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Abstract—We propose a distributed medium access control 5o

(MAC) protocol called carrier sense multiple access with collision 2 ckoff

. Back DATA
resolution (CSMA/CR) by extending the wireless CSMA/CD Sfation? ;i1

protocol. The proposed CSMA/CR protocol identifies a collision | Energy l CD slot
by additional sensing after data transmission starts. If one station TTTTT7 | 2
detects a collision, it transmits a jam signal to stop the other station2 /,‘?f’}c}“;“, patA p / // DATA
stations’ transmissions and then retransmits the data without | e £ Ty compme 3
backoff, which resolves the next collision that may occur. The \/
throughput analysis shows that the proposed CSMA/CR protocol  station3 / ,E;alclk?f; ik I:' ,r
outperforms other conventional CSMA-based MAC protocols. 'W)' 77
Index Terms—Carrier sense multiple access (CSMA), collision
avoidance, collision detection, collision resolution. Fig. 1. Operation of WCSMA/CD.

I. INTRODUCTION

N THE carrier sense multiple access with collision detec- In the future, everything in the human living space will
tion (CSMA/CD) protocol, a transmitting station can detediave wireless capability and this will increase the node density
a collision while transmitting a data frame by comparing thger unit area [3]. Numerous wireless devices will increase
transmitted signal level with the received one. The station thatcess collisions. However, the typical CSMA with collision
detects the collision transmits a jam signal to inform the othavoidance (CSMA/CA) protocol is very vulnerable to the col-
stations that they must stop transmitting. This terminates thsion. Although the CSMA/CA using a ready-to-send (RTS)
transmission as soon as the collision is detected; thus, the tiamel clear-to-send (CTS) option can reserve the channel and
required before a retry shortens and the CSMA performangansmit the data frame without collision, its added overhead
significantly improves [1]. However, the CSMA/CD protocofor an RTS/CTS transmission modulated with the lowest rate
is only possible in a wired network. In a wireless networks not negligible, especially at a high data transmission rate [4],
it is impossible to simultaneously sense the channel whig]. Moreover, the RTS/CTS-based CSMA/CA protocol solves
transmitting because the receiver of the transmitting stationtig hidden and exposed node problems, but a number of com-
overwhelmed by its own transmission power (a.k.a., deafnasgrcial WLAN applications seldom encounter such problems
problem). because they are generally used for wireless access in a small
Despite the deafness problem, in order to achieve thbell by assigning an orthogonal channel not used in adjacent
performance gain, the wireless CSMA/CD (WCSMA/CDgells or used for direct communication between nodes within
protocol has been proposed in [2] and references therein. Th&isible range [2]. Furthermore, the lower frequency-based
WCSMA/CD protocol enables the collision detection in a fullyVLAN standards of IEEE 802.11af using TV white spaces [6]
connected single-hop network environment (i.e., the topologyd IEEE 802.11ah using sub-1-GHz bands [7] are in progress
of complete graph). Its operation is depicted in Fig. 1. Eaeb offer one-hop coverage among stations within a cell. In such
station allocates a short CD slot randomly within a fixed Cnvironments, it is realistically expected that every station has
period after starting data transmission and senses the chamnsingle-hop distance and forms a fully connected network in
at the selected CD slot to determine whether a collision occuigher infrastructure or ad hoc mode.
or not. The collision is detectable if all the colliding stations |n thjs |etter, we propose a distributed medium access con-
do not choose the same CD slot. If a station perceives a higlagy| (MAC) protocol by extending the WCSMA/CD protocol.
energy level than the threshold during the CD slot, it aborign|ike the WCSMA/CD protocol, one station that first detects
its transmission after the CD period ends and tries again affetollision transmits a jam signal and the other stations that
a random backoff time. Otherwise, the station continues dat&ognize this jam signal immediately stop their on-going
transmission and successfully completes it. transmissions, analogous to the original CSMA/CD protocol.
This research was supported by the KCC (Korea Communications Col @ddition, the first collision-detecting station that transmits
mission), Korea, under the R&D program supervised by the KCA (Koreille jam signal during a predetermined period is allowed to
Communications Agency) (KCA-12-911-04-001). Jetransmit its data without the backoff procedure and the
H.-H. Choi, |.-H. Lee, and H. Lee are with the Department of Electrical . . . .
Electronic, and Control Engineering, and the Institute for Information Tectq)—ther stations aUtomauca”y defer accessing. This ensures a
nology Convergence, Hankyong National University, Anseong 456-749, Korsalccessful transmission for the retransmission after a collision
(e-mail:{hhchoiz the_e, hwlep@knuu.ac.kr), Corresp_onding a_uthor_ is H. Leejg detected, which is a key feature of the proposed MAC pro-
J.-M. Moon is with the Department of Electrical Engineering, Kore . . .
Advanced Institute of Science and Technology (KAIST), Daejeon 305-70 ,COI' Therefore, we name @SMA with collision resolution
Korea (e-mail: jmmoon@comis.kaist.ac.kr). (CSMA/CR)
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Fig. 2 shows the operation of CSMA/CR protocol wheRig. 4. Operations of CSMA/CR in two cases that a collision is not detected.
no collision occurs. This operation is the same as that of

