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Abstract—In capillary machine type communications, random
multi-access lends itself as a natural choice at the link layer
due to the largely intermittent, event-driven traffic involved.
A major challenge to that end arises, however, from the
anticipated large scale of the network. Considering a carrier
sense multiple access based random access protocol where
infrastructural support is available in the form of a coordinator
node, this paper presents a framework to help sustain efficient
protocol performance when faced with temporal variation
in packet traffic. The coordinator dynamically determines a
timely contention parameter by means of an online algorithm
based on certain analytic characterizations of the protocol
performance, and the end-nodes get opportunistically notified
of it. Throughput, fairness and delay-variation performance
produced by the proposed scheme turns out to be consistently
close to an optimal protocol in identical settings, in contrast
with that of the binary exponential backoff based solutions.

Index Terms—Carrier sense multiple access; Random Access;
Protocol Optimization;

1. Introduction

Aside from the more conspicuous high-rate consumer
data networking, a vital component of the evolving in-
frastructure for the future networked systems is concerned
with capillary communication among densely located nodes
that are largely reduced-function and low-power in nature.
Within the larger Internet of Things (IoT) paradigm [1], this
category of networked communication constitutes the under-
lying enabling technology upon which smart environments
are to be constructed [2], [3]. Intelligent pervasive systems
and applications making such development happen rely on
largely self-organized computing and communication tasks
that overlap in regard to data acquisition, sensing and con-
trol activities (e.g., within home and building area, intelli-
gent energy management systems, ambient intelligence and
occupancy detection/prediction, security systems, heating,
ventilation, and air conditioning control integrated with re-
newable generation etc.). Accordingly, general purpose net-
working primitives are called for, rather than the application-
specific approaches often adopted in sensor networking in
the past.

A crucial attribute in the range of applications involved
is the prevalence of event-driven communication traffic. This

leads to the requirement that the link layer medium access
coordination solution be in the form of a random access
protocol, which comes with the kind of distributed opera-
tional simplicity that can take care of the intermittent node
activities of the event-driven traffic. However, it has long
been noted in protocol performance analysis that the random
access mechanisms do not perform well when the scale
grows [4], as is the case in the present setting. Crucially,
though, associated IoT infrastructure is poised to have some
full-function devices to act as gateways or coordinators in
connecting the reduced-function end-nodes with the upper
level nodes of the network hierarchy orchestrating the ap-
plications and services.

If organized to operate at its maximum equilibrium
efficiency, a carrier sense multiple access (CSMA) protocol
can still be feasibly adequate in terms of the deliverable
performance in most practical settings. The goal of this
work is to achieve such efficiency by means of a colli-
sion avoidance (CA) scheme that is realized by appropri-
ately leveraging the coordinator function. Specifically, for
a familiar slotted CSMA variety typically considered in
networked communication among power-constrained nodes,
an online adaptive algorithm is presented. The algorithm
has as its basis an analytic characterization that equips
the local network coordinator to dynamically facilitate con-
tention throttling using the recent channel activity trace
as input. Subsequently, the contextually proper contention
parameter is determined that is opportunistically broadcast
to achieve sustained efficiency of the access scheme in the
local area neighborhood. The intermittently active end-nodes
can continue to act in distributed fashion apart from the
occasional message passing from the coordinator involved in
getting notified of this contention parameter. Against traffic
scenarios varied in terms of elasticity and scale of network
contention, the proposed system attains high throughput in
an agile manner, as opposed to the usual alternative, the
binary exponential backoff (BEB), which fails to perform
with high channel utilization while maintaining fairness
and/or low delay variation. Besides, the solution retains
the desirable feature of scalability in the sense that when
larger networks are confronted, the CSMA channel access
efficiency is not compromised substantially.

Paper organization. The rest of the paper is organized
as follows: § 2 next positions the present work in context
with a brief review of the pertinent literature. § 3 describes
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the system model considered and the assumptions made be-
fore presenting, in § 4, the analytic performance model and
the associated efficiency-sustaining algorithm. § 5 specifies
the simulation setup and the evaluation scenarios, followed
by a discussion of the numerical results in § 6. Concluding
statements are made in § 7.

