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ABSTRACT

Carrier Sense Multiple Access (CSMA) protocols are unable to
effectively arbitrate the medium in multi-hop wireless networks;
problems such as hidden and exposed terminals occur frequently
leading to collisions, poor performance and unfairness. CSMA net-
works can be optimized by careful tuning of transceiver parameters,
such as transmission power and carrier sensing threshold, to max-
imize transmission concurrency while minimizing collisions. Ex-
isting approaches optimize these parameters by considering only
some aspects of CSMA operation (e.g., considering only PHY pa-
rameters such as SINR), thus leading to suboptimal solutions. We
present a new approach that leverages recent insights into the be-
havior of CSMA networks. Specifically, this recent work identifies
that links interfere only in a few discrete interaction modes at the
MAC-layer. Each interaction mode determines how the interact-
ing links interfere with each other and leads to different perfor-
mance and fairness behavior. The proposed methodology controls
the transciever parameters to convert the destructive interactions
into constructive ones; we call this approach Interaction Engineer-

ing. The global optimization problem is computationally infeasible
and requires central solution. Therefore, we first formulate an in-
teraction engineering model that computes the parameters based
on one-to-one interaction between the links. Second, we extend the
model into a distributed interaction-aware MAC protocol (I-MAC).
Testbed and simulation results show that collisions and retransmis-
sions are almost completely eliminated, leading to large improve-
ments in throughput and delay.

Categories and Subject Descriptors

C.2.2 [COMPUTER-COMMUNICATION NETWORKS]: Net-
work protocols

General Terms
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1. INTRODUCTION
Carrier Sense Multiple Access (CSMA) is a MAC layer protocol

widely used to coordinate access to the wireless medium in multi-
hop wireless networks [1, 27]. Under CSMA, a node transmits a
packet only if the channel is sensed to be idle, thus reducing inter-
ference with other concurrent transmissions. Several popular pro-
tocols, such as IEEE 802.11 [21], use CSMA since it is well-suited
for distributed implementation.

Senders using CSMA cannot arbitrate the wireless channel ef-
fectively, and may therefore experience poor performance and un-
fairness as they compete with other senders for the channel. If the
sender transmits a packet when the receiver is experiencing inter-
ference, a hidden terminal occurs (the packet is lost despite the
sender sensing the medium to be idle) [22]. Similarly, if the sender
unnecessarily defers transmission due to sensing the channel to be
busy while the receiver’s channel is idle, an exposed terminal oc-
curs [3]. These effects, and others, can lead to suboptimal use of
the channel, with poor performance and unfairness [25, 2].

Wireless MAC protocols may be viewed to be solving a opti-
mization problem with the following objectives: (i) maximize ca-
pacity by allowing concurrent transmissions when possible, and (ii)
avoid collisions and other detrimental interactions between com-
peting flows. The general approach we take to this problem is
to manipulate the interactions between the transmitting links by
controlling transciever parameters to avoid harmful interactions.
Specifically, each node may adjust parameters, such as transmis-
sion power and carrier sensing threshold, to achieve optimal or
near-optimal operation (as defined by the objective of the MAC op-
timization problem). There is a complex inter-dependence between
the settings chosen by each node. For example, a sender can in-
crease transmission power to achieve higher Signal to Interference
and Noise Ratio (SINR) for its link, but in the process, it creates
greater interference at other receivers, thus reducing their SINR.
The Carrier Sensing threshold determines the power level at which
the channel is perceived as busy. Smaller values of this threshold
reduce the possibility of hidden terminals, since the sender defers
transmission even when there is a weak signal sensed on the chan-
nel. However, this high sensitivity may increase exposed termi-
nals by needlessly preventing non-colliding concurrent transmis-
sions. Hence, the complex interdependence of parameters of dif-
ferent nodes makes it a hard problem to optimize the interactions
that occur in a CSMA network.

This paper takes a new approach to optimizing the CSMA MAC
problem that is based on recent insights CSMA behavior [6, 19].



These results demonstrate that interference is manifested through
discrete interactions modes, rather than continuous metrics such as
SINR. As a result, small changes in topology or radio parameters
can significantly affect performance by converting one destructive
interaction mode into another more effective one. Thus it is vital
to be aware of this behavior when optimizing transciever param-
eters for a given network. Moreover, these studies identify that
different interactions, beyond the simple hidden terminal/exposed
terminal classification can arise, with substantial impact on perfor-
mance. Section 2 presents more information regarding the different
interaction modes that arise in CSMA networks.

Although there are a number of existing studies that optimize
CSMA behavior by manipulating transciever parameters, our ap-
proach differs because it includes the full range of possible MAC
interactions that arise in CSMA networks. Moreover, these studies
consider only a subset of topologies, parameters or protocol rules.
For example, many models assume a dense random topology [26,
9], tune only carrier sensing threshold [8, 23, 5], or assume that no
ACKs are sent [26, 9]. We discuss these and other related works in
Section 3.

