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Making CSMA Collision-Free and Stable
Using Collaborative Indexing

J.J. Garcia-Luna-Aceves and Dylan Cirimelli-Low
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Abstract. CSMAwith collaborative indexing (CSMA/CI) is introduced,
in which nodes collaborate with one another using carrier sensing and
short signaling packets to establish collision-free schedules without the
need for time slotting or the definition of transmission frames as in
TDMA. The throughput of CSMA/CI is compared with the through-
put of TDMA with a fixed transmission schedule, ALOHA, CSMA, and
CSMA/CA analytically and with simulation experiments.
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1 Introduction

A striking aspect of channel-access in wireless networks today is that, while enor-
mous progress has been attained in making the physical-layer of wireless nodes
much more powerful and efficient, the same amount of progress has not been
attained in the methods used at the medium-access control layer. Carrier-sense
multiple access (CSMA) [16] and CSMA with collision avoidance (CSMA/CA)
are widely used channel-access methods for the sharing of common radio chan-
nels in ad-hoc networks today. In fact, they are integral parts of the IEEE 802.11
protocol standard. While carrier sensing provides a major improvement over
ALOHA [1], in which nodes access a common channel without any coordination,
CSMA and CSMA/CA, experience substantial performance degradation as traf-
fic load increases; furthermore, these methods cannot provide channel-access
delay guarantees. As Section 2 summarizes, many approaches have been devel-
oped over the years to limit or eliminate the negative effects of multiple-access
interference (MAI) that result from multiple nodes offering packets to a common
channel. These approaches [4], [15] can be characterized into contention-based
and contention-free methods. Contention-based methods like ALOHA are rela-
tively simple to implement but result in poor channel utilization at high loads
and cannot provide channel-access delay guarantees. Contention-free methods
result in high channel utilization and channel-access delay guarantees; however,
most require fixed schedules, clock synchronization or complex signaling.

Our focus in this paper is on augmenting the way in which CSMA operates
over a single channel by taking advantage of the fact that the data-storage ca-
pacity available today in wireless-network nodes, even in simple nodes that are
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part of IoT deployments, is many orders of magnitude larger and cheaper than
it was 40 or 50 years ago when ALOHA and CSMA were first introduced. For
simplicity we focus on fully-connected wireless networks; however, our results
can be augmented with collision avoidance techniques and integrated with the
signaling of IEEE 802.11 DCF.

Section 3 introduces CSMA with Collaborative Indexing (CSMA/CI). The
simple premise in the design of CSMA/CI is to use carrier sensing and a shared
index of the nodes sharing the channel to establish a collision-free transmis-
sion schedule in a distributed and autonomic manner. Nodes collaborate with
one another using CSMA and short signaling packets similar to those used in
CSMA/CA to create and maintain a shared index. The shared index is used
to define the order in which nodes should be allowed to transmit data packets
without MAI from other transmissions. Signaling packets are sent very often
initially when there is large demand for nodes to be added to the shared index,
and are sent sporadically once nodes have spent enough time growing the size
of the index and most nodes are part of the collision-free schedule. No central
controller, time slotting or transmission frames requiring clock synchronization
are needed for CSMA/CI to establish collision-free transmission schedules with
channel-access delay guarantees.

Section 4 computes the throughput attained with CSMA/CI and the average
delays incurred to attain steady-state operation during which signaling overhead
is minimum. Section 5 compares the throughput of CSMA/CI with the through-
put of TDMA, CSMA, CSMA/CA and ALOHA using numerical results from the
analytical model, and using discrete-event simulations in ns-3 [18]. The results
show that CSMA/CI renders efficient and stable collision-free channel access
taking advantage of carrier sensing, data-storage capacity, and very simple sig-
naling. In addition, simulation results show that CSMA/CI established stable
transmission schedules remarkably fast. Section 6 presents our conclusions and
outlines directions for future work.

