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Abstract—We consider a fundamental problem concerning
the deployment of a wireless robotic network: to fulfill various
end-to-end performance requirements, a “sufficient” numbe of
robotic relays must be deployed to ensure that links are of
acceptable quality. Prior work has not addressed how to find
this number. We use the properties of Carrier Sense Multiple
Access (CSMA) based wireless communication to derive an upp
bound on the spacing between any transmitter-receiver pajr
which directly translates to a lower bound on the number
of robots to deploy. We focus on SINR-based performance
requirements due to their wide applicability. Next, we show
that the bound can be improved by exploiting the geometrical
structure of a network, such as linearity in the case of flow-hsed
robotic router networks. Furthermore, we also use the bound
on robot count to formulate a lower bound on the number of
orthogonal codes required for a high probability of interference
free communication. We demonstrate and validate our proposd
bounds through simulations.
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In our venture for a generic model to estimate the number
of robots to deploy (by estimating the maximum allowed inter
node distance to maintain the target SINR), we explored the
existing literature in search for a proper model of intezfare
and Signal to Interference plus Noise Ratio (SINR) range
analysis in a CSMA/CA based wireless network. There exist
a large body of works that characterize the mean interferenc
power distribution in CSMA networks[([5]._[6]) by employing
the concepts of point process such as Poisson Point process,
Mat’ern hard core process and Simple Sequential Inhilifjon
The basic idea of this class of work is to represent the |locesti
of the interferers as spatial point processes, more spatlific
hard core point processes where the nodes fulfil a criteribn o
being certain distance apart to take into account CSMA among
themselves.Through application of different point process
properties such as thinning and superpositions, researche
(5], [8l, [6], [8]) estimated the probability distributis of
the mean interference powers in the presence of CSMA/CA.
Interested readers are referred [tol[10] for a detailed surve
on this class of works. Among the other class of works, the

In the field of Robotics and Automation, one of the \fvork of Hekmat and Van Mieghem [lL1] is the most relevant
emerging area of research is focused on the applicability % us. They demonstrated that the interference power in the

a wireless network of robots to create a temporary communi- resence of CSMA is actually unper bounded and can be
cation backbone between a set of communication enOIIOOin%est estimated by use of hexayongllolattice structdmvever,
with no or limited connectivity [[1]. In these contexts, the Y 9 ’

. . .. this work as well as most of the other works include some
robots act as relay nodes to form wireless commumcatlort\

paths between the communication endpoints. The appl'rcatioassumptions such as the receiver being located at the center

L e P of a contention region, which is only acceptable if the desic
of this field of research ranges from fire fightingl [2] and follow the 802.11 RTS/CTS standards][12]. Interestingty, i

underground mining.[3] to supporting temporary increase in actice, very few commercially available products aclyal
the communication demands or creating a secure mesh netwoltk : y y P

for clandestine operationsI[4]. To the best of our knowledgeemploy the RTS/CTS mechanism. Furthermore, the Internet of

one of the unexplored problem in this context is to determin Things (loT) and Wireless Sensor Network (WSN) standard

the number of robots to deploy such that all the links car$802'15‘4’ which is also a standard choice for robotic netwvor

maintain certain acceptable link qualities, such as marimu platiorms, does not use RTS/CTS mechanism, in order to

; S avoid inefficienciesThus, it is actually the transmitter that
allowed bit error rate (BER) or minimum supported data rate ’
in presence of fading and shadowing. Interestingly, most 0Fmploys the CSMA and should be located at the center of the

these link quality metrics are known to be directly related t icnos?éznifen trrilgr:cs)rﬁit\{cvehr?sr?:%sr'r]tmhﬁnri?:(;?ilc\)/ﬁrrlsr:crze Tg 233?5@;26
the Signal to Interference plus Noise ratio (SINR) of thé&din e SINR and the interference mean valuges. as well is the
Now, the SINR value of a link depends on the spacing betweeﬁI

the transmitter and receiver of the link as well as the |loceti dic;ltjgr?(f'ezrbgtvl:/reﬂénatr:e’ é%;ag}ht;ugfttkoenﬁ ”sgvbgiefeﬁggztlon
of the interfering nodes. Thus, an offline characterizatibn P ’

SINR values as a function of the maximum allowed inter-Cf (€ existing works try to characterize the SINR or the
|]nterference as a function of the separation distanced),

node distance is required to properly select the number Q gliCh is crucial for the number of robot estimations. In

nodes to be deployed and to properly place the nodes acroé\fI . :
; is paper, we modify the bounds proposedlin [11] and flesh
a deployment region. Moreover, the presence of CSMA/CA ut details of applying the modified bounds to estimate the

among the robots needs to be taken into account for morg . e
practical estimation. number of robots to be deployed to satisfy the communication
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performance goals. Note that, in the rest of the paper, wasfoc Interference Set Cover.
on interference limited networks and, thereby, ignore ffece
of noise and focus on Signal to Interference Ratio (SIRpadt Now, there are four main objectives of this work as follows.

