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ABSTRACT

We present a practical, measurement-based model that cap-
tures the effect of interference in 802.11-based wireless LAN
or mesh networks. The goal is to model capacity of any
given link in the presence of any given number of interferers
in a deployed network, carrying any specified amount of of-
fered load. Central to our modeling approach is a MAC-layer
model for 802.11 that is fed by PHY-layer models for defer-
ral and packet capture behaviors, which in turn are profiled
based on measurements. The target network to be evaluated
needs only O(N) measurement steps to gather metrics for
individual links that seed the models. We provide two solu-
tion approaches — one based on direct simulation (slow, but
accurate) and the other based on analytical methods (faster,
but approximate). We present elaborate validation results
for a 12 node 802.11b mesh network using upto 5 interfering
transmissions. We demonstrate, using as comparison points
three simpler modeling approaches, that the accuracy of our
approach is much better, predicting link capacities with er-
rors within 10% of the base channel datarate for about 90%
of the cases.

Categories and Subject Descriptors

C.4 [Performance of Systems]: Measurement techniques,
Modeling techniques; C.2.1 [Network Architecture and
Design|: Wireless communication.

General Terms

Experimentation, Measurement.
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Wireless network capacity, wireless interference, 802.11.

1. INTRODUCTION

Practical models for predicting the wireless link capac-
ity are crucial to an efficient operation and deployment of
wireless network. The performance of network protocols
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Figure 1: Example of problem.

and algorithms such as QoS routing, load balancing, ad-
mission control and channel assignment can be significantly
improved with an accurate model of link capacity. Capac-
ity models are also required as analysis tools to efficiently
explore a gamut of network configurations and traffic load
scenarios for performance evaluation.

Recently, the proliferation of 802.11 based wireless LAN
and mesh networks has lead to several research efforts fo-
cussing on predicting the capacity of an 802.11-specific wire-
less link [19, 20]. What makes the accurate estimation of
802.11 link capacity an inherently challenging task is that
the link capacity is an ensemble effect of physical layer be-
havior, complex CSMA-based MAC layer interaction, and
interference effect from multiple active sources.

The objective of our work is to characterize and model the

impact of interference caused by active traffic from multiple
surrounding nodes on the link capacity. For example, refer-
ring to Figure 1, consider a set of active links (CA, BD and
EF) with specified amounts of offered traffic loads (in Mbps,
for example). Our goal is to create a model that can predict
the throughput capacity of any given link (e.g., BC or AB),
i.e., the maximum amount of traffic (in Mbps) that the link
can carry. Unlike the plethora of modeling work in existing
literature [5, 11, 17] that uses purely analytical approaches,
our end goal is to estimate link capacities in a real deployed
network.
Characterizing the impact of interference: Interfer-
ence impacts the sender by reducing its maximum sending
rate as determined by the CSMA based 802.11 MAC layer
interaction. Interference also impacts the receiver by reduc-
ing the probability of successful packet reception by causing
collisions at the receiver. The specifics of the MAC proto-
col (e.g., random backoff) as well as implementation-specific
physical layer components such as carrier sense threshold
(i.e., what received power must be sensed to decide that the
medium is busy) and packet capture threshold (i.e., thresh-
old of signal-to-noise-plus-interference ratio to be able to
receive a packet successfully) are other factors which affect
the interference-limited capacity of a wireless link.