2 Related Work

Channel-access methods can be viewed as contention-based and contention-free
[4]. ALOHA [1] is the simplest example of contention-based methods, and most of
them have used physical-layer mechanisms like time slotting, carrier sensing, suc-
cessive interference cancellation, directional antennas, multiple antennas, code-
division multiple access, and multiple channels to improve on the performance
of ALOHA. Another approach used to improve channel utilization is the use of
short handshake signaling packets between senders and receivers to limit multi-
ple access interference (MAI). Starting with the early work by Capetanakis [5],
many approaches have been proposed based on distributed algorithms intended
to resolve packet collisions over multiple rounds of retransmissions of the packets
that encounter MAI. More recent approaches include the use of machine-learning
techniques (e.g., [6], [24]) or shared information regarding the state of the chan-
nel (e.g., [10]) in the selection of time slots or the amount of back-off applied
after packet collisions.
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Many contention-free methods have been proposed, and most of them require
transmission frames consisting of a fixed number of time slots or a time-slotted
channel, and use different algorithms to establish transmission schedules [4], [20]
unless a static time-slot allocation is used. The mechanisms that have been used
for scheduling include distributed elections of time slots for broadcast or unicast
transmissions (e.g., [2], [3], [19]), and the reservation of time slots based on voting
or node-to-node handshakes (e.g., [23], [22], [21], [26]).

A number of prior methods eliminate the need of fixed-length transmission
frames by using lexicographic ordering of the identifiers of transmitting nodes,
geographical or virtual coordinates related to the connectivity of nodes [7], or
a common tree of periodic schedules of variable periods [14]. However, all these
approaches must use time slotting supported at the physical layer.

Starting with the Distributed Queue Random Access Protocol (DQRAP)
[25], several methods have used the notion of a distributed transmission queue to
control access to the channel and avoid MAI. They differ on how the distributed
transmission queue is maintained, and the approaches use time slotting and mini-
slots (e.g., [25]), control handshakes between senders and intended receivers (e.g.,
SITA [13]), or a predefined target value for the queue size [11], [12] [17]. A salient
feature of these approaches compared to the approach we present in this paper
is that the transmission schedule adopted by nodes is not a direct consequence
of nodes storing a list of the active nodes using the shared channel.

3 CSMA with Collaborative Indexing (CSMA/CI)

3.1 Information Stored and Maintained

Each node executing CSMA/CI stores a copy of the shared index listing the
order in which nodes are allowed to transmit once an index of at least two node
entries exists. Each node also stores and maintains an index-cycle counter (IC)
stating how many additional index cycles must take place before the system is
in steady state. The local copy of the index is initialized to be empty and IC is
set to Nc, which is a configuration parameter intended to allow many join-index
turns during the first index cycles following initialization.

Nodes exchange four types of packets to update and use the shared in-
dex, namely: Request-to-Initialize (RTI), Connect-to-Index (CTI), data, and
Deletion-to-Index (DTI) packets. The RTI-CTI exchanges described below con-
stitute an admission control mechanism used to initialize the shared index at
each active node sharing the channel with the schedule of data transmissions
free of MAI and organized into index cycles. By contrast, CSMA/CA only re-
solves channel access for a single data packet. Nodes can determine when the
shared index has been initialized in a distributed manner, and at that point
CTI’s can be sent by new nodes only after they hear data packets with a specific
flag set. Carrier sensing is used by nodes to skip an empty transmission turn in
an index cycle, and nodes send DTI’s when they wish to leave the shared index
for long time periods.
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Request-to-Initialize (RTI) packet: An RTI is used to initialize the index
and specifies the packet type, the identifier of the sender, a channel-reservation
time, and error checking. The channel-reservation time is the length of time that
the channel is reserved for other nodes to submit requests to be added to the
index. An RTI is similar to a Request-To-Send (RTS) packet in CSMA/CA.
However, an RTS is intended for a specific receiver while an RTI is intended
for all other nodes and provides multiple opportunities for the transmission of
requests by any of them in response to the RTI.

Each join-index can last at most one turn-around time, the transmission
time for a CTI, and a maximum propagation delay. Accordingly, the number of
join-index turns A intended by the sender of an RTI is implied by the channel-
reservation time stated in the RTI packet.

