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Abstract—The ZigBee tree routing is widely used in many resource-limited devices and applications, since it does not require any
routing table and route discovery overhead to send a packet to the destination. However, the ZigBee tree routing has the fundamental
limitation that a packet follows the tree topology; thus, it cannot provide the optimal routing path. In this paper, we propose the shortcut
tree routing (STR) protocol that provides the near optimal routing path as well as maintains the advantages of the ZigBee tree routing
such as no route discovery overhead and low memory consumption. The main idea of the shortcut tree routing is to calculate remaining
hops from an arbitrary source to the destination using the hierarchical addressing scheme in ZigBee, and each source or intermediate
node forwards a packet to the neighbor node with the smallest remaining hops in its neighbor table. The shortcut tree routing is fully
distributed and compatible with ZigBee standard in that it only utilizes addressing scheme and neighbor table without any changes of the
specification. The mathematical analysis proves that the 1-hop neighbor information improves overall network performances by
providing an efficient routing path and distributing the traffic load concentrated on the tree links. In the performance evaluation, we show
that the shortcut tree routing achieves the comparable performance to AODV with limited overhead of neighbor table maintenance as
well as overwhelms the ZigBee tree routing in all the network conditions such as network density, network configurations, traffic type, and
the network traffic.
Index Terms—ZigBee, tree routing, shortcut tree routing (STR), neighbor table, MANET, WSN, IEEE 802.15.4
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INTRODUCTION

Z

IGBEE is

a worldwide standard of wireless personal area
network targeted to low-power, cost-effective, reliable,
and scalable products and applications. Different from the
other personal area network standards such as Bluetooth,
UWB, and Wireless USB, ZigBee provides the low power
wireless mesh networking and supports up to thousands of
devices in a network. Based on these characteristics, ZigBee
Alliance has extended the applications to the diverse areas
such as smart home, building automation [1], health care
[2], smart energy [3], telecommunication, and retail services.
The ZigBee network layer [4], which is the core of the
standard, provides dynamic network formation, addressing, routing, and network management functions. ZigBee
supports up to 64,000 devices in a network with the
multihop tree and mesh topologies as well as star topology.
Every node is assigned a unique 16-bit short address
dynamically using either distributed addressing or stochastic addressing scheme. The routing protocols of ZigBee are
diverse so that a system or users can choose the optimal
routing strategy according to the applications.
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The reactive routing protocol in ZigBee is derived from
AODVjr (AODV junior) [5], which is one of the representative routing protocols in mobile ad hoc networks (MANET).
Similar with other MANET routing protocols [6], [7], [8], [9],
[10], ZigBee reactive routing protocol provides the optimal
routing path for the arbitrary source and destination pair
through the on-demand route discovery. It requires the
route discovery process for each communication pair, so the
route discovery overhead and the memory consumption
proportionally increases with the number of traffic sessions.
Moreover, route discovery packets are flooded to the
overall network, which interfere with transmission of other
packets even in the spatially uncorrelated area with the
route discovery.
On the other hand, ZigBee tree routing (ZTR) [4]
prevents the route discovery overhead in both memory
and bandwidth using the distributed block addressing
scheme. In ZTR, since each node is assigned a hierarchical
address, a source or an intermediate node only decides
whether to forward a packet to the parent or one of the
children by comparing its address with the destination
address. The most benefit of ZTR is that any source node
can transmit a packet to an arbitrary destination in a
network without any route discovery overheads. Due to
this efficiency, ZTR is considered as a promising protocol
for resource constrained devices in diverse applications
such as smart grid project and Internet of Things (IoT).
However, in ZTR, packets are forwarded along the tree
topology to the destination even if the destination is located
nearby. Thus, ZTR cannot provide the optimal routing path,
while it does not require any route discovery overhead.
Our objective is to provide the near optimal routing path
like the reactive routing protocol as well as to maintain the
Published by the IEEE Computer Society
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advantages of ZTR such as no route discovery overhead
and little memory consumption for the routing table.
We propose the shortcut tree routing (STR) that significantly enhances the path efficiency of ZTR by only adding
the 1-hop neighbor information. Whereas ZTR only uses
tree links connecting the parent and child nodes, STR
exploits the neighbor nodes by focusing that there exist the
neighbor nodes shortcutting the tree routing path in the
mesh topology. In other words, in STR, a source or an
intermediate node selects the next hop node having the
smallest remaining tree hops to the destination regardless of
whether it is a parent, one of children, or neighboring node.
The routing path selection in STR is decided by individual
node in a distributed manner, and STR is fully compatible
with the ZigBee standard that applies the different routing
strategies according to each node’s status. Also, it requires
neither any additional cost nor change of the ZigBee
standard including the creation and maintenance mechanism of 1-hop neighbor information.
The main contributions of this paper are as follows: First,
we propose STR to resolve the main reasons of overall
network performance degradation of ZTR, which are the
detour path problem and the traffic concentration problem.
Second, we prove that the 1-hop neighbor nodes used by
STR improve the routing path efficiency and alleviate the
traffic load concentrated on tree links in ZTR. Third, we
analyze the performance of ZTR, STR, and AODV by
differentiating the network conditions such as network
density, ZigBee network constraints, traffic types, and the
network traffic.
This paper is organized as follows: Section 2 summarizes
the related works on the routing protocols, and Section 3
describes ZTR and its problems. Section 4 presents the
shortcut tree routing algorithm and analyzes the properties
of STR in a mathematical way. The diverse performances
are evaluated in Section 5, and conclude this paper in
Section 6.