Existing models for single-hop [5, 17] and multi-hop [11]
802.11 networks suffer from the limitation that they are
based on the assumption of idealized channel condition where
each link is lossless. They also assume that interference is
‘pairwise’ (i.e., happens between node or link pairs only)
and ‘binary’ (i.e., interference is either present or absent).
The popularly used protocol model of interference [12] is
an example of such interference modeling. However, recent
measurement studies [19, 9, 21] have shown that interference
is neither pairwise or binary. The effect of multiple inter-
ferers and effect of realistic channel and interface behavior
must be accounted for accurate modeling.
Measurement-based capacity model: Evidently, a model
built on actual measurement of appropriate metrics can avoid
the unrealistic assumptions. However, such models must be
of a reasonable measurement complexity to be practical and
must also be robust to potentially changing operating con-
ditions. To that end, a recent model based on measuring
just signal strengths between node pairs has been proposed
by Reis et al. [20] to predict capacity of a link. Their model
however is described for the case of single interferer and does
not address the general and realistic case where the effect of
simultaneous multiple interferers on link capacity must be
considered. The case for multiple interferers is challenging
because of the following reasons. The model has to consider
every possible combination of interfering transmitters, be-
cause any number of them could be transmitting at a time.
The model also has to capture the effect of any possible
traffic load scenarios at the interferers.

Main contributions: The contributions in our work are
as follows.

i. We develop a general framework for modeling 802.11
networks (Sections 3 and 4). This presents a novel
“coupled” approach, where a MAC-layer model uses
a measurement-based PHY-layer model and seeds it
using measurements from the target network. These
measurements consist of easily measurable link metrics
and can be done in O(N) steps for an N node network.

ii. We develop a tractable analytical solution approach for
the model (Sections 5 and 6), that — while approximate
relative to direct simulations — presents an excellent
tradeoft for speed and accuracy. We show how this
approach is able to estimate the throughput capacity
of a given link with any number of interferers with
given traffic loads.

iii. We provide extensive validations using direct measure-
ments from the testbed (Section 8). Our validation
results show, for example, that the model is able to
predict the link capacity for over 90% of cases within
an error less than 10% of the channel bitrate. We
present validation results up to 5 interferers providing
a very complete study.

iv. We also demonstrate why modeling approaches like
ours is important. Existing algorithmic and analytical
work uses very simple and unrealistic capacity models
for evaluation. We pick three such models and show
that such models often fare very poorly in estimating
link capacities in real networks relative to our approach
(Section 8.2.1).

2. RELATED WORK

The capacity of a wireless link depends upon the quality
of the link and the amount of interference. Several mea-
surement studies [8, 4, 16, 6] have been done in literature
to study the link quality in 802.11-based wireless networks.
Similarly, several works have looked at the issue of inter-
ference in such networks in addition to link quality [14, 9,
19, 20, 7]. In [14], authors investigated the impact of car-
rier sensing. In [7], the authors developed a model for the
physical layer capture. In [19], Padhye et al. developed a
measurement-based methodology to characterize link inter-
ference in 802.11 networks. They pointed out that interfer-
ence between links is not “binary” in practice unlike assumed
in many analytical work that use simple graph-based conflict
models. In [9], the authors showed that pairwise interference
modeling is often not accurate and multiple interferers must
be accounted for.

The work by Reis et al. [20] is the most related to our
current work. They proposed a model to use the measured
signal strength between pair of nodes, thus requiring only
O(N) experiments, to characterize link quality as well as
to create a physical layer model for deferral and collision.
The model, though useful for a single interferer case, is not
trivially extensible to multiple interferer scenarios. Our ap-
proach is similar to that of [20] in terms of measurement
complexity. However, the main focus of our work is to de-
velop a very general model that captures the effect of mul-
tiple interferers and any loading scenario for the interferers.

There have been several studies in characterizing and eval-
uating the capacity of wireless networks using analytical
modeling. The capacity in this context is the network capac-
ity for multihop flows. Prominent examples include asymp-
totic capacity modeling in [12] and capacity modeling using
concepts from network flow maximization in [13, 18]. They
all use various abstract link interference models — from pair-
wise models, such as protocol model, to more general mod-
els, such as physical interference model, based on SINR (sig-
nal to interference plus noise ratio). Typically, simple path
loss models are assumed for RF propagation. Even with the
most realistic models, instantiating such models in a real
network is hard without actual measurements, as models
come with several unknown parameters. The papers in this
category are interested in performance bounds and typically
do not use any MAC protocol model except slotted TDMA
scheduling.