Connect-to-Index (CTI) packet: A node sends a CTI in response to an
RTI to request being added to the index. A CTI specifies the packet type, the
identifier of the sender, the identifier of the sender of the last packet received
correctly, and error checking.

A CTI is different from a Clear-To-Send (CTS) in CSMA/CA, which is in-
tended for the sender of an RTS to immediately send a data packet. By contrast,
a CTI has a dual purpose: it allows all other nodes to add the identifier of the
sending node to the shared index, and it provides an acknowledgment to the last
packet transmitted successfully.

Data packet: A node sends a data packet to transmit application data,
acknowledge a prior packet, and manage the allocation of join-index turns once
the shared index has been initialized. Accordingly, a data packet specifies the
packet type, the identifier of its sender, the identifier of the sender of the last
packet received correctly, an index-cycle counter (IC), a request flag (RF ), the
identifier of the intended receiver of the payload, the payload length, the data
payload, and error checking.

Including the identifiers of the sender of the last successful packet in the
header of a data packet eliminates the need for a separate acknowledgment packet
that would consume more channel time because of framing requirements. The
index-cycle counter indicates whether the index must be allowed to grow rapidly
(IC > 0) or is in steady state (IC = 0). An RTI is allowed to follow a data
packet only when RF = 1.

Deletion-to-Index (DTI) packet : A node sends a DTI to stop its par-
ticipation in the index and states: the packet type, the identifier of its sender,
the identifier of the sender of the last packet received successfully, and error
checking. A node transmits a DTI during its own transmission turn.

In the rest of this paper we assume that nodes that join the index remain in it
until they fail and hence do not use DTI’s. A node in a typical wireless network
would simply remain transmitting packets as needed containing application data
or control signaling needed at higher layers of the protocol stack.
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3.2 Initializing the Shared Index

Before nodes can start transmitting data packets, they must establish a shared
index that defines the schedule with which nodes listed in the index transmit
data packets without MAI.

Figure 1 illustrates the transmission of RTI’s for the case in which RTI’s are
unsuccessful. In the example shown in the figure, the RTI’s from nodes a, b, and c
are transmitted within the vulnerability period of packet transmissions according
to CSMA. This time period is at most equal to the maximum propagation delay
needed for the packet signal to reach a node sensing carrier (τm) plus the time
needed for the node to start detecting carrier (η).

Once a node transmits an RTI, it schedules its retransmission at a time equal
to the channel reservation time needed to allow A join-index turns for nodes to
send CTI’s in response to the RTI, plus an additional random retransmission
time Tr seconds with 0 ≤ Tr ≤ Tm. The time allocated to each of the A join-
index turns must be long enough to include the time needed for the sender of
a CTI to transition from listening to transmit mode (ω), the transmission time
of a CTI (α), the maximum propagation delay (τm) for the CTI to reach all
other nodes, and an additional τm seconds to account for the maximum length
of time between the first and the last CTI sent during the same join-index turn.
Accordingly, each of the A join-index turns lasts at most ` = ω + α+ 2τ , and a
node retransmits an RTI after (A)(`) + Tr seconds.

Fig. 1. Failed RTI transmissions leading to first RTI success

Fig. 2. Failed attempt to initialize index after RTI success

A node that has an RTI to transmit and detects carrier must wait for a
backoff time Tb > (A)(`) + Tm, so that those nodes whose RTI’s collided have
another chance to succeed. A node that backs off transmits its RTI after Tb
seconds if no RTI from another node is received or carrier is detected.

The value of A is a configuration parameter intended to allow many join-
index turns during the initialization of the index. Given that index initialization



6 J.J. Garcia-Luna-Aceves and D. Cirimelli-Low

takes place when the wireless network is first started and having more than a
few hundred of nodes in a wireless LAN is highly unlikely, making A = 28 or 29
is reasonable for networks of up to a few hundred nodes. Having many successful
CTI’s during initialization reduces contention among CTI’s in the index cycles
following initialization.

In the example shown in Figure 1, the carrier of the RTI retransmission by
node a is detected by nodes b and c before their retransmission timers expire,
which allows the RTI from node a to succeed. Once the first RTI is sent without
MAI, all other nodes know that the shared index has been started with the
sender of the RTI as the head of the index.