of SINR. Objective 1. Find a mapping betweed and the minimum
In this paper, wefirst explain the concepts presented achievable SIR af, STRx(d). |
in [11] (for a general dense wireless network) as well as_, . . ,
the impracticality of the bounds, followed by our proposedRctive 25 'l:)'rl‘d the range,0 <dd < dpag, SUCH thart] the
modified interference and SIR bounds as functions of th%)utage proba Ihlty 'he'.'P(SIfRﬁ‘(d) < SIRy,) < v where
distance between a transmitter and a receiver, for any mktwo <7 = 0.5 Is the choice of the designer. =
that employs CSMA/CA. Through a set of simulation results
we show that, with fading introduced in the model, we can Now, one can employ a set of orthogonal codes to further
form a stochastic bound as well, such that the probabilithef restrict t_he mterferenc_e in a CSMA network. In such cases,
real interference being higher than the bound is very lovis Th the maximum value of interference power deC(eases, based on
formulation helps any network designer to properly choosdéh® number of codes employed, possibly leading to near zero
a maximum separation between the nodes and to propedpterference. In this context, our goal is as follows.

place a set of nodes in any practical deploym&etondlywe  QObjective 3. Characterize SIRx(d) as a function of the
extend this bound one step further to determine a bound on th@umber of orthogonal codesVi») employed for concurrent
number of orthogonal codes to be used in order to guaranteetgnsmissions, and find a bourd, such thatP(1zo = 1) > &
high probability of interference free communication. Wecal v, > N/, where the indicator functionlz, refers to

explore the bounds on interference power, if a fixed numbejnterference free communication and > 0.5 is a designer
of orthogonal codes are employethirdly, we consider our choice. O

application specific scenario of robotic router networkewide
a better bound by applying the structure of the network. pqr our SIR and Interference bound analysis, we consider

Through a set of simulation experiments we validate th&y, gifferent scenarios in this paper. In thest scenario, the
bounds and show that the improved application specific bounf,4e pair in focus is placed in ‘dlense” network, where a

significantly (0% — 45%) decreases the required number of ., ntably manyuncontrollable wireless nodeare co-located

costly, resource constraint robots. in the area of interestSecondly we consider our target
application of robotic router placement, where the goal is
Il. PROBLEM DESCRIPTION to place a set of robots such that they form multihop links

between a set of maximumy/ concurrent communication
end-point pairs. This application context restricts thegiole
r@onfiguration of the interfering nodes within a class of rakw

Table[Tl, respectively. Say, we have a transmitter nddand Nformations, such as straight line formation, that voids the
s pdé(|¥h 3{ y'IW q a\i/d' ! ! '+ alonasige Ealier dense network assumption. At any time instance, we
areceierno atare place IStance apart, a0ngsilde associate a set of routers with each flove {1,2,---M}

with a Iarge:r number Of interfering wir_eless npdes. EaChthat form a chain between the communication endpoirtisis
node of this interference limited network (i.e., the inézence for a fixed set of communication endpoints of a fIQV\lhe’

dominates over noise) emplogZhannel Sense Multiple Access minimum number of nodesV?) to be allocated to flow
with CoIIisiccj)rr\]AvoidanceéC:_SMA/CA) éllf]r{%r wirg!ess media} depends 0., which in turn(?:)ontrols the minimum number
access and has a transmission pow e radio range o e M

b © g ryf nodes to be deployed/® > .7 N

each node is subdivided into three regions, centered at t
node’s location: a circulaconnected/contention regionof  Objective 4. Find a better and tighter bound on interference
radius D;, an annulartransition region with inner radius as well as SIR by exploiting the application specific refirits

D; and outer radiusD, (including the boundaries), and a on the network configurations. Next, analyze the improvémen
disconnected regionwhich is the entire region outside the in the number of robots required, with this improved bound.
circle with radiusDs > Dq; where the values ofb; and O

D, depend on the actual RSSI thresholds of the devices
used [14]. Undoubtedly, in the presence of fading, the mgio
are not so nicely structured, nonetheless, can be apprtedma

by proper choice ofD; and D,. Now, the CSMA restricts In this section, we summarize our methodologies for

the transmissions from the nodes in the contention regioBchieving the target objectives while the details are dised
of T, while the nodes in the transition region are aware Ofigter on.

T's transmission with very low probabilities and, therefore
are the potential interferers. However, only a subset of the

nodes in the transition region can be active simultanepushA. Methodology for Mapping frord to STRx
due to CSMA among themselves, which requires any two
simultaneous interferers to be at led3t distance apart. The
interference power from the nodes in the disconnected megio
are considered insignificant.

In this section, we detail our problem formulations. For
compactness, we list the symbols used for base proble
formulation in Table[Jl and symbols related to our goals i

Ill. OUTLINE OF THE PROPOSEDSOLUTION

For a fixed value of the separation distant&etweenT

and X, we estimate the maximum feasible interference as well
as minimum feasible SIR, by exploiting the geometry of the
connectivity region and transition region. For receiveaveo
Definition 1. A set of interfering nodesZ() such thatD, > modelling, we opt for the standard log normal fading model
dij > Dy anddir > Dy YV i,5 € I¢, is referred to as an [13], where the received power is distributed log normallghw