Finally, several papers have considered analytical model-
ing of 802.11 MAC protocol in multihop context to deter-
mine throughput and fairness characteristics. For example,
Garetto et al. [11] extended Bianchi’s single hop analytical
model [5] to a multi-hop 802.11 network to derive the per-
flow throughput in a multi-hop network. Gao et al. [10]
have proposed another analytical model to determine the
end-to-end throughput capacity of a path carrying a flow in
a multi-hop 802.11 network. However, all these works still
use simple pairwise (or protocol) model of interference. The
advantage of using such pairwise model is that a node that
is not an interferer in isolation cannot become an interferer
in conjunction with other nodes. However, in SINR-based
physical interference model, this is a possibility.

Our work is complementary to many of these analytical
approaches as it provides a vehicle to characterize interfer-
ence modeling via real measurements. A fresh modeling ap-
proach is needed to enable use of real measurements due to
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Figure 2: Overview of the modeling approach.

the requirement that we handle SINR-based physical inter-
ference unlike the above analytical approaches.

3. MODELING APPROACH

In this section, we formally present the problem we are
addressing, and present our approach towards solving it.

3.1 Problem Formulation

We are interested in determining the capacity of a specific
link in a 802.11 network given the offered load on a set of
other links. More formally, assume an N node network with
all nodes in the same channel and using the same PHY-layer
bit rate. Assume a subnetwork with n + 1 nodes consisting
of a set of n transmitters, Z = {z1 . zn}7 and a receiver, x.
We are interested in evaluating the throughput capacity of
the link from one of the transmitters (say, z;) to the receiver
z. In this case, z; acts as sender and all nodes in Z — {z,}
act as interferers. All other nodes in the network outside
the subnetwork above are assumed silent. We will use the
notation C529eT (set of interferers) to designate throughput
capacity of the link. Thus, we are interested in determining
the throughput capacity, CZi(Z — {z;}), of the link z; to z,
given the offered load I; on each transmitter in Z.

The capacity of an 802.11 wireless link depends on the
following factors — (i) channel quality that determines the
bit error rate for a given PHY-layer bit rate (governed by
modulation used); this translates to packet loss rate from
the point of view of an upper layer protocol; (ii) interference
from other transmissions in the network that influences how
the 802.11 MAC protocol behaves at the sender side and
whether packet collisions occur at the receiver side. Our
goal is to develop a measurement based model that captures
the “time averaged” behavior of the physical and MAC lay-
ers in 802.11, and thereby predicts the throughput capacity
of a wireless link in presence of any number of interferers
and with any given traffic load matrix. Note that given the
time varying nature of wireless channels, “instantaneous” be-
haviors are very hard to model using measurement based
approaches.

3.2 Overview of Approach

A high level block diagram of our approach is shown in
Figure 2 with pointers to sections where different parts are
described in this paper. The centerpiece is a MAC-layer
model of 802.11 that is fed by a PHY-layer model. The PHY
layer model models two behaviors that MAC depends on: (i)

deferral, whether enough interference power is received to
indicate carrier busy, (ii) packet capture, whether the SINR
is high enough such that packet is received correctly. These
dependencies are modeled via measurements in a one-time
profiling experiment. The profiling is done for each interface
card model or type, and can be reused.

These models are seeded by link-wise measurement of RSS
(received signal strength) values in the target wireless LAN
or mesh network. The RSS values can be measured by hav-
ing each node taking turn and sending a set of broadcast
packets. For a given broadcasting sender, rest of the nodes
record RSS. For an N node network, the measurement re-
quires O(N) measurement steps and provides the metrics
for all the N(N — 1) links. This seeding now makes the
MAC-layer model amenable to numeric solution. The solu-
tion evaluates how long the model stays in appropriate states
that contribute to capacity. We propose two solution ap-
proaches - (a) analytical method and (b) simulation. The
analytical method (Section 5) translates the model to a set of
coupled equations that are solved using numerical methods.
The method uses certain (reasonable) assumptions to make
it analytically tractable, which also makes the solutions ap-
proximate. Simulation, on the other hand, accurately fol-
lows the MAC-layer model (described in Section 4), but re-
sults in much slower computation. We will demonstrate this
further in the evaluation section in Section 8.

