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Abstract— Previous analysis of collision avoidance in ad and nodes around senders and receivers back off for long
hoc networks with hidden terminals has focused on sender- enough periods to allow the three- or four-way handshake
initiated schemes, like the IEEE 802.11 distributed coordi tg complete. In a receiver-initiated scheme, the receiver
nation function. This paper presents analytical modeling 6 polls a sender with a ready-to-receive (RTR) packet, and

receiver-initiated collision avoidance schemes in multirop oo
ad hoc networks. Our analysis shows that receiver-initiate the sender sends a data packet or an indication that no data

schemes can offer substantial improvements over sender-Packet is forthcoming.
initiated techniques, provided that nodes have a good es- Most of the analytical models presented to analyze
timate of the traffic offered by their neighbors. sender- and receiver-initiated collision avoidance proto
Index Terms—Ad hoc networks, analytical modeling, col- cols consider only single-hop net.works [4], [5], [6]. Re-
lision avoidance, network protocols, wireless networks cently, however, Wang and Garcia-Luna-Aceves [7] pre-
sented an analytical model for sender-initiated collision

avoidance in multi-hop networks based on the preliminary
results from [8].

The hidden-terminal problem in wireless networks was This paper summarizes the analytical model presented
first addressed by Tobagi and Kleinrock [1], who showed [7] and [8], and extends it to study the performance of
that protocols based on carrier sensing perform as poottie Receiver Initiated Multiple Access (RIMA) scheme
as ALOHA [2] when hidden terminals exist in the netwith simple polling and dual polling introduced in [4],
work. As a result, collision avoidance schemes have bewhich we denote by RIMA-SP and RIMA-DP, respec-
proposed that try to avoid collisions of data packets #@bely. In both cases, time series representation of the
the receivers without having to employ more than one rehannel around the nodes are presented, and then, the
ceiver or transmitter per node. In these schemes, smaloughput for RIMA-SP and RIMA-DP are derived.
control packets are used to establish a handshake betweawe consider two traffic casedieavyand equiproba-
sender and receiver, such that nodes around the two noples In the heavy traffic case, a polled neighbor always
are made to back off or wait, until the receiver is able teas traffic to send to the polling node. In the equiprobable
obtain the data packet from the sender successfully, andtise, a polled neighbor has traffic to send to the polling
such cases as the 802.11 standard [3], the sender receiigie with a probability that is uniformly distributed over
a positive acknowledgment from the receiver. all its neighbors. Numerical results are presented from

The collision avoidance handshake can be sendgfe models obtained for RIMA-SP and RIMA-DP. Short
initiated or receiver-initiated. In the sender-initiatese, and long data packet length are analyzed for the heavy
a sender that needs to transmit data to a receiver first seagd equiprobable traffic cases. The results indicate that
a request-to-send (RTS) packet to the receiver, who tRe receiver-initiated schemes perform better than sender
sponds with a clear-to-send (CTS) if it receives the RTifitiated schemes for both traffic models, but obviously
correctly. A sender transmits a data packet only aftgfuch better performance is attained when a polled node
receiving a CTS successfully, and the receiver sendsilzvays has traffic for the polling node.
positive acknowledgment to the sender. ALOHA [2] or The remainder of the paper is organized as follows.
CSMA [1] can be used by the senders to transmit RTSSection Il introduces the basic analytical model and its
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I. INTRODUCTION



RIMA-DP analysis. Section V shows the numerical rdransmission time. Thus, each time slot has duration

sults obtained and compares them to the sender-initiagztonds. Also the duration of RTR, CTS, data, and ac-
scheme. Section VI concludes the paper with implementaowledgment (ACK) packets are normalized to the slot
tion considerations for making a receiver-initiated schentime duration and are assumed to be a multiple of this time

feasible in ad hoc networks. slot. They are respectively denoted By., l.ts, lgata, @and
lack-
[l. APPROXIMATED MODEL ANALYSIS The time spent invaitis 7 seconds, a slot duration. The