TABLE I: General Parameters TABLE II: System Parameters

Symbol Description Symbol Description
T Transmitter SIR;p, The Target Minimum SIR
X Receiver SIRx(d) | Minimum Achievable SIR aiX for d separation
dij Distance between nodeand ; D1 Contention Region Outer Radius
d Distance betweefl" and X i.e., drx Do Transition Region Outer Radius
n Path Loss Exponent P Transmitter Power
¥ ~ N(0,02) | Log normal Fading Noise with variance? ~ Required Probability o6TR > STRy,
P, Transmitted Signal Power K minimum probability of interference
Py Received Signal Power free communication
Pr Received Interference Power dmaz maximum distance allowed betwe@hand X
z° Interference Set Cover No Number of Orthogonal Codes
M Number of Flows N7ar Maximum Number of Interfering Nodes

mean power calculated using simple path loss model. Thes, ttStep 5. We calculate the SIR value for each of the Interference

received power can be represented as: Set Covers selected in Stgp 1 in dB, as follows.
P.(d) = Q.P,d""1010 (1)
_ _ , Pid—"1075
where @ is some constant. Next, we introduce the following SIRx(d) =10logyg E— 4
claim as our whole estimation process revolves around this ¢-2jeze Pudjx 1070

claim.

Claim 1. In presence of Independent and Identically Dis-B- Meéthodology for Selectingy.a.

tributed (I.1.D) fading noise, the Interference Set Coveeg In order to properly selectl,..., first of all, we need
Definition[1) with maximum mean power as well as maximumg estimate the distribution of the IR (d) using Eqn [(4),
number of interferers will give us better stochastic boumaht  \yhich is not very straightforward as it involves divisiondan
any other Interference Set Cover. summation of a large set of log normal random variables. The
L _ o _traditional log normal summation methods involve sampling
Justification: This claim is justified by the fact that, if and filtering to fit the distribution into an approximated log
the fading noises are I.1.D, the Interference Set Cover witthgrmal [15]. We opt for similar approach where we collect
maximum number of nodes will give the hlghest Variance.a good number of Samp|es’ s&§000, from each of the con-
Thus, the Interference Set Cover with highest mean as wettibuting log normal distributions, for a fixed to generate the
as highest number of nodes will be a better bound than ang|R samples{/Rx (d)) and use the SIR samples to determine

other Interference Set Cover. B the meanyissr, (4 the variance of the SIR7%,, ,, and
Now, the main steps for representisg Ry as a function the empirical probability distribution function (RD‘Z_S ohe
of d are as follows. SIRx(d). Arigorous mathematical PDF formulation is one of

o ) o our future worksNote that in presence of fading, using simple
Step 1. We first identify the nterference Set Cover(s) (Z%)  path loss model, we can easily get the mean powers received

that will potentially give us the best estimate of the maxm™Mu 5m each interferer. which can be used to esti ) put
feasible mean interference power, for a fixédusing greedy ' p E(P) T
algorithm. not the mean SIR, i.eE(STR) = E (P—I) % B

Step 2. We estimate the maximum number of nodes in angtep 6. To properly select, ..., we first choose an acceptable

Interference Set Cover, NJ***. value forSIR;, and~. Next, we use the samplesS¥Rx (d)

0 estimate the outage probabilit}(d) = P(SIRx(d) <
Ryy), for a uniformly selected values d@f € [0, D]. The

ighest value ofd that satisfiesI'(d) < ~ is the estimated

Step 3. To get the maximum interference power, we add urf
the interference powers of the nodes of the Interference S
Covers selected in St€p 1, according to Hfh Thus the total

interference power af is a sum of log normal variables as dmag-

follows.
. C. Orthogonal Code Bound For Interference Free Network
Pre(d) = Q. Z Prd;/1010 @ First of all, saP]/,No number of orthogonal codes are used
iez¢ and each node chooses a code randomly (all codes are equally

; ; ; : ikely to be chosen) and independently. The new code specific
Step 4. We multiply the interference power estimate in $tep é]nte%‘erence ower)bound fora randor¥1ly selected Intentize

by a correction factorg = max{1, é—cg}, where|.| denotes  ggt Coverlg) will be:
the cardinality of a set, to account for the Interference Set

Covers with less thaV;** number of nodes, i.e|Z¢| < 0
Ne* Now, the modified interference power is: Pro(dlOr) = 3 Pl x Lio,—op)
v = - ©®)
PIC (d) =(.Q. Z Ptd;)’?loﬁ (3) 1

E(Pre (@) = ST EPL)

o
Jj€ j=1



where Or is the code chosen by, P;. denotes the inter- (similar to [11] but in an annular ring) around the Transeritt
ference power due tg*" interferer inZ¢, and the indicator location. With this assumption, our focus becomes resulitd
function 1;0,—0,; denotes whether thgt" interferer have all possible sets of locations that form such hexagonalipack
chosen same code as the transmitter @a:, Notice that, the ~ We can easily prove that, with the separation distatce 0,
Interference Set Cover with maximum mean interference we only need to consider two different angular orientatiofs
power will still give us the maximum mean estimated such hexagonal packing, as illustrated in Figutes 1a and 1b.
interference power in presence of orthogonal codes.

Step_7. We use the estimated Interference Set Cover from
Stepl to determine the new SIR bounds as follows.

