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An Improved Analytical

Method for Dimensioning

Wireless Multinop Networks Jointly Combining
Interference and Traffic Effects

Renata Valverde Mello, Flavio du Pin Calmohlyaro Augusto Machado de Medeiros and Michel Daoud Yacoub

Resumo—O dimensionamento de redes multihop sem fio

medium. From fixed wireless mesh networks to mobile ad hoc

é uma tarefa complexa que pode ser abordada de diversasnetworks, the advent of multihop transmissions is becoraing

maneiras, mais notoriamente por meio de simulaies ou pela
andlise de limites téricos. Neste artigo,& proposto um novo

método analitico para o dimensionamento de redes multihopesn

fio, considerando conjuntamente as limitaQes de (i) recursos
e (i) interferéncia, impostas por efeitos do tafego e do

canal combinados. Este ratodo &€ baseado na formulago da

probabilidade de outage da rede, i.e., a probabilidade de qu

a transmissio entre dois ros falhe devidoa falta de recursos

ou porgue a razo sinal-interferéncia-mais-ruido esh abaixo

de determinado limiar. O método analitico ainda contempla
o efeito conjunto do trafego multihop e seu consequente
aumento na interferéncia, considerando os efeitos do ruido
aditivo gaussiano, da interfeéncia mitua e do roteamento. As
formulagdes propostas &o ilustradas com exemplos analiticos e
validadas por meio de simulado.

Palavras-Chave— Redes Multihop sem fio, Probabilidade de
Outage , Ra@o Sinal-Interferéncia-mais-Ruido, Rayleigh

Abstract— Dimensioning wireless multihop networks is a
complex task that has been tackled through different approahes,
most notably simulation or analysis of theoretical boundsin this
paper, we propose a novel analytical method for dimensionig
wireless multihop networks, considering both (i) resourceand (ii)
interference limitations imposed by traffic and channel efécts
combined. This method is based on the formulation of the
outage probability of the network, i.e., the probability that a
transmission between two nodes fails due to lack of resourse
or because the signal-to-interference-plus-noise ratiosi below
a specific threshold. The analytical method also encompasse
the joint effect of the multihop traffic and its consequent
interference increase, considering the effects of addités noise,
mutual interference and routing. The proposed formulations
are illustrated with practical examples and validated through
simulation.

Keywords— Wireless Multihop Networks, Outage Probability,
Signal-To-Interference-Plus-Noise Ratio, Rayleigh

I. INTRODUCTION

established technique for future wireless networks. Hexev
dimensioning wireless multihop networks, i.e. determgnin
the number of users and their respective data rates, is not
a simple task. The wireless medium adds randomness to
the problem because transmissions may or may not interfere
with each other depending on the channel conditions, which
degrades the quality of service (QoS). In addition, the imoitt
traffic intensifies the dependence among nodes, increasing t
network traffic, hence the number of blocked transmissions,
which, in turn, deteriorates the grade of service (GoS).

The dimensioning of wireless ad hoc networks has been
tackled in the literature through various approachesuitiolg
capacity analysis through simulation [1] and upper and fowe
bounds determination [2]. Closed-form expressions for the
blocking probability, in a linear topology wireless muthin
network considering interference without random fadireyeh
been derived and many analytical and semi-analytical nustho
for calculating the blocking probability have been propbse
[3]. Nevertheless, those methods do not consider the nopltih
traffic and the fading drawbacks [3] nor the interferencec#
combined [4].

Furthermore, an analytical dimensioning method based
on the outage probability which is a more appropriate
performance measure, was introduced in [5]. Here, the
effect of interference is considered when admitting a call
to the system, verifying if the signal-to-interferenceioat
(SIR) threshold required by the new call is attended,
given the number of interferers and the channel condition.
However, this is an approximation, since it analyzes onéy th
signal-to-interference ratio along the route of the nevj calt
considering the effect of the interference generated byéve
call on the ongoing transmissions. To overcome this linatgt
i.e., to account for the effect of the admitted call on theesys