2. Related work

Beginning with the classical works on random access
protocols, the mechanisms to enforce channel access effi-
ciency have been intensively studied (see [4] for a sum-
mary). Pseudo-Bayesian stabilization [5] and related ap-
proaches [6] depend on knowing the arrival process within
precise bounds, leaving the algorithmic case of dynamic ar-
rival open. In recent era, motivated by the increasing scale of
the networks and the diversity in expectation on the related
networking primitives, researchers have proposed solutions
to cope with large networks while addressing the demands
on the service primitives. In a cellular-based machine-to-
machine framework, [7] has presented a hybrid MAC proto-
col for communication involving access networks at massive
scale. However, the paper is based on the assumption that
the distribution of the packet arrival process in the nodes
is known to the base station. An attempt to get the CSMA
to minimize collisions is in [8], but it is rather specific to
application types where spatial locality induces redundancy
and suppression of related contention is desirable (e.g.,
sensor network for fire-detection). Approaches to solutions
involving low-power personal area and/or sensor networking
have been proposed in [9], [10], [11], [12], which address
standard specific beacon enabled CSMA/CA operation. This
paper complements these works in that the proposed mech-
anism is amenable to be incorporated within them to yield
robust estimation of more general arrival processes. And it
contrasts with them in seeking to bring the core CSMA
operation within an optimizing and adaptive framework
instead of fine-tuning the parameters of a given specification,
facilitating the handling of dynamic arrival processes.

Observing that the knowledge of the number of contend-
ing nodes help achieve higher CSMA channel efficiency,
[13] presented a Kalman filter based estimation procedure
of the number of contending nodes. Part of this paper is
concerned with a similar challenge. However, [13] bases the
estimation only on the observed collision rate in the channel,
thus taking implicitly the number of contending nodes to
largely remain unchanged for periods and no access control
integration with backoff management or collision avoidance
mechanism has been evaluated. This paper accounts for all
three CSMA channel events, namely, collision, success and
idle to estimate contention dynamically and to throttle the
contention accordingly. The history or trace based estimation
employed here is similar in spirit with an important recent
work in [14], with a key distinction being the protocol
involved: CSMA instead of slotted Aloha. Relatedly, im-
portant observations on stability and optimality properties
of closely related protocols studied in some previous works,
e.g., [15] and [16], have conceptually contributed in forming

the analytic treatment in this paper. In this backdrop, the
contribution of this paper is in devising an efficient collision
avoidance mechanism for the slotted CSMA system suitable
for infrastructure-based local area access control considering
intermittent, dynamic node activity and packet arrival. An
analytic framework provides the underpinnings in the esti-
mation within the adaptive procedure yielding near optimal
aggregate throughput without disproportionately losing in
fairness or jitter performance.

3. System Model and Assumptions

From within an IoT infrastructure where many protocols
at different layers and multiple media at different link levels
are potentially involved, of interest in this work is the
machine type communication in an access network com-
prised of mostly reduced function communication nodes.
Specifically, keeping to the medium access control layer’s
operational scope, a single-hop local area network in star
topology is considered; a total of N end-nodes are as-
sociated with a resourceful coordinator which acts as the
gateway between these nodes and the applications running
in the wider networked systems. As the focus of this work
is on the MAC layer, no PHY-layer specific requirement or
facilitation is made except that carrier sensing is assumed
to be available and that collision detection is infeasible. To
focus mainly on the effectiveness of the access mechanism,
neither packet capture in the event of collisions nor channel-
error induced packet losses have been incorporated.

The CSMA protocol studied and the unsaturated traffic
model considered are specified below.

1 · · ·
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3 · · ·

Empty 3 2 1 F 5 4 3 · · ·
overhearing ↑ W
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packet arrival (1)↗
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Figure 1: CSMA/CA procedure involving nodes �� � and

�; results of channel sensing attempts: F (failed) and S

(successful); b : backoff slots with backoff value b at the
slot.

