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Abstract

We propose an adaptive carrier sense (CS) scheme with enhanced fairness based on the observation

that conventional adaptive CS mechanisms may lead to significant unfairness. Our experiments with an

IEEE 802.15.4 testbed show that the proposed algorithm significantly improves fairness while providing

competitive throughput performance.
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I. INTRODUCTION

Physical carrier sense is a fundamental mechanism that determines network performance in

carrier sense multiple access (CSMA) wireless networks. Tothis end, carrier sensing is typically

implemented using a carrier sense (CS) threshold; if the received signal strength at a node exceeds

the CS threshold, it considers the wireless channel busy, and defers its transmission until the

wireless channel becomes idle. If the CS threshold is set toolarge, a node’s transmission may be

interfered with by transmissions from other nodes due to thehidden terminal problem. On the

other hand, if the CS threshold is set too small, the node attempts to transmit in a too conservative
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manner, the exposed terminal problem. Hence, choosing an appropriate value for the CS threshold

that balances these two problems is of critical importance for optimizing network performance.

Recently, a number of studies attempting to tune the CS threshold have been conducted [1]–

[5]. These studies typically aim to enhance the spatial reuse to improve the network throughput

while maintaining a specific metric, such as packet error rate (PER) or signal-to-interference-

plus-noise-ratio (SINR), at around a certain level. For example, algorithms in [3], [5] adjust

the CS threshold according to the PER measured at each sender; previously, the algorithm in

[1] introduced an SINR feedback mechanism from the receiverin which the sender adapted

its CS threshold depending on the SINR. However, with these adaptation schemes, each node

adjusts its CS threshold by considering its own performancemetric, which may lead to significant

throughput unfairness among the nodes.

As a means of resolving this unfairness problem and thereby improving network throughput,

in this paper we propose an adaptive CS mechanism that takes account the CS threshold of

neighboring nodes. We then derive a sufficient condition forthe convergence of the proposed

algorithm and implement the algorithm in an IEEE 802.15.4 testbed to empirically validate its

performance. Our experiments show that the proposed algorithm significantly improves fairness

compared to the conventional adaptive CS algorithm while maintaining the competitive through-

put improvement over the IEEE 802.15.4 MAC standard.

II. UNFAIRNESS OFCONVENTIONAL ADAPTIVE CARRIER SENSE MECHANISM

As an illustrative example, we implement the PER-based CS adaptation scheme from [3] and

then conduct experiments using Crossbow MICAz motes to investigate the problem of throughput

unfairness.1 The adaptation rule for a conventional PER-based scheme canbe described as

xi(t + 1) =























max(xi(t) − δ, xmin), if qi > qt
max

min(xi(t) + δ, xmax), if qi < qt
min

xi(t), otherwise,

(1)

1A more detailed description of the configuration is given in Section V.
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Fig. 1. Traces of CS threshold for a PER-based adaptive mechanism.

wherexi is the CS threshold of nodei, xmax andxmin are the maximum/minimum CS thresholds,

qi is the PER measured by nodei, qt
max andqt

min are the target maximum/minimum PERs, and

δ is the step size.

As shown in Fig. 1, the CS thresholds of nodes 3 and 11 are saturated toxmax (= −98 dBm);

others arexmin (= −45 dBm), reasons for which are as follows. Once the thresholds of certain

nodes become large, they excessively occupy the shared wireless channel, and as such smaller

nodes gradually lose channel access opportunities; eventually, their CS threshold converges

to xmin, resulting in severe throughput unfairness. In summary, conventional PER-based CS

adaptation mechanisms may lead to severe throughput unfairness while attempting to improve

the overall network throughput by sacrificing the throughput of certain nodes. Consequently,

developing an adaptive CS mechanism with enhanced fairnessis crucial.

III. N ETWORK MODEL

Consider a CSMA wireless network ofN nodes, denoted byN = {1, · · · , N}. For a given

node i ∈ N , let r(i) ∈ N denote the respective receiver, andPi denote the transmit power

of node i. The power received atr(i) can then be expressed asPr(i) = Gr(i),iFr(i),iPi, where

March 20, 2009 DRAFT



4

Gr(i),i andFr(i),i respectively represent the path loss and the Rayleigh fading from senderi to

receiverr(i)—a widely used model for wireless channel environments [6].The magnitude of

Rayleigh fading,Fr(i),i is independent across the nodes and is exponentially distributed with a

unit mean. Next, letτi denote the channel access probability of nodei. Here, we assume that

interference from other senders is much larger than the ambient noise, and thus do not take noise

into account in our analysis.

