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Abstract—Although Request-To-Send Clear-To-Send (RTS-CTS) performance. The configuration considered consists of a wireless
has been introduced as a uniform improvement over Carrier Sense | AN comprising two interfering cells and subject to several traffic
Multiple Access (CSMA) in a wireless LAN environment it is not. scenarios. The analytical model builds on the work of [8] and [9]

As it tries to solve the hidden-stations problem of CSMA, it creates - L .
new problems derived from the interaction among its control and and, in contrast to most existing analytical work on RTS-CTS,

data packets. In this paper, we systematically identify and classify the accurately describes the space and time dependencies between t
sequences of events where CSMA and RTS-CTS depart from an ideal transmission activity at different stations in the network.
behavior, and we define a reference configuration and an analytical ~ The paper is organized as follows. In Section Il, we state the
o s . T s shom . - hs o operaton ofan il protocol and closely examine the shorco
an ideal protocol, in some cases performing even worse than CSMA. 'N9S of CSMA and RTS-CTS. Next, in Section I, we describe
This is especially noticeable in situations where the interaction our modelling approach and the underlying analytical model. In
between control packets in RTS-CTS prevents transmissions that Section 1V, we discuss the network capacity for various traffic
under CSMA could occur concurrently and successfully. scenarios under CSMA and RTS-CTS, point out the impact of
their weaknesses, and contrast their performance with that of the
ideal protocol. We conclude the paper in Section V.

In wireless LANS, irrespective of whether operating in ad-hoc
or infrastructure mode, the spatial structure of the network may Il. SHORTCOMINGS OFCSMA AND RTS-CTS
result in partial connectivity, where stations are unaware of activity . . .
outside their direct neighborhood. In order to achieve an efficient’,o‘n ideal protoc_oll allows a station, that IS _not C“”e”“Y re-
channel utilization, the choice of a good multiple access proto ving or t.rar?smlttlng a packet, to transmit |f_and only '.f ('.)
becomes essential. An ideal multiple access protocol for wirelddl$ transmission d(_)es not destroy any ongoing_ transmission,
LANs should not prevent successful transmissions from taki d (i) th? destination of the new pz_icket 1S ab_le _to receive it
place nor should it allow collisions. e from interference from the ongoing transmissions. Such a

Currently, the two most common multiple-access protoc otocol is ideal .in the sense that both iF is collision-free anq
used in wireless LANs are Carrier Sensing Multiple Access | lows any .potentlally successful transmissions to t"f\ke place. Th|s
(CSMA) and Request-To-Send Clear-To-Send [2] (RTS-CT ,otocol is mtroduced here mainly as a bench-mark; for a possible
both adopted for the IEEE 802.11 standard [3]. It is well-know! plementation we refer to [6], [10].
that CSMA falls short from an ideal protocol, because its operatign CSMA
may both unnecessarily inhibit stations from transmitting in the’
vicinity of a transmitting station (exposed-station problem) [4] Under CSMA a station listens to the channel (carrier sensing)
and allow the start of transmissions by a station that will eithbefore transmitting. A station defers a transmission if it senses the
destroy an ongoing reception by neighboring stations or becoeri&nnel busy, and transmits its packet only when the channel is
destroyed themselves by an already ongoing transmission (hiddegnsed idle.
station problem) [5]. Although less widely noticed, the RTS-CTS CSMA suffers from the exposed-station problem, under which
protocol falls short of an ideal protocol as well, as it inhibits evepossibly successful transmissions are inhibited. These are the
more potentially successful transmissions than CSMA [6] whikmultaneous transmissions by stations that can hear each othe
still suffering from collisions due to hidden stations [7] — evemnd where each station wants to transmit to a destination out of
in the perfect situation of zero propagation delay and negligiblange of the other transmitters. An example of such a situation
control information overhead. is given in Fig. 1a, where the nodes represent stations, the edge

In this paper, we study the departure of CSMA and RT$adicate hearing relationships between stations, and the arrows
CTS from an ideal protocol. For this purpose, we systematicallyply packet transmissions. The example shows that while a
identify and classify the sequences of transmission events whdata packet transmission from statidn to A takes place, a
CSMA and RTS-CTS deviate from the ideal behavior, and weansmission from statiof’ to D cannot start, since statial is
define a reference configuration and an analytical model erposed to the former transmission. Notice that the ideal protocol
the basis of which we make a comparative study of protocgbes not inhibit this successful transmission.