2

RELATED WORKS

MANET [11] routing protocols can be classified into
proactive and reactive routing protocols. The proactive
routing protocol periodically updates the topology information, so it always has an up-to-date optimal routing
path. The representative examples of proactive routing
protocols are OLSR [6] and DSDV [7]. In contrast, the
reactive routing protocol invokes the route discovery
procedure only when an application requests transmission
of data. Thus, it does not generate the control packet
overhead if there is no data packet to transmit, while it
causes long delay to find a routing path. AODV [8], DSR
[9], and TORA [10] are examples of the reactive routing
protocol. Regardless of whether it is proactive routing or
reactive routing, these MANET routing protocols provide
the optimal routing path for the given source and
destination pair. However, the required routing table size
of these protocols is too big to store all the routing paths in
the resource-limited devices [12].
Moreover, they need to exchange control packets to
maintain and discover the routing path, and the interference of these control packets on the other transmissions
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of the packets may be severe in the low rate and narrow
bandwidth channels.
Here, before explaining the other routing protocols, we
categorize communication traffic patterns into any-to-any,
many-to-one, and one-to-many traffic pattern [13]. In the
any-to-any traffic pattern, all the nodes can be a source or a
destination of the packets. The many-to-one traffic pattern
designates one destination and this destination collects the
information from all the other devices in a network.
Conversely, the one-to-many traffic pattern is used for the
designated one source node to transmit the packets to the
other devices. CTP [14] and RPL [15] are the representative
wireless personal area network protocols mainly supporting many-to-one and one-to-many traffic pattern.
Collection tree protocol (CTP) in TinyOS [16] is the
representative tree routing protocol. In CTP, the base station
as a root of the tree builds a collection tree and every sensor
node selects its parent node. The routing metric of CTP is
the expected transmissions count (ETX), and a root has an
ETX of 0. Each node calculates its ETX by sum of the ETX of
its parent and ETX of its link to its parent. The CTP
maintains the ETX of its neighboring device and selects the
node with the lowest ETX as the parent. When a sensor
node has data to send, it simply sends a data packet to its
parent. This forwarding process is repeated until the base
station receives.
RPL (IPv6 Routing Protocol for Low Power and Lossy
Networks) is the IETF standard protocol based on CTP. RPL
constructs a destination oriented directed acyclic graph
(DODAG) to optimize the many-to-one traffic pattern.
Every device in the DODAG establishes the optimal routing
path to the destination using a single route request from the
destination, which may be the gateway of a network. The
DODAG significantly reduces the route discovery overhead
and routing table size, because it requires only one time of
route discovery from the destination comparing with
MANET routing protocols requiring all the individual
sources to invoke route discovery to the same destination.
The main advantage of these protocols is that they
significantly reduce the route discovery overhead by
concentrating on the many-to-one and one-to-many traffic.
Even though they can support the any-to-any traffic pattern,
a routing path is inefficient by traversing along the tree
topology and they also suffer from detour path and traffic
concentration problems like ZigBee tree routing.
For the ZigBee standard, there have been researches on
improving the path efficiency of the ZigBee tree routing.
The preliminary version of our paper [17] suggests utilizing
the 1-hop neighbor table to reduce the routing cost of
ZTR. The proposed STR algorithm selects the neighbor
node if it can reduce the routing cost to the destination. It
showed that the proposed algorithm saves more than 30
percent of hop count compared with ZTR without any route
discovery overhead. However, it is limited on evaluating
the saved hop count comparing with ZTR. In this paper, in
additional to the inefficient routing path of ZTR [17], we
have identified that ZTR suffers from performance degradation when all the packets are concentrated on the tree
links. We demonstrate these problems of the ZTR by the
network simulation, and prove that STR significantly
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Fig. 2. ZigBee tree routing and shortcut tree routing.

Fig. 1. ZigBee address structure and parent-child relationship (Cm 3,
Rm 2, and Lm 3).

enhances overall network performances such as packet
delivery ratio, end-to-end latency, path stretch and so on.
The mathematical analyses are also provided in this paper
to prove that STR alleviates the traffic load concentrated on
the tree links as well as provides an efficient routing path
without loop.