WCSMA/CD. If the channel is idle, the station starts a data
transmission, selects a CD slot randomly within the fixed Cfail. In the first case, all stations select the same CD slot, so
period, and senses once again at the selected CD slot. Whetthay do not detect the energy and continue their transmissions.
collision occurs, neither energy nor a jam signal are detectddis leads to the failure of all transmissions. In the second
So, the station continues its data transmission and receigese, two or more stations select the same earliest CD slot.
the acknowledgement (ACK) frame from its receiver. Her&hus, they detect only the energy and so transmit the jam
the length of the CD period is the predetermined parametdgnal and retransmit their data frames simultaneously, which
and is set equally in all stations. The length of the CD slatiso leads to a transmission faildraVhen the transmission
should be shorter than the distributed inter-frame space (DIF8ils, the transmitter identifies it by receiving no ACK and then
in order that other stations do not intervene during a CD slaetries after backoff.
The CD slot should also be longer than the time required for
Tx/Rx and Rx/Tx switching and the jam signal sensing, which 1"
c_orrespo_nds to the implementation issue. Furthermore,_ at th%e need to consider how to design the jam signal and
first slot in the CD period, the preamble and the |_nformat|on %fecide the length of the CD slot for its reliable detection. The
the selected .CD. slot number ShQUId b.e transm|tted. t9 ENSYEEE 802.11 standard specifies the clear channel assessment
the _synchromzatmn and th_e data integrity at the receiving si E:CA) method. This judges that the channel is busy through
F|g._3_ ShO.WS the operation of the CSMNC_:R p_rotocol whe energy sensing or a carrier sensing or both [9]. Here, the
a collision is detected and the transmission is success

Simult | . at lect a CD slot rand rrier sensing detects a carrier signal with a specific pattern,
imultaneously accessing stations select a siot randomiyen 55 the preamble in the physical (PHY) layer or the direct
within the CD period and sense the channel at the selected

. : ) Sequence spread spectrum (DSSS) signal in the DSSS mode.
slot. The station that selects the earliest CD slot (i.e., Stat'%?wsideringpthis CgA methtgd the)SO% 11 standard presents

1) can detect the energy but not the jam signal. This Statignrequired CCA time dCC ATime) and defines a slot time
is the first station that detects the collision and so transmcig

. | MPLEMENTATION ISSUE

the i ianal instead of the data during th o CtSSlotTime) as a basic time unit required for the channel
e jam signal instead of the data during the remaining Snsing and accessing, as follows:

period. As a result, the other stations that select a later

slot can detect both the energy and the jam signal, and thiSlotTime = aCC ATime+aRxTxTurnaroundTime

makes _their on-going transmi_ssions stop immed?ately. If _the +aAir PropagationTime+aM AC ProcessingDelay (1)