3.1. CSMA Procedure

Most random access mechanisms in the relevant context
predominantly follow some form of the CSMA/CA of the
IEEE 802.15.4 specification for the low-rate low-power
wireless personal area network. Narrowband PLC systems
such as PRIME, G3-PLC and IEEE 1901.2 standards have
also largely similar protocols. The random access procedure
considered here is from this family. The specifics are stated
in the following, and illustrated in Fig. 1.

Time is viewed as succession of specified unit length
called slots. Compared to the likes of IEEE 802.11
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CSMA/CA, such slots are longer for low-data rate systems,
essentially longer than the inter-frame spacing between a
packet and the corresponding ACK packet, thus protecting
the ACK from potential collision with subsequent data pack-
ets from other nodes. Additionally, capillary systems have
shorter packets, and are energy-conserving by design with
contending nodes necessarily getting to know of the channel
activity states only through explicit carrier sensing.

In the considered scheme, a slot is assumed to be able
to accommodate an ACK packet, which is presumably short
(this assumption is not a requirement for the functioning
of the proposed framework, however). Also in the event
of packet collision, the colliding nodes get to learn of the
failure in delivering the packet as timeout for receiving the
ACK occurs, which spans the single slot following the failed
transmission. A crucial element in the process is that the
ACK packet piggybacks a number: a backoff window size
that is appropriate to the present CSMA channel load. Apart
from the node engaged in the ongoing successful transmis-
sion, the ACK packet is also overheard and the window
size information is therefore opportunistically extracted by
the nodes doing channel sensing (the idea of resorting to
piggybacking to convey similarly critical information has
previously been employed in, e.g., [17]).

As illustrated in Fig. 1, node � has its buffer empty for
a while and once there is arrival of packet(s), it initially
draws a random backoff value from a default window (e.g.,
[0, 23]). As the channel sensing following this backoff is
reported in failure (i.e. channel sensed busy), node � freezes
its procedure until the ongoing transmission finishes and
overhears the associated ACK that piggybacks the appro-
priate backoff window size W . In the following cycle of
attempt, it draws a backoff value from [0,W]. Earlier in
the activity trace, both nodes � and � incidentally finished
backing off and conducted successful channel sensing (i.e.,
channel sensed idle) at the same slot leading to concurrent
transmissions that resulted in a collision on the channel.
Both nodes � and � waited the following slot in ACK
timeout (when other nodes could potentially conduct carrier
sensing). Nodes that are possibly conducting carrier sensing
during a colliding transmission would also see out, following
the sensing failure, the remaining slots in transmission and
would subsequently start the next backoff drawing from the
last known window size. In the later steps, before node �

succeeds, node � manages to transmit its packet successfully,
during which node � happened to have found the channel to
be busy.

3.2. Traffic model

Each node becomes and remains active contender as long
as it has packets in its buffer handed down from the upper
layer and it remains inactive otherwise. Number of estimated
contending/active nodes at a point in time is denoted by n
(n ≤ N ).

The evaluation carried out in this work is intended to be
within the stable regime of the assumed CSMA/CA protocol.
Hence buffer-sizing and packet drop due to potential buffer

S I C

Pr {I|S}

Pr {S|S}
Pr {S|I}

Pr {C|I}
Pr {I|I}

Pr {I|C}

Pr {C|C}

Figure 2: State transition diagram of the DTMC for the
CSMA channel.

overflow are outside the scope of this study. Accordingly,
Bernoulli trials are performed both at the end of a successful
transmission by the contending node concerned, with prob-
ability p of having further packet(s) to contend with, and by
the empty nodes at every slot, with probability q for each
to encounter a non-empty packet-buffer.

Though this traffic model is homogeneous across the
nodes, the variation in burstiness it incorporates essentially
captures the aggregate effects on the channel that could
emerge from heterogeneous load.

