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Abstract—Radio interference should be taken into account
to assign time slots to links in time division multiple access \

(TDMA)-based wireless mesh networks. In many graph theory-

based time slot assignment algorithms, the protocol interference ‘,;.’5'({( \ \f:\

model is widely used to obtain radio interference information, .= N
although this model is considered to be inaccurate when 7N 0 B 2 AN
compared with actual radio interference. On the other hand, E "0 0 E‘T’ o - E
the signal-to-interference-plus-noise-ratio model (SINR model) ) s} b b 0 b
is a well-known and accurate model of radio interference. , -

However, the SINR model requires time slot information to Asmwaynode [\ Meshnode (3 Client terminal

obtain radio interference relationship, and thus it is difficult

to apply the SINR model to graph theory-based time slot
assignment algorithms. In this paper, we extend the protocol
interference model to represent radio interference more accu-
rately for wireless mesh networks. To do this, we adjust the . . . .
interference ratio parameter of the protocol interference model ~ [2: 3, 4] since time slot assignment algorithms can be

by considering SINR. We propose three methods for adjusting  regarded as the graph coloring in graph theory.

this parameter. Through simulation, it is shown that higher : . : . )
accuracy of the protocol interference model can be achieved Graph theory-based time slot assignment algorithms re

by adjusting the interference ratio parameter for each node. ~ 9uire information on the interference relationships among
links before assigning time slots to links. In these algorithms,

the protocol interference modefa.k.a. unified disk graph
model) [5, 6] has been widely used to obtain radio interfer-

. INTRODUCTION ence information. In the protocol interference model, a radio
pterference range is defined as a circle centered on a sender

attention for providing wireless broadband access becau ode. Since the interference relationships among links are
efined according to the location of nodes, the protocol

of their expandability and cost efficiency [1]. Wireless mesh; terf del b " din th tical Vi
networks consist of a gateway node which is connected t(iﬂ erierence modet can be easily used in theoretical analysis.

a wired network and mesh nodes which relay the messag owever, the protocol interference model is not accurate
between the gateway node and client terminals as shown §§ comparison with phys[cal radio mterfereqce [6]. For
Fig. 1. A mesh node is connected with another node througﬁxample' closely_ located links can t_)e u;ed smultanepgsly
a wireless link when they are within transmission range o hen T]a(f:h I’eCEIVGI’ node C"’g_] recelvs S|gn?jls of suff!;nehnt
each other. A mesh node provides wireless broadband accedgength from the corresponding sender node, even if the
service to client terminals within its service area. pr_otocol interference model w_ndwates that.the I|n_ks ”?te”?re
In wireless networks, when closely located links areW't_h each o;her [7]. In addition, there IS a situation in
simultaneously used, a receiver node cannot correctly recei)¥ich a receiver node cannot correctly receive radio signals

radio signals from the corresponding sender node due tH_Om the corresponding sender nodelwhen many links are
radio interference. That is why it is necessary to avoidsmultaneously used and interfere with the receiver node,

radio interference in wireless networks. In the time division€Ven If there are no interference relationships among the

multiple access (TDMA) protocol, time is divided into links in the protocol interference model.

frames, each of which consists of time slots of constant On the other hand, thsignal-to-interference-plus-noise
duration. Different time slots are then assigned to links thatatio (SINR) model[6, 7] is known for accurate radio
interfere with each other. The performance of the wirelessnterference representation. In the SINR model, when the
mesh networks highly dependent on the time slot assignmersignal-to-interference-plus-noise ratio of a link is beyond a
algorithms, and graph theory-based time slot assignmenhreshold value, the receiver node of the link can success-
algorithms for wireless mesh networks have been studiefully receive the radio signal from the sender node of the