Figure 2 shows an example in which node a sends an RTI successfully and
hence all other nodes learn that node a is the head of the index. However, none
of the CTI’s sent in response of the RTI from a succeed. The join-index turns
are either not used or occupied by more than one CTI. Accordingly, as the figure
illustrates, node a retransmits its RTI after (A)(`) + Tr seconds, and no other
node is allowed to transmit an RTI.

Figure 3 shows an example in which at least one CTI succeeds after an RTI
is sent without MAI and hence the head of the index (node a in the example)
can start index cycles consisting of data-packet transmissions by the nodes that
have joined the shared index.

Fig. 3. Successful attempt to initialize the shared index

In the example of Figure 3, the CTI from node b acknowledges the RTI
from node a, which then knows that it is the head of the index. The CTI from
node c acknowledges the CTI from node b, and no other CTI succeeds during
the channel-reservation time of the RTI. Node a initiates the first index cycle
with a data packet that acknowledges the CTI from node c. Nodes b and c also
send data packets during the first index cycle, node z sends a CTI successfully
following the data packet from node b, and no other CTI succeeds in the same
cycle. Accordingly, node z is added to the shared index and the sequence of data
packet transmissions in the next cycle is a→ b→ z → c.

We assume that CTI’s sent in response to an RTI are sent using A join-index
turns following the RTI. A node with a CTI to be sent randomly selects only
one of the A RTI’s. If the node does not receive a packet that acknowledges its
CTI, it backs off randomly and attempts to transmit its CTI during a future
index cycle if the index is initialized, or after a subsequent transmission of an
RTI otherwise.
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3.3 Providing Join-Index Turns in Index Cycles

A node that needs to join the shared index once the index has been initialized
can transmit a CTI only at the beginning of a join-index turn following a data
packet that has RF = 1. The first few index cycles following the shared index
initialization are such that a join-index turn is allowed after each data packet
transmission in order to allow more nodes to quickly join the shared index.

The number of join-index turns allowed in each index cycle is controlled by
means of the index-cycle counter (IC) included in each data packet. The head
of the index sets IC = Nc in its first data-packet transmission. The rest of the
nodes that listen to that transmission use the same value for their first data-
packet transmissions, and each node in the shared index decrements the value
of IC by one after each data-packet transmission, and eventually IC = 0.

As long as IC > 0, nodes set RF = 1, which results in an index-join turn
following each data packet for the first Nc index cycles after the index is initial-
ized, and provides many opportunities for CTI’s to succeed in order to grow the
shared index quickly when many nodes need to be added to the index.

Once IC = 0, only the head of the index sets RF = 1 in its data packets,
and the rest of the nodes set RF = 0. This results in a single join-index turn
following the data packet from the head of the index in each index cycle. At
most one new node can be added to the index in a given cycle, and its position
follows the position of the head of the index.

A node with a CTI to send waits for the start of the next join-index turn and
then transmits. This simple transmission strategy adapts to the three channel-
access phases of CSMA/CI. If a node does not receive a packet that acknowledges
its own CTI, the node backs off immediately and tries to send a CTI at a future
random time that is larger than the length of the current index cycle.

If only one CTI is transmitted during a join-index turn, its duration consists
of the time needed for the sender of the CTI to turn from listening to transmit
mode (ω), the time needed to transmit the CTI (α), and the propagation delay
for the CTI to reach the next node in the index (τ). If multiple nodes transmit
CTI’s concurrently during a join-index turn, the time duration of that turn also
includes the time difference ε between the transmission of the first and the last
CTI sent concurrently during the turn, with ε ≤ τm being the result of different
propagation delays from the transmitter of a data packet and the nodes sending
CTI’s following that.