4. Adaptive Algorithm with Analytic Frame-
work

This section articulates the main contribution of this
paper – an analytic procedure for enforcing a contextually
appropriate collision avoidance algorithm within the CSMA
protocol specified in § II-A. First, a probabilistic model of
the protocol performance is presented considering a satu-
rated network of n active/contending nodes. While the num-
ber of active nodes at a given point in time is random with
intermittent event driven traffic, the model can be utilized to
map from the channel events observed to estimated number
of contending nodes within the larger unsaturated network.
An adaptive algorithm then seeks to throttle the contention
to a level that is in the vicinity of the optimal operating
point. These ideas drive the following parts in this section
where expressions for the associated quantities are deduced
before plugging them into the adaptive algorithm to estimate
n and, therefore, W .

4.1. Analytic Performance Model at Saturation

Let β be the rate at which each of the n contending
nodes in a network are making channel sensing attempts.
The channel is to be found in either of the three states at a
given slot, namely, idle, successful transmission or colliding
transmission, denoted by I, S and C, respectively. Fig. 2 cap-
tures the evolution of the stochastic process on the channel
in a discrete-time Markov chain (DTMC). From the state I
of the channel at a particular slot, a transition into the state S
in the next slot occurs if there were a single node conducting
channel sensing for possible packet transmission. On the
other hand, the channel remains in the state I in the next
slot if no node makes any sensing attempt. The associated
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probabilities for the two transitions1 are nβ(1− β)
n−1

and
(1− β)

n
, respectively. Complementing the above two events

is the transition into the state C if there were more than
one node concurrently sensing the channel instead, occurring
with probability (w.p.) 1− (1− β)

n − nβ(1− β)
n−1

.
The channel remains in the states S and C based on

the packet length, which is considered to be L slots in
the model. Observed uniformly, a busy slot in successful
transmission can be any of the L + 1 slots (including 1
slot for ACK). Hence there is a 1/(L + 1) probability
that the transmission ends in the observed slot with the
next slot becoming idle, or the channel remains busy with
probability L/(L+ 1). Likewise, in the case of a colliding
transmission, the probabilistic counterparts of transition are
1/L and (L− 1)/L, respectively (as the ACK timeout slot
can be a sensing slot for a potentially contending node).

The transition probabilities for the DTMC are thus es-
tablished as follows

Pr {S|I} = nβ(1− β)
n−1

(1a)

Pr {I|I} = (1− β)
n

(1b)

Pr {C|I} = 1− (1− β)
n − nβ(1− β)

n−1
(1c)

Pr {I|S} = 1

L+ 1
(1d)

Pr {S|S} = L

L+ 1
(1e)

Pr {I|C} = 1

L
(1f)

Pr {C|C} = L− 1

L
(1g)

Now, considering that n is relatively large while β is
small (�1), the remaining analysis can be simplified by
approximating

(1− β)n−1 ≈ (1− β)n ≈ e−nβ = e−g (2)

where g represents the aggregate attempt rate on the CSMA
channel such that

g = nβ (3)

Accordingly, the stationary state probabilities of the
DTMC {πi, πs, πc} can be derived from the balance equa-
tions

πi(Pr {S|I}+ Pr {C|I}) = πs Pr {I|S}+ πc Pr {I|C}
(4a)

πs Pr {I|S} = πi Pr {S|I} (4b)

πc Pr {I|C} = πi Pr {C|I} (4c)

1. For more exact expressions and associated representation, idle slots
would have to be covered through two different states due to a slight
variation in the number of nodes potentially involved in carrier sensing
activity: while n nodes would be involved probabilistically in sensing in a
slot that is preceded by an idle slot or a successful transmission, the specific
slot that follows a collision would likely involve n−2 nodes or fewer as
the 2 or more colliding nodes are timing out in expectation of ACK in
that slot. The simplification involved in the condensation of the idle states
(as well as the approximation in (2) later) in the present formulation is
analytically justified thanks to the asymptotic convergence associated, and
is also a fairly reasonable approximation numerically with the larger values
of n that are of interest in the capillary setting.

along with the normalization relation

πi + πs + πc = 1 (5)

as follows

πs =
g(1 + L)

eg(L+ 1)− L+ g
(6)

πc =
(eg − g − 1)L

eg(L+ 1)− L+ g
(7)

πi =
eg

eg(L+ 1)− L+ g
(8)

Apart from β, the other key modeling parameter is the
probability that a given sensing attempt by an arbitrary node
will fail to find the CSMA channel idle. Let φ denote this
sensing failure probability.