> Wiredli « =+ =p  Wireless upward link
< Wired link

----- P> Wireless downward link

Figure 1. Wireless mesh network

Keywordswireless mesh networks, protocol interference
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Wireless mesh networks have attracted a great deal d
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link. The SINR model can handle features of wireless radioThrough experimentation, they demonstrated that the time
propagation such as Rayleigh fading, shadowing effects anslot assignment based on SINR model achieves the highest
capture effects[8]. However, to obtain interference relationthroughput.
ships among links, the SINR model requires information Zhu and Lu have compared the physical radio interference
not only on the location of nodes, but also on sender nodesiodel and the hop-based interference model, which is used
which simultaneously emit radio signals. Therefore, it isin IEEE 802.16 wireless mesh networks [10]. Through
difficult to apply the SINR model to the graph theory-basedsimulation evaluations using a QualNet simulator, it was
time slot assignment algorithms. shown that about 7% of links cannot be used due to radio
To apply the graph theory-based time slot assignmeninterference when we assume that there are interference
algorithms to actual wireless mesh networks, accurate inrelationships among links within 3-hop links in the hop-
formation on interference relationships is needed in order thased interference model.
avoid interference among links and to assign time slots to Shi et al. have compared the protocol interference model
links efficiently. In other words, accurate radio interferenceand the SINR model for multi-hop multi-channel wireless
models are needed that can be applied in graph theoryretworks [6]. They first show that blind use of the protocol
based time slot assignment algorithms. For this purposenterference model is not adequate. They then show that the
in this paper we extend the protocol interference modelink capacity of wireless networks based on the protocol
considering SINR. This is accomplished by adjusting theinterference model can be close to that based on the SINR
interference ratio parameter of the protocol interferencenodel by using appropriate parameter settings for the pro-
model. The overview of our proposal is as follows. Fortocol interference model.
a wireless mesh network, interference relationships are at In the present study, we extend the protocol interference
first determined based on the protocol interference modemodel in order to use it in graph theory-based time slot
Then, time slots are assigned for all links based on thessignment algorithms for wireless mesh networks. Taking
information on the interference relationships. These stepthe SINR as an accurate measure of the actual radio inter-
are repeated by adjusting the interference ratio parametéerence, we propose methods for adjusting the interference
until all links satisfy certain SINR criteria. We propose threeratio parameter of the protocol interference model.
heuristic methods for adjusting the parameter. The accuracy
and effect of our proposed radio interference models are 1. MopELS
evaluated through simulation experiments. In this section, we explain the wireless mesh network
The rest of this paper is organized as follows. In Sectionmodel and the time slot assignment algorithm which are used
I, we introduce some related studies. In Section IIl, wein this paper. We then introduce the protocol interference
describe the network model and radio interference modelgnodel and SINR model.
Then in Section IV,_we propose three methods fpr adjustingb\. Wireless Mesh Network
the interference ratio parameter of the protocol interference ) ) .
model, considering the SINR; these methods are evaluated ' this paper, we consider the same wireless mesh network
through simulation in Section V. Finally, we conclude this that is used in [3]. We assume that there is a setof

paper and discuss future work in Section VI. mesh nodes’® = {vy, vy, ..., v, } deployed in a plane. We
consider the directed communication gragh = (V¢ £¢)
Il. RELATED WORK which indicates the communication relationship in each

To assign time slots to links in TDMA-based wireless node. £¢ is the set of directed communication links;,
networks, information on interference relationships amongepresenting a link directed from mesh node € V¢ to
links is needed. There are a variety of radio interferencenesh nodev; € V°. The existence of directed communi-
models for wireless networks, and these radio interferenceation link /; ; in the directed communication gragf is
models have been compared in previous studies [6, 9, 10]determined according to the radio interference model. We

Maheshwari et al. have investigated the accuracy of radiassume one of the mesh nodes is the gateway node that is
interference models in IEEE 802.15.4-based wireless sens@onnected to a wired network. Without loss of generality, let
networks [9]. They conducted experiments using 20 TelosBnesh nodes; be the gateway node.
commercial sensor nodes, and evaluated the accuracy of theThere are two types of communication, nhamely, upward
protocol interference model, the SINR model, the hop-basedommunication and downward communication. In upward
interference model, the link quality-based interference modetommunication, data is transferred from mesh nodes toward
and the range-based interference model. As a result, thepe gateway node. Conversely, data is transferred from the
found that the SINR model is the most accurate among thgateway node toward mesh nodes in downward communica-
radio interference models when compared with actual radidion. Communication between the gateway node and mesh
interference. Furthermore, they evaluated the throughput afodes is achieved through intermediate mesh nodes in a
the wireless sensor network using a time slot assignmemnulti-hop fashion. The communication path is determined
algorithm based on each radio interference model. For thby a routing algorithm. In this paper, we consider a tree-
SINR model, the authors used one-shot scheduling [11]based routing algorithm which constructs the transmission
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graph G* = (V' &Y as a tree graph. Hergi! C G°O o
YVt = ye and &' C £°. In the transmission graph, root pii = Pi ) 2)
is the gateway node and each node is connected to the Y o = w7

gateway node through minimum hop and minimum distancq_mre, pir

7 ; PR, e _ ;" is the transmission power of wireless signal at
links. We call the linkl; ; € £* in G a transmission link.  gender node;. n is the parameter for considering power