3

ZIGBEE TREE ROUTING

ZTR is designed for resource constrained ZigBee devices to
choose multihop routing path without any route discovery
procedure, and it works based on hierarchical block
addressing scheme described in (1) and (2).
Fig. 1 shows an example of the ZigBee address assignment scheme and the address hierarchy when Cm
(nwkMaxChildren), Rm (nwkMaxRouters), and Lm (nwk
MaxDepth) are given with 3, 2, and 3 respectively. Cm, Rm,
and Lm 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 in ZigBee standard, respectively,
8
if Rm ¼ 1;
< 1 þ Cm  ðLm  d  1Þ;
CskipðdÞ ¼ 1 þ Cm-Rm-Cm  RmLmd1
:
; otherwise;
1  Rm
ð1Þ
Ak ¼ Aparent þ CskipðdÞ  ðk  1Þ þ 1 ð1  k  RmÞ;
An ¼ Aparent þ CskipðdÞ  Rm þ n ð1  n  Cm-RmÞ:
ð2Þ
The CskipðdÞ in (1) computes the size of address space
assigned by each router node at tree level d, and the value
of CskipðdÞ is the same as the amount of Rm  Cskipðd þ
1Þ þ ðCm-RmÞ þ 1 to cover the address spaces of its routercapable children and end devices. Based on CskipðdÞ, the
network address assignment scheme in (2) is defined
for each kth router-capable child and nth end device given
by the parent at tree level d. This block addressing scheme
preallocates the available network address space at each
tree level, and the address space is split in a recursive
manner as the tree level increases. In other words, each
parent node at tree level d assigns the CskipðdÞ size of
address space to its router-capable child nodes, and its

children distribute Cskipðd þ 1Þ size of address space to
their router-capable children again. For example, in Fig. 1,
the node "’s network address 5 is included in address space
[2], [5] of its parent  at level 2, and [2], [5] is included in
the ’s address space [1], [10] again:
A < D < A þ Cskipðd  1Þ:

ð3Þ

With the hierarchical addressing scheme, we can easily
identify whether the destination is descendant of each
source or intermediate node. If (3) is satisfied, the
destination with address D is descendant of the node with
address A. 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.
The example of the routing path of ZTR is described in
Figs. 2a and 2b, where a packet is routed through several
hops toward the destination even though it is within the
range of sender’s 2-hop transmission range. To solve this
detour path problem of ZTR, ZigBee specification has defined
the direct transmission rule that allows a coordinator or a
router to transmit a packet directly to the destination
without decision of the routing protocol as shown in Fig. 2a,
if the corresponding destination is in the neighbor table.
However, this method cannot fundamentally solve the
detour path problem of tree routing, as shown in Fig. 2b. In
case that the destination is located more than 2-hop distance
away from a source node, we cannot apply the direct
transmission rule.
In addition to the detour path problem, ZTR has the
traffic concentration problem due to limited tree links. Since all
the packets pass through only tree links, especially around
the root node, severe congestion and collision of packets are
concentrated on the limited tree links. This symptom
becomes worse and worse as the number of packets
increases, and it finally causes the degradation of the
packet delivery ratio, end-to-end latency, and other network performances.

4

SHORTCUT TREE ROUTING

We propose the STR algorithm that solves these two
problems of the ZTR by using 1-hop neighbor information.
The STR algorithm basically follows ZTR, but chooses one
of neighbor nodes as the next hop node when the remaining
tree hops to the destination can be reduced. For example, in
Fig. 2c, STR computes the remaining tree hops from the next
hop node to the destination for all the neighbor nodes, and
selects the N4 as the next hop node to transmit a packet to
the destination D2 .
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TABLE 1
Algorithm to Find Ancestors at Each Tree Level

The main idea of STR is that we can compute the
remaining tree hops from an arbitrary source to a destination using ZigBee address hierarchy and tree structure as
discussed in previous section. In other words, the remaining tree hops can be calculated using tree levels of source
node, destination, and their common ancestor node,
because the packet from the source node goes up to the
common ancestor, which contains an address of the
destination, and goes down to the destination in ZTR.
Tables 1 and 2 describe the detail algorithm of STR, and
followings are the definitions used by STR. Let levelðuÞ be
the tree level of node u, and AðuÞ be {Aðu; iÞ j Aðu; iÞ is the
network address of u’s ancestor at tree level i, i  levelðuÞ}.
The LCAðs; dÞ [18] is defined as the lowest common
ancestor between source node s and destination d.
Table 1 describes the algorithm to find ancestors’
network address at each tree level together with the tree
level of the given devAddr. Since the network address of
device is contained in its ancestors’ address space in lower
tree levels, we can find the rIndex, which is the routercapable child order k in (2) by dividing the size of address
space from AðdevAddr; iÞ to the devAddr by the CskipðiÞ. In
case that the rIndex is less than Rm, the AðdevAddr; i þ 1Þ is
router device, so the address is derived from the addressing
scheme for Ak in (2). If the rIndex is greater than or equal to
Rm, it means that the AðdevAddr; i þ 1Þ is network address
of the end device and it is same as the devAddr.
This inference procedure to find AðdevAddrÞ starts from
the root node, which has the network address 0, until the
network address of ancestor is identical to the given
devAddr. For example, for the given network address of "
and  in Fig. 1, we can find the network addresses of the
ancestors , ,  for " and , ,  for . Also, the addresses of
the common ancestors between a source and a destination
can be found by comparing the ancestor’s addresses in each
tree level.
The reason we find the common ancestors of the device
is because we want to compute the tree routing cost
between a source and a destination. As shown in Fig. 3a, the
tree routing cost between S and D can be calculated with
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TABLE 2
Shortcut Tree Routing Algorithm