I. INTRODUCTION



2 B .0 A 1, B C 2,0 1) The gagged-station probleniThe employment of control

N (a) (b) packets inhibits successful transmissions that would be allowed

A_2 B C_ 1, D A 1 B C D not only under the ideal protocol, but also under CSMA [6];
e '—W namely, transmissions in a situation where stations that are no
interfered by any ongoing transmission and that want to receive
a data packet from a neighbor are inhibited from sending a CTS,
A_2, B C_ 3a,D 1 E because they previously heard a CTS sent by a station out of rang;
“3a T3 of their intended transmitter that covers the time of the desired

data-packet reception. Fig. 1d clarifies this situation: suppose tha
, _ _ during an ongoing transmission from statieghto B, station D
Fig. 1.  Shortcomings of CSMA and RTS-CTS (the numbering of the arrows L . . ,
indicates the order of the transmissions). wants to initiate a transmission . On hearingD’s RTS packet,
stationC' is not allowed to reply with a CTS because of the CTS
previously heard fronB, although it is not exposed to any ongoing
In addition, CSMA suffers from collisions due to the hiddentransmission in its vicinity. We refer to this consequence of the
station problem. This problem arises when stations that canfiibitory nature of RTS-CTS as ttgagged-station problem
hear each other possess a common neighbor. CSMA allows thos®) The masked-station problernthe RTS-CTS protocol solves
stations to transmit simultaneously, which may lead to a collisiadhe hidden-station problem in some, but not all, situations, as undel
event at the neighboring station. Fig. 1b shows an exampRTS-CTS hidden stations can still interfere with neighboring
during the transmission from statioA to B, stationC, which transmissions and cause data packets to collide. The reason fc
is hidden from A, is allowed to initiate a transmission t®, these collisions is that a CTS sent by a station may not always
thereby destroying the packet that is being received at st&igh be heard by all its neighbors, since the latter might already be
similar collision event occurs if the order of these transmissiongterfered by an ongoing transmission in their vicinity, thus leading
is reversed as in Fig. 1c: during the transmission from statibm a hidden-station problem. This problem has only recently been
C to D, station A, which is hidden fromC, may start a new examined in [7], where it is known as tmeasked-node problem
transmission toB although station3 is not able to receive the The masked-station problem only occurs in topologies with
packet free from interference. five or more stations, an example of which is given in Fig. le.
It becomes clear that CSMA falls short of the ideal protoc@tarting from a quiescent situation, suppose that stdbiamitiates
since its operation both inhibits potentially successful transmigtransmission td. A successful RTS-CTS exchange takes place,
sions and allows packet collisions to take place. the transmission starts, and stati6hbecomes blocked by the
B. RTS-CTS RTS During this data trapsfer, a new transmission fréro B is
) initiated. The corresponding RTS-CTS exchange is successful an
The (RTS-CTS) protocol stems from the work of Karn [2]. It haghe transmission starts. However, stati®mas not able to hear the
become especially well-known because of its adoption in the IEETS broadcast by3 because of the ongoing transmission By
802.11 standard [3]. Before a data-packet transmission can aefd in this wayC' does not become blocked by the transmission
ally start, the protocol imposes a successful handshake betwgem A to B: station C is now masked. As soon as statidn
sender and receiver by means of an exchange of control packggsnpletes its transmission, statiGhbecomes unblocked and two
The sender broadcasts an RTS packet, containing in its cont{gles of collision events can take place: (i) statiGninitiates
fields both the intended destination of the ensuing data packetransmission to either statioB or D, and this destroys the
and the amount of channel time required for its transmission. dfigoing transmission from to B by an RTS packet, or (ii) station
the RTS packet arrives successfully at the intended receiver, fhesends an RTS packet to start a transmissiof! tavhereupon
latter broadcasts a CTS packet, Containing also the channel t@@TS rep|y byc destroys the the ongoing transmission frem
required for the new packet, to inform the sender of the R%§ B. In the second case not only the data packet at stafion
of the acceptance of the transmission and to inhibit neighborirgdestroyed, buf3 is also unable to hear the CTS packet from
stations from interfering during that period. Of course, a stati@fiationC, thus becoming itself masked. In this way neighboring
is only allowed to send an RTS packet if none of its neighboggations may become masked and give rise to long sequences ¢
are transmitting and the station has not heard a CTS covering #aga-packet collisions.
time instant when it wants to transmit. The shortcomings of RTS-CTS presented above make clear tha
The RTS-CTS protocol also deviates from the ideal protoc@iso this protocol is far from ideal as it inhibits transmissions that

inhibiting potentially successful transmissions and allowing collgoyld have been successful and still does not prevent data packet
sions to occur. In addition to the exposed-station problem, arisifggm colliding.

from the use of carrier sensing, there are other situations where
RTS-CTS prevents potentially successful transmissions to take
place. Regarding collisions, even though RTS-CTS was designed
to solve the hidden-station problem, there are still situationsin this section we present the framework for the performance
where collisions due to hidden stations occur. Both situations a@mparison of the various protocols and the underlying analytical
illustrated below. model for the link throughput computation.