In addition, a link that is on the path directed toward thedecay due to distance, and is usually set between 2 and 4
gateway node is called an upward link, and a link that is OYepending on the envir,onment [12].

the path directed away from the gateway node is called a |, the SINR model. when SINR; ;.. from Eq. (1)
downward link. satisfiess; ; . > B, receiver node; can successfully receive

radio signals from sender nodeat time slott,.. B is called

the capture threshold which is determined depending on the
In this paper, TDMA is adopted as the MAC protocol of wireless devices used. On the other hand, when SINR

the wireless mesh networks. In TDMA, time is divided into is less than threshol@®, communication from sender node

time slots7 = {t1,ts,...,t,} , and different time slots are v; to receiver node; fails. This means that the set of sender

assigned to the links which have an interference relationshignodesV;” interferes with linki; ;.

:{n this paper, the t(_)tal number of t'me Sk.m's called_ the IV. METHODS FORADJUSTING THEINTERFERENCE

rame Igngth. The mterfergnce relationships of the Ilnks.are RATIO PARAMETER OF THE PROTOCOL INTERFERENCE

determined by the radio interference model. For the time

slot assignment algorithm at the transmission link € £*, ) ,

we adopt the greedy algorithm that is used in [2, 3]. In [N this section, we propose SINR-based methods for

this time slot assignment algorithm, the order of time slot2diusting the interference ratie; parameter of the protocol

assignment for each transmission link is first determinedinterference model. Although the SINR dynamically changes

and then time slots are assigned to the transmission links it @ctual environments depending on fading, varying noise,

a greedy manner. The frame lengthbecomes the number etc., we assume static situation for simplicity in this paper.

of time slots, depending on the deployment of mesh nodeg,. Overview

and the interference relationship among transmission links.

B. Time Slot Assignment

MoODEL CONSIDERINGSINR

Figure 2 shows the flowchart of our methods for adjusting
the interference ratio. In our methods, transmission graph
G! is at first generated based on the protocol interference
1) Protocol Interference Modelln the protocol interfer- model. Information on interference relationships among
ence model [5, 6], the existence of links and interferencaransmission links are then determined based on the protocol
relationships between links are determined according to thinterference model, where the interference ratio of all nodes
location of nodev;, transmission range; and interference s set to the initial interference ratioy. Next, a set of
ratio o; as follows. When two nodes;,v; € V¢ are  SINRS = {s;;.|li; € E,t, € T} for all links which
satisfied with||v; — v;|| < r;, the communication from are used in all time slots is calculated. When the minimum
sender nodey; to receiver nodey; is successful, and the SINR s,,;, = minS is less than the capture threshaiy
directed communication link ; € £¢ is set. Here||v; —v;|| it means that there is a link which cannot be used in the
stands for the distance between nogeand nodev;. In. SINR model. In this case, we adjust the interference ratio
addition, sender nodg interferes with a link whose receiver «, and then again determine the relationship of interference
node v, satisfies ||v; — vi|| < 7. The interference among transmission links and assign time slots based on the
ratio o; is usually set between 2 and 4 depending on theprotocol interference model. This process is repeated until
environment [12]. smin > B is satisfied. In the following, we propose three
2) SINR Model:Let sender node and receiver nodetpe methods for adjusting the interference ratio.
andv;. In addition, letV;” be the set of sender nodes that . :
use the same time slot with link ; except node;. In the B. Interference Rat!o Adjustment Methods
SINR model [6, 7], the existence of links and interference 1) All Nodes Adjustment (ANA) Methodn the ANA
relationships among links are determined according to th&ethod, the interference ratio; of all nodes is adjusted