In this paper, we propose CSMA Interaction Engineering: an
optimization approach that identifies harmful CSMA interaction
modes in arbitrary wireless scenarios and adjusts radio parame-
ters to convert these interactions into effective ones when possible.
Specifically,
1) We propose a model and centralized algorithm that eliminates
undesirable interactions, while attempting to maximize the num-
ber of concurrent transmissions. We jointly optimize transmission
power, carrier sensing threshold and receiver sensitivity to accom-
plish these goals. The approach is based on iteratively optimiz-
ing the node parameters such that each link-pair is able to achieve
effective interactions with other interfering links. Our simulation
and testbed results indicate that almost all detrimental interactions
are successfully eliminated leading to substantial improvement in
throughput, delay and energy. Section 4 describes the model and
centralized algorithm.
2) We design a distributed heuristic protocol where each active
node optimizes its own radio parameters based on information from
their neighboring links. We discuss the issues with distributed pro-
tocol and show that it achieves performance close to the centralized
algorithm. Section 5 describes the distributed protocol. We eval-
uate the proposed methodology in Section 6. In the scenarios we
considered, we observed an average throughput improvement of
around 30%, with a maximum of 60× improvement seen in indi-
vidual scenarios.

The paper focuses on optimizing CSMA in a single channel with
constant rate. Related studies consider additional dimensions such
as channel assignment [14] and transmission rate-control [9, 12].
However, we believe that optimizing interactions among nodes that
coexist in a single channel forms a basic block that recurs even
while considering these additional parameters. In the future, we
plan to extend this model to take advantage of these additional pa-
rameters to further optimize performance. Section 7 overviews fu-
ture work, and presents some concluding remarks.

2. BACKGROUND
In this section, we briefly overview the CSMA protocol. We

then overview the major interaction modes that arise in CSMA net-
works [6, 19]; these interactions form the basis of our approach
which controls the transciever parameters to eliminate destructive
interactions.

CSMA protocol. CSMA protocols such as IEEE 802.11 [21]
are widely used in wireless networks. In CSMA, the sender trans-
mits a packet only when the channel is sensed to be idle. The
Carrier Sensing Threshold (CS Threshold) parameter controls the
signal level above which the channel is considered busy. Senders
are more aggressive when the CS threshold is large; sender trans-
mits the packet even when nearby nodes are transmitting, reducing
exposed terminals, but increasing hidden terminals. Conversely,
a low CS threshold makes the senders conservative by not trans-
mitting even when a far neighbor is transmitting, reducing hidden
terminals, but increasing exposed terminals. The nodes monitor the
channel and lock to any incoming signal if it is above the Receiver
Sensitivity threshold (RS Threshold).

Due to the possibility of collisions, and the higher probability of
transmission errors, protocols such as IEEE 802.11 use acknowl-
edgements for successfully received DATA packets. When an ACK
is not received, senders use Binary Exponential Backoff (BEB) to
reduce contention for the channel. IEEE 802.11 also has an op-
tional RTS-CTS control packet exchange before the DATA packet
is transmitted. However, RTS-CTS is disabled by default in current
network cards because it does not eliminate many collisions from
far interferers (those beyond transmission range).

Interactions in CSMA networks. It is well known that CSMA
networks suffer from hidden and exposed terminals [22, 3], which
adversely affect the network performance. However, recent studies
have shown that the picture is significantly more complicated: two
competing links can interact with each other in a number of dif-
ferent ways that exhibit different performance and fairness charac-
teristics. These interactions can be categorized into a few discrete
categories [6, 19] with different impact on throughput, delay and
fairness. Figure 1 shows the commonly occurring interactions.
No Interaction (NI): Network performance is best when all active
links within the network are interference free. Figure 1(a) shows
two links that can be concurrently active since neither link inter-
feres with the other link. This maximizes channel reuse and in
return increases the network throughput; we refer to this state of
links to be NI (No Interference).
Sender Connected (SC): When the senders can sense each other’s
signals, they defer concurrent transmission. The interaction be-
tween these two links is Source Connected (SC) (Figure 1(b)). Here,
both the links share the capacity equally without any collisions (ex-
cept when both senders transmit at exactly the same time, which is
infrequent).

One of the basic problems with CSMA protocols is that channel
activity is detected at the sender while the effect of this activity is
applicable at the receiver; we called this effect as Misplaced Car-

rier Sensing. This causes exposed nodes problems in SC interac-
tion where senders are prevented from transmission concurrently
because of their close proximity, although if they had transmitted
together both the receivers would have successfully received their
packets. This scenario is depicted in Figure 1(b). Misplaced car-
rier sensing, also cause hidden terminal problems, where transmit-
ter sense the channel to be idle while receivers experience packet
drops due to local interference.
Hidden terminals: Traditionally, researchers have treated all forms
of hidden terminals equally. Recent studies have distinguished dif-
ferent forms of hidden terminals with varying performance in terms
of throughput and fairness [6, 18]. Consider Figures 1 (c)(d)(e)
that represent different forms of hidden terminals. In Figure 1(c),
node S2 is a hidden terminal for link S1-D1. Packets at D1 are
dropped due to interference from S2, and S1 observes regular long
backoff periods. Hence S2-D2 gains full access to the channel, and



Figure 1: Types of Interactions in CSMA.

S1-D1 suffers from extremely low throughput. This scenario called
as Asymmetric Incomplete State (AIS) [6].

Another similar interaction is Symmetric Incomplete State (SIS),
where both the senders are hidden terminal to other’s receiver (Fig-
ure 1(c)). This interaction severely affects the throughput of the
network since both links are unable to transmit successfully.

In the fourth form of hidden terminals, both destinations interfere
with each other. Hence, an ACK from one destination interferes
with an ongoing DATA transmission of other link. The through-
put of this interaction is similar to that in SC interaction but each
link suffers from short term unfairness. This interaction, called In-

terfering Destinations Incomplete State (IDIS), is depicted in Fig-
ure 1(e).