If no CTI is sent during a join-index turn, the node in the next index position
takes only η seconds to detect carrier; however, the node must wait for an addi-
tional maximum propagation delay τm to ensure that differences in propagation
delays do not cause MAI. An example of MAI avoidance based on this time
padding is when the next node in the index is very close to the previous node in
the index while a node that could send a CTI is far away from both nodes. In
this case, without the added waiting time the next node x+1 in the index could
assume that no CTI is being sent simply because it is very close to the previous
node x in the index and the carrier from the CTI from a far-away node does
not reach node x+1 within η seconds after node x+1 receives the transmission
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from node x. In the example of Figure 3, IC = Nc > 2, which makes all nodes
set RF = 1 in their data packets. Accordingly, a join-index turn follows each
data-packet transmission in the two index cycles shown. The value of Nc is not
critical, and we assume Nc = 10 in our simulations.

3.4 Sending Data Packets in Index Cycles

Channel access in CSMA/CI after the first Nc index cycles occur consists of
a sequence of index cycles with a single join-index turn per cycle. The order
of transmissions by nodes in the shared index is determined by the position of
the join-index turn during which the nodes transmitted their CTI’s successfully.
Figure 4 illustrates the transmission of data packets in CSMA/CI with the head
of the index being node a.

Fig. 4. Steady-state channel access with CSMA/CI once IC = 0

The first index cycle shown in the example results in a successful CTI trans-
mission, the second and fourth cycles shown have empty join-index turns, and
the third cycle has a collision of two CTI’s sent concurrently. The fourth index
cycle in the figure has node b being silent, and node c transmitting as soon as it
determines that there is no packet from node b.

The duration of a packet-transmission turn consists of the turn-around time
needed for the sender of the data packet to start transmitting, the transmission
time of the data packet, and the propagation delay incurred by the data packet
to reach nodes that may need to send CTI’s to join the index. A data packet
can last at most one maximum channel access turn (MCAT), so that no node
can keep using the channel indefinitely.

A node that has joined the shared index and does not have user data to send
when its transmission turn occurs remains silent. A node n that follows a silent
node s in the shared index uses carrier sensing to determine when it can start
transmitting after receiving the transmission from node p preceding node s in
the index. To account for differences in propagation delays from p to s and from
p to n, node n waits for η + τm seconds after the transmission from node p to
decide that it can start transmitting. If the head of the index is silent, a node
with a CTI to be sent waits for η+τm to determine that the node is silent before
transmitting.
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3.5 Handling Errors, Node Failures, and Nodes Leaving and Joining
the Network

The ACK to the last packet received correctly included in each CTI and data
packet allows transmitting nodes to learn about the occurrence of transmission
errors in their CTI’s due to MAI or channel effects, and the occurrence of errors
in data packets due to channel effects.

A node that leaves the shared index intentionally sends a DTI during its last
cycle and the rest of the nodes update the index accordingly. However, nodes
must handle the failure of nodes that have joined the shared index, and steps
must be taken to allow new nodes to join the shared index without disrupting
the transmission turns assigned to the nodes that have already joined the index.

As we have described in Section 3.3, nodes that want to join the shared index
can only do so only after they receive a data packet stating RF = 1. The steps
described in the previous section allow new nodes to join the shared index by
simply inserting their identifiers in the ordered list of identifiers maintained by
each node that belongs to the shared index, without causing any transmission
disruptions in the current index cycle or future index cycles.

A node that has already joined the index and whose turn follows the turn
assigned to a failed node waits to detect carrier from the data packet by the
previous node in the index just as in the case when the previous node in the
index is just silent during its turn. Multiple consecutive empty data-packet turns
may occur if a sequence of silent and failed node occurs in the index, and each
empty turn lasts η + τm.

A node is declared to have failed and is deleted from the index after a few
index cycles take place without a transmission from the node. This applies to
the head of the index as well, and the next node in the shared index becomes
the new head of the index.

A node that is just initialized must wait for a startup time that is longer
than a few index cycles to access the channel. A new node populates its copy of
the shared index and the value to use for IC by listening to the channel for a
few index cycles. Once the startup time has elapsed, a node waits for the next
data packet with RF = 1 to send a CTI if the node has acquired a non-empty
index. A node sends an RTI if it does not hear any packets after the startup
time elapses.