I1l. ANALYTICAL FRAMEWORK



Assume a network topology is given on which to compargansmissions are independeht Further assumptions are zero
the maximum throughput for different protocols. We study thgropagation delays and zero turn-around times between receive
protocol performance by determining the network capacity undend transmitter modes. It is also assumed that control packets hav
a giventraffic pattern i.e., by specifying the proportions betweera negligible duration, however their capability to cause collisions
the traffic volumes carried in the network links and then finding the accounted for in the model.
maximum throughput attainable under those restrictions. FurtheWith the above assumptions, a model can be constructed for ¢
assume the existence of an analytical model which gives the lidiscrete-state system evolving through discrete events regulated b
throughput as function of some vectgrof network operation exponential clocks, thus giving rise to a continuous-time Markov
variables. The determination of the network capacity then involvelain. The system state has to be chosen such that, at any tim

the solution of the non-linear optimization problem: instantt, it is possible to determine which links are allowed by
the protocol to start a transmission. The information to be kept
mgx S (1) in the state is thus protocol-dependent. Denote a generic state b

S1(7) S1(7) D and IetA(D)' and U(D) be the set of links thgt are active
st. § = =...= , and the set of links that are not blocked, respectively, when the

o ar system state i®). We then have that, in the intervél ¢+ 7), link
where L is the number of links in the network;, i = 1,...,L, i€ U(D) becomes active, and the system enters the corresponding
is the throughput over link, and (a4, ...,ar) = d is the traffic new state, with probability;~+o(7), and linkj € A(D) becomes

pattern. inactive, and the system enters the corresponding new state, witl

. . ility p , ind dently of its hist ior ta
The analytical model used is based on earlier work on tli?éObabl Ity 157 + o(7), independently of its history prior

throughput computation for CSMA in multihop packet-radio 1) State description:The work in [9] considered protocols
networks [8], later generalized in [9] to other multiple-accesshere the knowledge about which links are active and which re-
protocols. We further extend this methodology to enable tlveivers are successfully receiving packets is sufficient to determine
throughput computation for the RTS-CTS protocol. Our approaefhether a given inactive link can start a new transmission. CSMA
contrasts with most other analytical network models for RT$s a particular case of such protocols: for CSMA, the X¢t) of
CTS in the sense that instantaneous interference dependentiedinks active at is a sufficient state description, and given state
between stations due to ongoing transmissions are taken iftove have thatd(D) = D, and thatU (D) is the set of inactive
account, whereas most other work integrates the consequerités whose source nodes cannot hear any of the source nodes c
of interference in an averaging fashion. Here, we shall not goe links active in state.

into all the modelling details, but resort to a concise descriptionFor the present study, thdink activation modelhas been

containing the most relevant analytical ingredients. adapted to allow the study of RTS-CTS, for which more complex
state information is required: the state informatidomow contains
A. General model (i) the set ofactive links, and (ii) for eachinactive link, the set

A network is described by a directed graph with nodes, of active links whose CTSs the sink of the inactive link under

corresponding to stations, interconnected by a set of (direct&€g)'Sideration successfully heard. In this way, the5gP) of links
links describing the hearing relationships between nodesaifid Unblocked when the system is in stafeis given by the subset

I are two nodes, linkn, ) belongs to the graph if nodecan hear of the inactive links whose sources or sinks do not possess any
noden. In this situation. node: is called thesourceand nodel  currently transmitting neighbor nor have heard a CTS associatec

the sink of the link. with a currently active link. The seti(D) is simply the set of

