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A central problem in wireless packet networks is the efficient resolution of collisions
among nodes with independent transmission schedules. Natural metrics for measuring
the efficiency of any collision resolution scheme include total time taken for collision
resolution, average participation time of each transmitter during contention resolution,
average number of transmissions made by a transmitter, and average power consumption
per a transmitter. While it is straightforward to design a centralized protocol that opti-
mizes along each of these metrics, the challenge is in designing distributed protocols that
are efficient along each one of these metrics. No existing approach performs well along
all these metrics simultaneously. In this paper, we present EMCRR, a novel random-
ized distributed collision resolution protocol that is based on power control and energy
measurement techniques. We study the performance of EMCRR both analytically and
empirically. Our analytical and empirical results closely match each other and show that
EMCRR compares very favorably to all existing schemes.

1. Introduction

Wireless nodes exchange information through low bandwidth multiple access radio spec-
trum. Users in transmission range of each other cannot transmit messages simultaneously.
At the same time users not in the same neighborhood can use the transmission medium
simultaneously. A key challenge in wireless systems is to resolve this space dependent
contention efficiently. Space dependent contention can be mitigated if users have locally
unique transmission channels. For this purpose, distinct frequencies(codes) are assigned
to contending users for FDMA(CDMA) based multiple access scheme. However, use
of multiple channels cannot eliminate the space dependent contention. This is because
wireless nodes have single radios and one radio can receive one message or transmit one
message, but cannot perform multiple receptions and transmissions simultaneously. So,
if multiple messages reach a node at the same time, all of them are wiped out and also
a message is rejected if it reaches the node, while the node is in the transmission mode.
Both events are termed “collision.” A user often has no knowledge of its neighbors trans-
mission schedules, and decides its own transmission schedule independently. As a result,
collisions are inevitable in any packet-radio network with distributed control. All wire-
less transmission protocols need to recover from such collisions. The objective of this
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paper is to provide a new collision resolution approach using power control and energy
measurement techniques.

1.1. Performance Metrics

We first identify the desirable properties of a collision resolution protocol in context of
the current wireless network requirements. Clearly, for any practical implementation, a
collision resolution protocol needs to be inherently distributed, i.e., nodes take contention
decisions without any centralized coordination. Considering bandwidth and power are
typical limited resources in wireless networks, next, we consider the following performance
metrics for a collision resolution approach as follows: (1) expected total time consumed
in the collision resolution process, (2) average participation time of a transmitter, (3)
average number of transmissions per transmitter, and (4) average power consumption
per transmitter. In addition, collision resolution approaches should be simple as wireless
nodes typically have limited memory and processor power as well.

1.2. Existing Collision Resolution Approaches

We first briefly review the existing collision resolution schemes. Several wireless medium
access protocols including IEEE 802.11 use a random backoff based collision resolution[9].
Whenever there is a collision, a node backs off for a random amount of time, and then
re-attempts once again, and the backoff interval increases exponentially with each reat-
tempt. Tree based collision resolution approach has been suggested in [2,3,8]. Whenever
there is a collision, all contending nodes randomly split into two subsets. The different
subsets attempt transmission in different slots. Further splitting occurs if there are further
collisions. A deterministic tree splitting approach has been proposed in CARMA-MC of
[6]. Here, the splitting occurs in accordance with ID announcements from the receiver. In
the collision multiplicity based splitting of CRAI in [5], the receiver estimates the number
of colliding nodes from the received energy, and broadcasts this to the transmitters. The
transmitters decide the splitting probability based on the collision multiplicity. We will
show later that our proposed approach is substantially better than all the existing ones
with respect to all the four metrics.

1.3. Our Collision Resolution Approach

We propose a new collision resolution approach which we call EMCRR (Energy Mea-
surement based Collision Resolution in Rounds). The basic intuition behind our approach
can be outlined as follows. Collision resolution takes place in rounds. Whenever there is
a collision, a receiver node can estimate the number of colliding nodes from the received
power, e.g., using Standard circuits[11]. It broadcasts this estimate back to the colliding
nodes. The first collision resolution round length is determined as a function of this esti-
mate. The colliding nodes choose their re-attempt slots randomly in the resolution round.
At the end of the first re-attempt round, the receiving node broadcasts the slot numbers
which had successful re-attempts and the total number of remaining contenders. A col-
liding node can find out whether its attempt was successful or not from this information.
A node that fails in the current round reattempts in the next round. This repeats till
each node succeeds.