4 Throughput of CSMA/CI

We assume the same traffic model used to analyze ALOHA [1], CSMA [16],
and many other channel-access methods in the past. According to this model,
a large number of stations form a Poisson source sending packets to the shared
channel with an aggregate mean rate of λ packets per unit time. Data packets
have a time duration equal to δ seconds, and RTI’s and CTI’s last α seconds.
The only source of errors is MAI and multiple concurrent transmissions fail and
must all be retransmitted, and every packet propagates to all nodes with the
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same propagation delay τ . A fixed turn-around time of ω seconds is assumed
for transitions from receive-to-transmit or transmit-to-receive modes, and the
time needed for a node to detect carrier is η. A node that backs off does so for
a random amount of time such that packet transmissions for new arrivals and
backlogged arrivals can be assumed to be independent of one another. The only
physical-layer feedback is the decoding of packets received without MAI, and
the system operates in steady state.

To simplify our analysis, we approximate the strategy used by a node with
a CTI to be sent as follows: (a) The node sends its CTI at the start of the next
available join-index turn if the CTI became available during the initialization
period of the shared index or in an index cycle taking place during steady-state
operation; and (b) the node sends its CTI at the start of the next join-index turn
if the CTI became available during the current index turn of one of the first Nc
index cycles following an RTI, else the node backs off randomly and attempts
its transmission at a future time.

In steady state, the throughput of CSMA/CI is the percentage of time the
channel is used for the transmission of data packets during each index cycle. The
following theorem states this result assuming that a transmitted data packet has
a non-empty payload with probability ν, the number of nodes in the shared index
is N , and IC = 0 at every node in the shared index, so that a single join-index
turn is allowed per index cycle.

Theorem 1. The throughput of CSMA/CI in steady state when the size of the
shared index is N equals

S =
νδN

N(η + τ + (δ + ω − η)ν) + ω + α+ τ + (η − ω − α)e−λρ
(1)

where ρ = N(η + τ + (δ + ω − η)ν)
Proof. Any node for which a CTI is ready for transmission during the current
index cycle waits and transmits its CTI at the start of the next join-index turn
following the transmission by the head of the index. Based on the model assump-
tions, τm = τ and the probability pε that the join-index turn of an index cycle
of length N has no CTI transmissions equals the probability that no CTI’s are
ready for transmission during a period of time of length

ρ = N(ν[ω + δ + τ ] + (1− ν)([η + τ ]) = N(η + τ + (δ + ω − η)ν) (2)

Accordingly, pε = e−λρ and hence the average time consumed by the join-index
turn of a cycle is

Tj = (η + τ)pε + (ω + α+ τ)(1− pε) = ω + α+ τ + (η − ω − α)e−λρ (3)

The average time of a data-packet turn of an index cycle is

Td = ν(ω + δ + τ) + (1− ν)(η + τ) = η + τ + ν(δ + ω − η) (4)

The average duration of an index cycle is then Tj + NTd, and the average
time spent sending data packets with payloads is U = Nνδ. The result in Eq. (5)
follows by taking the ratio U/(Tj +NTd) and substituting Eqs. (3) and (4).
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5 Performance Comparison

We compare the performance of CSMA/CI with the performance of CSMA with
ACK’s, ALOHA with ACK’s and CSMA/CA to emphasize the dramatic per-
formance improvements attained with the use of a shared index maintained
collaboratively among nodes using signaling that is similar to the signaling used
in CSMA/CA. We compare CSMA/CI with TDMA with a fixed transmission
schedule because TDMA offers the best performance of traditional contention-
free methods, which helps us show that CSMA/CI attains better channel effi-
ciency than all these methods without the need for complex hardware, careful
planning, or a pre-established infrastructure. We present numerical results from
our analytical model and simulations carried out using ns-3 [18].

5.1 Throughput Results from Analytical Model

Results are normalized to the length of a data packet by making δ = 1. and
using G = λ× δ, where λ is the arrival rate of all packets.The normalized value
of other variables equals their ratios with δ.

We assume the following system parameters: The channel data rate is 10
Mbps, physical distances are 300 meters, and data packet are 1500 bytes, which
results in a normalized τ = 8.3×10−4. The turn-around time ω is assumed to be
the same as a propagation delay, and an ACK in ALOHA and CSMA consists
of 40 bytes.