Given that an arbitrary sensing attempt on the part of a
given node will fail whenever the channel is in transmission
(i.e. not idle), φ can be expressed as

φ = πs + πc = 1− πi =
L(eg − 1) + g

eg(L+ 1)− L+ g
(9)

4.1.1. Attempt rate by an arbitrary active node. The
state of a contending node is modeled as a renewal reward
process where the number of channel sensing is counted
as rewards. A single cycle of the process associated with a
reward of 1 is comprised of

i) uniformly backing off by a random number of slots,
with the expectation of this period being W/2 slots
given that it is drawn from a single window of size W;

ii) attempt to sense the channel idle using 1 slot; and
iii) either to wait for the ongoing transmission to finish

(including overhearing the value of W in the ACK) in
the event of busy channel (w.p. φ) or else to transmit
its packet (w.p. 1−φ); the expected length in this part
is therefore φL

2 + (1− φ)(L+ 1).
An arbitrary node’s sensing attempt rate β can now be
expressed as the following renewal rate of this process

β =
1

W
2 + 1 + φ.L2 + (1− φ)(L+ 1)

(10)

The modeling problem addressed above has similarity
with the ones studied in [18], [19], and the outcome is
also fundamentally consistent with classical CSMA analyses
[20].

4.2. Contention Estimation within Unsaturated
Network and Optimization

The performance model presented in § III-A can be
employed to discern into the realtime network contention
load exerted through the intermittent node activity within
the larger unsaturated network. The throttling of the effec-
tive contention then can be done according to the attempt
rate deduced for optimal operating point. The method for
estimation of the present contention is also assisted in part
by the knowledge of the said optimal point.

The detail steps to that end are produced below.
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4.2.1. Estimating Contention Level from Channel Event
Trace. From the total of N nodes associated with the co-
ordinator, the number of active/contending nodes, n, has to
be periodically estimated and correspondingly, appropriate
W is to be determined.

Let O be the recent most observation window from the
immediate past slot-wise trace of the channel states, and
ki, kc and ks represent the proportion of the idle, colliding
and success slots, respectively, within O. In implementa-
tions, |O|, the length of O, can be chosen to have a balance
between weighing the recently observed states in contention
and keeping to the trend based on the longer record. The
proportions ki, ks and kc represent the short-term sampled
measures of the steady-state quantities πi, πs and πc, re-
spectively. These short-term observations are used to make
corresponding estimates of g, denoted gs(ks), gc(kc), gi(ki),
from the inverse relations of (6), (7) and (8), in that order.

Inverse functions gc(kc) and gi(ki), respectively, can be
deduced as follows

gc(kc) =
L(kc − 1)

L+ kc
−W−1

(
kc(1 + L)− L

L+ kc
e

kc−1
L+kc

L

)

(11)
gi(ki) = L−W0

(
(1 + L− 1/ki)e

L
)

(12)

where W0(.) and W−1(.) are the principal and the secondary
real branches, respectively, of the Lambert-W function [21].

On the other hand, the inverse relation of πs from (6)
is not a unique function. Rather, in correspondence with the
bi-stability property of the CSMA system [15], there are
two separate inverse functions partitioned in range across
the point of convergence g∗ (deduced later in the sequel in
(17)). Denoting by gs−(ks) the function for the lower range
of g (g <= g∗), and by gs+(ks) the higher range (g >= g∗),
the following inverse mappings can be inferred from (6)

gs−(ks) = − Lks

L−ks+1 −W0

(
−ks(1+L)

L−ks+1e
− Lks

L−ks+1

)
(13a)

gs+(ks) = − Lks

L−ks+1 −W−1

(
−ks(1+L)