)
Pid="1010 Jare, J
SIRzc(d|Or) = . (®) /

TS
¢ ZjGIC (Ptde]lO 10) L{o;=0r}

Now, at any time instance, maximufi”** = (NJ** +
1) number of nodes can be active simultaneously. Given that
No > N™ we deduce that (Proof in AppendiX A):

Nmaz

i—1
= - 7
P(lzo =1) > i|:|1 (1 No ) (1) ,,
From Eqgn [[¥), we can see that faNp, > N™o= (a) Configuration 1 (b) Configuration 2
[ |f\f'1m (1 - —1];1) is a strictly increasing function aVe. Fig. 1: lllustration of the Interference Set Covers For iBsti
- o

) _ ) tion of Interference Upper Bound in a Dense Network
Step 8. To find the optimum value ofN», we estimate

e (1- %P for increasing value ofNp (starting from

N™eT), and select the minimum value 6fo such that In the first type of configuration, which we refer to@sn-
Y, (1 - %) > K. figuration 1, the closest interferer is located at the intersection
of the inner boundary of the annulus and the line joiriihgnd
IV. |DENTIFICATION OF MAXIMUM POWER X (IIIulstrated in Flggrﬂa)fl'hls con_ﬂguraﬂon is generated
INTERFERENCESET COVER by taking a greedy iterative approximation approach, where

we start with an emptZ© and, in each iteration, we select
In the section, we identify the Interference Set Covers thah point on the annulus that is closest to the receiverand
result in the highest total interference power at a giveeivg  is not located in the connected regions of the nodes already
location, X, for both scenarios i.e., dense random network anchdded toZ¢. In the second configuration, which we refer to

robotic router network. as Configuration 2 (illustrated in Figurd_1b), the number of
closest interferers is two and they are exactly distance
A. Dense Random Network apart from each other as well as from the transmitfith

this new initial condition, we can find the rest of the nodes,

In [11], Hekmat and Van Mieghem showed that the meary i ;
. X ) gain, using the greedy approacNow, WLOG, we assume
interference power in CSMA Network is bounded by the a7 ig ocated at0,0) in a 2D domain, whileX is located

interferers located along the hexagonal rings centred et th : ; - . ;
; ) : ; . at (d,0). In this 2D domain, the positions of the interferin
receiver’s location, where thé" ring with each side length (d, 0) P 9

| t0i x D tains6 « i nodes. While th G nodes for both of these Interference Set Covers are listed in
equal oz > Ly contanso * ¢ nodes. ié the assumplion o ey, It can be easily shown that these two configuration
of putting the receiver at the center is valid in the presesfce

. ; ; ; form the bound of the interference power for any configuratio
RTS/CTS mechanism in CSMA, in reality, RTS/CTS mech-yinin same class i.e, with similar relative position beéme
anism isNOT employed in most of the enterprise wireless

. nodes with hexagonal corner positioning. Next, we caleulat
networks as well as Internet of Things (loT) networkssuch the interference and SIR for these two configurations adegrd
cases, the transmitter is the node to be located at the cerfiter

the rings while the receiver is free to be located anywhere i o Egn. [3) and[{4). Then, we choose the maximum of these

th red on at. With thi dification. th . NMwo interference estimates as our interference estimaig, a
€ connected region dt. With this moditication, the maximum - inimm of these two SIR estimates as our SIR estimate.
feasible interference can actually be higher than the boun

estimated in[[111] e.g., wheKX is located at the farthest point Sgct%?{mﬁ tvr\]/lr?eruaS/\I/re]gc;n:cf erlgléneg nrl?r(re]tl?grdos Egil:isgfd n
of the connected region &f. Moreover, for determining the '

.~ samples from these two configurations and take the highest
number of nodes to deploy, we need to know the maximu b g 9

. ; {Aterference power sample (or lowest SIR sample) from
sepa_lratlon_dlstanced(mm) tha}t can support an acceptable each pair asF; sample f(F))r OL(Jr estimated boundsF.) )
maximum interference level, in order to place a set of nodes
in any area of deploymenfThis requires us to modify the However, since this is an greedy solution, the resulting
bounds to have a separation distanedgpendency. However, Interference Set Cover combination may not include the max-
hexagonal packing is known to be the densest packing itmum number of interferer and, therefore, does not guaeante
circular spaces which leads us to believe that the distancemaximum possible interference power. Now say the greedy
dependent interference are also bounded by the interferentogic includesn interferes. Then according to the greedy
power of the set of interferers located at hexagonal ringdogic, it is most likely that the topn interfering nodes of



TABLE IlI: Interference Set Cover Node Locations for a Demgstwork

Line Number
(llustrated in Figurdsla arid]Lb

Configuration 1

Configuration 2

lo

{(&iD1, 00} Vi e {1,2,---, No + 1}

{(0,£jD1)} Vj € {1,2,--- ,No + 1}

Do—D
No = [ P25.P1 |

{(iD1(1;2Xj)7Tng'l)}

Dy (1+2X7
{(32kDy, £ PLELEET )