We adopt the same channel model description used tje spent infail and succeeddepends on the receiver-
Wang and Garcia-Luna-Aceves [7] and Wu and Varshngytiated scheme and they will be described in subsequent
[8]. The channel is modeled as a circular region contaifiéctions. The transition probability frosucceedo wait
ing some nodes which can transmit to each other. It iggone as we assume that no node is allowed to transmit
assumed that these nodes can hagak interactionsvith  continuously. The transition probability frofail to wait
nodes outside the region and this means that commusialso one, because a node must become idle after detect-
cation decisions (transmit, defer, or back off) are rarelpd a collision. _ o
affected by those outer nodes. These assumptions resulOW, suppose that a receiver nodés in wait state at
in a very simple model behavior for a node such that the beginning of a slot. At the beginning of the next siot,
we can apply a three-state Markov chain describing tHatiates a successful handshaketaith probability Py,
possible states for that node. Figure 1 shows the Marké{i€rey is the node polled by, assumed to be at a dis-
chain wherez is the polling node. Thevait state corre- tancer from. Any node at most distande from nodez

sponds to the case in which the nodds not ready to €an communicate with node Figure 2 shows the regions
poll, or is idle. Thesucceedstate corresponds to the casévolved in this handshake where now we need to consider
when the node can complete a successful handshake Wi hidden node ared;(r), affecting thez transmission

other nodes. Théail state describes the case in which ¥ ¥- Takagi and Kleinrock [9] presented this interfering
collision occurs. area, and Wu and Varshney [8] were the first to use this

result to calculate the performance analysis introducing a
Markov chain model for this type of communication chan-

Pws nel. In reference [9] the regioB(r) has been shown to
be:
_p2|. r
1 po-wlug)] e
Pwf whereq(t) = arccos(t) — tv/1 — t2.
Hence, the transition probability?,s(r) that nodex
can successfully communicate with noglés a function
PWW of the distance: between them, and also depends on how
1 the hidden nodes located iBa(r) will behave duringz

transmission. The next sections will consider two cases
of receiver-initiated polling schemes in order to caloalat
Fig. 1. Markov chain model for node. P, s(r) and the corresponding throughputs.

In the network model we consider, nodes are bi-
dimensionally Poisson distributed with densityso that B(r)
the probability of finding nodes in an ared is given by:

p(i, A) = —"e . (1)

If we denote byN the average number of nodes within
a circular region of radiu®, thenN = At R>.

To simplify our analysis, we assume that nodes operate
in a time-slotted mode, because the maximum propagag. 2. lllustration of communication regions involved.is the re-
tion delayr is considered to be much smaller than packegiver initiating handshake. B(r) is the hidden region tmeel




We also assume that the receiver is ready to poll a nogiacket. If it detects carrier immediately after transmgti
with probability p and not ready with probabilityl — p), its RTR, nodexr assumes that a collision or a successful
so beingp a protocol design parameter. However, it idata transfer to a hidden node is taking place. Accord-
important to note that, even when the node is ready itmly, it sends a No-Transmission-Request (NTR) packet
poll, it may be that the channel is being already in use by y to stopy from sending data that would only collide at
other nodes. Thus, we want to consider the likelihood thaf4].
the receiver can actually use the channel to poll anothemNow, from Figure 1 and Figure 3, the time spent in each
node, and this probability we call. In [8] it was shown state of the Markov chain is given by:

thatp andp’ are related by
Ty = T,
p' = p- Pr{Channel is sensed idle in a sjot (3)

Soyp' is indeed the protocol design parameter used to ob- Ts =lrir + 7+ &+ lgata + 7+ lgek + 7,
tain the throughput performance.

T, =
Ill. RECEIVER-INITIATED WITH SIMPLE POLLING f=letTHEET,

(RIMA-SP) whereT; reflects the fact that the receiver sending the poll

The analysis considered here is analogous to that in {¢jl realize that either a collision happensphas no data
but includes the effect of hidden nodes as shown in Figuge if after a time of (,+ + 7 + & + 7) seconds there is
2. Furthermore, we also consider that the receiver senftsanswer from the polled sendgr
an acknowledgment over the same channel after successp/e now compute the probabilit),,;. From Figures 1,
fully receiving the data packet from sender. In this casg and 3, a transition frorwait state tosucceedstate will
the receiver,z, polls the sendery, by sending an RTR depend on the following simultaneous everits:polls y
packet, and ify has data to transmit it does so (see Figuig a slot}, {y does not transmit in a slbt {none of the
3). After that,z sends the ACK tg; and then returns to terminals withinR of z transmits in the same slpt{none
idle state. Figure 3 shows the channel time series for noglethe terminals inB(r) transmits for 1, + 7+ £) slots,
z and its Vulnerable Period (VP) from nodes in the hidgiven that the distance betweerandy isr}, {y has data
den region, i.e., if an interfering node attempts to tratsmé send tor}, where they are all independent from each
during VP, then its packet and thepacket will collide at other. In terms of probabilities we have:

nodey so preventing node to take control of the channel. )
ey sop g P, = Pr{z pollsy in a slot},

L e 7 ¢ P, = P{y does not transmit in a slpt
| ‘ N P3 = Pr{none of the terminals withi® of z transmits in
RTR DATA ACK the same sIgt
. p ime  Pa(r) = Pr{none of the terminals if3(r) transmits for
VP=2|+7 + ¢ (2lpy + 7 + &) slots /r},
P; = Pr{y has data to send te},

Fig. 3. Time series representation for channel aroundRIMA-SP
successful handshake case. Vulnerable Period (VB)js+ 7+ ¢. SO that,

Figure 3 illustrates that the vulnerable period of node Pys(r) =Py - Py- Py Py(r)- P5. (4)
z, regarding terminals in regioB(r), begingd, ;- seconds
before RTR is sent tg and ends af seconds after node From Eq. (3) we see that; = p' and P, = (1 -
y receives RTR fromx. ThereforeV P = 2l,,, + 7 + ¢ P'). Remembering that we are considering Poisson bi-
Otherwise, packets sent from(r) collide with the RTR dimensional distribution of nodes, then using equation Eq.

packet at node. (1) we have
Hence,¢ is an additional collision-avoidance waiting o o
period at the polled node prior to answering an RTR. From Py, = Z(l _ p/)iwe—xmz
Theorem 1 in [4], RIMA-SP provides correct collision i=0 i!
avoidance in presence of hidden terminals, provided that o0 N
1\ —N
In addition, as part of the RIMA-SP and RIMA-DP i=0 ’

schemes, node senses the channel after sending its RTR = e



wherer R? is the circular area of radiuB centered ai:. Denote byr,, 7, andn; the steady-state probabili-
To obtain Py, we need to find the probability that nondies of statesucceedwait andfail, respectively, for the
of the terminals withinB(r) transmits in a time slot, call Markov chain in Figure 1. Thus, we have

it p4(r), SO

TwPow +Ts + 75 =y
00 .
C(AB(r))" — =
pa(r) = Z(l —P')Zi( Z.(!T)) e AB(r) TwPuw +1 =70 TTw )
_ o PAB() Y 2 — Pwui
. . Tw = 9 (1 /) p'N*
Thus, P4(r) must account for the entire vulnerable period —UTpje
time. Accordingly we obtain Solving for, we obtain
Py(r) = (104(7“))%”—1_7—1_E Puys

o~ P AB() @lrer +74E) To = Mwbus = 57— (1—p)e PN’

The probability Ps is indeed a network design param- The stationary probability fofail state can simply be

eter. The probability thag has data to send when po||eoobtained by using the normalizing probability condition,

by x is assumed here in two contexts. The first one Y
to consider that each node aroundhas data to transmit
to it with equal probability. Thus, if there ar®¥ nodes

within the circular region of radiu® centered at: then Now we can obtain the throughput of the receiver-
P; = 1/N. We call itequiprobable traffic assumption jnitiated protocol. Again we emphasize we study two
This assumption preserves the validity of prior analyticaltuations:equiprobable traffic assumptiol’hquip) and
results [4], [5], [10]. heavy traffic assumptio(T'hcqy,). From Figure 1, the
The other condition ovep is to assume that a polledthroughput is obtained by the rate of time the channel is
node has always data to send. THgn= 1 and we call it ysed to transmit successful data to the total time spent in
heavy traffic assumption all states of the Markov chain. So, the throughput is given

Finally, to calculateP,s, we assume in our model thatpy (all the terms shown below were calculated above):
terminal x may choose any neighboring terminal as its

wp=1—m5 — my.