1.4. Performance Comparison

EMCRR attains good performance w.r.t. all four metrics. For (1) the average total
collision resolution interval, we prove the performance of EMCRR is upper-bounded by
2.78k slots, where k is the total number of contenders. So far, the best performance has
been attained by the CRAI protocol of [5] and the number is 3.74k for k£ nodes. Simulation
results indicate that the performances of the other approaches [2,3,6,8,9] exceed that of
EMCRR by at least a factor of 1.7 for broad range values of k£, and the factor increases
with increase in k. For (2) the maximum participation time of a transmitter, we prove
the performance in EMCRR is upper bounded by 4.36lnk + .075k with a high probability.
Analytical results are not available for the other approaches. Simulation results indicate
that there is an improvement by a factor of 1.5 to all the known approaches(2,3,5,6,8,9].
For (3) the average number of transmissions, EMCRR has fewer as compared to others for
a large number of contenders (k > 64). The difference increases with the increase in the
number of contenders. We also prove that the performance EMCRR is upper bounded
by e + 1 independent of the number of transmitters, whereas for all other approaches,
this number increases with the increase in the number of contenders. For (4) the average
power consumption, We observe through simulations that power consumption is at least 2
times more for all the other approaches as long as the number of contenders is greater than
8 (k > 8). Power consumption depends on the average participation times, the average
number of transmissions and actual values of power consumed in different activities like
transmission, reception, channel monitoring and sleeping. The improvement in power
consumption is mainly due to the significant reduction in the average participation time.

The rest of the paper is organized as follows. Section 2 describes our network model,
assumptions and the proposed protocol and discusses some salient features of our policy.
Section 3 presents our analytical results. Section 4 describes existing collision resolution
approaches, and compares our policy with these. We conclude with some directions for
future work in Section 5.

2. The EMCRR Collision Resolution Protocol

2.1. Assumptions

We consider a multichannel symmetric wireless network where the channel is a fre-
quency (code) for a frequency (code) division multiple access. We assume every potential
receiver? is assigned a locally unique receiving channel in its two-hop neighborhood. This
channel assignment is achievable using a distributed algorithm proposed in [7]. Each
node transmits packets to its intended receiver in the receiver’ channel. This mechanism
ensures only flows sharing the same receiver interfere with each other[6].

The channel access falls into two modes: (a)transmission mode and (b)reception mode.
When a node has no packet to transmit, it is in the reception mode. When a node has
packets to transmit, it may be in either mode depending on the communication history,
the bandwidth allocation policy, the traffic availability, and etc.

We consider a slotted system with synchronized slot boundaries. The receiver sends

2In general, all nodes may not be potential receivers. Consider a sensor network, where sensors communi-
cate their measurements to some predetermined nodes. In this case the sensors do not serve as receivers,
and hence do not need designated channels. However, if all nodes are potential receivers, then all nodes
need locally unique channels.



synchronization information initiating a new communication with a control message (i.e.,
an RTR (Ready-To-Receive) message). The transmitters synchronize their clocks with
the receiver on receiving this information. Similar synchronization is performed in many
commercial wireless adhoc standards, including bluetooth[1]. We assume the propagation
delays are negligible as compared to packet transmission times. This is the case for single
hop wireless links, except the satellite communications.

We assume a node can measure the signal strength of a received packet and adjust
its transmission power to a certain degree. Signal strength decays as d™", where d is
the distance traversed and r is normally close to 4. We assume that a good estimate of
the path loss index r is known at the receiver. When a transmitter transmits a packet
to a receiver with signal strength P,, the strength of the received signal is P,, where
P, = P;-d™". The receiver estimates d from the knowledge of P; and .  When a
transmitter knows d and wants its receiver to receive a packet with the signal strength
P,, the transmitter can transmit with the signal strength P, where Py = P,/d".

When multiple transmitters transmit to the same receiver simultaneously, all the mes-
sages collide at the receiver. We assume that the receiver can measure the total received
power on the reception of the corrupt messages. If all the contenders transmit their pack-
ets with power scaling such that each packet reaches the receiver with the same signal
strength P,., which is the sum of the powers of all the transmissions. The receiver esti-
mates the number of contenders from the total received power. If k£ transmitters transmit
in all where the received power is kP,, the receiver can figure out that k£ transmitters
transmitted.