The fifth type of hidden terminal occurs due to Capture Effect [24].
The receiver D1 locks to the signal from interferer S2. If the source
S1 transmits when D1 has locked to S2, then D1 ignores the S1’s
signal. This causes a packet timeout. However, the packet is re-
ceived successfully if D1 locks to S1’s transmission, and S2 trans-
mits at a later point in time. We refer to this interaction has Hidden
Terminal with Capture (HTC) [24].

3. MOTIVATION AND RELATED WORK
In this section, we discuss the CSMA optimization problem and

its importance. We survey the related work in various dimensions
that address this problem. Finally, we motivate the methodology
of Interaction Engineering as a holistic approach for improving the
performance of a CSMA network.

The objective of the CSMA network optimization problem is
to maximize the number of concurrent successful transmissions.
This objective can be broken down into maximizing the concurrent
transmissions, while avoiding all detrimental interactions (to en-
sure that these transmissions are successfully received). The previ-
ous section showed how various factors – such as topology, SNR of
a link, carrier sensing range and receiver sensitivity – determine the
interaction between two links, and hence decide the performance of
the network. Thus, the approach we take (Interaction Engineering)
controls one or more of the transciever parameters to control the
interaction modes between the competing links.

Several parameters – such as transmission power, CS thresh-
old, RS threshold, transmission rate and channel selection – af-
fect the interactions, and hence the performance of the network.
Among these, we focus on the three primary parameters: transmis-

sion power, CS and RS threshold. While other parameters can be
configured to further improve the performance, the primary param-
eters dictate the interactions that occur between nodes. For exam-
ple, even in the presence of multiple channels, it is vital to configure

the primary parameters on links that operate on the same channel.
Hence, configuring the primary parameters is a critical piece of the
whole problem; we call the three primary parameters as interaction

parameters.
The complex interplay between the parameters of nodes makes

CSMA optimization a challenging problem. An ideal solution is to
adjust the interaction parameters of the nodes such that each link
has NI interaction with other links, and all links concurrently trans-
mit without any hidden terminals. However, collectively optimiz-
ing the parameters of all nodes to reach this best-case scenario is
complex, and in some cases impossible.

For example, consider the simple scenario as shown in Figure 2
(a). It is easy to tune the variables such that links A-B and C-D
have NI interaction. However, the topology in Figure 2 (b) cannot
adopt the same approach. The receivers are close to the sender
of the other link, and hence experiences greater interference. It
is impossible to configure the link parameters such that they can
transmit concurrently, while still having no collisions. The best
interaction in such a topology is to tune the parameters such that
there is an SC interaction. In a general case, the topology and the
parameters of all nodes collectively impact the performance, and
should be carefully tuned to avoid detrimental effects.

The inter-dependence between the performance and the parame-
ters at different nodes is complex. Several related studies have pro-
posed to solve different aspects of the problem by tuning power,
carrier sense and receiver sensitivity. They address various prob-
lems such as topology control [5, 15, 7], effective carrier sensing [9,
23, 4, 26] and avoiding the capture effect [24]. While each study
solves a particular piece of the puzzle, it fails to consider the inter-
related pieces that may adversely affect the network. We compare
and categorize existing models and protocols under several areas,
and compare it with interaction engineering.

Assumptions about topology. Existing models alter carrier
sensing under specific network structure and density [26, 9]. For
example, the carrier sensing models in these studies assume a dense
random network and a honey-comb structure; where transmitters
are at the centers of a hexagon and interfering transmissions hap-
pen only from neighboring hexagon cells. While optimizing in such
a dense network provides asymptotic bounds, it does not faithfully
optimize a given arbitrary network. Such an optimization may still
have hidden and exposed terminals. For example, we saw that sce-
nario 1 and 2 in Figure 2 need specific tuning of carrier sensing to
have good interactions – even if they had belonged within the same
hexagonal cell. In our paper, we optimize CSMA for any arbitrary
topology.



Parameter space. As explained in Section 4, the transmission
power, carrier sensing threshold and receiver sensitivity of differ-
ent nodes govern the CSMA network behavior are inter-dependent.
Existing studies consider only a subset of parameter space. Exist-
ing topology control algorithms alter transmission power assuming
constant carrier sensing threshold for all nodes [5, 14, 15, 7]. Other
studies alter carrier sensing assuming that transmission power is
constant [8, 23, 26, 4]. In addition, both these categories do not
consider the effect of capture [24] due to improper receiver sensi-
tivity.

Models that capture only a part of the parameter space do not
efficiently optimize the network. For example, consider the 4-link
scenario in Figure 3. Sources 3 and 7 can be configured into NI by
setting high CS threshold such that they do not sense each other and
require relatively larger transmission power to counter interference
of a nearby link. However, the best configuration for sources 1
and 5 is to set a relatively low CS threshold and power to enable
SC interaction. Clearly, a single one-size-fits-all approach does not
lead towards optimal configuration. In this paper, we carefully tune
all the three interaction parameters that affect CSMA.

CSMA Rules. Studies that characterize the possible CSMA ef-
fects conclude that a notable fraction of the detrimental interactions
are caused not only due to classical hidden terminal scenario, where
a DATA packet by another DATA packet, but also due to detailed
CSMA handshaking rules [19, 6].

For example, two-way handshaking requires proper parameter
assignment not only to the sender but also to the receiver. Inappro-
priate or default values often introduces the possibility of DATA
collision due to ACK from a neighboring link [19]. Moreover,
the receiver does not carrier sense before transmitting ACK, and
hence the same rules as DATA transmission cannot be applied at re-
ceivers. Existing models do not consider the common CSMA pro-
tocol rules such as two-way handshaking. Hence, the solutions are
incomplete and may cause undesirable interactions. Our work pro-
poses a framework that accounts for interaction parameters based
on prominent CSMA rules.