. 1
I, wherek is odd Ny = L(DE*%’C2D%)2
vk € {1, | 222} Vi€ {01, Ni} Vi€ {01, Ni} 7
Dj (1+2X7) 7@ 7@ D (1+2X7)
1}, wherek is odd (= 2 )= kD1)} (=25 kD, & 2 )} (Dg,ﬁkzpf)%
2Dy Nie = Dy J
vk € {1, | 1}

vj € {0,1,---, Ny}
{(£jD1, %2kD1)}

Vi €{0,1, -+, Ny}
{(Z2kDy,+jD1}

V3D

1. wherek is even
2Dy

vk el Ll a1t

1}, wherek is even

vk € {1 L7521}

vj e {0,1,---, Ny}
{(£4D1, —fkDy)}

V5 €{0,1,---, Np}
{(—L3kDy,+5D1}

vj € {0,1,---, Ny} vj € {0,1,---, Ny}

the maximum power Interference Set Cover will have less This assumption is justified by the work presented
or equal interference power compared to the interferencen [1] which shows that the best configuration of robots in
power from the greedily found Interference Set Cover. Toorder to optimize packet reception rate (which is directly
guarantee that our estimated interference power is no legselated to SIR) of a flow based network is to evenly place
than the maximum possible interference power, we multiplthem along the line segment joining the static endpoints.
our estimated interference power by a correction factprs, The work of Yan and Mostofi [17] further justify the
max{1, %}, where N7*** denotes the maximum number Iinear arrangement of same flpw nodes for Signal to_Noise
of simultaneous interferers and denotes the cardinality of a Ratio (SNR) based optimization goal.In our analysis, we
set. The correction facto compensates for the cardinality €MPIoy Assumptiofil1 to restrict the feasible positions @f th
of the Interference Set Cover ie., L] < Npae. We interfering nodes, thereby, leading to better and tightemials

found that the number of interferers estimated from the on interference. In this context, we divide the interfeenc
hexagonal packing is in fact alsoN7"ee for most of the into two components: Intra-flow interference and Inter flow
cases.Nonetheless, we can determine the maximum numbgpterference. These two components refer to the interéeren

of concurrent interfering nodesVg"*®) by formulating the ~ POWer from the nodes in the same flow as the transmitter
problem as a circle packing problem [16] as follows. T and interference power from the nodes of different flows,

respectively.

Definition 2. [Ij’ack Problem: Maximize the number of circles
with radius (£) that can be packed inside an annulus with o Max Power .
inner and outer radius(Z2t) and (D, + ZL), respectively. ‘ : ‘
DI
Note that, there exists a range of approximation solution ) )
applied to solve this problem. In this paper, we do not preserfnce Set Cover
any circle packing solution. Furthermore, since it is havd t
analytically prove the correctness of our estimated bounds

we validate the bounds via a set of simulation experiments 1) Intra-Flow Interference:Our intra-flow interference es-
in Section_Y. timation is based on the following lemma.

Lemma 1. The cardinality of the solution to the Pack Problem
is also the maximum cardinality of an Interference Set Cover
(Proof in AppendixB) O

Lemma 2. The maximum expected Intra-flow interference
power for a link corresponds to the sum of interference pswer
from nodes located at distancé®,,2.D, - - - k.D; } from the

In this section, we focus on the interference estimation fotransmitter nodel’ along the line segment joining the flow
our application specific context of robotic wireless networ endpoints, wheré.D; < D,. (Proof in AppendiX_C) O
in a obstacle free environment. Before that, we make an
assumption, based on two related works [1],| [17], as follows  Therefore, the maximum number of intra-flow interferers

Assumption 1. For a flow based robotic network in a ob- S 2 (LDZD;IDlJ + 1): where the factor2 accounts for both
stacle free environment, if the goal is to optimize the flowsides. In Figuré&l2, we present an illustration of such séenar
performance in terms of SIR, the best configuration of robotghus, the set of nodes that will result in the highest intra-
allocated to that flow is to stay on the straight line joinifget  flow interference power are located &t+jD;,0)} Vj €
static endpoints. {1,---, [D2D;1D1J + 1} in the 2-dimensional area of interest.

B. Interference Estimation for Robotic Router Network



Interestingly, these set of locations are same as theljirod
Configuration 1 discussed in Sectidn TVAA.

2) Inter-Flow Interferencein realistic scenarios, there will

TABLE IV: Interference Set Cover Node Locations for a Flow
Based Network

Line Number

be more than one flows in the network where robots assigned | (iustrated in Figure§ab)

to different flows can interfere as well. We refer to such s {(2k+ ) EL, £(*2 Dy +jD1))}
interference as thimter-flow interferenceNow, the interferers (Do—D1) ‘

can be located in the annular transition region around the [ ¥%€ 10155 "]} Vel L N}
transmitter, while the nodes allocated to same flow stay on U {(-Ck+ D5 £ D1 +D1))}
the straight line joining the endpoints of the respectivevflo (Dy—Dy) .

(according to Assumptidd 1). In this section, we start theriatb ke p S io';l’ i)
estimation with a two flow network, followed by a network (D%*%)z -2,

with M flows. In this context, we make a key assumption Nwi = | D) !

about the maximum power Interference Set Cover for multi-
flow scenario, as follows.

1

(p3-58) " —Fns
Vi e {0,1,---,] o |}. On the other hand,
The maximum power interference set cover node locations
on [z are same as the ling of Configuration 1, listed
in to Table[dl. Now, the inter flow interference power is
max{ P2 (d), P}# (d)}, whereP»¥ and P}* denotes the total
maximum interference power for nodes in lihg andlz,
respectively.