L−ks+1e
− Lks

L−ks+1

)
(13b)

When g∗ is applied to (8), the proportion of the idle slots,
k∗i , can be known for the occasion of the throughput optimal
operation. If ki turns out to be larger than k∗i , the channel
is underutilized and gs−(ks), given by (13a), is meant to
be representing gs(ks) correctly, otherwise gs+(ks) from
(13b) has to be called for. Thus the estimate gs(ks) can
be unambiguously decided. With gs(ks), gc(kc) and gi(ki)
calculated, corresponding estimates of ns, nc and ni can be
made as g(.)(k(.))/β according to the equation (3), once
the running value of β is obtained. Recall that employing
(10), the running value of β for the traced duration can be
estimated using the previous estimate of W , and the value
φ = ks + kc observed in the immediate past O.

The overall estimate of the contending nodes ñ can now
be made by a relation akin to multiple linear regression from
the endogenous variables ni, nc and ns using ki, kc and ks
as the corresponding coefficients

ñ = niki + nsks + nckc (14)

And lastly, the updated W can be calculated as

W = 2

[
ñ

g∗
− 1− φ∗L

2
− (1− φ∗)(L+ 1)

]
(15)

where

φ∗ = 1− k∗i =
(eg

∗ − 1)

eg∗(1 + 1/L)− 1
(16)

is the sensing failure rate analytically known for the
throughput-optimal operations.

4.2.2. Condition for Throughput Optimality. The aggre-
gate attempt rate that maximizes the stable throughput can
be found using the first order conditions on equation (6).
Taking the derivative from (6) with respect to g and setting
it to zero leads to the optimal attempt rate g∗ given by the
following

g∗ = 1 +W0

(
− L

e(1 + L)

)
. (17)

4.3. Computing W for Collision Avoidance

Armed with the analytic characterization presented in
this section so far, the collision avoidance procedure is based
on periodically repeated computation by the coordinator in
accord with the following algorithm:

loop
Step 1: yield ki, kc, ks from updated O out of the
channel event trace with |O| = ( 13N + 2

3 ñ)L
φ = ks+kc; update β per (10) using W from previous
iteration.
Step 2: gc ← gc(kc), gi ← gi(ki), g−s ← gs−(ks),
g+s = gs+(ks) per (11), (12) and (13)
if ki ≤ k∗i then

gs ← g+s
else

gs ← g−s
end if
Step 3: nc ← gc/β, ni ← gi/β, ns ← gs/β
update ñ per (14)
update W per (15) using φ∗ from (16) and ñ

end loop

Recall that the coordinator is invariably active, remain-
ing aware of the channel activity trace, and is respon-
sible to run the above algorithm. The coordinator here
updates W based on its recent trace history O of length
|O| = ( 13N + 2

3 ñ)L slots2

The estimation algorithm is executed every L slots to
update W , thereby accounting for every possible transmis-
sion event on the CSMA channel in the estimation and the
associated update procedure (other choices of this length are
possible and, the performance of the algorithm turns out to

2. Alternative choices of the trace history length would also be possible;
this particular length seeks to attain a weighted balance between exploita-
tion of presently estimated information ( 2

3
ñ) and emphasizing longer term

observation in expectation of steady behavior regarding the activity pattern
among the nodes ( 1

3
N ).
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be only slightly sensitive to moderate changes in this update
interval).

Complexity and scalability. The above algorithm has a
constant-time complexity O (1) with the number of nodes as
input size while it is linear time with a complexity O (|O|)
in regard to the length of the trace. The algorithm therefore
has maximum scalability as adding more nodes does not
bring extra computational costs. Also the ki, kc, ks values
can be updated in an online manner by the coordinator that
remains continuously active, rendering the temporally linear
complexity of the algorithm to be efficient enough to incur
no additional overhead.

5. Simulation

The efficacy of the proposed mechanism has been evalu-
ated, in comparison with the BEB and an optimal distributed
protocol, by means of a packet level discrete-event simulator
developed in C++. The candidate access schemes evaluated
and the configurations considered in the simulation are
described in the following.