tree levels of S, D, and LCAðS; DÞ. The packet from the
source node S always goes up to the lowest common
ancestor LCAðS; DÞ through the parent nodes regardless of
subtree A0 structure. From the LCAðS; DÞ, the packet directs
to the subtree A00 and goes down through the child nodes to
the destination. For example, in Fig. 1, the packet from node
" goes to the  and goes down to the destination , whereas
the packet from " to the  goes up to the root of tree .
Since the routing hops from S to LCAðS; DÞ and from
LCAðS; DÞ to D can be calculated using difference of tree
levels, the tree routing cost from S to D can be calculated by
the equation “levelðSÞ þ levelðDÞ  2  levelðLCAðS; DÞÞ.”
Fig. 3b shows an example of tree routing cost calculation
for the given S and D.
Table 2 describes the proposed STR algorithm for a
source or an intermediate node to select the next hop node
that has the minimum remaining tree hops for the given
destination. In Table 2, we first compute the levelðdstAddrÞ
and AðdstAddrÞ for the given dstAddr. Then, for each
neighbor entry nk , we calculate the remaining tree hops
from the nk to the dstAddr, a nbrRouteCost, by finding the
levelðnk Þ and levelðLCAðnk ; dstAddrÞÞ. Finally, a source or
an intermediate node selects the neighbor nk as the next

Fig. 3. Calculation of ZigBee tree routing cost between a source and a
destination.
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hop node, which has the minimum remaining tree hops to
the given destination, and transmits a packet to the next
hop node.
When there is no neighbor node to reduce the
remaining tree hops comparing with ZTR, STR selects
the parent or one of children as the next hop node like
ZTR. However, Table 1 does not mention selection of the
next hop node according to ZTR, because all the parent
and children are already included in the neighbor table.
Therefore, the upper bound of minRouteCost in Table 2 is
the same as the routing cost that is decided when the next
hop node is selected by ZTR.
STR has the limitation that the routing path is not always
optimal in an aspect of the end-to-end hop distance, because
the next hop node is selected based on the local information
like 1-hop neighbor table. For example, in Fig. 2c, the
optimal path from S to D2 is S ! N 5 ! D2 , but, it requires
2-hop neighbor information in order for the source S to
know that N5 is within 1-hop communication range of the
D2 . It is obvious that maintaining 2-hop neighbor information incurs high protocol overhead in the network with high
node density [19], [20]; thus, we selected to provide a
resource efficient routing protocol in a view point of
memory consumption and routing overhead. Thus, we
added AODV protocol to the performance evaluation for
the quantitative comparison of the path efficiency, and STR
shows only 10-20 percent difference of the hop distance
comparing with AODV.
Followings are the mathematical analysis on the characteristics of STR. Theorem 1 proves that STR is lightweight
enough to be run in the resource limited devices in a view
point of time complexity. Theorems 2 and 3 show the
reliability and efficiency of STR by proving its loop-freeness
and upper bound of end-to-end routing path. In Theorem 4,
we also analyze how much STR reduces the traffic loaded in
tree links assuming the traffic model of the network design
problem (NDP) [21].
Theorem 1. The shortcut tree routing algorithm can be solved in
polynomial time.
Proof. STR described in Table 2 investigates the remaining
tree hops for each neighbor entry. Since the Find_
Ancestors() function requires at most Lm times, the time
complexity of STR is Oðn  LmÞ, where n is the number of
neighbor nodes of a certain intermediate node or a
source node.
u
t
Theorem 2. The shortcut tree routing is loop-free.
Proof. We prove that there is no loop along the STR routing
path by showing that the remaining tree hops always
decrease whenever a packet is forwarded to the next hop
node. In this theorem, intermediate nodes along a
routing path are categorized into tree (neighbor) nodes,
which have parent/children relationship with the previous node, and nontree (neighbor) nodes, which are
neither parent nor children of previous node.
u
t
We define ti and ni as the ith intermediate node selected
among the tree nodes and nontree nodes, respectively, and
RHðuÞ as the remaining tree hops to the destination at
node u. Fig. 4 shows all the possible routing paths between
source s and destination d.
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Fig. 4. The routing path representation of ZTR and STR.

For the ZTR routing path, it can be represented as
(s; t1 ; t2 ; . . . ; ti ; . . . ; tj ; d), where the hop distance between a
source and a destination is j þ 1 for all j  0. The remaining
tree hops on the ZTR routing path are decremented by one
by one as shown in (4).
j þ 1 ¼ RHðsÞ > RHðt1 Þ >    > RHðti Þ
>    > RHðtj Þ > RHðdÞ ¼ 0:

ð4Þ

Next, we investigate the remaining hops of STR routing
path by dividing four cases such as
i)
ii)
iii)
iv)

tree node ! tree node,
tree node ! nontree node,
nontree node ! tree node, and
nontree node ! nontree node, as marked in Fig. 4.

