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Abstract

We propose an adaptive carrier sense (CS) scheme with esthéaimess based on the observation
that conventional adaptive CS mechanisms may lead to signifunfairness. Our experiments with an
IEEE 802.15.4 testbed show that the proposed algorithnifigntly improves fairness while providing

competitive throughput performance.
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. INTRODUCTION

Physical carrier sense is a fundamental mechanism thatntets network performance in
carrier sense multiple access (CSMA) wireless networkghiend, carrier sensing is typically
implemented using a carrier sense (CS) threshold; if theved signal strength at a node exceeds
the CS threshold, it considers the wireless channel busl,dafers its transmission until the
wireless channel becomes idle. If the CS threshold is sefatge, a node’s transmission may be
interfered with by transmissions from other nodes due tohikdeen terminal problem. On the

other hand, if the CS threshold is set too small, the nodengtieto transmit in a too conservative
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manner, the exposed terminal problem. Hence, choosing@opate value for the CS threshold
that balances these two problems is of critical importatceoptimizing network performance.

Recently, a number of studies attempting to tune the CShbtehave been conducted [1]-
[5]. These studies typically aim to enhance the spatialeeéasmprove the network throughput
while maintaining a specific metric, such as packet errog (REER) or signal-to-interference-
plus-noise-ratio (SINR), at around a certain level. Fornegie, algorithms in [3], [5] adjust
the CS threshold according to the PER measured at each s@meeiously, the algorithm in
[1] introduced an SINR feedback mechanism from the receiverhich the sender adapted
its CS threshold depending on the SINR. However, with thelsptation schemes, each node
adjusts its CS threshold by considering its own performanegic, which may lead to significant
throughput unfairness among the nodes.

As a means of resolving this unfairness problem and thenmelpyaving network throughput,
in this paper we propose an adaptive CS mechanism that takesird the CS threshold of
neighboring nodes. We then derive a sufficient conditiontfa convergence of the proposed
algorithm and implement the algorithm in an IEEE 802.15stkied to empirically validate its
performance. Our experiments show that the proposed #igosignificantly improves fairness
compared to the conventional adaptive CS algorithm whilentaaing the competitive through-

put improvement over the IEEE 802.15.4 MAC standard.

[1. UNFAIRNESS OFCONVENTIONAL ADAPTIVE CARRIER SENSE MECHANISM

As an illustrative example, we implement the PER-based Gfptation scheme from [3] and
then conduct experiments using Crossbow MICAz motes tostiyate the problem of throughput

unfairness. The adaptation rule for a conventional PER-based scheméealescribed as

max(z;(t) — 0, Tmin), I G > ¢on
.I'Z(t + ].) - I’Illl'l(l’l(t) + 5, xmax)u If q; < qfnzn (l)
(1), otherwise,
A more detailed description of the configuration is given econ V.
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Fig. 1. Traces of CS threshold for a PER-based adaptive mexcha

wherez; is the CS threshold of nodex,,,, andx,,;, are the maximum/minimum CS thresholds,
¢; is the PER measured by nodey!, .. andd’, . are the target maximum/minimum PERs, and
0 is the step size.

As shown in Fig. 1, the CS thresholds of nodes 3 and 11 areagetutox,,,, (= —98 dBm);
others arer,,;, (= —45 dBm), reasons for which are as follows. Once the threshdld®ain
nodes become large, they excessively occupy the sharetés@rehannel, and as such smaller
nodes gradually lose channel access opportunities; esdgnttheir CS threshold converges
to x,.,, resulting in severe throughput unfairness. In summarpveotional PER-based CS
adaptation mechanisms may lead to severe throughput nessirwhile attempting to improve
the overall network throughput by sacrificing the throughpticertain nodes. Consequently,

developing an adaptive CS mechanism with enhanced faiiaessicial.

[1I. NETWORK MODEL

Consider a CSMA wireless network &f nodes, denoted by = {1,---, N}. For a given
nodei € N, let r(i) € N denote the respective receiver, aRd denote the transmit power
of nodei. The power received at(i) can then be expressed &) = G, F): P, where

)
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G4 and F,;; respectively represent the path loss and the Rayleigh daflem sender: to
receiverr(i)—a widely used model for wireless channel environments Téle magnitude of
Rayleigh fading,F,; ; is independent across the nodes and is exponentiallylliséd with a
unit mean. Next, let; denote the channel access probability of nodelere, we assume that
interference from other senders is much larger than theemhhbise, and thus do not take noise
into account in our analysis.