5.1. Candidate access schemes

The proposed collision avoidance mechanism (labeled
“proposed” in the plots) is equipped with the adaptive
estimation procedure articulated in the previous section.
The BEB based mechanism (“BEB”) is considered with an
exponent range3 of [3, 12] that is wide enough to cope with
larger scales of the network addressed. The hypothetical
access scheme operates with backoff window sizes that are
calculated on the basis of the exact knowledge of the number
of active nodes at each point in time and thus represents an
optimal distributed CSMA protocol (“OPT”). Apart from the
backoff window size determination, the rest of the protocol
behavior remains the same for all three access schemes.

5.2. Configurations

For a broader outline of pertinent use cases with machine
type communication scenarios, consider a net-zero Carbon
home or building equipped with applications and services
to create smart spaces; in such context, changes at different
hours in user activity and mobility as well as in environmen-
tal indicators can impart varying burstiness in communica-
tion of sensing data and control packets pertaining to tasks
such as occupancy detection, ambient intelligence, appliance
control and situational awareness. Accordingly, to include
the variation of burstiness in numerical study, two traffic
scenarios (cf. § II-B) are considered:

• scenario i with (p, q) = (0.1, 0.001) has largely steady
node activity, and

3. With each sensing failure in a transmission attempt, backoff value
is uniformly drawn from a window size that is twice the size of the
previous one, with the initial size and the upper bound being 23 and 212,
respectively. Following a sensing success, the subsequent backoff starts
with the initial window size.
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Figure 3: Fairness, throughput and jitter performance: sce-
nario i. with (p, q) = (0.1, 0.001).

• scenario ii with (p, q) = (0.01, 0.005) captures rela-
tively more fluctuation in node activity;

That is, active nodes are more likely to remain active in
scenario i as opposed to scenario ii which sees idle nodes
to be more likely to become temporarily active. Note that
packet arrival is modulated by a semi-Markov process,
pertaining to the active state of the node specifically where
the interval between successive packet arrival events is de-
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Figure 4: Fairness, throughput and jitter performance: sce-
nario ii. with (p, q) = (0.01, 0.005).

pendent on packet service time4. In addition to the aggregate
throughput indicating CSMA channel efficiency, jitter and
fairness are calculated for each case as averages from 100
iterations of simulations each spanning 10K slots. Jitter is
quantified as the standard deviation of the packet service
times, taken as an average weighted against the number of
packets transmitted by each node in the network. Standard

4. Packet service time is defined here as the time between the point (i.e.
the slot) at which a packet arrives at the node’s MAC buffer and the point
in time (in slot) when its successful transmission finishes.

deviation of the mean packet service times experienced by
the N nodes comprising the network is made use of in
calculating the measure of fairness, according to [22], in
granting channel access opportunities to the nodes. Quanti-
tative evaluations are made for N = 10 to 60 to illustrate
how the performance of each of the access schemes fare.
Two different packet sizes, L = 8 and 12, are considered
to account for packet size sensitivity to throughput and, for
brevity, fairness and jitter results are presented for L=8 case
only.

6. Discussion

Interpretation of the results obtained from the simulation
experiments specified in the previous section yields a range
of performance characteristics, as presented below.

Figures 3 and 4 show the results from the traffic sce-
narios i and ii, respectively. For all three candidate access
schemes evaluated, as channel access contention deepens
with larger N , jitter rises monotonically while aggregate
throughput grows till reaching around the achievable peaks.
Correspondingly, fairness continues to get reduced though
the rate is considerably higher in the case of the BEB, unlike
the other two.

With respect to aggregate throughput, there is very little
to separate the three access schemes. The BEB remains
within 7.4% (L=8) and 9.1% (L=12) in scenario i, and
within 12.8% and 13.4% in scenario ii of corresponding
OPT performances. The respective numbers for the proposed
mechanism are 4% (L=8) and 3.9% (L=12) with scenario
i, and 3% and 3.4% (L=12) with scenario ii. Thus the near
optimality of both in regard to the throughput performance
is clearly evident.