Wireless multihop networks are composed of nodes th@$ @ whole, it is necessary to apply the concegoiit outage
may transmit, receive or route information using a wireleggobability (JOP) [6].
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In light of the previous discussion, this paper extends
this analytical method in order to encompass multihop
traffic, additive noise, mutual interference and routinfgets
combined, resulting in a more complete and realistic
formulation. Furthermore, these results are applied in a
practical scenario of wireless multihop network dimengign
and validated through simulation. Additionally, the exact
expression for Joint Outage Probability with additive eois
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is derived. — — o
The remainder of this paper is structured as follows. @ \<§ \@j\ ...... @
Section I defines the netvyork chargctenstlcs. Section Il L >= > s
describes the method and its extension to support multiple Do 21D 3uDs CuDc_1
routes. Section IV describes the interference model and
introduces the expressions for the JOP considering additiv
noise. Section V compares our solution with simulated \@ludi9- 1. State diagram for a single link with interference @i admission
. ’ . . dand call maintenance
Finally, Section VI presents some concluding remarks and a

summary of the results.

dependence among them (and so is the outage on these

) ) links), we will, nevertheless, treat them as independent.
Consider a network withV' nodes connected through  3) Al Jinks are assumed non-directional. For traffic

II. NETWORK MODEL

links. Each linkl, [ = 1,..., L, connects two nodes and has between two nodes. there is no difference between
a capacity ofC; trunks (interchangeably used witbircuits source and destination. This assumption is adopted only
or units of bandwidth Each trunk supports a call or data for simplicity of notation. Our model can also be applied

flow between two nodes, and calls within the given link are {5 directional link scenarios.

separated by a code, as in Direct Sequence Code Divisiornyy The powersiV; and W; are modeled as exponential
Multiple Access (DS-CDMA). For the sake of simplicity, ligk random variables, i.e. the nodes transmissions are

are assum_ed not 'Fo interfere with each other, but call§ withi affected by the Rayleigh fading. Others types of fading
the same link, which share the same frequency, can interfere 5 also be adopted.

with each other if the signal-to-interference-plus-naiago 5y Al jinks in the network have fixed capacity. Reduction

exceeds a certain thresholl To encompass the case with in capacity or unavailability of link occurs only due to
mterference_from other links, the same analysis made in [5]  jyierference generated by other calls or occupation of
can be applied. _ o trunks. This assumption restricts the mobility of nodes,
The signal-to-interference-plus-noise rafiy/ Iy is given but it can be considered through simulation [4].
by 6) All nodes transmit at the same power, although our
E, GW; model can also be applied with nodes having distinct
F7ei (1) transmission powers.

Z Wi + n;j
=1

where G is the processing gairnly; is the received power
from the desired signaly; is received power from interferey
andn; is the additive white Gaussian noise.

The topology of the network is arbitrary, with no specifi
constraints. A source-destination node gairy) is connected
through routes composed of links between them. When t

Il. ANALYTICAL METHOD

We define the traffic or offered load as A = A/u. From
the Markov chain depicted in Figure 1, the derivation of the
State probabilitySy, i.e. the probability ofc occupied trunks,
'Hseobtained as

communication between a source-destination node pair is A H;

established, each link on route has an occupied trunk. If K 1l p;

at least one of the links in a route has no free trunk, out of Sk = —= )
all C, ones, the call is blocked. If the call is not blocked, 1+ A_m H;

but the interferencéy on any link of its route increases, so S=oml 2 D;

that £, /Iy is below a given threshold for this new call and for ) ) . .
all existent calls, then this call is not admitted. The piuiliisy As in [5], we definel; as a function affecting the call

of the denial of service, in any one of these cases, is defirf@val rate and a functiod; that affects the call departure
as theoutage probability time. Both functions are here modeled by the Joint Outage

In our approach, we assume the following: Probability, which is described in Section 1V, such as