Next, we extend this concept fd flow scenario i.e., maxi-
mum M —1 interfering flows. For a fixed pair of transmitter and
receiver node of a flow witi/ — 1 interfering flows, we need
to consider two class of configurations. The mean inter-flow
interference power bound of tHist class of configurations

(a) Two flow Case (b) M Flow Case

is calculated by summing up the total interference power of
Fig. 3: lllustration of the Multi Flow Interference Estiniat  the first M’ lines from the set{l,l},12,15, -+ Ik, %} in
(Blue Nodes: Intra-Flow Interferer, Red Nodes: Inter-FlowFigure[1a, wherd< = ngDDQlJ and M’ = min{M — 1,2K}.
Interferer) Now, for the bound estimation afecond class of configura-

tions, we consider the line segment joining the closest pair

) ) _ ) of nodes at any point of time. More precisely, we choose

Assumption 2. For any transmitter-receiver node pair of a )/’ pairs of nodes from the pairs illustrated in Figdre 3b
flow, the intra-flow maximum power Interference Set Covers {(Z,,Wh), (Z2, Wa), (Z,, W)), (Z3, W3), - -- (Zhe, Wi}
estimated in sectiof IV-B1 is always part of the maximum, o e = |_(D2—D[1)1/2)J 1), M’ = min{M — 1,2K},

power Interference Set Cover in presence of multiple flows. ) _ _ )
and the pairs are sorted in terms of the respective distances

. . P . o the receiver. Thus, the flows situated along lifigs;
The reason behind this assumption is mainly the fact tha} ndly, i€ {12 K} determine the second type of

in practical deployment, some node-pairs might not hav interference bound in our estimation. The respective lonat

any inter-flow interference at all (e.g., single flow network . . :
Therefore, neglecting any of the intra-flow interfering eed of the interferers are illustrated in Talple]IV. Next, we carg
these two bounds and take the maximum of them as the

will lead to a incorrect estimate of the interference in such™ = : -
cases.Under the given assumption, our next step is to findestlmated interference power bound. We prove the validity

another line segment that will generate the maximum intav-fl of this bound through a set of MATLAB based simulation

interference power, for two flow cases. In general case witffXperiments, discussed in Sectioh V.

M flows, we need to find/ — 1 other line segments such that

carefully placed set of interferers on those segmentstresul V. SIMULATION RESULTS

the highest inter-flow interference power. Now, followirget , ) .

flow should contair or Y3 or both, in Figuré 3a, since they ©n the interference and SIR, through a set of MATLAB 8.1

are the next closest points I after the Intra-flow interference Pased experiments performed on a machine with 3.40 GHz
set cover nodes are accounted for. Intel i7 processor and 12GB RAM. For this set of experiments,

. ] we fix the values of the transmitter powers and the path
Lemma 3. Among the possible line segments throdghor  |oss exponent at?, = 1 and n = 2.2, respectively. The
Y3 or both, we just need to considés andlyy in Figure[3d  vajue of = 2.2 is motivated by our experiences from real
for estimating the bound on the interference power for twogutdoor experiments (from a different project). As a measur
flow case. (Proof in AppendixID) U of the annular transition region area, we choose the ratio of
% = {3,6} as the typical RSSI CCA thresholds are separated
The set of nodes ofy, that will result in highest inter- by 10dB to 15dB [14]. The absolute value d; is randomly
ference power should be located (e@—l,i(‘/Tng +jD1))}  selected to bebm as the major factors that controls the
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Fig. 4: (a) Validation of Estimated Interference Power (Jlapd SIR (Bottom) Bounds in dB, for Dense Network with No fagli
(b) Probability that Actual SIR is Lower than the estimateéhishum SIR with Log-Normal Fading with varianeg® = 4 (c)
Probability that Actual SIR is Lower than the estimated Minm SIR with NO Fading but in Presence of 10 Orthogonal Codes

Algorithm 1 Generate a random set of Interferer cases, Whileusrry () — 0srrx(a) 1S higher than the actual
1: procedure GENERATE( ) SIR for only 10% of the case. Thus, if we were to choose
2 Initialize a Dense Set of Node&P a deterministic value for the bound rather than a distrdoyti
3: Initialize Z° as a empty set USIRx(d) — OSIRx(d) IS considered as a good estimate. Next,
4 while ZP is not Emptydo we use similar sampling method to generate the orthogonal
5: Randomly select € 7P code based SIR bounds when the number of codes used is
6: I° =T5Uvw 10, while the maximum number of simultaneously interfering
7 B, = {ili € I” & d;, < D1} node is38 (For D2/ D; = 3). In this set of experiments, each
8: P =1P\ B, node randomly selects a code from the code alphabet. But,
9: end while we only sum up the interference powers of the interferers
10: end procedure that select the same code as the transmitter. We apply the

same method for each of tHe> set as well to validate our
bounds and plot the probabiliti€STRzs < psrry(q)) and
P(SIRzs < psiry(d) — Osirx(a)) N Figure[4¢, for log
normal fading scenario. Figufeldc shows that our proposed
bound also works well in presence of orthogonal codes.