Performance of the proposed scheme sustains with sig-
nificantly higher fairness and lower jitter than the BEB
in both traffic scenarios. The proposed scheme achieves
fairness index values within 3.4% (scenario i) and 6.2%
(scenario ii) of the OPT whereas the BEB sees gaps as
much as 52% (scenario i) and 58% (scenario ii) with the
OPT. Likewise, the proposed mechanism keeps the jitter
within 62% (scenario i) and 24% (scenario ii) of OPT as
opposed to 194% and 231%, respectively, in the case of the
BEB. The reason for the high jitter and the low fairness
attained by the BEB in general is ingrained in the way the
BEB enforces its collision avoidance procedure. Specifically,
successful and newer nodes are prone to being rewarded
and nodes unsuccessfully contending for long periods are
prone to get punished in delay measures. Thus the range of
dispersion in granting the packet transmission opportunities
among the nodes and in time for a given node becomes
exponentially wider, leading to the significant degradation
in fairness and jitter performance.

For smaller size of networks and/or with fairly low ar-
rival rates5 as in scenario i, the extent of BEB’s performance

5. Note that the semi-Markov modulation of the arrival process is more
sensitive to increment in q than in p, as the interval between packet arrival
events in the idle state of a node is independent of packet service times
determined by present contention, unlike the case in the busy state.
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loss in fairness and jitter is relatively moderate compared
to what it incurs in contrary settings. In other words, the
BEB shows a strong trade-off between a) throughput, and
b) fairness among the nodes, and in time (i.e. jitter). This
observation is consistent with the theoretical underpinnings
reported in [23] concerning distributed CSMA operation
without message passing.

The proposed scheme, on the other hand, resorts to
minimal message passing to convey the backoff window
size via opportunistic piggybacking and ensures that the
nodes contend with (almost) equal opportunities and the
resulting collective contention probability remains in close
agreement with the achievable rate corresponding to CSMA
channel capacity. Consequently, retention of high aggregate
throughput is not compromised in achieving low variation
in packet service times for individual nodes nor is there
a trading away in equitable distribution of channel usage
among the nodes.

Consistent with equation (6), there is higher throughput
for larger L when other factors remain unchanged (there is
a corresponding increase in jitter and marginal reduction
in fairness observed numerically, understandably, due to
the added contribution of each single event outcome in
sensing and/or transmission attempts to jitter, the delay-
variation measure). Traffic scenario ii involves more inter-
mittent node activity than i and produces higher levels of
jitter accordingly for all three access schemes. Based on
the semi-Markov modulation of the packet arrival process,
contention level is more sensitive to changes in q than p
and hence scenario i reaches traffic saturation with larger
number of nodes than ii, as reflected in the throughput
curves (Fig. 3(b) and 4(b)). The BEB performs reasonably
well in all measures only when there is little contention as
in the lower regime of N in scenario i; it suffers regarding
fairness whenever there is higher contention even though it
achieves near-optimal throughput in aggregate. The marginal
decrease in fairness and proportional increase in jitter with
the proposed scheme occurs in the same pattern as with the
OPT.

7. Conclusions

This paper has presented a framework for efficient ran-
dom access by enforcing a collision avoidance mechanism
that is devised on the basis of an adaptive online algorithm.
Unlike the BEB, the mechanism does not seek to exploit
certain operating conditions (e.g., traffic characteristics and
scale of the network) at the expense of performance in other
operating conditions or achieving one metric at an attractive
level while incurring undesirable results in others. Remain-
ing largely immune to the conditions, the solution provided
ensures that the CSMA channel capacity is retained in all
cases and is distributed rather equitably among the nodes
as the vital network resource. This is particularly useful in
the context of the highly intermittent or bursty contention
in large scale networks supporting capillary machine type
communication. The evolving IoT systems can provide the

minimal infrastructure support required for deploying6 the
proposed scheme so as to extract the benefit of realizing
timely and equitably efficient local area packet communica-
tion.
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