1) The calls arrive at each source-destination pair of H, = PiZ,,9Q,0%k),
nodes(x,g_/) as a Poisson process with ratg, and has. Di = 1/P{(Z..Q,0% k), 3)
a probability of selecting one of the routes connecting _ o _ _
this pair. Furthermore, and the call service time has ayhere() is the transmission power and’ is the variance
exponential distribuition with its mean time designatedf the additive white Gaussian noisg, and Z,, denote the
by 1/u. The total load offered to an individual link is respective interference thresholds. The interferencesttuld
also a Poisson process with rate influenced by the outdgéiere defined a&// 3. Different values forZy and Z, may
condition of other links. be used in order to have a hysteresis between admission and
2) Outage occurs independently, from link to linkdropping to prevent the ping-pong (occupation) effect.
determined by their respective arrival rates. That is, evenThe mean number of occupied trunks for a link with
though a route is composed by successive links creatitrgnks is
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the calls will be considered. The JOP corresponds to the
probability that, given a set of signal-to-interferendaspnoise
ratio (SINR) restrictions for a group of mutually interfeg

) _ o _ signals, at least one signal will be in outag&;), or,
Following the classical definition of carried load, we use afually, all SINR restrictions will be attendedPf) 1. In
expression proposed in [5], that associates the new cdoa@d nterference-limited systems, i.e, systems where adgitivise

c
Eclk] = kSj. (4)
k=1

with the mean number of occupied trunks, i1 — Oc) = can be neglected, an exact formulation for the JOP is given
Ecl[k], whereOc is the outage probability of a link witd" i [6]. In the following, such previous formulation will be
trunks. Thus, extended in order to encompass additive noise.
_ ., Ecl[k]
OC =1- A ) (5)

Therefore, to calculate the outage probability of a lihk
the entries are the load offered to this link, the link’s
capacityC; and the interference margis, andZ,,. We refer
to this method as

A. Outline of the Problem

Let W;, ¢ = 1,...,N, be the instantaneous powers
of mutually interfering calls. As discussed, in order
for a call not to be dropped, it is required that the

O1 = Out(A, Ci, Zx, Zy,). ©6) signal-to-interference-plus-noise ratio at the receit@rbe
We define the arrayR, , = {Tglcy,Tﬁ_yv---,Tf_y} as the greaterthan atolerable threshgld: =1,..., N, as specified

set of routes that connects a pair of nodesy). Each for the particular communication. Each call is also subject
route has a probability of being selected, determined 9 additive noise, with instantaneous power denotednpy
a routing algorithm, such that, , = {qglc,y,qiw _,_7q§,y} We consider, without loss of generality, thaf is constant.
is the associated probability array @f, ,. Thus, we have Therefore, theN received signals must satisfy the set of
that Zle ., =1 inequalities

The array pzy Can be used on the reduced load
approximation proposed in [5] to encompass multiple rautes
Assuming that the outage occurs independently from link to gV _— W
link, the connections arrive at link according to a Poisson 7 Zf;vz1_ Wi +n;
process with offered load i

The inequalities in (10) describe a hypervolume in the

A= Z Az y s,y H(l = Oy), (") N-dimensional space, represented &Y. The Joint Outage
ref 9 Probability can be obtained as
where R; is the set of routes through linkand A4, , is the

traffic offered to each source-destination p@iry). Pr= o fwlwy,wn) dwy . dwy -, (11)

Then, (7) is applied in (6) in order to find the outage ’ _ . . )
probability of each link, as Wherg fw(wi,...,wy) is the joint .p_robabl|llty density
function of 7, ..., Wy. In case the additive noisg are also

O; = Out( Z Ardy H(l —0y),C1,2Z5,2Z,). (8) random variablesN further integrations must be performed
rER, acr in order to obtain the exact value &f.

For the case of modeling admission control, only
interference on arrival is considered afg = co. . _ N _
Assuming independence among links, the outage probabilBy An Exact Solution for the JOP with Additive Noise

for each pair of node®), . .
P Y An integral-form solution for the JOP whem; = 0 for

Ray all ¢, is given in [6], as well as a closed-form expression
Ory=1-Y q;, [0 -00). (9) for an independent Rayleigh fading environment. With these
r=1 ler results in hand, we will now proceed to reformulate the set

Note that (8) is a transcendental equation that must bé&inequalities (10) into the region defined &S’ in [6, Eq.
solved iteratively until the solution converges to a certai(1)], so that the previous results can be directly applieat. F
accuracy, established as desired. A possible way to soige thotation purposes, we define:
equation is through the relaxation method, in which anahiti B;
arbitrary input for an equation is given. As discussed in [7] a; = 145 (12)
this method converges to a unique point. That is why this ) )
method is also calleixed-point approximation Performing the change of variables