F or all i  1;
iÞ RHðti Þ < RHðti1 Þ: fEq: ð4Þg
iiÞ RHðni Þ ¼ levelðni Þ þ levelðdÞ  2  levelðLCAðni ; dÞÞ
< RHðti Þ: fDefinition of ST Rg
iiiÞ RHðtiþ1 Þ ¼ levelðtiþ1 Þ þ levelðdÞ  2  levelðLCAðtiþ1 ; dÞÞ
< RHðni Þ
8
levelðtiþ1 Þ
>
>
>
>
>
>
<
 :
levelðtiþ1 Þ
>
>
> LCAðtiþ1 ; dÞ
>
>
>
:

9
¼ levelðni Þ  1;
>
>
>
>
if tiþ1 is parent of ni >
>
=
¼ levelðni Þ þ 1 and
>
>
>
¼ LCAðni ; dÞ þ 1;
>
>
>
;
if tiþ1 is child of ni
ivÞ RHðniþ1 Þ < RHðtiþ1 Þ < RHðni Þ: fDefinition of ST Rg:
ð5Þ
As proved in (5), an intermediate node in the shortcut
routing path has always smaller remaining tree hops than
its previous node, regardless of whether it is tree node or
nontree node. Thus, the loop never occurs during the
shortcut tree routing.
Theorem 3. The routing cost of STR does not exceed that of ZTR.
Proof. The remaining tree hops of ZTR is reduced by one
hop as a packet passes to the next hop node, as shown in
(4). In STR, if a nontree node, which is defined in
Theorem 2, is selected as the next hop node, then the
nontree node reduces the remaining tree hops by at least
two hops than its previous node. In this case, the routing
cost of STR is always smaller than that of ZTR. If no
nontree node is selected as the next hop node, the
routing cost of STR is equal to that of ZTR, which is the
upper bound of routing cost of STR.
u
t
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Proof. If there exist the neighbor link eðu; vÞ 2 EN , which
connecting node u and v, the packets passes eðu; vÞ
instead of tree links eu in ET ðu; vÞ because eðu; vÞ reduces
the number of hops to the destination. Thus, the traffic
load in STR at each tree link eu is reduced at least by the
amount of packets passing eðu; vÞ.
u
t
Corollary 6. Assuming the preliminaries in Corollary 5 are
fulfilled, the traffic load in neighbor link eðu; vÞ, cST R ðeðu; vÞÞ,
is calculated as (8):

Fig. 5. Calculation of the traffic load on the neighbor link in STR.

For the following analysis, we first define T ¼ ðV ; ET Þ
as a fat tree for the given Cm and Lm, where V ¼ fu j
u is a vertex in T g and ET ¼ feu j eu is the tree link
between u and u’s parent, u 2 V }. In T , T ðuÞ is defined
as the subtree rooted at u and jT ðuÞj is the number of
nodes in T ðuÞ. We also differentiate tree links and the
neighbor link connecting node u and v. The tree link set
ET ðu; vÞ is defined as {eu j eu is tree links with parent/
children relationship connecting u and v, eu 2 ET ; u;
v 2 V }, and the neighbor link set EN is defined as
{eðu; vÞ j eðu; vÞ is the neighbor links connecting u and v,
levelðuÞ  levelðvÞ and eðu; vÞ 62 ET }. ET ðu; vÞ  ET , and
examples of ET ðu; vÞ and eðu; vÞ are shown in Fig. 5.
Corollary 4. Assuming that the traffic pattern follows network
design problem ðNDP Þ in which all vertex pairs in a network
communicate with each other once [21], the traffic load in ZTR
at each eu ; cZT R ðeu Þ, is calculated as (6) for all tree links 8 eu 2
ET [22], where R is root of T
cZT R ðeu Þ
¼ 2  jT ðuÞj  ðjT ðRÞj  jT ðuÞjÞ;

 

1  CmLmlevelðuÞþ1  CmLmlevelðuÞþ1  CmLmþ1
:
¼2
ð1  CmÞ2
ð6Þ

Proof. The cZT R ðeu Þ can be calculated with the number of
packets passing the tree link eu . The packets passing eu is
classified with two cases; one is originated from T ðuÞ and
destined for the opposite area of T ðuÞ, and the other case
is conversely originated from outside of T ðuÞ and
destined for T(u). Since each vertex pair transmits one
packet in NDP model, the number of packets of each case
is calculated with jT ðuÞj  jT ðRÞ-TðuÞj and the sum of two
cases are same with (6). The number of nodes in T ðuÞ and
T ðRÞ-T ðuÞ can be easily calculated considering a sum of
geometrical sequence of a fat tree.
u
t
Corollary 5. Let cST R ðeu Þ and cST R ðeðu; vÞÞ be the traffic load in
tree link eu and neighbor link eðu; vÞ when applying STR, for
eu 2 ET and eðu; vÞ 2 EN . Assuming traffic model in NDP,
the cST R ðeu Þ is reduced at least by the amount of cST R ðeðu; vÞÞ
as shown in ð7Þ for 8 eu 2 ET ðu; vÞ and eðu; vÞ 2 EN :
cST R ðeu Þ  cZT R ðeu Þ  maxðcST R ðeðu; vÞÞÞ; for 8eu
2 ET ðu; vÞfor 8eðu; vÞ 2 EN :

ð7Þ

cST R ðeðu; vÞÞ
8
>
< 2  jT ðuÞj  jT ðvÞj;
¼ 2  ðjT ðRÞj  jT ðuÞj
>
:

if LCAðu; vÞ ¼ R and u 6¼ R


þ Cm1
 jT ðuÞjÞ  jT ðvÞj;
Cm

if LCAðu; vÞ ¼ u
1-CmLm-levelðuÞþ1
:
for 8eðu; vÞ 2 EN ; where jT ðuÞj ¼
1-Cm
ð8Þ