We validate the entire approach by comparing the link
capacities estimated via this modeling approach with direct
measurements on the target mesh network testbed. Note
that the dotted blocks in Figure 2 are not needed for capacity
evaluation in a deployed network. The profiling is to be
done one time only and should be available as a library for
different interface card models. The validation step is also
not necessary. It is used only to demonstrate the power of
our approach in this paper and also for comparison with
other approaches of estimating link capacities.

4. MODELING 802.11 BEHAVIOR

We begin by stating an assumption that we have made
in most of the paper for modeling convenience. We assume
that 802.11 is using only broadcasts, i.e., implementing uni-
cast using broadcasts. Broadcast does not have link-layer
ACKs, and exponential backoffs. This simplifies the model
to some extent. It has also been shown that interference
between links carrying unicast traffic can be well predicted
by the amount of interference computed when they carry
broadcast traffic [19, 20]. Note that we are merely using
this simplification for brevity. The modeling approach is
general and can be extended to unicasts, as will be shown
in Section 7.2.

We present the behavior of 802.11 MAC protocol from the
point of view of a single node as a discrete time Markov chain
(see Figure 3). For this we discretize time, albeit somewhat
artificially, into slots. These slots are different from 802.11
slots. The size of the slots is chosen such that they are small
enough that the protocol state does not change within a
slot, and the duration of any protocol state has only integer
number of slots.

There are five possible states — IDLE, DIFS, BACKOFF,
DEFER or XMIT. Each of these states consists of many
sub-states denoting the number of slots they span. We need
multiple sub-states because the sub-states are not indepen-
dent of each other. When the node is not attempting any



Figure 3: State transition diagram for 802.11 on the
sender-side.

transmission, it is in the IDLE state. When in IDLE state,
in every slot the node checks if it has any packet to trans-
mit. This depends on the offered load I; for the node z;,
and represents the probability to begin packet transmission.
When traffic is backlogged, a node never enters the IDLE
state. When, the node has a packet to transmit, it moves to
the DIFS state (this is an inter-frame spacing defined in the
protocol standard), which has s sub-states, where s is the
number of slots a node has to be in DIFS state. If the node
senses the channel busy during this period, it goes back to
the beginning of DIFS, i.e., DIFS(s — 1). The probability
of channel being busy is given as p, also called the probabil-
ity of deferral. This probability is a PHY-layer aspect and
depends on the aggregate power from other nodes reaching
this node. This in turn depends on the current state of the
other nodes.

After successful completion of the DIFS period, i.e., upon
reaching DIF S(0), the node chooses a random BACKOFF
period, spanning k slots, where 0 < k < CWy,in, and moves
to the sub-state BACKOFF(k — 1). It then counts down
the BACKOFF timer, and thus progressing from one BACK-
OFF sub-state to the other, but only if the channel is sensed
idle. If the channel is sensed busy (again with probability
p), the node goes into the DEFER state, where it freezes the
BACKOFF timer. It remains in the DEFER state as long
as the channel is busy. The node goes back to the BACK-
OFF state with the probability of the channel being idle
(probability 1 — p). Having counted down the BACKOFF
timer to 0, the node starts transmitting the packet. This
brings it to the XMIT state. Assume that the XMIT state
stays for m slots depending on the PHY-layer bit rate and
packet size. After completing the packet transmission, the
node goes back to IDLE state if there is no other packet to
transmit, or prepares for the next transmission with another
DIFS.