Links with nonzero packet traffic are calletsedlinks. Each lINks that are active in stat®.
such link has associated with it an infinite supply of packets to2) State space and equilibrium distributioithe state spacs
be sent from its source to its sink. Used links alternate betwel§rflefined as the set of all states that can be reached starting fror
two statesactive or inactive A link becomes active at the time &N inactive network by means of link activations and deactivations.
its source starts a transmission of a data packet (destined tol € State space does not have in general a simple characterizatio
sink), and inactive at the time a transmission is completed. ~ and has to be algorithmically determined, e.g., by means of a
Each used link has coupled with it a Poissatheduling point Breadth-First Search [12, Sec. 7.3] applied to the directed grap_h
processwith rate\; > 0, at whose event times its source node wilf!h0se nodes are the states and whose arcs represent the possil
apply the rules specified by the access protocol in order to try i€ transitions. o o
initiate a data-packet transmission over liplat each such pointin 1€ equilibrium probabilities)(D) are obtained in the usual
time the node may bblocked(i.e., prevented) from transmitting, W&y, by balancing for each stai € S the rate of transitions
or it may initiate a data-packet transmission that may itself B30 and out of the state. Since the chain is finite and, by
successful or unsuccessful (i.e., collided with). The schedulifgnstruction, the state space is irreducible, the chain possesse
processes associated with different links are independent. A d&alnique stationary distribution. In general this distribution has to

packet transmission over link occupies a random amount of _ _ o
This model assumes the redrawing of packet lengths when retransmissions ar

channel time with an exponential distribution with me&fyii,  performed; it is somewhat similar to Kleinrock's independence assumption for
u; > 0, where it is assumed that the durations of differembint-to-point store-and-forward networks [11].
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be computed numerically, but a product form solution is available g ccess poinc
when the chain is reversible (see [9]). Reversibility of the chain
is linked to the existence of symmetry properties in link blocking, ap1 ap2
which is the case with both CSMA and the ideal protocol.

3) Throughput equationsDefine the throughpu$; over link 4 QX\ //R&
as the long-term fraction of time that link is involved in N
successful data-packet transmissions. It is shown in [9] that the st e

throughput can be expressed as a function of the transition rates
A; and the equilibrium probabilities) (D), of being in stateD,

MS3

Fig. 2. The two-cell wireless LAN topology.

as follows:
Si=X Y. QD)T(D.i), (2)  pattern. We define the system throughput as the average utilizatior
DeUs,(4) of the two cells as follows:
where U, (i) is the set of stated) € S in which link i is S:E S 4 S L Sat Syt StS 3
not blocked from becoming active. The terifyD,i) denotes 2 (S14 82453 + 54+ 55+ 56) )

the expected duration of successful channel usage by a pagire we note thaf, + 5, < 1 andSs+Ss+Ss+Ss < 1. In order
sent over linki given that linki was activated from stat®), to study the protocol behavior under various traffic scenarios, we
i.e., it is the expectation of a random variable defined as tffiroduce two parameters for each pair of used links. Define for

packet transmission time, if the packet is successful, and @gch link pair(2i — 1,2i), i = 1,2, 3, the fraction of the overall
zero, otherwise. In the case where a packet is always succesgftdughput pertaining to that link pair:

(e.g., in collision-free protocols) this term is equal tdu,. In
general, the term#(D, i) are obtained from an auxiliary Markov Ny = Sai—1 + Sa; 7
chain derived from the original chain, containing a “successful S1+ 52+ 83+ 54+ 55 + 56
termination” absorbing state and an “unsuccessful terminatiof’ addition, let thedownlink ratio of link pair (2i — 1,2i), i =

absorbing state, by determining the statistics of the time 102 3 be defined as the fraction of its throughput corresponding

i=1,23. (4

absorption in the “successful termination” state (see [9]). to the downlink direction:
The above modelling approach can in principle be applied Soiy
to any network topology. However, the throughput computation 0 = ﬁ ,1=1,2,3. (5)
becomes hard for large topologies as the size of the state space 2i-1 1 52
grows exponentially in the number of used links. The traffic patterny is expressed as a function of andd;:
IV. RESULTS a =2 (51717 (1—51)’717 9272, (1—52)’727 0373, (1—53)’73) .
(6)

In this section, we present the network model and define thecapacity results are obtained by solving the Lagrange multiplier
set of traffic patterns used in the ensuing capacity analysis of ¥agnulation (see, e.g., [13, Sec. 10]) of the throughput maximiza-
protocols. tion problem (1) subject to the traffic pattern constraints (6). In the
case of collision-free situations with protocols leading to reversible
Markov chains, simple expressions are available for the capacity.