In summary, CSMA optimization is a joint optimization of sev-
eral inter-dependent parameters. CSMA interactions between the
links have to be optimized to maximize spatial reuse and avoid
detrimental effects. However, existing models account for only a
subset of the effects and parameters, and do not explicitly consider
all CSMA interactions. In this paper, we propose a generic method-
ology for optimizing the interactions in CSMA by tuning parame-
ters such that the links have most favorable interactions between
them.

4. LINK-PAIR ENGINEERING
In this section, we describe the problem statement and network

assumptions. We formulate an optimal interaction engineering model
for a pair of links. Then, we propose a centralized algorithm that
extends the model for a general topology with n links.

4.1 Strategies to optimize CSMA
Section 3 described the interaction parameters – transmission

power, CS threshold and RS threshold – to optimize the interac-
tions. Through simple scenarios, we now provide the main in-
tuition for when to alter which parameter. We first discuss engi-
neering detrimental interactions due to packet collisions (AIS, SIS
and IDIS interactions). We then discuss avoiding the capture effect
(HTC interactions).

Consider the scenario in Figure 2 (a), where link A-B can have
the several interactions with C-D based on the the interaction pa-

Figure 2: Interaction engineering to prevent collisions.

rameters. Packet collisions at link C-D can be suppressed either
by: (i) raising the transmission power at C-D or lowering power
at A-B such that two links transmit concurrently, but do not ex-
perience collision (having NI interaction); or (ii) Creating an SC
interaction between the links by altering CS threshold at A and C.
Engineering the topology for NI interactions (option i), is better
since it achieves higher capacity than SC interaction.

However, in certain scenarios such as Figure 2 (b), tuning only
the transmission power does not eliminate collisions. Increasing
transmission power of A-B increases the interference at link C-D,
causing collisions at C-D. In response, C-D increases its trans-
mission power, causing greater interference at A-B, and the cycle
continues without eliminating collisions.

In addition to packet collisions, CSMA suffer from HTC inter-
action. Recall that HTC occurs when destination first “locks on” to
the packet from the interferer, and thus fails to lock to the stronger
signal from source. This is easily eliminated by setting the RS
threshold high enough to prevent locking to interfering signal. The
destination, thus, ignores the packet from interferer and eliminate
HTC interactions.

Hence, engineering interactions requires to first analyze specific
scenario, and then decide between the choice of creating NI or SC
interaction by altering transmission power or CS threshold. HTC
interactions are then prevented by setting RS threshold appropri-
ately.

4.2 Problem statement and network represen-
tation

We define optimal interaction engineering as a problem that elim-
inates all destructive interactions (AIS, SIS, IDIS) by converting
them to either NI or SC.

We define favorable interactions as NI and SC (NI being more
favorable than SC), since (i) NI and SC are the only two interactions
with successful handshakes in CSMA protocol; and (ii) NI achieves
greater capacity than SC (Figure 2).

Network topology is represented with a set of nodes N . One-
hop traffic between the source nodes Si and respective destination
nodes Di is represented by link set L = (Si, Di). The number of
nodes and active links are denoted by N and L, respectively. We
assume Two-ray Ground Reflection propagation model, where the
signal received at a node b when a is transmitting at power pa mW
is given by:

Sab =
GtGrh

2

t h
2

r

dθ
abL

pa

= Cabpa, (1)

where dab is the distance between a and b, Gt and Gr are antenna
gains of transmitter and receiver, ht and hr are antenna heights, L

is the system loss, and θ is the propagation constant. We simplify



the equation by denoting the constant terms by Cab. Signal to Noise

Interference Ratio (SINR) interference model is assumed, where
the packet is received without errors if the ratio of signal to the
noise and interference is greater than a threshold β.

Even though this theoretical model is assumed in analytical cal-
culations, our testbed experiments conclude that it is reasonable to
approximate the received power as a factor of proportional to the
transmission power. We measure the constants Cab between any
two links a−b in our testbed, and use Equation 1 these values to
calculate the RSSI for a given transmission power.

4.3 Optimal model for two links
Recall that the interaction engineering problem between a pair of

links is solved by carefully setting the interaction parameters: try
to create an NI interaction (scenario 1 in Figure 2), and, in cases
where this is not possible, create an SC interaction (scenario 2).
These are the only two possible approaches to interaction engineer
a pair of links.

Based on this observation, we now formulate an Optimal Link

Pair (OLP) model. The model first checks if the topology can be
configured for an NI interaction. If it is infeasible, we set the CS
threshold such that both links do not concurrently transmit.
Step 1: Check for NI feasibility: We denote the two links by
(s1, d1) and (s2, d2). If two links can be engineered to have NI
interaction (e.g., scenario 1), then the SINR for each link should be
greater than SINR threshold β, i.e.

Ss1d1

W + Ss2d1

≥ β,

where W is white noise. Similarly, NI also dictates that (1) ACK
from (s2, d2) should not corrupt DATA of (s1, d1) (to avoid IDIS
interactions); and (2) DATA from a link (s2, d2) should not corrupt
reception of ACK at (s1, d1)

1. Hence, using Equation 1, con-
straints for NI can be expressed as three linear constraints for each
link (s1, d1):

ps1
Cs1d1

− β(ps2
Cs2d1

) ≥ βW,

ps1
Cs1d1

− β(pd2
Cd2d1

) ≥ βW,

pd1
Cd1s1

− β(ps2
Cs2s1

) ≥ βW. (2)

Similarly, three constraints are expressed for link (s2, d2). Fur-
ther, the variables transmission power pi, CS threshold ci and RS
threshold ri for node i are bounded by

pi ≥ Pmin, ci ≥ W, and ri ≥ W, (3)

where W is the white noise. We represent the vector of transmis-
sion powers by p = {p1, p2, . . . pN}. Similarly, vectors for CS
and RS threshold is denoted by c and r, respectively.