As a necessary condition for receivefi) to correctly decode the symbols, we introduce a
receive sensitivity constraint that the expected valu€,gf is larger than or equal to the receive

sensitivity ofr (), denoted byy, ), i.e.,
E[Pf(i)] = GT(i),iPi = Yr(i)- )

Furthermore, for a successful transmission, the receiwetepF, ;y should be large enough
so that the interference from other nodes does not preventetteiver from correctly decoding
the symbols of nodé. This condition can usually be expressed as

Pr i
SINR, ) = L«((i)) > Bry,s 3)

wherel,q) = 3., Gra);Fr@) ;7 and B, is referred to as the SINR threshold of receiver).

Let x; denote the CS threshold of node If the signal strength perceived at nodeas
larger/smaller than;, the channel is considered busy/idle by the node. Then, fiwen node;,
let S;(x;) denote the carrier sense set of the node, definefl;@s) = {j | G, Fi; F; > =;}.
In this case, nodeé will be silenced if any node irb;(x;) transmits. Similarly, let.; denote
the silence set of nodg defined asl;, = {j | G, F};,P > x;}; i.e., every node € L; will be

silenced when nodeé transmits.
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IV. ADAPTIVE CARRIER SENSE WITH ENHANCED FAIRNESS
A. Algorithm Description

We propose here an adaptive CS update scheme with enhamtesg$awhich consists of two
steps: 1) each node calculates the CS threshold to itdsativ@imize its cost function (which
will be defined later in the section); and 2) to prevent seugrfairness among nodes, the actual
CS threshold of each node in the next iteration is computed agighted sum of the value
obtained in the first step and the average CS threshold ohbeigg nodes.

Therefore, for each nodg an increase in its CS threshald will result in a corresponding
increase in the interference of its neighbors because rodél access the channel more
frequently by caring less for others. Hence, it can be camsitl reasonable to impose a penalty
to node: when its CS threshold increases. For this penalty, we adoguaaratic pricing
function P,(z;) = v;x?/2 for each node that is twice continuously differentiable, increasing
and uniformly strictly convex inr;.2

In addition, we introduce a utility functiot;(z;,x_;) := fjmn [¢f — q:(&,%—;)] d¢ based on
a target PER;! for each node, wherex_; := (zy, -+, 2 1,741, -, xy). With the above
utility function U;(x), we havedU;(x)/0x; = ¢! — ¢;(x) and 9*U;(x)/0x? = —dgq;(x)/0x; < 0
becausey;(x) increases in; for a givenx_;. Thus, for a givenx_;, U;(x;,x_;) iS concave in
x; and attains its maximum whep = ¢!. In this way, the PER of nodé can be maintained
around a target PER @f by maximizingU;(x).

With the above definitions for the pricing functidh and the utility function;, a reasonable
control algorithm for CS threshold should attempt to makeheaodei minimize its penaltyP;
while maximizing its utility U;. Hence, if we adopV;(z;,x_;) := P;(x;) — U;(x) as the overall
cost function of node, each node must solve the minimization problem:

min Ji(w,x_),Vie N. 4)

x; € [x'min 7xrnaw]

%Since the relationship between the pricing function andvaet performance is very complex, it is generally difficut t
determine an optimal pricing function. Thus, we adopt a gatél pricing function parameterized hy. The choice of other
structures is the subject of a future work.
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Here, in order to ensure an inner equilibrium, we introddeefollowing technical condition on
the pricing function:P;(x;) is further chosen to satis§.J;/0z; < 0 at x; = x4, 0J;/0x; >0
at r;, = Tpaw, VX_; € N

Now, consider the following discrete-time algorithm:

0JZ X
yi(t+1) =x;(t) — N 8x(4 ) =uz;(t) — N [vﬂ:i — (qf — ql(x))} , (5)
wheret = 1,2,--- denotes the update time instants axdis the step size. Then, if we let

y;(t+1) = z;(t+ 1), algorithm (5) will correspond to the gradient update alfpon for solving
(4), potentially sufficient for improving the overall netrkathroughput over the standard CSMA.
However, (5) still lacks consideration of fairness amongyhleoring nodes. To further enhance
the fairness performance, we introduce the additionalatégking a weighted sum of the average
CS threshold of neighbors. To attain this sum, for every tgpdaterval of 7', each sender first
broadcasts its current CS threshold to neighboring nodes,tlee average of neighboring CS
thresholds is then calculated as follows:

Zje/\ﬁ- T, (t)

2?9 (t) = N (6)

—1

wherelV; is the set of neighbors for nodehat broadcast their CS threshold for the time interval
[tT, (t + 1)T). Finally, the CS threshold; is updated as a weighted sumgfin (5) andz*?
in (6) as

zi(t+1) =ay(t+1)+ (1 —a) 227(¢), 7)

where« is the weight factor (O< o < 1).