One key approximation made in this model is that the
deferral probability p is assumed to be constant during the
evolution of the Markov process.! This probability depends

!Note similar approximations are used in popular models of
802.11 albeit in a different context, e.g., in [5].

on the activity of the other nodes. Thus, the state transi-
tions of other nodes are closely coupled. When we solve this
model using a direct simulation (i.e., simulating the Markov
chain) we do not make such constant p assumption and use
the value p as computed at that slot. When we solve the
chain using the analytical approach in the following section,
p is the “average” deferral probability. This averaging works
due to an inherent approximation used in the analytical so-
lution approach to be described momentarily.

So far we have described only the transmitter side. On
the receive side, the model is simpler. A node not in XMIT
state can receive a complete packet slot by slot, assuming it
receives it error-free in each slot. The probability of error-
free reception of a complete packet (packet capture proba-
blity) depends on the bit-error rate (BER) in the PHY-layer
which in turn depends on the SINR (signal to interference
plus noise ratio). Ignoring error correction coding, the prob-
ability of packet capture is (1—BER)®, where b is the packet
size in bits. Thus, packet capture probability depends on
SINR.

Both probabilities for deferral and packet capture are func-
tions of one or more powers (signal, interference and noise).
They are input to the model. We will determine these func-
tions via profiling experiments and seed them by power mea-
surements in the target network.

5. ANALYTICAL APPROACH

Due to the coupling of the Markov chains of individual
nodes as mentioned before, solving an equivalent Markov
chain for the network as a whole is computationally hard.
This is because of a state-space explosion, as all possible
combinations of states for all nodes can be a potential state
in the combined Markov chain. Direct simulation of the
Markov chain is of course viable, and we will indeed use
simulation as our one solution approach. However, as we
will see later in our evaluation, simulations are slow. In this
section, we develop an alternative solution approach using
analytical modeling.

The analytical approach makes an approximation that the
current state of the process does not depend on the previous
state. This is similar to the approximation made in [11] for
modeling tractability. With this approximation, the process
can move to any of the above five states (ignoring sub-states
for now) based on a constant probability at the end of a slot.
These probabilities depend only on the average behavior of
network nodes. Much of the work in the modeling here is
formulating these probabilities. Once formulated, one can
write up the steady state equations, one for each of the n
transmitters, and then solve these equations to derive the
fraction of time a node is in the XMIT state, thus giving the
transmission capacity of this node.

On the receiver side, the approach is similar. Instead
of bit-error rate, packet capture probability is used directly.
This again depends on the activities of other nodes. Any
receiver x in a slot receives correctly a packet on the air
(only one slot worth) from a designated sender z; with this
probability. This contributes to the throughput capacity of
the link from z; to z.

Going forward, we start by assuming a saturated traffic
regime. This means that all transmitters are always back-
logged. This saturated traffic assumption is useful as it elim-
inates traffic load from the model and eliminates the IDLE
state. We will later show in Section 7.1 that the analyt-



ical approach is easily amenable to consideration of non-
saturated traffic.

5.1 Baseline Notations

Consider an observation interval of I slots, where I' — oo.
In each slot, a subset of the n transmittersin Z = {z1,...,2n}
may attempt transmission. The set Z does not change dur-
ing the duration of I" slots. Let us first define the following
notations:

e ], is the set of time slots in which node z; is idle. This
is when node z; is in the IDLE, DIFS or BACKOFF
states.

e D; is the set of time slots in which node z; defers be-
cause it can sense the transmission of other nodes.
This is the period where z; freezes its backoff timer
and goes into the DEFER state.

e T; is the set of time slots in which node z; transmits,
denoted by the XMIT state.

e i; = |I;]/|T'], is the fraction of time node z; is idle.
e d; = |D;|/|T'|, is the fraction of time node z; defers.

e ¢; = |T;|/|T|, is the fraction of time node z; transmits.
So, ¢; is the normalized transmission capacity of node
Zi.

e cy, where Y C Z, is the fraction of time all nodes in
set Y transmit. Thus,

oy =) T|/IT]. (1)

Z; €Y

e ty, where Y C Z, is the fraction of time when all nodes
in Y transmit, while none of the other nodes (in Z—Y")
transmit. Thus,

ty = mTi— U Ty| /1. (2)

2z €Y 2;€Z-Y

If Y consists of a single node, say z;, we abuse the
notation slightly to represent it as ¢; to represent ¢y.,3.
t; is thus the fraction of time node z; transmits, and
no other node in Z transmits.

e p, where Y C Z — {2}, is the conditional probability
that when all nodes in Y transmit in a slot, z; defers its
transmission because it senses the channel to be busy.
When Y has just one node, say z;, then we again abuse
the notation to represent it as p?J.