Equation 2 represents the constraints for the feasible region of
transmission powers of s1, d1, s2 and d2. We now present feasible
regions for RS threshold and CS threshold of the nodes. If NI is
feasible, the CS threshold should be set such that s1 and s2 do not
sense each other. The RS threshold at the nodes should be set such
that it receives the packet from its link, but does not lock to the
DATA packet from other link (to avoid HTC interaction). These

1Another possibility of collision is ACK of (s2, d2) corrupting
ACK of (s1, d1). While this constraint can be easily added to the
model, we ignore it since we have observed that the chances of two
ACKs being sent at the same time is very low (around 3% in our
simulations).

Figure 3: A 4-link scenario

constraints are represented by:

cs1
> ps2

Cs2s1
+ W,

ps2
Cs2d1

+ W < rd1
≤ ps1

Cs1d1
+ W,

rs1
≤ pd1

Cd1s1
+ W. (4)

We formulate the parameter constraints for (s2, d2) in a similar
way. The feasible region of the interaction parameters is defined by
the constraints in Equations 2, 3, 4 and similar equations for link
(s2, d2). If the above constraints are feasible, the NI interaction is
possible (e.g. scenario 1 in Figure 2), and we choose the interaction
parameters from the feasible space. Otherwise, it is impossible to
create an NI, and hence we have to prevent concurrent transmission
of the links by creating SC interaction.
Step 2: SC formulation: Constraints for SC are similar to the
ones in NI, except for (i) CS threshold should be set such that s1

and s2 sense each other, and hence do not transmit concurrently
(Equations 7), and (ii) it is sufficient if the SNR (instead of SINR)
is greater than β, since the links are separated in time and there is
no interference from the other link (Equations 5, 6). They are given
by constraints:

ps1
Cs1d1

≥ βW, (5)

pd1
Cd1s1

≥ βW, (6)

cs1
≤ ps2

Cs2s1
+ W, (7)

rd1
≤ ps1

Cs1d1
+ W, (8)

rs1
≤ pd1

Cd1s1
+ W. (9)

Similar constraints are set for link (s2, d2).
In summary, OLP first checks feasibility of NI interactions and

assigns interaction parameters if it is feasible (step 1). Otherwise,
we create SC interaction by following step 2. Thus, we optimally
interaction engineer any two-link topology by maximizing favor-
able interactions while avoiding detrimental interactions.

4.4 Approximate model for n-link topology
We now extend the OLP model for two links to a general heuris-

tic algorithm for n links. The main idea is to iteratively optimize all
link pairs. Each link calculates the optimal interaction parameters
with other links, and updates its bounds on the interaction param-
eters. We show that our algorithm eliminates all packet timeouts,
while attempting to maximize NI interactions.

We illustrate the algorithm through an example topology in Fig-
ure 3. In the optimal solution, all links can be configured to have NI
interactions with each other except the link-pair 1-2 and 5-6, which
have to be configured for SC.

Our approach is described in Algorithm 1. We run the OLP on
each link pair. Each solution to the OLP computes a feasible range
for interaction parameters, thus providing n − 1 feasible regions.



Algorithm 1 Link-Pair Interaction Engineering

// lb[n] = Lower bound of transmission power for node n

// S [l] = Set of all links that have SC interaction with link l

Initialize lb[n] = 0 and S [l] = ∅

repeat

converged = false;
for all link-pairs (s1, d1), (s2, d2) do

Run OLP for (s1, d1), (s2, d2)
ps1

, pd1
, ps2

, pd2
= Minimum transmission power as-

signed in OLP.
Update S [(s1, d1)] and S [(s1, d1)]
lb[s1] = max(lb[s1], ps1

)
Similarly update lb[d1], lb[s2], lb[d2].

end for

if lb and S has not changed then

converged = true;
end if

until converged

for all link (i, j) do

pi = lb[i]; pj = lb[j]
ci = cj = Maximum CS threshold
for all link (x, y) ∈ S [(i, j)] do

newCs = pxCxi + W

if newCs < ci then

ci = newCs;
end if

end for

ri = pjCji + W ; rj = piCij + W

end for

return p, c, r

For example, the interaction parameters for 1-2 has three feasible
regions (one with each other link-pair).

The solution converges to the optimal if the feasible regions in-
tersect. Interaction parameters for a node chosen from the intersect-
ing region satisfies all constraints. However, if the feasible regions
do not intersect, then we use a heuristic.

The heuristic uses a method of optimizing transmission power
first, and assigning other two interaction parameters, instead of
jointly optimizing all the three interaction parameters. The intuition
is to select the minimum feasible transmission power for a node,
since such a choice leads to greater spatial re-use (higher possibil-
ity of NI). The minimum feasible power for a node i is recorded in
lb[i]. Similarly, we also record the links with which a given link l

has SC interaction in the set S [l].
For example, in Figure 3, OLPs for link 1-2 indicate that it has

NI with 3-4 and 7-8, and SC with 5-6. Since 1-2 and 5-6 do
not concurrently transmit (SC interaction), 1-2 needs transmission
power sufficient to maintain its SNR (Equation 5). However, it
needs higher power to counteract the interference from 3-4 and 7-8.
Among these links, there is greater interference from 7-8. Hence,
the minimum transmission power required by 1-2 to avoid all inter-
ference is dictated by 7-8, and hence we record lb[1] as the mini-
mum feasible power in OLP between 1-2 and 3-4. Also, we update
S [1-2] = {5-6} and S [5-6] = {1-2}.