Proof. The cST R ðeðu; vÞÞ can be calculated by dividing two
cases as described in Fig. 5. First, when LCAðu; vÞ is R
and u is not R, it means that there is no common ancestor
except R between u and v. Thus, all the nodes contained
in T ðuÞ (i.e., nodes in Area 1) uses eðu; vÞ to communicate
with the nodes in T ðvÞ (i.e., nodes in Area 2), and vice
versa. Second, if LCAðu; vÞ ¼ u, then T ðvÞ is contained in
T ðuÞ. Therefore, the nodes not contained in T ðuÞ (i.e.,
nodes in Area 3), and the nodes contained in T ðuÞ but not
in T ðvÞ (i.e., nodes in Area 4), use eðu; vÞ to communicate
with the nodes in T ðvÞ (i.e., nodes in Area 5), and vice
versa. The formal description of the traffic load on the
neighbor links is summarized in (8). However, (8) counts
the minimum number of packets that passes the
neighbor link eðu; vÞ in STR. Thus, the actual number of
packets using eðu; vÞ will be increased by the neighbor
nodes of u or v.
u
t
Theorem 7. The total number of packets passing tree links in STR
is less than that in ZTR, if there exists at least one neighbor link.
Proof. As proved by Corollary 6, the traffic load in each tree
link is reduced by the amount of traffic load in the
neighbor links in STR. In the case that node u has at least
one neighbor link eðu; vÞ for v 2 T , the traffic load of eu in
STR is reduced as much as maxðcST R ðeðu; vÞÞ, as shown in
(7). Thus, we conclude that STR solves traffic concentration problem of ZTR by exploiting neighbor links.
u
t

5

PERFORMANCE EVALUATION

We evaluated STR in diverse metrics of the routing
performance and overhead. The evaluation of the routing
performance includes hop count, end-to-end latency, packet
delivery ratio, and MAC level retransmissions, and the
routing overhead is measured with the number of control
packets and memory consumption for routing. The simulation is categorized into three subsections to analyze the
effects of network density, traffic pattern, network configuration, and the network traffic.
In this evaluation, the network simulator NS-2 [23] and
IEEE 802.15.4 PHY/MAC protocols are used for comparing
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TABLE 3
Simulation Parameters

STR with ZTR and AODV. The general parameter settings
are summarized in Table 3, and we use this configuration,
unless otherwise noted in the following sections.
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 0 s and ends with assigned network
address within 50 s. In ZigBee, entries of neighbor table
are created and maintained by the link status message
with a 1-hop broadcast every nwkLinkStatusPeriod seconds,
which is set to 15 s in our simulation. This link state
maintenance mechanism is mandatory function in ZigBee;
thus, ZTR and STR have the same routing overhead and
memory consumption in the real deployment. However, in
this evaluation, the routing overhead and memory consumption for the link state maintenance mechanism are
considered as the overhead of AODV and STR. On the
contrary, we represent ZTR’s overhead with the neighbor
information from the successfully received beacons during
an association process, since it is minimum information for
ZTR to establish the hierarchical address used for the tree
routing and the 1-hop neighbor information obtained from
the link state maintenance mechanism which is not related
to the pure routing performance of ZTR. All the statistics of
the evaluations, except the routing overhead and memory
consumption, are measured from the successfully delivered
packets, and all the figures in this section represent the
average value and the 95 percent of confidence interval.

5.1 Effect of the Network Density
As one of the fundamental analysis of the network protocol,
we first evaluate the network performance on the network
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density to provide the criterion of the network scalability.
The general simulation settings are same with Table 3, and
we used the network configuration of Cm 3 and Lm 9. In
addition to the network density, this section compares the
effect of the traffic pattern by dividing the any-to-any traffic
and many-to-one traffic pattern in Sections 5.1.1 and 5.1.2,
respectively. Whereas both of a source and a destination are
randomly chosen in any-to-any traffic pattern, many-to-one
traffic pattern designates a coordinator as a destination and
selects a source node randomly. The number of traffic
sessions used in both traffic patterns is 20.

5.1.1 Any-to-Any Traffic
The packet delivery ratio of ZTR significantly drops to
27 percent as the number of nodes increases, as shown in
Fig. 6a. The main reasons are large hop count to the
destination and the overlapped routing path. The packets
are concentrated around the root of a tree, so many packet
collisions and interferences occur around the root of a tree as
the network density increases. On the other hand, STR and
AODV show high packet delivery ratio about 70 percent
even in the 300 nodes, since the routing paths are short
enough not to interfere each other and the routing paths are
distributed through the neighbor nodes as well.
The interesting point is that the packet delivery ratio of
STR outperforms AODV from the 200 nodes in spite of high
average hop count. It is because the route discovery packets
of AODV, which is triggered before data packet transmission, interfere with transmissions of other packets. In
addition, since the route discovery packets use network
flooding, the degradation of the packet delivery ratio
becomes worse for the higher network density. On the
contrary, as STR has no queuing delay and route overhead
for establishing the routing path, it achieves the high
delivery ratio regardless of network density.
The average hop count between a source and a
destination is described in Fig. 6b. The hop count of ZTR
increases from 5.7 to 8.3 hops, because the average tree
level of the nodes increases as the number of nodes grows.
The reason that the hop counts of ZTR stops increasing
from the 250 nodes is because the hop count is measured
from the successfully delivered packets. It indicates that
most packets more than 8.3 hops are dropped from the
250 nodes in ZTR, and this is proved by the fact that the
confidence interval from the network density 250 increases
while the average hop count remains relatively constant.
On the other hand, both of STR and AODV are
insensitive to the network density. It proves that STR and
AODV provide the short routing path regardless of the
network topology such as tree levels of the nodes. The
average hop count of STR and AODV are about 3.2-4 hops
and 2.9-3.2 hops, respectively. In contrast to ZTR, the hop
count of STR and AODV decreases for the higher network
density, since both routing protocols find the more efficient
routing path from the increasing number of candidate
nodes. Note that STR has only about 0.5-1 larger hop count
than AODV in spite of the limitation of the local minimumbased routing selection.
The end-to-end latency in Fig. 6c shows similar trend
with the hop count, since the end-to-end latency is mainly
affected by the hop distance between a source and a
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Fig. 6. Routing performance and overhead for the network density (a) packet delivery ratio (b) hop count (c) end-to-end latency (d) number of MAC
level retransmissions per session (e) number of routing packet overhead, and (f) memory consumption for routing table.