CD period ends, only the station that has transmitted the jam o . .

signal retransmits its data promptly without backoff. The oth&here aRzTzTurnaroundTime is the maximum time that

stations automatically defer accessing and perform the backé® PHY requires to change from receiving to transmitting,

procedure. R _ . . .
. . . In this case, the station selecting the later CD slot (i.e., Station 3) detects
Fig. 4 shows the operation of the CSMA/CR protocol in Wehe overlapped jam signal. Because an overlapped signal with the same pattern

cases in which a collision is not detected and the transmissia8etectable in general [8], it can stop the transmission.
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aAir PropagationTime is the maximum propagation timeNow the collision detection probability of WCSMA/CD is

for a signal to travel between two stations at the maximuobtained as

distance within the network, andM AC ProcessingDelay ped _1_p _ ped ©)

is the maximum time required for the MAC to issue a request a = s c

primitive to the PHY. On the other hand, the collision in the CSMA/CR protocol
For the CSMA/CR protocol, we can design the jam signakccurs whenj with j > 1 stations among stations accessing

pattern similar to but distinguishable from the preamble isimultaneously select the same earliest CD slot among the

the IEEE 802.11 standard. Then, it is possible to detegkal m slots, as shown in Fig. 4. This collision probability is
this jam signal withinaCC AT'ime. However, the CSMA/CR calculated as

protocol needs a Tx-Rx-Tx transition for sensing in the

o Yoy (5) (m—k) D)
middle of transmission. To perform this, a Tx/Rx turnaroungber ;) — J=2 k=1 . i=2,3,---,n. (10)
time should be added to the basic slot time. Thus, the re- m’
quired minimum length of CD slot becomesSiotTime + Therefore, the collision probability of CSMA/CR is given by
aTxRxTurnaroundlime. Moreover, the length of CD slot
must be shorter than the DIFS time, which is defined as P = ZP VP (i (11
TxSIFS + 2 - aSlotTime. Therefore, a CD slot time

(aCDSlotTime) should satisfy Moreover, from (8) and (11) the collision probabilities of the
first and second cases in Fig. 4 are respectively given by

aSlotTime + aTxRxTurnaroundIime
< aCDSlotTime < TxSIFS + 2 - aSlotTime.  (2) Py = P (12)

Py = PT—P (13)
IV. THROUGHPUTANALYSIS . .. ) . .
, ) Finally, the collision resolution probability of CSMA/CR is
Let n be the number of contending stations and et

be the number of available CD slots. From the Blanch|gl en by

CSMAI/CA analysis [10], we derive the probability that a P =1-P,— P". (14)
station transmits in a generic slot time. Then, the probability
Py, that in a slot time there is at least one transmission, given
n contending stations, is readily obtained as

Let ¢ be the random variable representing the number of
consecutive idle slots between two consecutive transmissions
on the channel. It is given by

P,=1—-(1-7)". 3) oo 1

ElW] =3 (1-P)f =51 (15)

The probability P, that a transmission is successful, i.e., the Pt P,

probability that only one station tries to access, is obtained as
The normalized system throughpiStjs defined as the fraction

P (Drt(—m)""' nr1-r)n ! @) of time the channel is used to successfully transmit payload
s P, 1= (1-7)" bits, as follows: [10]
Moreover, the probability, (i) that transmission is collided , _ E[time used for successful transmission in Intervae)
asq stations among the total stations access simultaneously E[length of a renewal intervpl
is given by Then, the throughput of CSMA/CA is expressed as
AP 1— n—i AP 1— n—1i
P,(i)= Q)-GO T)n . i=2,3,---.n.(5) S, — P,E[P)] (17)
Py 1-(1-7) E[W] + P,T, + P¢oT,
Therefore, when there is at least one transmission, the collisigiere £ P] is the average packet length, is the average time
probability of CSMA/CA is given by the channel is busy because of a successful transmission, and
T. is the average time the channel is busy due to a collision.
P = Z P.(i)=1-P.. (6) The timesE[P], T, andT. must be measured in slot times, as

this is the time unit ofE[¥]. In the basic and RTS/CTS-based
The collision in the WCSMA/CD protocol occurs when allCSMA/CA schemesTs and 7. are respectively described as