Interference affects link capacity by limiting the transmis-
sion rate at the sender side and causing packet collisions at
the receiver side. We denote these aspects as “sender-side in-
terference” and “receiver-side interference” respectively and
model them separately.

5.2 Sender-side Interference

To compute the impact of sender-side interference, we de-
termine the transmission capacity (c¢;) of each node in Z.
Using the notations defined above, I;, D; and T; are disjoint
sets. Also, every slot is at least in one of these three sets for
every node. Thus, I; U D; UT; = T'. This implies that

i +di +ci = 1. (3)

In the saturated traffic scenario, a node is idle only dur-
ing DIF'S or backoff period. This happens for every packet
transmission. DIF'S is constant; however the backoff period
is random, uniformly chosen between 0 and CW,.n, slots of,
say, size o for broadcast packets.? Knowledge of packet size
and channel bit rate can now provide an expression for the
ratio («) of the idle and transmit times, on average:

iy DIFS + 3CWmino
T a (P+HH)W

Here, P is the packet payload size, H is the size of the
headers, W is the channel bit rate. Using the standard val-
ues of DIFS, slot sizes, CWpin and various headers, we de-
termine « at the lowest bit rate for 802.11b (1 Mbps) for
1400 byte packet payloads. This comes to 0.03 for 802.11b.

Equation 3 can now be re-written as

(4)

(1 —+ Oé)Ci +d; = 1. (5)

In the above expression, d; is the fraction of time slots node
z; defers due to the transmission of other nodes. In each slot,
there can be a set of nodes (say, Y') that transmit. For each
slot the conditional probability that z; defers to Y, given
that all nodes in Y are transmitting is py . We can now
add up the deferral probabilities in each slot for all possible
combinations of Y to obtain d;. Note that ¢ty is the fraction
of time slots in which all nodes in Y transmit. Thus,

1= ¥

YEP(Z—{z;})

Pl ty, (6)

where P(S) is the power set of set S. This leaves us with
py and ty to be determined for each possible Y, such that

5.2.1 Determining p;”

Recall that pY is the conditional probability that z; de-
fers when all nodes in Y are transmitting. Here, we need
to model the MAC protocol’s interaction with the physical
layer, as this probability should depend on the aggregate
signal powers received at z; from all nodes in Y. To make
further progress, the relationship between the deferral prob-
ability and received signal strengths must be modeled. Since
this is intimately related to the actual radio interface used,
we use a measurement driven strategy here.

The first step is to create an empirical relationship for the
probability of deferral between two nodes based on received
signal strengths. We express this relationship as a function
f(+), such that p] = f(rss!), where rss] denotes the aver-
age of measured signal strength value of packets transmit-
ted from z; and received at z;. We determine function f(-)
from a prior profiling study. Note that this function models
interface properties rather than wireless propagation in an

2Note that here there is no exponential backoff as there is
no retransmission.



actual deployment. Thus, such prior profiling study is possi-
ble. However, in our experience, individual cards do not need
to be profiled in this fashion, only card types or card models
need to be profiled. These profiles can be reused from a li-
brary for different modeling applications. This is in contrast
to a similar profiling approach used in [20], where individual
cards are profiled. Note that our approach is general and is
not restricted to a homogenous system using identical cards.
However, for brevity, our experimental results show results
from a homogeneous deployment. The profiling methodol-
ogy to determine f(-) will be discussed in Section 8.

Once the function f(-) describing the relationship between
the deferral probability and signal strengths is determined,
py can be expressed as in the following.