As a necessary condition for receiverr(i) to correctly decode the symbols, we introduce a

receive sensitivity constraint that the expected value ofPr(i) is larger than or equal to the receive

sensitivity ofr(i), denoted byγr(i), i.e.,

E[Pr(i)] = Gr(i),iPi ≥ γr(i). (2)

Furthermore, for a successful transmission, the received power Pr(i) should be large enough

so that the interference from other nodes does not prevent the receiver from correctly decoding

the symbols of nodei. This condition can usually be expressed as

SINRr(i) =
Pr(i)

Ir(i)
≥ βr(i), (3)

whereIr(i) =
∑

j 6=i Gr(i),jFr(i),jPj andβr(i) is referred to as the SINR threshold of receiverr(i).

Let xi denote the CS threshold of nodei. If the signal strength perceived at nodei is

larger/smaller thanxi, the channel is considered busy/idle by the node. Then, for agiven nodei,

let Si(xi) denote the carrier sense set of the node, defined asSi(xi) = {j | Gi,jFi,jPj ≥ xi}.

In this case, nodei will be silenced if any node inSi(xi) transmits. Similarly, letLi denote

the silence set of nodei, defined asLi = {j | Gj,iFj,iPi ≥ xj}; i.e., every nodej ∈ Li will be

silenced when nodei transmits.
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IV. A DAPTIVE CARRIER SENSE WITH ENHANCED FAIRNESS

A. Algorithm Description

We propose here an adaptive CS update scheme with enhanced fairness, which consists of two

steps: 1) each node calculates the CS threshold to iteratively minimize its cost function (which

will be defined later in the section); and 2) to prevent severeunfairness among nodes, the actual

CS threshold of each node in the next iteration is computed asa weighted sum of the value

obtained in the first step and the average CS threshold of neighboring nodes.

Therefore, for each nodei, an increase in its CS thresholdxi will result in a corresponding

increase in the interference of its neighbors because nodei will access the channel more

frequently by caring less for others. Hence, it can be considered reasonable to impose a penalty

to node i when its CS threshold increases. For this penalty, we adopt aquadratic pricing

function Pi(xi) = vix
2
i /2 for each nodei that is twice continuously differentiable, increasing

and uniformly strictly convex inxi.2

In addition, we introduce a utility functionUi(xi,x−i) :=
∫ xi

xmin

[qt
i − qi(ξ,x−i)] dξ based on

a target PERqt
i for each nodei, wherex−i := (x1, · · · , xi−1, xi+1, · · · , xN). With the above

utility function Ui(x), we have∂Ui(x)/∂xi = qt
i − qi(x) and∂2Ui(x)/∂x2

i = −∂qi(x)/∂xi < 0

becauseqi(x) increases inxi for a givenx−i. Thus, for a givenx−i, Ui(xi,x−i) is concave in

xi and attains its maximum whenqi = qt
i . In this way, the PER of nodei can be maintained

around a target PER ofqt
i by maximizingUi(x).

With the above definitions for the pricing functionPi and the utility functionUi, a reasonable

control algorithm for CS threshold should attempt to make each nodei minimize its penaltyPi

while maximizing its utilityUi. Hence, if we adoptJi(xi,x−i) := Pi(xi)− Ui(x) as the overall

cost function of nodei, each node must solve the minimization problem:

min
xi∈[xmin,xmax]

Ji(xi,x−i), ∀i ∈ N . (4)

2Since the relationship between the pricing function and network performance is very complex, it is generally difficult to
determine an optimal pricing function. Thus, we adopt a quadratic pricing function parameterized byvi. 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 introduce the following technical condition on

the pricing function:Pi(xi) is further chosen to satisfy∂Ji/∂xi < 0 at xi = xmin, ∂Ji/∂xi > 0

at xi = xmax, ∀x−i ∈ N .

Now, consider the following discrete-time algorithm:

yi(t + 1) = xi(t) − λi

∂Ji(x)

∂xi

= xi(t) − λi

[

vixi −
(

qt
i − qi(x)

)]

, (5)

where t = 1, 2, · · · denotes the update time instants andλi is the step size. Then, if we let

yi(t + 1) ≡ xi(t + 1), algorithm (5) will correspond to the gradient update algorithm for solving

(4), potentially sufficient for improving the overall network throughput over the standard CSMA.