polled node with equal probability. It results that the av- %Ws “ldata
. . - Thequip = T (5)
erage number of nodes within a region of radius pro- TwTw + wmsTs + 7Ty
portional tor?, and the probability density function of the
distancer between node andy is given by and
s + ldata

f(’l“) 2r, for 0 <r<1, heavy 7wl + 7sTs + 7Tfo ( )

wherer was normalized to the radius. Note that the NTR control packet is not considered
Hence,P, is obtained by in the throughput calculation as the capacity analysis as-

1 sumes only the successful data packets handshakes.
P,s = / 21 Py (r)dr

0 ! V. RECEIVER-INITIATED WITH DUAL POLLING
_ 91— e PN / =P AB(P)@nir +74E) g, (RIMA-DP)

0 The analysis considered in this section is analogous to
Now, from Figure 1, we want to obtaiR,,,, the prob- the one presented for RIMA-DP in [4], with the inclusion
ability that the receiver node remains inwait state in a of hidden nodes as shown in Figure 2, and the use of an
slot. It is given by the product of the probability that acknowledgment sent by the polled node to the polling

does not poll any node and the probability that none of tih@de over the same channel, as shown in Figure 4.

nodes withinR of z transmits in the same slot. Thus, From Theorem 2 in [4], RIMA-DP provides correct col-
) lision avoidance in presence of hidden terminals, provided
Pow=(1—P) -Ps=(1-p)e?". that¢ > 77 (in our results we také = 87). In this case

the receiver,z, polls the sendery, by sending an RTR



@ e e T8 for Ty comes from the fact that the node needs to wait
RTR N A DATA ‘ DATA M ACK lytr + 7 + lets + 7 tO realize that a collision occurs gt
n ‘ ¢=» L g2 Under theheavy traffic assumptiothen the transition

time

CVP=2l4T 4 € probability P, is the same expression as Eq. (4), (i.e.
Pws('r) = P1P2P3P4(’I“)P5) WhereP5 =1.
® e e 7 The approach to obtaif;, P,, and P; is the same to

RTR M CTS ‘ DATA M ACK that used in the RIMA-SP case. Thus we hd&e= p/,
— —— S - Py = (1 —p'), P; = e ?'N. The other probabilities de-
—_ ime . . .
VP=2l 47 pend on whether we consider theavy traffic assumption
a4 T ) tation for ch | IRIMA.DP or not. If we do consider, then we obtain the same ex-
1g. 4. Ime series representation tor channel arati - . .
successful handshake cases. (a) Bottndy have data to send, so pressions as those for RIMA-SP but the only change will

Vulnerable Period (VP) igl, ¢, + 7 + £. (b) Onlyz has data to send, OCcUr for the throughput which should be given by
so Vulnerable Period (VP) &+ + 7.

2 - lgata - s

Th = )
heavy Ty + msTsp, + ﬂ'fo

(7)
packet, and ify has data to transmit it does so (we call it
heavy traffic assumptignsee Figure 4. Immediately aftenyhere the factor 2 comes from the fact that we are trans-
that, thex also sends data tp (and we assume that thismitting 2 data packets per handshake (see Figure 4(a)).

data packet also serves like an acknowledgment to the pretf we do not consideheavy traffic assumptictien
vious y-data packet received). After correctly receiving

the data packet from, theny sends the acknowledgment Pys(r) = Py - Py - Py - [Py(r) - Ps + Ps(r) - P7], (8)
for z-data packet, and thenreturns to idle state (see Fig-

ure 4(a)). Another situation arises when the polled nodéere

y does not have data to send in which case after receivipg = pr{z polls y in a slot,

the RTR it immediately sends CTS #oinforming that it p, = Pr{y does not transmit in a sldt

is ready to receive (see Figure 4(b)). P; = Pr{none of the terminals withif of z transmits in
From Figure 4, the vulnerable period for receiver node the same slgt

x regarding terminals in regioR(r) beginsl,,, seconds p,(r) = Pr{none of the terminals i (r) transmits for

before RTR is sent tg and ends af seconds after nodg 21,4y + 7 + €) slots /11,

receives RTR fromx in case otheavy traffic assumption p; = pr{y has data to send to},
Otherwise the vulnerable period ends just after npde  p; () = Pr{none of the terminals in B(r) transmits for
ceives the RTR ag will immediately send CTS. If any (2,4 + 7) Slots I},
node inB(r) send packets during vulnerable period thep, = pr{y does not have data to send:d.
collision will occur aty. , o