W; =U;j+gj(an) (13)

IV. JOINT OUTAGE PROBABILITY WITH ADDITIVE NOISE

In order to model the effect of mutual interference in 1In this article, the term JOP is used to dendte as well asPz, since

the proposed scheme, tlBeint Outage ProbabilitfJOP) of P; =1 — P;. The exact meaning will be clear from the context.
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where
N
> an,
gi(a,n) £ a; % +n; |, (14)
=3
i=1
a = (a,a2,...,ay) and n = (n1,n2,...,nN),
and substituting (13) in (10), the set of
signal-to-interference-plus-noise ratios can be reeamitt
as
U; .
— >0, j=1,...,N. (15) Fig. 2. An example of star network.
217&1 U
1]

Note that the set of inequalities (15) is equivalent to trggae
SN in [6]. Therefore, (11) can be expressed as

J N— Z K; ]
n-y [ [
K] ,jWj
Cj,n— Z Ki,j)uj— Zuw Cjn— Z Ki j)u;— Zm
X/ i=j+1 / i=j+2
Kj—1,5uj Kj1,5us
N-2 w; N1
(Cj,Nu]—Zui #_zzlul
i=1 e
X ] / foéj fw(u1+b1,...,uN+bN)
Kn—1,5u; By D ui
X dundun_q... duj+1duj_1 .. .dulduj R (16)
whereb; = g;(a,n),
B;(1+ Br) (1-B;Bn)
r=———=and Cj y = ———= .
T BT+ B)) PN B+ B

C. JOP for a Rayleigh Environment with Additive Noise

Consider that the mutually interfering signald’; are

Rayleigh fading environment is

N
Pp = Pp(Q,a) [ [ M,
=1
whereQ ™" £ (Q71, Q51 . QWY), ¢:(-) is defined in (14)
and M,,,[] is the Moment Generating Function of.
When the additive noise has a Gaussian distribution with
variances? and zero mean,=1,..., N, (19) becomes

[_gi (av Q-

DI (19)

A

N
P = Pro(Q.a5) [[ (1 + 02gi(a, 7)) (20)
=1
Considering a symmetric environment, i.6;,= 3, ; = Q
ando? = o2 for all i, (20) simplifies to
3N/2—1
(1 3 ﬁﬁﬂ)
Pi(8,Q,0% N) = - v (21)
1+ 2 (T _n
1+8\Q

V. AN APPLICATION EXAMPLE

In order to illustrate the proposed formulations, a multiho
network with the topology depicted in Fig. 2 was analyzed.

independent, and each signal has a Rayleigh distributitin wiVe consider that the calls arrive as a Poisson process for

mean powex?;.
in (16) will be

PI PIO(Q al exp < Z g’L a n ) , (17)

where @ £ (Q4,...,Qp). The function P;,(£2,a;) is the
probability that all the inequalities in (10) are attendelew
n; = 0 for all 4, given by [6]:

N-1
N
1-— Zaj
j=1
Pro(€ ) = ——~—— (18)
11> q (1 - &)
: Q,

In this scenario, the result of the integratioeach pre-defined route. The routes are specified for each

source-destination node pair as shown in Table I. All nodes
but Ny, which is a realy node, generate and receive traffic.
Only routes with two or less links are considered and,
therefore, only 14 routes are defined for this scenario, with
the probabilities of using one-link routes being higherntha
using two-link routes.

In this example, an admission control scenario is simulated
in which the power of the signal corresponding to a given
user is exponentially distributed with average powkr 1
(Rayleigh fading). In addition, we considered that all thds
in the system were subject to additive Gaussian noise with
zero mean and variance? = 0.1 (the exact power units
are irrelevant, since we considered the ratity2). Before
call acceptance, the following tests are performed. Rinshk
availability is checked. In case the resource is availathle,