B. Convergence of the Proposed Algorithm

Now, we need to derive a sufficient condition for the conveageof the proposed algorithm

in Section IV-A.
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Proposition 1 The proposed algorithm converges if

1— max )min K max 7 .
€L~ Tmaz) andv,->77W‘,Vz eN,

A <
' 6(1 - Tmax)vmamxmm + KTmaw|-/\[i| ELmin

where Umaz = MaX; Uiy Tmar = MaX; T;, K = 111(1 + 6maxpmam/7min)) ﬁmam = max; 67“(1'),

Ymin = MiN; V), aNd P4, IS the maximum transmit power.

Proof: By substituting (5) and (6) into (7), we have

zi(t+1) =a [Cci(t) - A‘aJi(X)} L0020 %)

" 0w NG| =zi(t) = Nifi(x),Vie N, (8)

where f;(x) := ad.J;(x)/0z; + (1 — «) (xi(t) =D jen: :cj(t)/\J\/i|) /Ai. Now, we use the result
in [7, Proposition 1.11 p. 194] to prove the convergence Of Brst, we derive a sufficient
condition for the step sizg;. For the convergence of (8); should satisfy) < \; < 1/M, where
M is a positive constant such thaf;(x)/0z; < M, Vz,i. With some algebraic manipulation,
an equivalent conditiof < \; < 1/M’ can be easily obtained, whehd’ is a positive constant
such thath? J;(x)/0z? < M’, Yz, i. Next, letg;(x) denote the collision probability of node In
this case, we have,(x) = P [Pr(,-)/zken(x) G, e PuFr < Brey|, andl;(x) denotes the set of
nodes that concurrently transmit with nodéNote that a node concurrently transmits with nede
when either its transmission has been sensed by hodevhen it has not sensed a transmission
from node: and thus attempts to transmit. Hence, by using the outad®piidty expression in
[8] and boundingG, ;. F; by (2), after some algebraic manipulation, we can obtainujger
bound fordg;(x)/0x; as follows.

a% (X> < KTmax |-/\[z |

8372‘ o 6(1 - Tmam)xmin

, (9)

whereK = ln(l—i_ﬁmampmax/’}/min)u ﬂmam = max; ﬂr(i)n and’Ymin = I'Ilil'li Vr(a) - From (9)1 we then

have the following upper bound?J;(x)/0x? < vpae + KTimaz|Nil/ [e(1 = Toaz ) Tmin), Where
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Umaes = Max; v;. Thus, the step size,; should satisfy

6(1 - Tmam)xmin
6(1 - Tmam)vmaxxmin + KTmam‘-/\/’i‘

0< )\ <

In a similar manner, the conditiodif;(x)/0z; > >_,;|0fi(x)/0x;| in [7, Proposition 1.11 p.
194] is satisfied if; > K702 |N;|/ (€Zmin)- [ ]

V. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed scheme, we catrgxperiments with IEEE
802.15.4-compliant MICAz motes, as shown in Fig. 2. The damgpime 7" and the weight
factor o are set tol s and0.7, respectively. The network topology used in the experimeént
given in Fig. 3, where the sender of each pair generates U#ffictat 80 Kb/s.

Figure 4(a) shows the aggregate throughput performand¢eedEEE 802.15.4 MAC, the PER-
based algorithm in [3], and the proposed algorithm, wherecare observe that the throughput
performance of the IEEE 802.15.4 MAC highly depends on thetl@8shold. Only with an
appropriate CS threshold the throughput performance catobwgetitive in both the proposed
scheme and PER-based algorithm. However, the CS thresbpk&hds on a number factors (e.g.,
power assignment, node distribution, channel status) anmbi available in advance. Hence,
statically assigning the CS threshold is insufficient, amastthe deployment of an adaptive CS
algorithm becomes crucial. Note that, in Fig. 4(a) the PERed algorithm and the proposed
algorithm show similar throughput performance.

Figure 4(b) presents the fairness performance, measuréernms of Jain’s fairness index.
In the figure, it can be observed that the proposed algoritivesgsignificantly better fairness
performance than the PER-based mechanism. Then, to funestigate the temporal behavior
of the CS threshold with the proposed algorithm, the timeetsaof the CS threshold are given
in Fig. 5. Under the proposed algorithm none of the CS threshare saturated to either,,;,

(= —98 dBm) or z,,,, (=—45 dBm), and in fact remain in the range pf97, —90] dBm.
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Fig. 2. IEEE 802.15.4 platform. Here, three components ambined using a 51 pin to 10 pin adapter. MIB600 is attached
to MICAz and MTS300 to provide remote control functionalapd auto-collection.
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Fig. 3. Network topology for the 6 sender-receiver pairsduisethe experiments.

VI. CONCLUSIONS

In this paper, we proposed an adaptive CS scheme with enthdaiceess. Through experi-
ments using IEEE 802.15.4-compliant MICAz motes, we cordiirthat the proposed algorithm
can significantly improve fairness performance while ratay throughput performance compa-

rable to conventional schemes.
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Fig. 5. Traces of the CS threshold for the proposed algorithm
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