1 stations accessing simultaneously select the same CD slotpas
L7 . . T,%° = H+ E[P]+ SIFS +0+ACK+DIFS+6 (18
among the totain slots, as shown in Fig. 4(a). This collision S +ElP] + ot + +0 (18)

bas *
probability is obtained as 1.* = H+ E[P*]+ DIFS + ¢ (19)
N TS = RTS+ SIFS+§+CTS+ SIFS+6+H
Py =m- <m> =m(7), i=23 n (7) + E[P|+SIFS+6+ ACK + DIFS +4  (20)
T'** = RTS + DIFS + 6 (21)

So, the collision probability of WCSMA/CD is expressed as
where H is the packet header given b§f = PHY}q4- +

ZP Pcd 8 M AChyg,, § is the propagation time, apE[P*] is fche average
length of the longest packet payload involved in a collision.
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TABLE | 0.8
PARAMETER SETUP
PHY mode FH (frequency hopping) 0.75-
MAC header 272 bits
PHY header 128 bits
ACK length 112 bits + PHY header Lo
RTS length 160 bits + PHY header E
CTS length 112 bits + PHY header © 0.65F
Channel bit rate 1 Mbps 2
Propagation time s = 06l
SIFS 28us g
Slot time 50us T
DIFS 128 s £ 0557 Line: Analysis
RXTx/TXRx turnaround time  2Qus z Symbol: Simulation
CD slot time 70us 0.5 —A— CSMA/CA
Mininum/Maximum CW size 31/ 255 —%— RTS/CTS
Payload size 512 bytes —&— WCSMA/CD (m=10)
0.45 — 4 — WCSMA/CD (optimal m)
—6— CSMA/CR (m=10)
Similarly, the throughput of WCSMA/CD is expressed as .4 ~ X = CSMA/CR (optimal m)

L L L o
0 10 20 30 40 50 60 70 80 90 100

_ PSE[P] Number of Stations
SCd - -d -d d cdred (22) . . .
E[V] 4+ P,T¢d 4 PedTed + PSOTS Fig. 5. Normalized throughput vs. number of stations.
where
o bas data transmission. The WCSMA/CD protocol generally out-
58 = T, +CDS (23) performs the RTS/ICTS scheme, but this is reversed in a
T4 = TP 4 CDS (24) large number of stations due to the increased collisions.
TS = CDP = (m+1)CDS (25) The proposed CSMA/CR shows better throughput than the

other schemes due to its collision resolution mechanism.
whereC' DS is the length of CD slot and’DP is the length The throughputs of both the WCSMA/CD and CSMA/CR
of CD period. HereC'DP is given by(m +1)CDS because protocols are affected by the number of available CD slots
the first slot in the CD period cannot be used for sensing. {f,). We could numerically find the optimal value of that
the same way, the throughput of CSMA/CR is described agnaximizes the throughput according to the number of stations.
e (P, + P¢")E[P] 06 Compared the .opFimabz with an appropriate.fixedn.(e_.g., _
T B[]+ P,TS + PITS + PSTY + PerTer (26) = 10), there is Ilttle performance de_gradanon. This |_mpI|es
that we can appropriately choose a fixed valuergfwhich

where approaches the achievable throughput.
cr bas
TSCT N stas +CDS (27 VI. CONCLUSION
CclT - chas +CDS (28) We proposed a new CSMA/CR protocol that realizes the
@ = T+ (m+1)CDS (29)  function of collision resolution by transmitting a jam signal
T = T + (m+1)CDS. (30) when a collision is detected. In view of its compatibility,

practicality, and performance improvement, we expect that the
CSMA/CR protocol can be applied to future WLAN systems
although it increases complexity at the transmitter.

Note that S.,. additionally contains the collision resolution
probability P¢" in the numerator, unlike&,., and S.4.
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