destination. Whereas ZTR shows long end-to-end latency
about 32-47 ms, STR and AODV show short end-to end
latency about 18 and 15 ms per session.
Fig. 6d describes the average number of MAC level
retransmissions during an end-to-end communication.
Since the MAC level retransmission occurs from channel
access failure, packet collision, and missed acknowledgment, it indicates traffic congestion on the multihop paths
and shows how well each routing protocol selects the
routing path that avoids traffic congestion. AODV requires
the minimum times of retransmission about 0.2, and STR
shows from 0.25 to 0.4 times of retransmission. On the
other hand, ZTR needs about 0.8 times of retransmissions,
and it falls down to 0.53 times at the 300 nodes. It is also
the same reason that the statistics include only for the
successfully delivered packets to the destination. In other
words, the number of highly dropped packets in 300 nodes
ironically makes low congestion of packets in the network,
and the survived packets are relatively easily forwarded to
the next hop.
However, it may be unfair to compare the number of
retransmissions itself, because the hop distance of ZTR is
more than twice of STR and AODV. Thus, we consider both
of packet delivery ratio and the hop distance together. By
focusing on the 80 percent of packet delivery ratio case, we
pick up ZTR with 100 nodes, and STR and AODV with
250 nodes. By dividing the number of retransmission by the
total hop distance, we can calculate the number of MAC level
retransmissions per each hop. ZTR shows 0:8=6:4 ¼ 0:125,
and STR shows 0:24=3:2 ¼ 0:075, and AODV shows
0:25=2:9 ¼ 0:086. Thus, we conclude that STR alleviates
traffic congestion of ZTR by dispersing the traffics through
the 1-hop neighbors including parent and child nodes.
The routing overhead is measured from the number of
control packets and the memory consumption as shown in

Figs. 6e and 6f. Fig. 6e shows the routing overhead of link
state maintenance in STR and the route discovery in AODV.
The routing overhead of AODV is exponentially increased
as the network density increases, because the RREQ (Route
Request) packets are flooded into the whole network. The
routing overhead of STR is counted with the overhead for
link state maintenance mechanism, even though it is
originally defined in ZigBee standard irrespective of STR.
Remind that the link state maintenance mechanism is
mandatory function in ZigBee, and ZTR also has same
amount of routing overhead with STR in the real deployment of ZigBee. The routing overhead of STR increases
linearly with the network density, whereas that of AODV
exponentially increases due to increase of the number of
nodes participating the route discovery. In other words,
AODV brings out route discovery packets proportionally
with the number of traffic sessions, and congestion
combined with these discovery packets increases the
possibility of collision and retransmission of both route
discovery packets and data packets. That’s why the routing
overhead of AODV in 300 nodes is dramatically increased.
Fig. 6f describes the total memory consumption for the
routing, where the entry sizes of the neighbor table, routing
table, and route discovery table are 6, 5, and 9 bytes,
respectively. ZTR consumes the smallest memory, because
it only stores the neighbor nodes transmitting beacons
without collision. On the contrary, STR and AODV store all
the 1-hop neighbor information obtained from the link state
maintenance mechanism, and AODV additionally requires
the memory to maintain the route discovery table and
routing table. The reason that there is little difference
between STR and AODV in terms of memory consumption
is that Fig. 6 exploits small number of traffic sessions like 10.
AODV is the reactive routing protocol which discovers the
routing path only when there is request on packet delivery;
thus, both routing overhead and memory consumption of
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Fig. 7. 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 retransmissions per session (e) number of routing packet overhead, and (f) memory consumption for routing table

AODV significantly increase as much as the number of
traffic sessions as will be discussed in Fig. 7.