Z rss) | . (7)

2; €Y

p =1

This is true since the deferral only depends on the aggregate
signal strengths. Now, if the measurements of the pairwise
rss] values in the deployed network are available, pY can be
determined for any Y. Note that measuring all rssf values
requires O(N) measurement steps.

5.2.2 Determining tv

Recall from equation 2 that ty is the fraction of time all
nodes in set Y transmit, and all nodes in the complement
set Z —Y remain silent. ¢y on the other hand is the fraction
of time nodes in Y transmit, but nodes in set Z — Y may
or may not transmit. We determine ty in terms of cy using
equations 1 and 2. From these equations,

n=in( U =)lm

z, €Y 2;€Z-Y

ty = cy —

The second term on the right hand side can be expanded
using the principle of inclusion and exclusion of set theory,
which after evaluation reduces to the following —

ty =Y (=)levox, (8)

XeP(Z-Y)

where P(S) denotes the power set of S.

We still need to determine ¢y, which is the fraction of time
nodes in Y transmit together. Nodes in Y transmit together
when every node in Y does not defer for every other node
in Y. Thus, cy can be expressed as,

ov = [T (0=p/ e )

z; €Y

Equations 6, 7, 8 and 9 can be used to obtain d; and
then used in equation 5 to write an equation consisting of
¢:’s and rssg as the only unknowns. rss values come from
the measurements, leaving only c¢;’s as unknowns. Now, for
each value of the subscript 4 (i.e., a transmitter) one such
equation is obtained, giving n equations for n transmitters.
We solve these equations to derive the normalized transmit
capacity c¢; for each transmitter.

5.3 Receiver-side Interference

So far, we have modeled transmission capacity of the trans-
mitter. We now need to model receiver-side interference to
determine how much of the transmission capacity actually

translates into throughput. Receiver-side interference causes
collisions. Thus, if the sender and multiple interferers trans-
mit concurrently, we need to model the probability of packet
capture at the receiver. As discussed before, this is done by
deriving a relationship between the capture probability and
the SINR. This is done in the same fashion as in the case
of deferral probabilities in the previous section. Exactly as
before, we relate packet capture probabilities to SINR via
a function g(-) that is profiled via independent measure-
ments. The profiling methodology to determine g(-) will
be discussed in Section 8.

Define delivery ratio drf. from z; to z; as the fraction of
packets received by z; that are transmitted by z; in the
absence of any other interfering transmitter. Let us define
dr!(Y) as the delivery ratio from z; to z; in presence of
the set of interferers Y. Our first task is to model dr! as
drf = g(rssg/noise). This simply relates packet capture
probability to SNR, the ratio of the received signal strength
and noise. Here rss! denotes the average signal strength of
packets received from z; to z; in absence of interference. We
have observed that the function g(-) does not change even
if we consider multiple interferers for a link, and the signal
strengths of all interferers can be summed up to calculate
SINR. This is in constrast to the results of [21] for the Mica2
motes with CC1000 radios. _

Once the function g(-) has been modeled, dr!(Y) can be
expressed as follows:
dri(Y)=g (SINR{(Y)) , (10)

1
where,
rss]

SINRI(Y) = - : 11
() Y key 788 4 noise (11)

As in the case of equation 7, the above equation also requires
only pairwise measured rss values in the deployed network.

5.4 Capacity of Link

Now, we combine the sender and receiver-side interfer-
ences to determine the capacity of the link. Let us choose
zi as the designated sender from the set Z, and let x be the
receiver. All the other transmitters are interferers for this
link. Assume that only a subset Y of the set of interferers
Z — {z;} is active in a slot and the others are silent (due
to deferral or idleness). By definition, ¢ty is the fraction of
slots with this property. t;..3uy is thus the fraction of time
the sender z; transmits along with some subset of the inter-
ferers. This models the packets that are transmitted from
the sender notwithstanding sender-side interference. This
quantity multiplied by dri(Y) models how many of them
are captured at