The recorded lb becomes the new lower bounds in the next it-
eration of all link pair optimization. The iterations continue until
there is no change in lb and S . Then we calculate the CS and RS
threshold. For example, Equation 7 is used to set CS threshold for
links 1-2 and 5-6 since they have SC interaction.

In our simulations, we have observed that the algorithm always
converge. This is because of the non-monotonic increase of lb.

Either the algorithm finds a feasible region supporting an NI inter-
action between any two link-pairs, or switches to SC interaction.
Once SC interaction is reached, the links no more optimize with
respect to each other since they do not interfere. Hence, the trans-
mission powers of two links are decoupled, and the algorithm con-
verges.

Our algorithm does not consider the cumulative interference from
multiple links. In order to account for such cumulative interference,
we optimize by setting the SINR threshold β slightly higher than
the actual β. In practice, we set β as 1.2 times the actual value.

5. INTERACTION AWARE MAC
The CLP algorithm is centralized and requires global informa-

tion. In this section, we extend CLP to design Interaction Aware

MAC (I-MAC) protocol that adapts dynamically in distributed en-
vironment.

We derive the general framework from the centralized model,
where link-pair problem is solved iteratively (Section 4). However,
the protocol exchanges information about neighborhood links, and
locally optimizes only with neighboring links. We show that such
a protocol performs close to centralized solution and can adapt to
dynamism such as connection initiation or termination.

Data Structures. In our protocol, each node i maintains its lower
bound on transmission power lbi, in addition to the already exist-
ing variables for transmission power(pi), CS threshold(ci) and RS
threshold (ri). The information about the links is maintains two ta-
bles: self-links are maintained in Link Information Table (LIT) and
neighboring link information is maintained in Neighboring Link
Table (NLT).

LIT is maintained at the source of a link. Each row consists of
the tuple:

< dest, lbd, Csd, Cds, numPktsSent, lastUpdateTime >,

indicating the destination id, current lower bound on transmission
power of destination, propagation constants between the source and
destination (Csd and Cds), number of packets that have been sent
recently, and the time that it was last updated.

NLT is maintained by all nodes. Each row contains

< s2, d2, lbs2
, lbd2

, scNeighbor, ttl, lastUpdateTime >,

where s2 and d2 are the source and destination of the neighboring
link, and lbs2

and lbd2
are their lower bounds. The boolean vari-

able scNeighbor indicates if the neighboring link should be config-
ured as SC (e.g. Figure 2 (b)). The neighboring link information is
propagated to a node’s neighbors if the time-to-live ttl > 0, and the
time when entry was last updated is stored in by lastUpdateTime.

We assume that nodes can initiate Link Measurement Protocol

to measure the propagation constant (Cab in Equation 1). In our
testbed, we perform link measurements [10] to calculate this vari-
able. Such algorithms have O(N) complexity to measure all prop-
agation factors in a network [16], and can be invoked on demand.
In our protocol, measurement can be initiated when C values for
LIT or NLT needs to be updated, and the values are cached.

Procedure. Each source node updates the numPktsSent in LIT
dynamically as it transmits each packet. We consider a source as
active source if numPktsSent is greater than a threshold for some
link in LIT.

Each node maintains an epoch timer that is triggered at constant
time intervals. At the end an epoch, each active source triggers two
procedures:



(i) It requests the lower bound of all its destinations (lbd), and up-
dates the LIT. Hence, all the fields in LIT are updated.
(ii) It broadcasts Link Broadcast Packet, which consists of the fol-
lowing information:

[numLinks, LinkInfo1, LinkInfo2, . . .] ,

where link information LinkInfon contains the source, destination
and their lower bounds on transmission power([s, d, lbs, lbd]) of
active links.

Upon reception of the Link Broadcast packet, all active sources
update their NLT. If there is some change in the NLT, then the active
source initiates the calculation of interaction parameters. It runs
the Algorithm 1 for the current links of the source with the links in
NLT. The procedure provides interaction parameters (p, c, r) and
new lower bounds on transmission power (lb) for all links. The
source updates its lb and interaction parameters, and requests the
destination to set the new interaction parameters.

This procedure repeats until the lb of all links have converged.
At this stage, there will not be any new updates to NLTs. If until a
new connection initiates or an existing one terminates, the NLT is
modified (because of broadcast packets from new active source, or
purging of entries of old source) and hence the interaction parame-
ters adapt to the new setting.

Disseminating link broadcast packets. As discussed ear-
lier, each source sends link broadcast packet to its neighbors. The
broadcast is transmitted at a power such that all interferers are
reached. Currently, we transmit the broadcast packet at larger power
(3 dBm more than the default power) since it has been observed
that most of the interferers are reachable with such an improve-
ment [11]. We also set the ttl of the link broadcast packet to 3 such
that most interferers are reachable through multiple hops.

Another design aspect of the current protocol is the reliable dis-
semination of broadcast. Once the interaction parameters of the
nodes have been altered, they are configure to receive the unicast
packets only from their links. Hence, the nodes might fail to in-
tercept broadcast packet if their receiver sensitivity is set high. We
implement a scheme of sending the link broadcast packets through
a control channel. In our evaluation, we show the effectiveness of
I-MAC in both single-channel and two channel scenarios. We plan
to address this limitation of the protocol in our future work.