5.1.2 Many-to-One Traffic
Different from our expectation that the packet delivery
ratio will be lower than that of any-to-any traffic due to
severe congestion toward the root of a tree, the delivery
ratio of all protocols in many-to-one traffic is at least
10 percent higher than that of any-to-any traffic. The main
reason is that shortened routing path alleviates traffic
congestion comparing with the any-to-any traffic pattern.
The detail evaluation results and analysis are described in
Section 1 in the supplemental material, which can be
found on the Computer Society Digital Library at http://
doi.ieeecomputersociety.org/10.1109/TPDS.2013.42.
5.2 Effect of the Network Configuration
The performance of the tree routing protocols depends on
the tree topology, which is determined by the network
configurations such as Cm and Lm. [24], [25] Even though
STR is affected by the tree topology due to its inherent
feature, STR saves the amount of hop count by 25-55 percent
of ZTR regardless of traffic pattern. The detail performance
evaluation is discussed in Section 2 in the online supplemental material.
5.3 Effect of the Network Traffic
In this section, we analyze the network performance on
different network traffic load, which is another criterion
together with the network density to evaluate the scalability
of the routing protocols. The simulation settings are same
with Table 3, and we fixed the number of nodes to 100 and
(Cm, Lm) configurations to (3, 9). The any-to-any traffic
sessions are used, and we change the number of traffic
sessions from 10 to 100.

Different from the previous results in Fig. 6a that the
packet delivery ratio is mainly affected by the number of
hops, Fig. 7a shows another factor affecting on the packet
delivery ratio. In spite of the same number of hop count as
shown in Fig. 7b, the packet delivery ratio in Fig. 7a
decreases for the increasing network traffic. It results from
that the network congestion causes the collision and drops
of the packets. The effect on the network traffic is the
highest in ZTR since considerable traffic is concentrated on
the limited number of nodes of the tree. On the other hand,
the packet delivery ratio of STR gradually decreases for the
increasing network traffic by distributing concentrated
traffic to the tree with neighbor nodes.
The average hop count in Fig. 7b tends to be constant
with the increasing network traffic. It was the primary factor
affecting to the end-to-end latency as shown in Fig. 6c.
However, Fig. 7c shows that the network congestion is
another crucial factor on the end-to-end latency. For
example, random back-off to transmit a packet, packet
collision, and retransmission of a packet bring out the delay
of packet propagation. ZTR is highly affected by the number
of sessions because all the packets share a same tree
topology, whereas STR and AODV have relatively small
impact due to the distributed routing paths. It is proved by
Fig. 7d, since the network congestion incurred a number of
retransmissions as analyzed in Fig. 6d.
The routing overhead and the memory consumption for
the routing table are described in Figs. 7e and 7f. It is
interesting to note that the routing overhead and memory
consumption of STR remained relatively constant with the
traffic session while those of AODV kept increasing. In
AODV, the routing overhead increases as the number of
sessions increases, because all the nodes between a source
and a destination in each pair participate in the route
discovery. Since these route discovery packets contend with
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Fig. 8. Number of dropped packet in the network with the size of 100 m  100 m.

the data packet, it may cause the packet transmission delay
and retransmission, and finally it will degrade the packet
delivery ratio. On the other hand, the effect of the network
traffic in STR is negligible, since the link status messages are
broadcasted only to 1-hop neighbors independently from
the number of sessions in a network. Thus, we can conclude
that STR is scalable to the number of traffic sessions while
consuming small amount of memory. The detail analysis on
the memory consumption is described in Section 3.1 in the
online supplemental material.
In Fig. 8, we analyze the traffic concentration of each
protocol by evaluating the distribution of the number of
dropped packets in the simulated network [26]. Since it
shows that how many packets are concentrated in the
certain area, we can recognize that how much STR alleviates
the traffic concentrated in the root of a tree. The simulation
environment is same with Section 5.3 except that we fixed
the number of any-to-any traffic sessions with 60.
As summarized in Table 4, the highest dropped
packets at each node are 862, 354.4, and 80.7, and the
standard deviations are 144.04, 51.96, and 15.71 for ZTR,
STR, and AODV, respectively. Almost all packets are
dropped around the root of a tree in ZTR, whereas the
dropped packets in AODV are distributed throughout the
network. STR shows a similar pattern of packet drop area
with ZTR, since it is fundamentally designed based on
the tree hierarchy. However, STR significantly cuts down
the average number of dropped packets to 28.08, which is
similar with AODV’s 22.04, and the standard deviation is
also reduced to one of third comparing with ZTR. The
reason is that the neighbor nodes, used by STR, have a
role of distributing the traffic to the whole network as
well as reducing the number of hops for end-to-end
communication. In Section 3.2 in the online supplemental
material, we provide the quantitative evaluation of the
TABLE 4
Statistics of Dropped Packets for 60 Any-to-Any
Traffic Sessions

number of forwarded packet and dropped packets
according to the tree level of each node.

6

CONCLUSION

In this paper, we have identified the detour path problem
and traffic concentration problem of the ZTR. These are the
fundamental problems of the general tree routing protocols,
which cause the overall network performance degradation.
To overcome these problems, we propose STR that uses the
neighbor table, originally defined in the ZigBee standard. In
STR, each node can find the optimal next hop node based
on the remaining tree hops to the destination. The
mathematical analyses prove that the 1-hop neighbor
information in STR reduces the traffic load concentrated
on the tree links as well as provides an efficient routing
path. The network simulations show that STR provides the
comparable routing performance to AODV as well as
scalability respect to the network density and the network
traffic volume by suppressing the additional route discovery process. Therefore, as discussed in Section 4 in the
online supplemental material, we expect STR to be utilized
in many ZigBee applications requiring both small memory
capacity and high routing performances.
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