provide high reliability with the 

plenty of candidate nodes even in the large hop distance, 

whereas unicast routing protocols such as ZTR and STR 

cannot.  
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Fig. 6. Packet delivery ratio for each hop distance when traffic session is 80 (a) ZTR (b) STR (c) OSTR (d) DOSTR 

(a) (b) (c) 

 

(d) 

Fig. 7. Routing performance and overhead (a) packet delivery ratio for the network density (b) packet delivery ratio for the number of faults (c) the number of 

MAC level packets per session for the number of faults 

(a) (b) (c) 

As shown in Fig. 6 (a), ZTR requires the highest hop distance 

14, since it has the detouring path problem that a packet follows 

a tree topology. Moreover, the packet delivery ratio signifi-

cantly drops to fewer than 30% as the hop distance of a path 

increases. STR in Fig. 6 (b) reduces the maximum hop distance 

to 8 by utilizing the neighbor links instead of the tree links, and 

it shows about 60−80% packet delivery ratio except hop 

distance 7. However, STR still shows a tendency that the packet 

delivery ratio falls to the larger hop distances.  

On the contrary, both OSTR and DOSTR show robustness 

on the packet delivery even in the large hop distance. OSTR in 

Fig. 6 (c) provides 80−90% packet delivery ratio for less than 6 

hop distance, and DOSTR in Fig. 6 (d) achieves 80−90% 

packet delivery ratio for every hop distance. It is interesting to 

note that the packet delivery ratio of DOSTR tends to be 

constant with the increasing hop distance, whereas that of 

OSTR slightly drops to 65−70% for larger than 6 hop distance. 

It indicates that the cooperation of candidate nodes helps to 

increase the packet delivery ratio, but the high number of 

candidate nodes may decrease the packet delivery ratio due to 

high competition among candidate nodes. As already men-

tioned with Fig. 5 (e), DOSTR reduces the number of candidate 

nodes by applying the broadcast timer proportional to the 

minimum remaining hops (minRH) instead of the remaining 

hops (RH) in OSTR. Thus, it is important to restrict the number 

of candidate nodes in order to achieve high reliability of packet 

delivery, and DOSTR provides it by selecting the proper 

number of candidate nodes.  

Different from the previous evaluations focusing on the 

effect of the number of traffic sessions, Fig. 7 analyzes the 

performance on the number of nodes and the number of faults 

in a network. In Fig. 7 (a), the number of nodes in a network is 

varied from 50 to 250 in order to analyze the effect of network 

density. The packet delivery ratio of ZTR tends to decrease for 

the increasing network density. It is because the tree topology 

becomes large in order to accommodate all the nodes in a 

network, and the average end-to-end hop distance increases 

together with the tree topology. On the contrary, STR shows 

about 70−80% of packet delivery ratio irrespective to the 

number of nodes, since routing path cuts across the tree 

topology. Both OSTR and DOSTR show better packet delivery 

ratio for the high network density. It is natural in that the better 

candidate nodes can be chosen, when the number of nodes in a 

network increases. This result also proves that the number of 

candidate nodes in OSTR and DOSTR does not increase with 

the network density. Thus, we can conclude that both OSTR 

and DOSTR provide high packet delivery ratio regardless of 

network density. Fig. 7 (b) and (c) validate the robust packet 

delivery of OSTR and DOSTR by fixing the number of traffic 

sessions with 60 and varying the number of faults in a network. 

Fault indicates that node cannot support any routing service 

such as receiving and forwarding a packet. In this simulation, 

the faults are occurred at random time during the application 

traffic sessions. As shown in Fig. 7 (b), the packet delivery ratio 

of ZTR and STR shows a tendency of decreasing for higher 

number of network faults. It is because ZTR and STR designate 

a next hop node; thus, the end-to-end packet delivery is failed if 

the designated next hop node is faulted. It is proved by the fact 

that the number of MAC level packet in Fig. 7 (c) decreases for 

the increasing node faults. On the contrary, OSTR and DOSTR 

show robustness to the node faults, since there are number of 

candidate nodes to replace faulted nodes. Thus, both the packet 

delivery ratio and the MAC level packets tend to be constant 

with the increasing number of node faults, and we can conclude 

that the OSTR and DOSTR provide reliable packet delivery 

regardless of network density, network traffic, and node fault. 
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VI. CONCLUSION 

In this paper, we propose the opportunistic routing mecha-

nism on STR that does not require any route discovery over-

head and memory consumption. Whereas existing opportunis-

tic routing protocols require additional route discovery to set up 

the route cost metric or prior knowledge to restrict forwarder 

candidates, OSTR does not require any overhead for finding 

route path and forwarder candidate selection. In addition, 

OSTR diversifies multiple paths to the destination and auto-

matically selects the optimal path according to the channel 

condition. As an extension of OSTR, DOSTR reduces unnec-

essary packet transmissions as well as shortens the end-to-end 

routing path of OSTR by utilizing 1-hop neighbor information. 

The performance evaluation proves that the proposed oppor-

tunistic shortcut routing protocols achieve reliable packet 

delivery with moderate end-to-end latency regardless of 

network density, network traffic, and node fault. Therefore, we 

expect opportunistic shortcut tree routings to be utilized in 

diverse IoT applications requiring both small resource capacity 

and high routing performances. 
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