We analyze the overall throughput performance in the two-cétl the remaining cases, numerical computation has to be resorte
wireless LAN depicted in Fig. 2. Each cell has an access poit.
the one on the left comprises also a single mobile station, whereas ] . o . .
the one on the right comprises two mobile stations. The mobfte Qonflgurat|on I: Network capacity in scenarios without masked
station in the left cell can hear—and hence interfere—with off®2tONS
of the mobile stations in the right cell. This topology, on the one In this first configuration, links 5 and 6 do not carry traffic
hand, models a realistic situation and, on the other hand, strikes = 0). Exploiting the reversibility of the Markov chain and the
a good balance between analytical complexity and the exhibitiabsence of collisions it becomes possible to obtain a closed-form
of the several types of shortcomings of CSMA and RTS-CTS. expression for the capacity of the ideal protocol as a function of

The arrows in the figure represent used links. The odd and evgn -, 6; and ds:
numbered links correspond to downlinks (from access point éo 1 1
mobile station) and uplinks (from mobile station to access poin§maz = = - .
respectively. This numbering of used links is followed throughout 2 max{o, 0272} +max{(l —di)yn, (1 - 52)72%7)
the remainder of the paper. In addition, it is readily seen that the RTS-CTS protocol has a

) . capacity equal t@.5 independently ofy;, 72, 61 andd,. This is
B. Traffic pattern and network capacity because with RTS-CTS only one of the four links 1, 2, 3, and 4,

The performance measure of interest is the maximum amowean be active at any given time: the gagged-station problem pre-

of throughput, or capacity, in the network subject to a given traffients two simultaneous downlinks; the exposed-station problem

A. Network topology
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Fig. 3. Network capacity in the case of identical celis & d2;v1 = v2 = 0.5).  Fig. 4. Network capacity in the case of unequal downlink ratis € 0.5;
7 =72 = 0.5).

prevents two uplinks; and the desirable RTS-CTS effect prevents ) ) ) ) _
the coexistence of a downlink and an uplink transmission. the downlink with the lower desired throughput to be inactive

In contrast, the presence of collisions in CSMA leads to I8 Part of the time when the other downlink is active, with a
complicated expression for its capacity, and only numerical resuligilar argument applying to the uplinks. The capacity of RTS-

will be given. CTS remains at 0.5 as discussed before, whereas the capacity
equal downlink ratiosd = &, = ) and equal traffic{; =y, = Penalized by both exposed- and hidden-station problems.

0.5) at both us_ed I|_nk pairs. The r_esults for the network Capacy Configuration Il: Network capacity in scenarios with masked
are presented in Fig. 3 as a functiondof stations

The ideal protocol attains a capacity of one independently o ] .
5 since it leads to a mode of operation where at any time either'Ve take now the traffic on links 5 and 6 to be nonzefo £
both uplinks or both downlinks are active simultaneously witho)- The capacity of RTS-CTS is no longer amenable to a simple
idle channel time. As previously discussed, the RTS-CTS proto&fPression, and only numerical results are presented.
has a constant capacity of5. As for the CSMA protocol, if 1) Only downlink traffic: The first situation assumes only
there is only uplink traffic { = 0) only one of the links can downlinl_<traffic, th_at.is, only linkd, 3 and5 are used. Under RTS- .
be active at any given time (exposed-station problem) leading®d S, this scenario is prone to both gagged- and masked-statior
a capacity of0.5. As the fraction of downlink traffic increases,Problems, but no exposed-station problems. Figure 5 shows the
the capacity initially decreases, though slightly, because of tf@Pacity as function of the traffic spijt./(y2+3) between linkss
increasing number of collisions due to hidden stations. But, 8805 for equal traffic amounts in each c&lf, = 72+ = 0.5).
the fraction of downlink traffic draws closer to one, an increasirfs €xpected, both the ideal protocol and CSMA have a capacity
degree of concurrency between downlink transmissions and’faone, as these protocols allow simultaneous transmissions ove
decreasing number of collisions is obtained, and the capadifjk 1 and over either link3 or link 5.
approaches one. The capacity of RTS-CTS is also one when there is only
In short, the performance of RTS-CTS and CSMA is similar fdfaffic over link 5, since links 1 and 5 are completely decoupled.
low downlink ratios § < 0.5), and significantly below that of the However, a transmission starting over link 1 while link 5 is active
ideal protocol, whereas CSMA performs much better than RTEAsks station MS2. Therefore, as the fraction of traffic over link
CTS for high downlink ratiosq > 0.6), mostly because RTS-CTS3 Starts increasing, the CTSs sent by the masked station MS:
suffers from the gagged-station problem. destroy the packets of link 1, justifying the sharp decrease in
2) Unequal cell downlink ratios:n this scenario we assumecapacity witnessed in the figure. At the extreme case of no traffic
the downlink ratios, fixed at 0.5. The capacity is plotted aPVer link 5(y2/(y2+7s) = 1), the capacity is limited at 0.5 by the
a function of 6, in Fig. 4. The scenario models the effect oigagged-station problem only. The fact that the capacity of RTS-
the network capacity of having different applications (with thef¢ TS gets below 0.5 for a traffic spli/(72 + vs) between 0.45
specific traffic requirements) running in neighboring cells. and 1 is a clear indication of collisions due to the masked-station
The capacity of the ideal protocol becomes in this case ~ Problem.