To compare CSMA/CI and TDMA with ALOHA, CSMA and CSMA/CA,
we make the simplifying assumption that a node in the TDMA schedule and a
node already in the shared index transmits a data packet during its time slot
or index turn whenever there is any packet arrival within δ seconds prior to the
start of its time slot or turn. Assuming that the arrival of packets is Poisson
with parameter λ, it follows that ν = 1− e−λδ. With this assumption, the result
in Theorem 1 can be restated as follows:

Scsma/ci =
δN

(
1− e−λδ

)
N(η + τ + (δ + ω − η) (1− e−λδ)) +W

(5)

where
W = ω + α+ τ + (η − ω − α)e−λρ

ρ = N
(
η + τ + (δ + ω − η)

(
1− e−λδ

))
For the case of TDMA with a fixed schedule, the length of a time slot equals

the length of a data packet, a turn-around time, and the propagation delay.
Therefore, the throughput of TDMA is

Stdma =
δ
(
1− e−λδ

)
δ + ω + τ

(6)

The throughput results for ALOHA and non-persistent CSMA with ACK’s,
and non-persistent CSMA/CA are given by the following equations [8], [10] as-
suming that the length of an RTS and CTS equals the length of an ACK (α):
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Saloha =
λδe−2λδ

1 + λe−λδ (τ + λe−λδ[ω + α+ τ ])
(7)

Scsma =
δ

ω + α+ τ + 1
λ
+ eλ(ω+τ)(δ + 2ω + 2τ)

(8)

Scsma/ca =
δ

δ + 2α+ 4ω + 5τ + 1
λ
+ eλ(ω+τ)(α+ 2τ + ω)

(9)

Fig. 5 shows throughput results from the analytical model. CSMA/CI is much
more efficient than all the other methods at light to moderate loads and is as
efficient as TDMA at high loads for any size of the shared index larger than 2.

Fig. 5. Throughput of TDMA, ALOHA, CSMA, CSMA/CA, and CSMA/CI

5.2 Results from Simulation Experiments

We compare the average throughput of TDMA with a fixed schedule, CSMA/CI,
ALOHA with ACK’s, CSMA with ACK’s, and CSMA/CA using the ns-3 simu-
lator [18]. The simulation experiments were based on fully-connected networks
of 10, 50 and 100 nodes placed randomly over a 212m× 212m grid resulting in
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propagation delays of at most 1 µs. No channel capture or channel errors occur,
the data rate is 10Mbps, and the transmission rate for the PLCP (Physical Layer
Convergence Procedure) preamble and header of 24 bytes is 1 Mbps.

ALOHA, CSMA, and CSMA/CA use a binary exponential backoff scheme
with a maximum backoff time of 1 second. ACK’s in ALOHA, CSMA, and
CSMA/CA are set to 14 bytes of IEEE 802.11 ACK’s. The time slots in fixed-
schedule TDMA accommodate the largest packet size. Data packets in CSMA/CI
add 30 bytes, which suffices to carry the necessary signaling and support a pay-
load length of up to 2048 bytes, which is sufficient to support Ethernet frames.
When calculating the throughput of CSMA/CI, we consider the time spent suc-
cessfully transmitting data packets, excluding the CSMA/CI header.

Throughput Results Table I shows the normalized throughput for TDMA,
ALOHA, CSMA, CSMA/CA and CSMA/CI. We consider networks with 10 and
50 nodes and data payloads of 218 bytes, 1500 bytes, and an even combination of
them. The table shows the mean of 10 trials for each experiment lasting 10 min.
Standard deviations were negligible for all MAC protocols because of the long
duration of each 10 minute experiment. CSMA/CI attains far better throughput
than ALOHA, CSMA, and CSMA/CA independently of the network size or pay-
load type, with better than 94% throughput in all cases. The small throughput
degradation with small payloads in CSMA/CI results from the relatively larger
overhead of propagation delays and turn-around times in queue turns with short
packets.