6. PERFORMANCE EVALUATION
In this section, we evaluate the performance of both the central-

ized algorithm and I-MAC protocol. We first demonstrate the ef-
fectiveness in two link scenarios using simulation and testbeds. We
then analyze the results in general n link topologies. Finally, we
study the effect of interaction engineering in scenarios with multi-
ple hops. We use QualNet [17] for simulation studies, where oper-
ate on IEEE 802.11b with 2 Mbps channel capacity.

6.1 Two-link Topologies
We evaluate the effectiveness of the optimal two-link model (OLP

and CLP) and I-MAC through simulations and testbed.
We simulate around 400 scenarios of two links which are ran-

domly chosen in a 1500 × 1500 m2 area. Out of these scenarios
we eliminate the scenarios in which the two links never interact in
the default configuration (since links are far apart). Including such
scenarios obscures our results since the number of such scenarios
is only a factor of network size: larger the network, greater are such
scenarios.

Figure 4(a) shows the interactions in IEEE 802.11b (standard
case) that have been converted to more favorable interactions in

Figure 5: Testbed

I-MAC. The SC-NI conversion represent the exposed terminals,
where links can be concurrently scheduled without any bad inter-
actions. Around 34% of the scenarios suffer from exposed termi-
nals, and all have been successfully converted to NI interaction in
I-MAC. Similarly, nearly 20% of the scenarios suffer from packet
timeouts (e.g., AIS, IDIS, HTC), which have all been transformed
to NI interaction.

The gain in throughput for each conversion is shown in Fig-
ure 4(b). It can be seen that destructive interactions (those that re-
sult in ACK timeouts) drastically affect the throughput, sometimes
even reducing the link throughput to 0. I-MAC converts all the in-
teractions to high throughput interactions. Throughput is doubled
in exposed terminal scenarios as the unnecessarily blocked link is
allowed to transmit.

Figure 4(c) shows the cumulative network throughput improve-
ment in different scenarios. Cumulative network throughput im-
proves in 60% of the scenarios, with maximum throughput im-
provement of 350%. The CLP and I-MAC protocol converge to
the optimal solution in two-link scenarios. System aspects such as
unreliable broadcast accounts for around 1% of the scenarios whose
performance degraded.

Testbed Evaluation. Our testbed consists of six Soekris boards
with Atheros chipset and modified MadWifi driver [13], operating
on IEEE 802.11a with 6 Mbps transmission rate. Our testbed is
placed in an office environment with 2 rows of rooms, as shown in
Figure 5. The columns are separated by plaster-board wall, and the
rows by concrete pillars and glass doors. This leads to 4 reasonably
effective unicast links: 1-2, 3-4, 5-6, and 3-2.

All the boards are connected through an Ethernet control chan-
nel to initiate Link Measurement Protocol [10] and transmit link
broadcast packets. The measurement protocol is currently initiated
in the initial phase of experiment set up, where all nodes compute
propagation factors C. Since the current MadWifi does not provide
reliable calls to tune receiver sensitivity and carrier sensing thresh-
old, we alter the model tune only transmit power.

The CLP algorithm runs on a central coordinator, and can initiate
iperf at wireless nodes to measure the throughput results. We eval-
uate different pairs of links and the results are shown in Table 1.
Scenarios 1-5 show the classical interaction conversions where the
CLP was completely successful. Channel asymmetry was observed
in scenarios 6-9, where one sender could sense the other, but the
converse was not true. In such cases, we CLP was partially suc-
cessful in reaching its aims. Finally, we observed that the CLP
was ineffective in weak links (e.g. 2-3). Most of the conversions
on this link resulted in hidden terminal. We plan to extend accurate
asymmetry detection and model enhancement for weak-links in our
future work.
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Figure 4: 2-Link topologies: (a) All exposed terminals (34% scenarios) and packet timeouts (denoted by PT) are converted to NI.

(b) Conversion of packet timeout interactions and SC interactions lead to large throughput gains. (c) Overall network throughput

improvement as much as 3.5× is observed by I-MAC protocol.