If the additive noisen; are independent random variablesgffect on the signal-to-interference-plus-noise ratio &l
it is straightforward to show that the JOP in the independeomgoing calls, as well as for the one in admission is checked
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TABLE |
DEFINED ROUTES FOR THE NETWORK DEPICTED INFIGURE 2 AND ITS
PROBABILITIES.
Pair Route Route Probability
N1-N2 N1-N2 0.6
N1-NO-N2 0.4
N1-N3 NI1I-NO-N3 0.333
N1-N2-N3 0.333
N1-N4-N3 0.334
N1-N4 N1-N4 0.6
N1-NO-N4 0.4 p———
imulate
N2-N3 N2N§_$\13N3 82 Analytical
N2-N4  N2-NO-N4 0.33 00—y ! ' !
50 40 -30 20 -10 10
N2-N1-N4 0.33 7
N2-N3-N4 0.34
N3-N4 N3-N4 0.6
N3-NO-N4 0.4 Fig. 4. Outage probability as a function of the SINR thredh), considering
three possible routes between source and destination .nodes
1.0 TABLE Il
ANALYTICAL AND SIMULATED VALUES OF OUTAGE PROBABILITY WITH
A = 10, 30, 50 UNIFORM TRAFFIC (30 Erl) AND DIFFERENT VALUES OFZ),.

0,8

i

Zy = —40dB Zy = —30dB Zy = —20dB
064 Pair An.  Sim. An.  Sim. An.  Sim.
N1-N2 | 0.7345 0.7343 0.7075 0.7079 0.7077 0.7079
& N1-N3 | 0.5951 0.5933 0.6961 0.6963 0.8372 0.8366
047 N1-N4 | 0.3213 0.3206 0.4775 0.4777 0.6859 0.6855
N2-N3 | 0.3461 0.3453 0.4069 0.4057 0.6816 0.6805
02 N2-N4 | 0.5140 0.5138 0.6099 0.6096 0.8333 0.8333
o Simulated N3-N4 | 0.1728 0.1720 0.3827 0.3820 0.6840 0.6838
Analytical
0,0 I T T T T T T T T T T
-50 -40 30 -20 -10 0 10

Fig. 3. Outage probability as a function of the SINR thredh) considering

two possible routes between source and destination nodes.

against the tolerable threshold. If this test passes, theicall

is admitted. If any of the tests fail, the call is rejected.

The theoretical results for this scenario, along wit
simulated points, are presented in Fig. 3 and Fig. 4. Thegeut
probability is represented in terms of the SINR thresh@)d
with C1 = C2 = C3 = (C4 = 30 and different traffic

%n Table II. Again an excellent agreement between simulated

any given time. This can be observed as a discontinuity atoun
0dB, present in all curves. From this point on, the network
becomes limited by interference, and at most one call, which
occupies only one link, can be admitted into the network.

Next, we present a scenario in which the network is
asymmetric, defined as a network with different capacities
per link. In particular,C1 = 10, C2 = 20, C3 = 30

and C4

40. The values of the outage probability for

each source-destination pair obtained from the analytical
method and from the simulation, for different values of
interference margir¥, specified at each column, are shown

and theoretical results is attained. Many other scenatwe h
been tried and our formulations have proved useful.

intensities. As can be observed, there is an excellent agnee
between simulated and theoretical results.

Analyzing the results, we note that, for a small SINR
threshold, interference will have little influence on the In this paper, we have presented an improved analytical
outage probability, and the system becomes limited byethod to compute the outage probability in wireless matiih
resource availability (traffic). By increasingy, the effect of networks. The evaluation of the outage probability is an
interference among the calls becomes more noticeable, aimthortant step in the network dimensioning process. We
consequently, the outage probability steadily increadésen focused on the following aspects: multihop traffic, additiv
Zy > 0dB, the system outage presents a saturation duertoise, joint interference and routing, all combined. Anatxa
interference, since at most one network link can be occugtiedormulation of the probability of interference for at leaste

VI. CONCLUSIONS
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call considering additive Gaussian noise was proposeddbase
on the Joint Outage Probability. This formulation was used
to derive a reduced load approximation which considers the
traffic of all source-destination pairs of nodes and theingut
probabilities to calculate outage probabilities for eanfk |
and, consequently, for each route and then for each pair of
nodes. In order to validate the method, a multihop network
with multiple routes was simulated. Analytical and simigat
results, as shown here, are, in practice, indistinguighfibim
each other.
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