Table 1. Normalized Throughput Results

Network
Size Method Packet Size (bytes)

218 50% / 50% 1500
10 nodes ALOHA .271 .132 .096

CSMA .643 .805 .862
CSMA-CA .373 .462 .693
TDMA .260 .625 .991
CSMA-CI .975 .977 .978

50 nodes ALOHA .028 .003 <.001
CSMA .643 .805 .862
CSMA-CA .373 .447 .693
TDMA .260 .625 .991
CSMA-CI .977 .980 .980

100 nodes ALOHA .002 <.001 <.001
CSMA .643 .805 .862
CSMA-CA .373 .447 .693
TDMA .260 .625 .991
CSMA-CI .980 .980 .980

ALOHA performs much worse with large and mixed payloads because the
average vulnerability period of a data packet is larger. In fact, as the network
size increases, its throughput vanishes due to the amount of MAI. CSMA and
CSMA/CA perform better with large payloads, because the overhead of priority
ACK’s and handshake packets is comparatively smaller than with small data
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packets. CSMA performs significantly better than CSMA/CA due to the PLCP
overhead incurred by the RTS/CTS handshake.

TDMA performs better than CSMA/CI only when large data packets are
transmitted most of the time. In SMA/CI outperforms TDMA when small pack-
ets are transmitted, data traffic involves a heterogeneous mix of packet lengths,
nodes do not send data payloads every time they are given a chance to transmit.

CSMA/CI eliminates an inherent problem in TDMA resulting from the need
to use fixed-length transmission opportunities that may be either too short or
too long, which results in packet fragmentation or decrease channel utilization.

Fig. 6. Average delay for all nodes to join the shared index in CSMA-CI

Delay Results Fig. 6 shows the short delays incurred in adding all network
nodes to the shared index starting from the time when the first RTI is successful.
Results are shown for a system with 10, 25, 50 and 100 nodes. The simulation
experiments use RTI’s with values of A of 256 or 512. All nodes which receive an
RTI choose at random from the A join-index turns to transmit in. The value of
Nc used in the experiments is 10. For small values of n, the node join times are
uniformly distributed within the A join slots with high probability. The results
for n = 100 show that a higher value of A is desirable for large networks, because
then fewer nodes need to join the index during index cycles.
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The time within which all nodes join the shared index in CSMA/CI is re-
markably short. As Figure 6 shows, even in a large system of 100 nodes, the time
needed for all nodes to be added to the shared index on a completely autonomic
basis is shorter than 250 ms.

6 Conclusions

We introduced CSMA/CI, a new channel-access method that quickly attains
collision-free transmissions and provides maximum channel-access delay guar-
antees in fully-connected wireless networks taking advantage of carrier sensing,
the data-storage capacity of communicating nodes, and simple signaling. The
signaling overhead in CSMA/CI is very small once the system reaches steady
state, but permits nodes to quickly join the system. The performance results
show that CSMA/CI performs better than contention-based protocols as well as
TDMA. The shared-index approach used in CSMA/CI also eliminates the need
for a central node to orchestrate channel access to prevent MAI as it is done
in IEEE 802.11 point coordination function (PCF) and IEEE 802.11e hybrid
coordination function (HCF).

This paper focused on fully-connected wireless networks. However, similar
approaches to those we have introduced for CSMA/CA [9] can be applied to
CSMA/CI to address the negative effects of hidden terminals. Our future work
focuses on augmenting the signaling of CSMA/CI to work efficiently in multi-hop
wireless networks.

For simplicity, we have assumed that all nodes have flows with the same
priorities and quality of service (QoS) requirements. However, the shared-index
approach can certainly take into account multiple types of flows. For example,
a given node may need to transmit more than once in an index cycle.

Additional work is needed to define priorities and quality of service (QoS)
support in CSMA/CI, and to compare the resulting solution to the recent IEEE
802.11e EDCA proposal (Enhanced DCF Channel Access), which itself requires
admission-control mechanisms to prevent flows of the same priority that compete
with each other from not being able to have guarantee access without MAI and
receive their desired bandwidth, latency, or jitter.
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