From Figures 1 and 4, the time spent in each state ofSiNg @ similar procedure to that presented for the
the Markov chain is expressed by: RIMA-SP case, we obtain

T, =, Py(r) = 7P APOETHO),

Tsh = lrtr +7+ 6 + 2(ldata + T) + lack + 7, PG (T) = e*P’/\B(T’)(ertrJFT)‘

Ps; and P; are network design parameters. Again we
can assume for these parameters an equiprobable likeli-
hood so that at the time nogds polled it has data to send
+7 + lger + 7),  With probability P; = + and not with?; = 1 — +-. Using

the same development used in RIMA-SP we find that

1
Tf = lrtr + T + lcts + T’ was = / 2TPWS(T)dT

1 1
Tse:N sh+<1_ﬁ> (lptr + 7+ lets + 7 + ldgata +

0
whereTy, is the time spent isucceedstate ifheavy traf- =29/ (1—p')e P'N.
fic assumptioris considered and’, is also for time in ! re—P MBI 3 (2lrtr+7+E)+ (1= 1) Clrir+7)] .
succeedstate but when general cases are considered (as 0 '
heavy traffic assumptiois a particular case). The value
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Fig. 5. Throughput vs p’ imeavy traffic assumptiorfa) long data packet;.:. = 1007. (b) short data packel;.:. = 207.

The throughput in this case must account for thechemes in multihop ad hoc networks. Two receiver ini-

equiprobable condition. Thus, tiated schemes were compared against the ideal sender-
. initiated scheme in which no data packet collides with
Thequip = N ldata - s ‘ 9) other packets [5]. The receiver-initiated schemes andlyze
Tw Ty + TsTse + 7T were the Receiver Initiated Multiple Access with Simple
Polling (RIMA-SP) and Receiver Initiated Multiple Ac-
V. NUMERICAL RESULTS cess with Dual Polling (RIMA-DP) schemes.

We present numerical results of the throughout attained ' "€ numerical results show that RIMA-DP outperforms
with RIMA-SP and RIMA-DP. as well as the ideal sendefh€ sender-initiated scheme when either a heavy traffic as-
initiated collision avoidance (RTS/CTS) scheme in whicBUMption or an equiprobable traffic assumption is consid-
no data packets collide with other packets [5], for compaff€d, and that RIMA-SP outperforms the sender-initiated
ison purpose. For the latter, we use the results obtaingd'€me only under the heavy traffic assumption, and per-

by Wang and Garcia-Luna-Aceves [7]. The numerical réorms poorly under the equiprobable traffic assumption.
sults were obtained using;, = lus = loox = 57. We Our analytical results indicate that, to make a receiver-

vary the data packet length,;, and consider two cases:oriented scheme feasible, polling nodes must have a good

long data packetlf,;, = 1007), and short data packeteStimate of the likelihood of receiving data from the polled
(iata = 207). nodes. This can be attained by nodes transmitting bea-

Figure 5 shows the numerical results obtained for 1S periodically describing the state of their transmis-
heavy traffic assumptiofEg. (6) and Eg. (7)). We see thaSion queues. A beacon is transmitted following the same
the throughput obtained for either RIMA-DP and RIMACLOllision avoidance rules observed for the transmission
SP is substantially better than the throughput attained g RTR packets, and specifies a list of destinations for

the sender-initiated case. It is also clear that performanthich the beaconing node has traffic. Furthermore, the
degrades quickly a& increases. state of a node’s transmission queue can also be included

Figure 6 shows numerical results fequiprobable traf- in the control packets and acknowledgments sent as part
fic assumption(Eq. (5) and Eq. (9)). In this case of the receiver-initiated handshakes in order to reduce

only RIMA-DP outperforms the sender-initiated schemdhe number of beacons sent independently of handshakes.

RIMA-SP performs poorly, because the polled node ned€ Performance analysis of this modification to receiver-
not have data to send. initiated schemes is the subject of another publication.
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