performance is th% ratio, not the absolute values @&f;, and
D-. With these initializations, we vary the separation diseanc
d from 1m to D; — 1m with granularity of0.1m to plot the
separation distance dependent bounds. Similar to the generic dense wireless network, we perform a
KSet of bound tests for the robotic network scenario%@r: 3.
where the interfering nodes are uniformly distributed aer [N this case, we randomly select two pairs of endpoints, (i.e.
annular transition region around. To verify the bounds, W€ con_3|der a3 ﬂovv_ network)_ along the C|rcumferen<_:e of the
we randomly generate000 sets of interfering nodes, for outer circle with radiusD2, which are the flow endpoint for

a fixed value ofd, using Algorithm[d. In Figurd 2a, we two other flows. Next, we place a dense set of points along
compare our estimated interference power and estimated Sigach of the randomly selected flow segments as well as the
with the interference powers and SIR of the generaféd line segment joining the transmitt@t and the receiveX to

sets, for no fading scenario ar@g — 3. Figure[Z& clearly include the intra-flow interference. Then, we use Algorifim
! to generatel000 sets of interfering nodes for each value of

validates ourd dependent interference and SIR bounds for
and for each of thé&00 randomly generated sets of flow

a general dense network in absence of fading. Next, w . . _
perform similar experiments but in the presence of log nor£ndpoints. In all cases, the total |_nterfer_ence power isided
mal fading of variances®> = 4 and 22 = 3. In this set by our proposed theoretical maximum interference power, fo

of experiments, the estimated bounds for each valuel of O fading scenario, as illustrated in Figlre 5a. This figuse a
are some probability distributions, rather than deterstini shows that our application specific b(_)unds are mu_ch tighter
values. In this context, we empirically collect a setsobop ~ than the generic bound. In order to illustrate the impact of
samples §7R(d)) from the distributions estimated according E)r:‘lsrollr)nog;o;/:ﬂjﬁgté \;\ge c%l\?gr palloéitsrggnigf%%?s%? é?ﬁeeg:]rpber
to Egn [4) and estimate the meary 4) and the variance 2 :
of the SIR, o2 Next, we colllé%éétgooo sample from  Values OfSIRy, € [~5dB, 5dB] in Figure[5b for 52 = {3}.

¥ SIRx (d)° o .. Figure[Bb clearly illustrates that with our improved bound,
each generated” and empirically compute the probabilities, {he required number of robots to guarantee some target SIR
P(SIRzs < HSIRx(d))E’SP(S{RIS < MSIRx(d) — GSIRx(d)). requirements, is significantly lower than the generic bound
and P(SIRzs < %). We plot the results in based number of robots estimations, ranging from a maximum
Figure[4b which shows that the estimated SIR mean (fronof ~ 45% for single flow network to a minimum of 10%
Eqn [4)) is higher than the actual SIR for aroutids of the  for a three flow network. The improvement is significant for

First, we verify the bounds for a general dense networ
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less number of flows, as for higher number of flowsq — 7 Thus, the probability of interference free transmission fo
flows) the general dense network bound becomes dominan/o > N™", whereN™* = N7*** +1, can be expressed as
which is quite intuitive. Next, similar to the generic boynd follows.

in Figure[5¢ we compare the bounds in presence of fading to s
show that the estimateds;r, 4y — 0srrx(a) IS higher than P(lzo=1)= 3 P(lz0 = 1Nz = jP(Nz = j)
the actual SIR for onlyi0% of the case, forp? = 3. =0
N7na1‘ ] .
VI. CONCLUSION = > 11 (1 - ngol) P(Nz = j)

In this paper, we proposed a method for estimation of ijij, =l Nz 9)
the maximum interference and minimum achievable SIR for > 1 (1_ i 1) S P(Nz =j) Using [B)
a link of lengthd in an unknown environment while CSMA- T No / =
CA or equivalent MAC layer protocols are employed. First, Nmaz .
we demonstrate a strong dependency of these bounds on the > (1 _Z )
transmitter-receiver separation distadcé&lext, by considering i=1 No

two different scenarios: generic dense network and robotic
router network; we demonstrate that we can formulate bet-
ter and tighter bounds by exploiting the network topology
structure which infact improves our main goal of estimating
the number of nodes to be deployed for our robotic router
network in order to guarantee some network performance.
We alsq perform a set of MATLAB bz_;\sed simulation re_sults A valid Solution to the Pack Problem can be directly
that validate our findings. This work is a part of our bigger anhed to a valid Interference Set Cover. To prove that, let
project of development of a CSMA Aware Autonomous Re-\q"consider the set of centreSp, for the circles in the
configurable Network of Wireless Robots, SWANBOT, thanp, .y prohlem solution. For any valid solution to the Pack

can adapt its configuration over time to maintain link qiesit propiem “the distance between the centers of the circles are
while perfqrmmg some a_\llocated task. As a part of our futureat leastR; which satisfies the Interference Set Cover distance
work.on th|s specific topic, we plan to .develop a more formale,hgition, Now, the center of any circle to be packed must
algorithmic approach with polynomial time complexity aslwe lie in the annu’lus with radius?, and R, as the radius of
as flesh out analytical details about the correctness of thfﬁe circles aref. ThusSp is a valid Interference Set Cover.
bounqls, if po_ssible. Anot_her direction of futurg work wik b Next, assume 2the solution to the pack problemdoes not
to validate this bounds with real testbed experiments. contain maximum number of interferer. So there must exist an
APPENDIX A _Interference Set Cover Wit_h more _thaninterferer. However,
PROOF OFORTHOGONAL CODE BOUND if we formulate a set of circles Wlth_the centers to be same
T o as the Interference Set Cover but with radius equa%to it
__ Say, at any time instance, the number of active interfererg also a valid circle packing solution with higher cardityal
IS t].VI € (])\a]Nz> ]]-VG",[’re]” tha;[Jsz_l_tnumfb_ert O; nodes fare This is a contradiction. Thus the earlier assumption is ne.t
ggrlr;/r%u%ri]catign s asIf’oIIosvspro abllity ot Interterence free Conversely, say that the solution to the Pack problem have
No N ' higher cardinality than the max cardinality of Interf_erer&et
P(1z0 = 1|Nz) = Cng x Nzl _ I1 (1 _t= 1) Cover, we can always map the Pack problem solution to a new
(No)Nz bl No (8  Interference Set Cover with higher cardinality than thdiear
— P(170 = 1|N}) > P(170 = 1|N2) if N} < N2 < No solution. This is also a contradiction, thus, proves thentem