The distance between a transmitter and the receiver may change during the collision
resolution process on account of mobility. But, the transmitters can continuously update
this estimate from the strength of the control packets (i.e., feedback packets) at the end
of each collision resolution round.

2.2. Protocol Operation Overview

We first provide an outline of the protocol operation as illustrated in Figure 1. Similar
to IEEE 802.11, the protocol has a 5 phase handshake. The phases are (a) a receiver
broadcasts an RTR control message, (b) a transmitter sends back to the receiver an RTS
(Ready-To-Send), (c) the receiver responds to the transmitter by sending a CTS (Clear-
To-Send) if the packet is received correctly, otherwise collision resolution is used, (d) the
transmitter sends a DATA packet after the resolution of collision, (e) and the receiver
finishes the communication by sending an ACK. Now, we explain each phase.

2.3. Receiver-initiated 5 Phase Handshake Protocol

Our protocol consists of 5 handshakes initiated by a receiver. Among the 5 handshakes,
the first three control message exchanges belong to control message exchange phase
and the last two belong to data exchange phase. When a node switches to the reception
mode, it broadcasts an RTR in its receiving channel starting the control message exchange
phase. Since there is only one receiver in the receiving channel and only the receiver sends
an RTR, there is no collision for the RTR. This control message is transmitted with a
power P which is uniform throughout the system and contains the clock synchronization
information. When a transmitter waiting for an RTR in the channel receives the RTR,
it synchronizes its clock with the receiver and also measures the signal strength of this
RTR message. Then, the transmitter sends to the receiver an RTS control message that
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Figure 1. A flowchart for the the Reception (left) and the Transmission (right) Modes.
Here, Rx indicates the receiver and Tx indicates the transmitter.

contains the number of packets the transmitter intends to transmit. The transmission
power for the RTS message is scaled such that the reception power for this packet after
the path loss is P’, where P’ is agreed apriori throughout the system.

If there is only one transmitter that transmitted an RTS to the receiver and the RTS
is received correctly, then the receiver sends a CTS in the next slot and switches to the
data exchange phase. The CTS contains the number of allowed packets. This number is
upper bounded by the requested number of packets in the RTS. Like the RTR, there is
no collision for the CTS. If a transmitter receives a CTS, it switches to the data exchange
phase and starts transmitting data packets.

If multiple transmitters wish to transmit to the receiver (which is normally the case for
many applications), all the corresponding RTS collide at the receiver. ~We discuss the
collision resolution now.

2.4. Collision Resolution Round

Upon detecting an RT'S collision right after an RTR broadcast, the receiver broadcasts
a feedback control packet that contains the number of contenders, k, participating in the
collision. Like an RTR control packet, the feedback packet is transmitted with a power
P and contains the clock synchronization. The first collision resolution round starts, and
the contenders choose a random integer between 0 and k& — 1 with probability 1/k. The
choice at any contender is independent of that of the others. If a transmitter chooses 1.
The receiver broadcasts the feedback at the end of the current collision resolution round
which is £ slot long. The feedback contains the number of contenders participating in the
current round. It also contains a list of the slot numbers in which the receiver successfully
received RTS and the number of data packets the corresponding transmitters can send.
The receiver need not include the identities of the successful transmitters in this packet.
A transmitter knows the slot number it attempted, and hence can find out whether or
not it succeeded from this feedback. If there are some successful slots, then the receiver
and the corresponding transmitters switch to the data exchange phase. We will describe



the data exchange phase later. A fresh collision resolution round starts after the data
exchange phase until there is no collision in the current round.

2.5. Data Exchange Phase

The transmitters can compute the data transmission sequences from the information
in the feedback packet. For example if a transmitter N; sent RTS successfully in slot j in
the current collision resolution round, and there are are ¢ transmitters which succeeded in
slots before slot 7, and ¢; is the number of packets successful node N; have been permitted
to transmit, then transmitter N; transmits data packets in slots 1+ Zle i to t;+ Zle t;.
It knows the numbers i, ¢,...,%; and ¢; from the feedback packet. The contenders who
failed in the previous round can also compute the length of the data transmission phase
from the information in the feedback packet. If there were i successes in the previous
collision resolution round, then the length of the data transmission phase is >¢_, #;. Thus
the contenders who collided in the previous round, know when a new contention resolution
round starts.