However, (5) still lacks consideration of fairness among neighboring nodes. To further enhance

the fairness performance, we introduce the additional stepof taking a weighted sum of the average

CS threshold of neighbors. To attain this sum, for every update interval ofT , each sender first

broadcasts its current CS threshold to neighboring nodes, and the average of neighboring CS

thresholds is then calculated as follows:

xavg
−i (t) =

∑

j∈Ni
xj(t)

|Ni|
, (6)

whereNi is the set of neighbors for nodei that broadcast their CS threshold for the time interval

[tT, (t + 1)T ). Finally, the CS thresholdxi is updated as a weighted sum ofyi in (5) andxavg
−i

in (6) as

xi(t + 1) = αyi(t + 1) + (1 − α) xavg
−i (t), (7)

whereα is the weight factor (0< α ≤ 1).

B. Convergence of the Proposed Algorithm

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

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

λi <
e(1 − τmax)xmin

e(1 − τmax)vmaxxmin + Kτmax|Ni|
and vi >

Kτmax|Ni|

exmin

, ∀i ∈ N ,

where vmax := maxi vi, τmax := maxi τi, K = ln(1 + βmaxPmax/γmin), βmax = maxi βr(i),

γmin = mini γr(i), and Pmax is the maximum transmit power.

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

xi(t + 1) = α

[

xi(t) − λi

∂Ji(x)

∂xi

]

+
(1 − α)

∑

j∈Ni
xj(t)

|Ni|
= xi(t) − λifi(x), ∀i ∈ N , (8)

wherefi(x) := α∂Ji(x)/∂xi + (1 − α)
(

xi(t) −
∑

j∈Ni
xj(t)/|Ni|

)

/λi. Now, we use the result

in [7, Proposition 1.11 p. 194] to prove the convergence of (8). First, we derive a sufficient

condition for the step sizeλi. For the convergence of (8),λi should satisfy0 < λi < 1/M , where

M is a positive constant such that∂fi(x)/∂xi ≤ M , ∀x, i. With some algebraic manipulation,

an equivalent condition0 < λi < 1/M ′ can be easily obtained, whereM ′ is a positive constant

such that∂2Ji(x)/∂x2
i ≤ M ′, ∀x, i. Next, letqi(x) denote the collision probability of nodei. In

this case, we haveqi(x) = P
[

Pr(i)/
∑

k∈Γi(x) Gr(i),kPkFk < βr(i)

]

, andΓi(x) denotes the set of

nodes that concurrently transmit with nodei. Note that a node concurrently transmits with nodei

when either its transmission has been sensed by nodei or when it has not sensed a transmission

from nodei and thus attempts to transmit. Hence, by using the outage probability expression in

[8] and boundingGr(i),iPi by (2), after some algebraic manipulation, we can obtain theupper

bound for∂qi(x)/∂xi as follows.

∂qi(x)

∂xi

≤
Kτmax|Ni|

e(1 − τmax)xmin

, (9)

whereK = ln(1+βmaxPmax/γmin), βmax = maxi βr(i), andγmin = mini γr(i). From (9), we then

have the following upper bound:∂2Ji(x)/∂x2
i ≤ vmax + Kτmax|Ni|/ [e(1 − τmax)xmin], where
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vmax = maxi vi. Thus, the step sizeλi should satisfy

0 < λi <
e(1 − τmax)xmin

e(1 − τmax)vmaxxmin + Kτmax|Ni|
.

In a similar manner, the condition∂fi(x)/∂xi >
∑

j 6=i |∂fi(x)/∂xj | in [7, Proposition 1.11 p.

194] is satisfied ifvi > Kτmax|Ni|/(exmin).

V. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed scheme, we carryout experiments with IEEE

802.15.4-compliant MICAz motes, as shown in Fig. 2. The sampling time T and the weight

factor α are set to1 s and0.7, respectively. The network topology used in the experiments is

given in Fig. 3, where the sender of each pair generates UDP traffic at 80 Kb/s.