C. Radio Interference Models

SINR, which is defined as follows: by addingd. Figure 3 shows an example transmission graph
for the case of eight nodes and seven transmission links.
s = Dij (1) Let transmission link; 4 have the minimum SINR in time
1,7, —

slot ¢,,. In addition, let the time slot,, be assigned to
transmission linksls 1, I7.4, lgs and l35. In the ANA
Here, phoise 1S the signal strength of noise, which is deter- method, the interference ratio of all nodes, thatus;vs,
mined depending on the environmept,; is the received are adjusted.

signal strength from sender nodgat receiver node;, and However, the ANA method is simple and increases the
is described as follows: interference ratio of all nodes even if there is no difference

Pnoise + kaeviizf pk,j
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V. SIMULATION EXPERIMENTS
v

In this section, we evaluate the performance of our

(Lopology constructior interference ratio adjustment methods through simulation
¥ experiments. We use a self-developed IEEE 802.16] mesh
'"terff{f,ﬂfﬁji'ifﬁf,:fﬂiﬂfﬁ.ﬁism” network simulator which is developed by Visual C. In the
7 simulations, one gateway node is placed at the center and
Defining order to time slot assignment n — 1 nodes are randomly distributed inlax 1 square
“’”’“"”'ﬁ"”‘“mmm’ nterference ratio adstment area. We exclude the cases of a disconnected graph. In
SINR calculation (ANA, AINA, NINA) the protocol interference model, transmission distance
(by SINR model) is set to 0.18. In the SINR model, transmission pow@r
Y and the parameter of power decayare set to 1 and 3.0,
0 - respectively. Environment noisg, ... is set to 32, which is
set when there are four nodes within a distance of 0.5 from
< the receiver node. Capture threshdidis set to 3 dB. In
@ our proposed model, the initial interference ratipand the

. o _ incremental ratiod are set to 0 and 0.01, respectively.
Figure 2. Flowchart for adjusting interference ratio

Vg A. Evaluation of Accuracy

o :Node We first evaluate the accuracy of the protocol interference
model using our proposed methods through a compari-

— : Transmission link son with the SINR model. For all combination sets of

— :Linkassigned time slotat z, transmission link&®, we evaluate whether a set of links
v, has interference relationships for each radio interference
model. Here, we exclude sets of transmission links where
Figure 3. Example of transmission graph neighboring links are simultaneously selected. When both

the SINR model and the proposed protocol interference
in the result of the determined radio interference betweemnodel agree on whether or not a set of transmission links can
the protocol interference model and the SINR model in ae successfully used simultaneously, the proposed model's
local region. If the interference ratio is increased more thanesult is classified as a true positive or a true negative. When
necessary, more links are considered to have interferenaae SINR model produces the result that a set of transmission
relationships, and the number of time slots is increased. links can be used simultaneously and the proposed model

2) All Interference Nodes Adjustment (AINA) Method: produces the result that the set of transmission links cann_ot
In the AINA method, the interference ratio is adjustedP® used simultaneously, the proposed model's result is
locally. Let the SINR of transmission link, , in time f:IaSS|f|e_o! as a false negatlyg. In the opposite case, .|t.s result
slot t,, become the minimum SINR, ..., and the set of IS classified as a false positive. We adopt taise positive
sender nodes which give interference to transmission linkat€ andfalse negative ratas measures of the accuracy of
I, be V;’?j,. At transmission linkl, ,, there is the largest the radio interference mggjel. Fglge positive rate is defined as
difference in the resulting interference relationship betwee® number of false positives divided by the number of true
the protocol interference model and SINR model. The AINAN€egatives and false positives. False negative rate is defined
method adjusts the interference ratio of all node¥®jff, by ~ as the number of false negatives divided by the number of
adding 4. In the example of Fig. 3, the interference ratio {r'ueé positives and false negatives. For comparison purposes,
of sender nodess, v andvs, which are assigned the same W€ also s_how the results for the protocol mterfere_nce model
where « is set to 2, 3 and 4. We refer to this as the
conventional methad