APPENDIXB
PROOF OFLEMMA [




APPENDIXC
PROOF OFLEMMA [2]

prove that the interference power from a flow located along an
line [ in Zone IV is always upper bounded by the maximum

According to Assumptiofil1 states that in the final config—Interference power from a flow located alofg

uration, the routers should be placed along the line segment Now, for region Il and I, we claim that interference power

joining the sink and source, sayine,,:.. Now, assume that
the first interferer in the worst case interference comimmat
is located atD; + ¢ distance from the source, alodgne,:,
instead of D; where0 < § < (D2 — D;). Since, the
distance between two interferer have to be greater than
for concurrent transmission, the resulting set of intenfer
are located afZ; = {D1 + 6,2« Dy + 9, - ,kx D1 + 6}
where k « D1 + 6 < D,. Now, the Interference Power is
inversely proportional to distance, more specifically’ where

from a flow located along any random line segmikistalways
upper bounded by the maximum interference power of a flow
located alondy. In such cases, the power fraRs is less than
the power fromts, whereas the power fror, is greater than
the power fromW;, or vice versa. Thus, there is no straight
forward dominance of the power from either line segment.
Instead the sum of the power dominatesfigr. To show this,
we perform a brute force simulation algorithm where we first
add up the total interference power frorh and W, and P;

2 < n < 6 is the path loss exponent. Now say, the receiverand P, respectively, which verified that the former is always
is located at distance from the transmitter on the same higher than later. Similarly, we perform simulation to show
side as the interferers. Therefore, the power of the interfe that the maximum interference power from a flow aldnig

located atD; + ¢ is less the the power of interferer located always upper bounded by the maximum interference power
from a flow along the lindyy.

at D; as (Df_dn > D1+}5_d)n. Similarly if the receiver
is located at distanc@ from the transmitter on the other
side i.e, the distance between the first interferer and the
receiver isD; + § + d, the power of the interferer located
at D, + 0 is less the the power of interferer located/at as
(Dli_r_d)” 2_<D1+§+d)n Thus, if we exchange the first interferer
position with Dy i.e, Zo = {D1,2* Dy + 8,--- ,k* Dy + 6}
where k x D1 + 0 < D, then we get set of location with
total interference power higher than that &f. This is a
contradiction. Thus the earlier assumption is wrong, thus,
proves the lemma.

APPENDIXD
PrROOF OFLEMMA [3

To prove this, we first introduce another lemma as follows.

Lemma 4. The length of the chords of an annulus with inner
radius D; and outer radiusD,, located atd,, < D; distance
from the centre increases monotonically with. (Proof in
AppendixE) O
(1]

WLOG, we assume that, must be part of the interfering
set cover. Next, for proving this claim, we subdivide the
angular region around point, into four regions, demonstrated
in Figure[3&. For regionl and IV we can show that the
maximum interference power from any flow, placed along any
line in that region, is upper bounded by the interferencegrow
from a flow located onz as shown in Figur€ Ba. For any [3]
random linel in Zone |, the next interfering nodes on either
side ofY; are, sayP; and P, while the same fot, areZ,, Z3,
respectively. From triangular geomettyX P;|| > || X Z1|| as
[Y2Pi|| = |[YaZi|| = Dy whereas|| X Py| > [[X Zs|| (Due
to the presence of nodg,). Thus the interference power from
7, is greater than or equal 18, and the interference frorfs
is greater or equal to the interference fram. This way we [5]
can show that the maximum interference power from a flow
located along =z is always ahead of the same fiowith same [6]
number of interferer on either side &%. Furthermore, using
the properties of an annulus along with Lemija 4, it can be
easily shown that the length dfis less than the length of []
lz and therefore can support less number of simultaneously
interfering nodes thariz. Thus, the maximum interference (8]
power from a flow onl is less than the maximum interference
power from a flow onz. Due to symmetry, we can similarly

(4]

APPENDIXE
PROOF OFLEMMA [4

~ Lets take a random chord of the annulus, locatedi,at
distance from the center with, < D;. Then the length of

the chord is equal tg(d,) = /D3 — d2 — \/D? — d2. Now
taking derivative ofg(.) as follows.

g'(dr) =

dy dr
- +
Jyp3-a /Dt -a
1 1

T Er 1 JBe

> 0asDy > Dy andd, < Dy

(10)

This implies thatg(.) is a strictly increasing function of,.,
which proves our lemma.
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