Figure 4(a) shows the aggregate throughput performance of the IEEE 802.15.4 MAC, the PER-

based algorithm in [3], and the proposed algorithm, where wecan observe that the throughput

performance of the IEEE 802.15.4 MAC highly depends on the CSthreshold. Only with an

appropriate CS threshold the throughput performance can becompetitive in both the proposed

scheme and PER-based algorithm. However, the CS threshold depends on a number factors (e.g.,

power assignment, node distribution, channel status) and is not available in advance. Hence,

statically assigning the CS threshold is insufficient, and thus the deployment of an adaptive CS

algorithm becomes crucial. Note that, in Fig. 4(a) the PER-based algorithm and the proposed

algorithm show similar throughput performance.

Figure 4(b) presents the fairness performance, measured interms of Jain’s fairness index.

In the figure, it can be observed that the proposed algorithm gives significantly better fairness

performance than the PER-based mechanism. Then, to furtherinvestigate the temporal behavior

of the CS threshold with the proposed algorithm, the time traces of the CS threshold are given

in Fig. 5. Under the proposed algorithm none of the CS thresholds are saturated to eitherxmin

(= −98 dBm) or xmax (=−45 dBm), and in fact remain in the range of[−97,−90] dBm.
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Fig. 2. IEEE 802.15.4 platform. Here, three components are combined using a 51 pin to 10 pin adapter. MIB600 is attached
to MICAz and MTS300 to provide remote control functionalityand auto-collection.
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Fig. 3. Network topology for the 6 sender-receiver pairs used in the experiments.

VI. CONCLUSIONS

In this paper, we proposed an adaptive CS scheme with enhanced fairness. Through experi-

ments using IEEE 802.15.4-compliant MICAz motes, we confirmed that the proposed algorithm

can significantly improve fairness performance while retaining throughput performance compa-

rable to conventional schemes.

REFERENCES

[1] J. Zhu, X. Guo, L. Yang, W. S. Conner, S. Roy, and M. M. Hazra, “Adapting physical carrier sensing to maximize spatial

reuse in 802.11 mesh networks,”Wiley Wireless Communications and Mobile Computing, vol. 4, pp. 933–946, December

2004.

[2] X. Yang and N. H. Vaidya, “On the physical carrier sense inwireless ad hoc networks,” inProceedings of IEEE INFOCOM,

March 13–17 2005.

[3] J. Zhu, B. Metzler, X. Guo, and Y. Liu, “Adaptive CSMA for scalable network capacity in high-density WLAN: A hardware

prototyping approach,” inProceedings of IEEE INFOCOM, April 23–29 2006.

[4] H. Zhai and Y. Fang, “Physical carrier sensing and spatial reuse in multirate and multihop wireless ad hoc networks,”in

Proceedings of IEEE INFOCOM, April 23–29 2006.

[5] H. Ma, S. Shin, and S. Roy, “Optimizing throughput with carrier sensing adaptation for IEEE 802.11 mesh networks based

on loss differentiation,” inProceedings of IEEE ICC, June 24–28 2007.

March 20, 2009 DRAFT



10

 0

 1

 2

 3

 4

 5

 6

 7

A
gg

re
ga

te
 th

ro
ug

hp
ut

 (
M

b/
s)

Algorithm

802.15.4 MAC PER-based Proposed

CS threshold
-46dBm
-72dBm

-88dBm
-94dBm

-96dBm
-97dBm

(a) Aggregate throughput

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

Ja
in

’s
 fa

irn
es

s 
in

de
x

Algorithm

802.15.4 MAC PER-based Proposed

CS threshold
-46dBm
-72dBm

-88dBm
-94dBm

-96dBm
-97dBm

(b) Jain’s fairness index

Fig. 4. Throughput and fairness performance comparison between the proposed algorithm, the PER-based algorithm [3], and
the standard 802.15.4 MAC.
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Fig. 5. Traces of the CS threshold for the proposed algorithm.

[6] D. Tse and P. Viswanath,Fundamentals of Wireless Communication. Cambridge University Press, 2005.

[7] D. P. Bertsekas and J. N. Tsitsiklis,Parallel and Distributed Computation: Numerical Methods. Prentice Hall, 1989.

[8] S. Kandukuri and S. Boyd, “Optimal power control in interference-limited fading wireless channels with outage-probability

specifications,”IEEE Transactions on Wireless Communications, vol. 1, pp. 46–55, Jan. 2002.

March 20, 2009 DRAFT