2.6. Discussion

During a collision resolution round, a contender participates only twice when it trans-
mits an RTS in its randomly chosen slot and when it receives a feedback packet in the last
slot of the collision resolution round. It can sleep or participate in other activities in an-
other channel during the other slots. Thus, clearly the participation time of a transmitter
is low in this process.

The feedback packets at the end of every round contains information about the number
of remaining contenders and the successful slots. Thus collisions do not induce additional
feedback. All the tree based approaches [2,3,5,6,8] need feedback after every slot and this
increases the total time consumed in the collision resolution.

The protocol is completely distributed. Our scheme is particularly suited to application
where there are few receivers.

3. Analytical Results

We obtain analytical bounds on the total collision resolution interval, the average par-
ticipation time of a transmitter and the average number of transmissions in this section.
Let there be k initial contenders and let Z;, 1 <7 < k, be a random variable that indi-
cates the number of rounds in which the ith transmitter participates before it succeeds.
Note that Z; 4+ 1 is the number of transmissions of transmitter 7. Let Z denote Zle Z;.
Also, let k; denote the number of transmitters that participate in the jth round. Thus
the total number of slots that are used in the collision resolution rounds is given by
>k = Zle Z; = Z. This follows because if m transmitters contend in a round then the
collision resolution round has m slots. The maximum participation time of any transmit-
ter depends on Z,,,x = max; Z;. This is because a node transmits and receives once every
round it contends. We now derive bounds on the values of Z and Z.x.

Let X; be the random variable indicating the number of contenders at the beginning
of the /th round. Define p;(r) as the probability that a transmitter succeeds in the jth
round given that X; = r and given that it has failed in the previous rounds.

no)=(7)a- D )



Consider the function f(g) = (1—1/¢)?" . Since lim,_,, f(¢) = 1/e and the function f(q)
is monotonically decreasing for all ¢ > 1, we can conclude that f(q) > 1/e, for all ¢ > 1.
It follows that p;(r) > 1/e, for all j,r. Let g;(r) be the probability that transmitter
collides in round r given that it has collided in all previous rounds.

Pr(Z; > r) = Pr(Transmitter ¢ collides in the first 7 rounds ) = TII,_,¢g:(s) (2)

Denote the event transmitter ¢ colliding in round r as C;, and the event that transmitter
i collides in the first 7 — 1 rounds as Cf ™",

k
gi(r) = ZPT(C" | Xp =7, C;_I)PT(XT =7 Czr_l)

< (1-1/e) Z Xy =3 | C[™") (since pr(j) > 1/e) = (1~ 1/e) (3)
From (2) and (3), Pr(Z; > r) < (1—-1/e)" (4)
EZ; =Y Pr(Z;>r) < 21—1/6

It follows that EZ < ke.

Choosing r = 4.36(Ink), we conclude from (4) that Pr[Z; > 4.36(Ink)] < 1/k%. Using
union bound it follows that Pr[Z.x > 4.36(Ink)] < 1/k. Thus with probability at least
1 — 1/k, each transmitter is successful within 4.36Ink rounds.

Theorem 1 The expected number of slots used in the collision resolution rounds is upper
bounded by ek and with probability at least 1—1/k, all transmitters succeed within 4.36(Ink)
rounds.

Note that the feedback at the end of every round consists of successful slot numbers and
the number of packets allowed for the corresponding transmitters. We allow 3 bytes for
each successful slot, and we assume that every slot can accommodate around 40 bytes (this
is the size of the control packets in IEEE 802.11). In all, there are exactly k successful
slots. The total number of slots consumed in communicating the feedback is 3k/40.3
Also, the resolution process needs 3 slots before the first collision resolution round in
order to receive the RTR, send the first RT'S and receive the collision feedback. Thus
from Theorem 1 the expected duration of the collision resolution round is upper bounded
by (e + 3/40)k + 3 slots, which is approximately 2.78k (the additive constant of 3 can be
ignored for reasonably large k).