# Links
Throughput (± 95%CI) Interaction
Std CLP Std CLP

1
1 - 2 2.912(±0.028) 5.042(±0.170) SC NI
4 - 3 2.955(±0.036) 5.296(±0.009) SC NI

2
4 - 3 4.033(±0.116) 5.299(±0.009) HTC NI
6 - 5 0.000(±0.000) 5.292(±0.012) AIS NI

3
2 - 1 2.852(±0.098) 2.752(±0.136) SC SC
3 - 4 3.024(±0.130) 2.804(±0.092) SC SC

4
1 - 2 3.040(±0.027) 3.263(±0.070) SC SC
3 - 4 2.645(±0.030) 3.485(±0.102) SC SC

5
2 - 1 2.684(±0.035) 3.036(±0.132) SC SC
4 - 3 3.016(±0.037) 3.513(±0.106) SC SC

6
2 - 1 2.410(±0.029) 4.973(±0.059) SC NI
6 - 5 3.678(±0.027) 3.796(±0.213) HTC HTC

7
2 - 1 2.601(±0.026) 2.697(±0.075) SC SC
5 - 6 3.111(±0.024) 3.823(±0.050) SC HTC

8
1 - 2 1.478(±0.055) 2.587(±0.165) IDIS SC
6 - 5 5.253(±0.019) 5.287(±0.014) NI NI

9
1 - 2 3.503(±0.162) 5.251(±0.010) SC NI
5 - 6 5.293(±0.009) 5.293(±0.013) NI NI

10
3 - 2 0.122(±0.061) 3.238(±0.267) AIS SC
6 - 5 5.298(±0.009) 5.169(±0.086) NI NI

11
3 - 2 0.101(±0.037) 0.000(±0.000) AIS AIS
5 - 6 5.293(±0.011) 5.230(±0.003) NI NI

12
2 - 3 0.024(±0.020) 0.000(±0.000) AIS AIS
5 - 6 4.910(±0.208) 5.263(±0.011) NI NI

13
2 - 3 3.010(±0.269) 0.000(±0.000) SC AIS
6 - 5 2.997(±0.041) 5.296(±0.010) SC NI

Table 1: Testbed evaluation of CLP: Scenarios 1-5 show the

classical conversions. Asymmetry in sensing is observed in Sce-

narios 6-9. CLP fails when the links are too weak (# 10-13).
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cate the interactions under standard case and I-MAC, respec-

tively. Under default configuration, packet timeouts increase as

the number of connection increases. I-MAC eliminates packet

timeouts and exposed terminals.

6.2 General scenarios
In this section, we study the effectiveness of I-MAC protocol in

n-link scenarios. We first study its ability to convert interactions
and then evaluate throughput and delay metrics. We simulate IEEE
802.11 (standard case) and I-MAC while varying the packet send-
ing rates and number of connections in a 1500 × 1500 m2 network.

Figure 6 shows the number of interactions seen in the standard
case and I-MAC as the number of connections are varied. In the
standard case, the number of packet timeouts stabilize at around
14% as the number of connections increase. I-MAC eliminates al-
most all packet timeouts. The exposed terminals that are converted
is indicated by the difference between the SC scenarios in standard
case and the ones in I-MAC.

As expected, the number of connections are increased, the num-
ber of exposed terminals are reduced. This is because each link
configures such that it avoids packet timeouts with any other link.
If the link converts SC to NI with some nearby link, the CS thresh-
old may induce packet timeout with another farther link. I-MAC
prevents such conversions.

Figure 7 shows the effect of I-MAC on overall network through-
put in different scenarios for varying number of connections. As
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Figure 7: Throughput improvement in n-link topologies: As

the number of connections increase, larger number of scenarios

have improvement with I-MAC.

the number of connections increase, it is more probable to have
detrimental interactions between some pair of links. Hence, I-MAC
achieves improvement in larger number of scenarios as we increase
the number of connections. Maximum improvements of up to 2×
of overall network throughput is observed.

We now evaluate the throughput and delay metrics as the packet
sending rate increases. We altered packet sending rates of connec-
tions in a 6-link topology. Figure 8 shows the throughput, delay and
jitter per-connection for different protocols. An average throughput
improvement of around 30%, and substantial improvement in de-
lay and jitter are achieved by I-MAC with reliable broadcast (using
control channel) over the standard case. I-MAC with unreliable
broadcast suffers in almost all the metrics, signifying the need for
reliable dissemination of broadcast in I-MAC protocol. The large
variations in these metrics is due to a number of topology depen-
dent factors in multi-hop wireless networks. The performance that
can be optimally obtained depends on how the links are placed and,
hence, the extent to which it offers spatial reuse. Since we simulate
random topologies, the variations are greater.

6.3 Performance under chains
Thus far, we evaluated the effect of interaction engineering on

single links. Interaction Engineering can be directly applied to
chain topologies by considering individual links.

To illustrate the use of Interaction Engineering to optimize chains,
we evaluate 1000 randomly selected scenarios of two 4-hop chains,
thus making sure that common categories of chain are accounted [20].
Figure 9 shows the throughput in standard IEEE 802.11 and with I-
MAC. Chains with more detrimental interactions have lower through-
put in IEEE 802.11 benefit the most from I-MAC. The maximum
observed throughput improvement was 60× more than the standard
case. Thus, I-MAC can be directly employed to optimize interac-
tions in chains.

7. CONCLUSIONS AND FUTURE WORK
We proposed a framework to optimize CSMA wireless networks

by configuring the different transciever parameters to provide greater
spatial reuse, while eliminating hidden terminals. The approach is
based on the observation that links in CSMA interact with each
other only in a few discrete modes that have profound impact on
performance and fairness. Hence, instead of looking at a piece-
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Figure 9: I-MAC over Chains: Chains with low throughput

improves significantly.

wise approach of tuning only a subset of parameters, we approach
the problem from an interaction perspective; we attempt to maxi-
mize concurrency, while eliminating destructive interactions.

We proposed an optimal model for two-link topologies, and an
approximate algorithm for general topologies. We developed a dis-
tributed protocol based on the general algorithm that adapts dy-
namically to changes in the network. We evaluated the model, al-
gorithms and protocol through simulations and testbed studies. The
protocol was able to almost completely eliminate destructive inter-
actions resulting in large improvements in throughput and delay.

We plan to extend this work to improve both the base algorithm
and the protocol. Currently, our model and protocol optimizes
CSMA in a single channel with constant rate. We plan to for-
mulate model and design near-optimal protocols that account for
multi-rate multi-channel networks. We plan to integrate the pro-
posed approach into an extended network we are building to detect
and convert interactions in real-time. Since existing wireless cards
limit the number of parameters that can be measured or altered we
plan to use Software Defined Radios (SDR) to provide greater flex-
ibility in controlling PHY and MAC parameters.
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