Figure 4 shows the average of false positive rate and false

) . gw: negative rate with 99% confidence intervals from results
interference ratio of a node more than necessary whep, ~;qq topologies whem — 50. As shown in Fig. 4(a)

the node is far enough from a receiver node that has thﬁ1e false positive rate for our proposed methods are larger

minimum SINR. than that for the conventional method. However, all of the
3) Nearest Interference Node Adjustment (NINA) Methodfalse positive rate are quite low and are less than 0.22%.
In the NINA method, the interference ratio of the node thatOn the other hand, the false negative rate for the proposed
is the closest to the receiver nodg among the set of nodes methods decreases between 5% and 15% compared to that
Vit is adjusted by adding In Fig. 3, nodey is the nearest  for conventional method as shown in Fig. 4(b). Among our

from receiver node,, and the interference ratio of nodg proposed methods, the NINA method achieves the lowest
is adjusted. false negative rate, while the ANA method has the highest

time slot with transmission link; 4, are adjusted.

The AINA method adjusts the interference ratio of all
sender nodes withini"t . Therefore, it may increase the
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transmission link sets network performance

false negative rate. Since the NINA method is designed~or comparison, we also conduct simulations where a SINR-
not to increase the interference ratio more than necessaryased time slot assignment algorithm is used (hereinafter,
the number of false negatives decreases and the number SfNR coloring). SINR coloring checks to assign a time slot
true positives increases. As a result, the false negative rate a transmission link in an order that is determined by
for the NINA method becomes lower. However, the falsethe greedy algorithm. If the SINR of all transmission links
negative rate for the NINA methods is still high, and is aboutare over the capture threshold by assigning the time slot
84% for upward links. This is due to the limitation of the to the transmission link, the time slot is assigned to the
protocol interference model which employs a binary decisiortransmission link. Otherwise, a new time slot is assigned to
of existence of radio interference based on a circular regiorthe transmission link. Although SINR coloring is a time slot
When we compare the false positive rate and the fals@ssignment algorithm, we use it as a method to achieve an
negative rate between upward links and downward linksupper bound of performance.
the values are slightly different. In this paper, since we Figure 5 shows the average number of time slots and the
assume a tree topology whose root is the gateway nodaverage gateway throughput with 99% confidence intervals
of the wireless mesh network, the number of sender nodesom results for 100 topologies when= 100. Since there
in upward communication is larger than that in downwardare links that cannot be used simultaneously under the SINR
communication. For example, leaf nodes become sendenodel but can be assigned based on the conventional method
nodes in the case of upward communication. Thereforewith @ = 2, we only show results for the conventional
the interference relationships among links become morénethod wherey is set to 3 and 4. As shown in Fig. 5, both
complex in upward communication, and the results betweeithe number of time slots and the gateway throughput of our
upward links and downward links become slightly different. proposed methods are closer to the results for SINR coloring
than of the results for the conventional method. Among our
B. Evaluation of the Network Performance proposed methods, the results for the NINA method are
the closest to the results for SINR coloring. Because the
We next evaluate the performance of wireless meshccuracy of the interference model of the NINA method is
networks when the protocol interference model with ourthe highest as described in the previous subsection, time
proposed methods is used. As evaluation metrics of pefsiots are efficiently assigned to the links and communication
formance, we use theumber of time sloteind gateway efficiency becomes higher. When we compare the number
thl’oughput The former metric is the number of time slots of time slots and the gateway throughput between upward

required by the greedy algorithm [2, 3], and indicates thginks and downward links, the results are almost same.
efficiency of spatial reuse. The gateway throughput is the

number of assigned time slots to the gateway node in &- Discussion of Practical Interference Ratio
frame, and it represents communication efficiency between When we consider the usefulness of radio interference
the wireless mesh network and the external wired networkmodels, the models should be used without the calculation
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of SINR and time slot assignment. In particular, the inter-hop-based interference models, which are widely used in

ference ratio of the protocol model should be determinedgractical wireless networks, such as IEEE 802.16j networks.

in advance. We call such previously decidable interferencéVe plan to compare and investigate the relationships among

ratio thepractical interference ratioln this subsection, we the protocol interference model, the SINR model and the

investigate the practical interference ratio when all nodes ushop-based interference model.

the same interference ratio, and evaluate the performance

of wireless mesh networks with the practical interference )

ratio. Because the results for upward and downward links This work was partly supported by KAKENHI

are similar, we only show the results for upward links. ~ (21700075) of MEXT, Japan.
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