Note that a transmitter sends a packet once in each round it contends, and from The-
orem 1 it can contend for at most 4.36(Ink) rounds with a high probability (probability
greater than 1 —1/k). Also, a transmitter needs to receive at most 3k/40 slots of feedback
by the previous argument. Again, every transmitter is active for 3 slots before the first

3Strictly speaking, the total number of feedback slots may be little more than that on account of overheads,
and since the number of feedback bytes may not be multiples of slot lengths, and we may need ceiling
operations to take this into account. However, such deviations are negligible for all practical values of k.
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Figure 2. Average collision resolution interval length normalized that of EMCRR.
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Figure 3. Average participation time normalized to that EMCRR.

collision resolution round. It follows that a transmitter needs to participate in at most
3/40k + 4.36Ink + 3 slots with a high probability. Thus the average participation time of
a transmitter is upper bounded by 3/40k + 4.36Ink + 3 + € for all large k£ and arbitrarily
small € > 0. Again, the additive constants can be ignored for large k.

We argued that Z; +1 is the number of transmissions of transmitter i. Thus the average
number of transmissions is 1+ (EZ/k). Since EZ < ek, this number is upper bounded by
(e + 1) for any k.

4. Simulation Results

We present the evaluation of our policy through simulations in this section. We evaluate
our policy with respect to the total collision resolution time, the average participation time
of the transmitters, the average number of transmissions and the power consumed in the
collision resolution process. We study the performance for different number of contenders
(k). We assume that the transmitters start contending at the beginning of every reception
cycle and continue till their collisions are successfully resolved (we do not allow a contender
to join midway or drop out before its collision is resolved).

We have analyzed EMCRR assuming that the idle slots have the same length as the
control slots. However, in many systems the receiver can detect that a slot is idle and
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Figure 4. Average number of transmissions normalized to that of EMCRR.
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Figure 5. Average power consumption normalized to that of EMCRR.

subsequently send a feedback indicating that the slot is over. Depending on the capacity
of the wireless medium, idle slots can be shorter than the control slots. In IEEE 802.11b
specification that most currently available wireless interfaces follow, the idle slots can
have half the length as it takes to transmit a control message (i.e., an RTS). We have
experimentally studied the performance of EMCRR w.r.t. that of other approaches in this
case as well. In this case, EMCRR still assumes that the idle slots have the same length
as the control slots, whereas other systems terminate the idle slots faster. EMCRR is
significantly better than the others even for this case. We present comparisons of EMCRR
with the existing approaches, IEEE 802.11[9], FCFS[2], CRAI|[5], CARMA-MC[6]. We
observe that only IEEE 802.11 is sensitive to the length of the idle slots.

Figure 2 compares the average collision resolution intervals. EMCRR outperforms the
other approaches due to the successful usage of the number of collisions in each slot.
Figure 3 compares the average participation time of the transmitters. EMCRR also
performs bettern than the other approaches. For EMCRR a transmitter knows the exact
slots in which it would transmit or receive. It transmits in a randomly chosen slot every
round and receives feedback at the end of the round. The length of the rounds are
also known. Thus the transmitter can sleep in between. This explains the low average
participation time of a transmitter in EMCRR. Figure 4 compares the average number



of transmissions. TEEE 802.11 has fewer average transmissions than EMCRR, for small
values of £ (k < 64) but this number rapidly increases with increase in the number of
contenders. EMCRR has fewer average number of transmissions as compared to all the
other approaches. Also, for EMCRR, this number is upper bounded by e + 1 for all £,
whereas the average number of transmissions increase with an increase in the number of
contenders for all other approaches. Figure 5 compares the power consumption. EMCRR
improves the power consumption. The significant improvement is mainly because of much
smaller average participation time for EMCRR.

5. Conclusion

We have proposed a new energy measurement based collision resolution approach, called
EMCRR. We identified some relevant performance evaluation metrics and evaluated the
performance of EMCRR w.r.t. these metrics. Analytical and Experimental performance
evaluation indicate that EMCRR significantly outperforms all existing approaches. In
addition, EMCRR is computationally simple and does not involve sophisticated node
functionality. There are several possible directions of future work. First, we would like to
investigate the performance of EMCRR when nodes join and leave the collision resolution
process in between. Next, we implicitly assumed that the receiver can accurately estimate
the number of contending transmitters every time there is a collision. We would like to
mention that similar assumptions have been made elsewhere as well[5]. In practice, the
estimation is inaccurate on account of noise and imprecise power control. The study of
the error resilience of EMCRR remains a topic of future research.
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