1 2) Both downlink and uplink traffic:Next, we examine a
_ (8) scenario with both downlink and uplink traffic, with the traffic
1+ 81 — b fractions in each link pair given by; = 1/2,7 = 1/8 and
Note that the capacity reaches one only if the downlink ratieg = 3/8, and we study the network capacity as function of
match in both cells: if they do not, the restriction of havinghe downlink ratiod, for fixed values ofé;. The capacity of the
different throughputs in the downlinks, together with the fact tharotocols considered does not dependgrsince links 5 and 6 are
one downlink and one uplink cannot occur simultaneously, forceglistinguishable both from the point of view of their interference

Smam =



0.8

Smax

0.4

0.2
CSMA, ID PROT
= RTS-CTS

0 0.2 0.4 .6 0.8

Yo ! Oy Y3)
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If §; is close to zero, there is a strong hidden-stations effect in
which the transmissions over link 2 destroy the transmissions over
link 3. As traffic over link 1 prevails over traffic over link 2 there

is a decrease in the hidden-stations problem and an increase il
concurrency over links 1 and 3, with capacity reaching one for
01 = 1. The capacity curve shows an opposite behavior as a
function of §; for 0, fixed at0. Whend; = 0, the capacity is
limited by exposed-station effects between links 2 and 4. As we
trade traffic over link 2 with traffic over link 15¢ increases) we
are trading exposed stations with hidden stations, with a nefarious
impact on the capacity.

V. CONCLUSIONS

The RTS-CTS protocol was originally introduced to solve the
hidden-stations problem not dealt with by the CSMA protocol. For
this purpose, every data packet transmission must be preceded b
an exchange of control packets. A close analysis of the RTS-
CTS protocol reveals that this exchange not only does it not
completely solve the hidden stations problem—there are still
remaining collisions due to masked stations—but it introduces
a different kind of problem—the gagged stations problem—not
present in CSMA.

In this work, we scrutinized the shortcomings of both RTS-CTS
and CSMA, and studied their influence on performance against
the background of an ideal protocol. The analytical model used
accurately represents the time and space dependencies induced |
the access protocols. Results were presented for the capacity il
an environment of two interfering wireless LAN cells, showing
that the protocol limitations identified have a significant influence
on their capacity as revealed by a comparison with an ideal
protocol. In addition, even neglecting the higher overhead of RTS-
CTS over CSMA, the former can perform worse than the latter,

with links 1 and 2, and their blocking and masking of statiomostly in situations where CSMA allows successful concurrency

MS2.

of transmissions that are impaired by the gagged-station problen

Figure 6 shows, for each of the protocols, capacity curve§ RTS-CTS.

corresponding to the extreme cases of no downlink and no uplink
traffic between AP2 and MS24{ = 0 and d, = 1, respectively). o
Take the case of the ideal protocol with = 1. Analysis yields
the capacity asS,,.. = 1/max{1,5/4 — é;}. This equation is
easily interpreted: the fractions of time that link 2 and 3 aré?
successfully active ar8(1 — ¢;) and.S/4, respectively, and since
their activation is mutually exclusive, it follows tha(1—4d,+1/4)  [3]
is less than or equal to one. A symmetry argument shows that
the capacity ford, = 0 is obtained by replacing in the above
expressiony; with (1 — §).

Under RTS-CTS and fof; = 0, there are no masked stations. [
Moreover, the capacity is insensitive to the downlink radio 5]
This is because we just have link 2 transmissions in the left-hand
cell and these transmissions cannot occur simultaneously with
transmissions on either link 3 (desired control-packet exchangeg
effect) or 4 (exposed-station problem). As the downlink ratio
increases we start having masked stations, bringing the capaci
down. Fordy = 0 no gagged stations exist; their presence for
02 > 0 accounts for the decrease in capacity witnessed in the
figure. (8l

Under CSMA and foré, = 1 there are no exposed stations.
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