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Abstract: In this paper, we model a wireless node’s state tran-
sition using a Markov Chain model in a multihop ad hoc net-
work. To investigate how the metrics, such as transmit power,
contention window size, and node density, affect a node’s per-
formance with interference, our model takes into account the
interfering nodes in the entire system. Most of the previous
work either didn’t consider all the interfering nodes in the net-
work or simply ignored interference. Based on a Markov Chain
model, we calculate a node’s throughput, consumed energy and
delay time. From the numerical results, we conclude that: 1.
Transmit power, contention window size, and node density will
all affect the network performance. 2. Throughput and energy
can be optimized together, whereas optimizing delay time
results in tradeoffs in throughput and consumed energy. 3. A
high transmit power can not guarantee a low delay time.

1 Introduction

The medium access control (MAC) protocol enables a wire-
less node to communicate, while attempting to enforce fair and
efficient usage of the available channels. However, achieving
this goal in an ad hoc network is challenging since the interfer-
ence from the entire network must be considered. Too much
interference decreases the SIR, which may prevent an accept-
able bit error rate, thereby requiring retransmissions. This
decreases throughput, and increases energy consumption and
delay time.

Avoiding interference, therefore, is a crucial issue in the per-
formance of a wireless node, yet, existing MAC protocols eval-
uate their performance under arbitrary interference. Existing
techniques lack a complete and thorough analysis of interfer-
ence in ad hoc networks. Some studies analyze the perfor-
mance of a wireless node, but only consider interfering nodes
at the receiver side [1,3]. Others calculate interference without
considering the relation between interference and a node’s per-
formance [2,4].

What is needed, thus, is a model that lends itself to a perfor-
mance analysis while considering the interference from the
entire system. In this paper, we model a wireless node’s state
transitions using a Markov Chain model. We consider the
effect of interfering nodes on each of a node’s state trtansitions,
which makes our model more complete than [1, 3]. To investi-
gate a node’s performance under the maximum interference,
we use a honey grid model as in [2]. A honey grid models the
worst case interference from interfering nodes. Based on these,
we calculate throughput, consumed energy and delay time in a
multihop ad hoc network. We analyze the effects of the trans-
mit power, contention window size, and node density on the
performance of a node under the maximum interference.
Therefore, our analysis is complete in the sense that we con-

sider the interference from the entire network, and thorough, in
the sense that we analyze significant performance metrics.

Our analysis has resulted in the following important findings
that would help in the design of better MAC protocols:
1. Transmit power, contention window size, and node density
will all affect the network performance.
2. Throughput and energy can be optimized together, whereas
optimizing delay time results in tradeoffs in throughput.
3. A high transmit power can not guarantee a low delay time.

The rest of the paper is organized as follows. In Section 2,

we review the related work, and in Section 3, we provide the
technical background. In Section 4, we describe the Markov
Chain and the honey grid model. We present the numerical
results in Section 5 and conclude with Section 6.

2 Related Work

Y. Wang et al. [1] model a wireless node’s collision avoid-
ance protocols using two Markov Chain models. One is used to
find the transmission probability and the other is used to find
the successful transmission probability based on a nodes’s state
transitions. However, [1] does not consider the interference
from the entire system and collisions caused by interference
during a node state transition. S. Gobriel [3] calculates the
maximum interference to a node without considering the effect
of transmit power on the number of interfering nodes. [3] also
does not consider the interference from the entire system in cal-
culating throughput and consumed energy. M. M. Carvalho [5]
models a node’s energy consumption in a single-hop ad hoc
network using IEEE 802.11 DCF. However, [5] does not con-
sider the effect of interference on energy consumption. M. M.
Carvalho [4] models channel access protocols in multihop ad
hoc network considering the effect of physical-layer parame-
ters. [6] computes the average service time and jitter experi-
enced by a packet when transmitted in a saturated IEEE 802.11
ad hoc network. However, no model considers the effect of
interference from the entire system on a node’s performance.

3 Background

IEEE 802.11 is based on CSMA/CA (Carrier Sense Multiple
Access with Collision Avoidance). Carrier sensing is per-
formed using both physical carrier sensing (by air interface)
and virtual carrier sensing. The effect of physical carrier sens-
ing is determined by the transmit power of the sender. Virtual
carrier sensing is performed by including the duration of the
packet transmission in the header of RTS, CTS and DATA
frame, which indicates how long the transmission will last.

In a wireless network, a frame is considered to be success-
fully received if the Bit Error Rate (BER) is acceptable. Addi-
tive white gaussian noise (AWGN) is used to model the noise



Figure 1 Wireless node state transition diagram

at the receivers, which is calculated by SNR (signal to noise
ratio). The interference is calculated by SIR (signal to interfer-
ence ratio). We assume AWGN is fixed in this paper. If no
interference exists, high SNR can produce the target BER. If
interference exists, then either SNR or SIR are insufficient to
evaluate an acceptable BER. A low SIR will cause high BER.
We define a term related to the wireless radio, Interference
Range. Interference Range is centered at the receiver and rep-
resents the range within which the other nodes are capable of
interfering with the reception of frames at the receiver. The
interference comes from all the transmitting nodes except the
transmitter. Since the effects of interference are cumulative, a
sufficient number of low interference causing nodes will dis-
rupt the reception of a frame. The interference from a node
depends on its transmission power, distance and the path loss.
RTS/CTS handshake effectively avoids interference from
nodes inside the CCA (Clear Channel Assessment) busy range

of a transmitting node and the transmission range of a receiv-
ing node (see details in [9]). However, the handshake can not
avoid interference from interfering nodes. Therefore, RTS/CTS
handshake can not guarantee a successful transmission.
Therefore, interference from all nodes must be included in
a study to infer the effectiveness of a MAC protocol. In the
next section, we present a model to calculate the interference.

4 Node State Transitions

In this section, we calculate a node’s throughput, consumed
energy, and delay time using a Markov Chain model.

4.1 Node State Transition

The node’s state transition diagram is as shown in Figure 1.
Our model is different than previous work [1, 3] in that: 1) we
consider the interference from the entire system; 2)we consider
the effect of interfering nodes on the collisions of RTS, CTS,
DATA, and ACK (each of a node’s transition states).

The state transitions occur during a randomly given slot

time o (o is the length of a slot time), are as follows:
1) Idle to Idle: There is no transmission and the duration (Tj;)
iSo;
2) Idle to Transmit: There is a successful transmission and the
duration (Tig) is Lpirs+LrrstLsirstlerstLsipstLutLlpara

+Lgipstlacktlsips, where Lgrs, Lets: Lhy Lpatar Lack
Lpirs, and Lgjgs are the length of RTS, CTS, DATA header
(including physical layer and MAC layer header), DATA,
ACK, DIFS, and SIFS respectively;

3) Idle to RTS-col: There is a collision during RTS and the
duration (Tir) is Lpirs+Lrrs*LsiFs:

4) Idle to CTS-col: There is a collision during CTS and the
duration (Tic) is LpjrstLrrstLlsirst LerstLsirs:

5) Idle to DATA-col: There is a collision during DATA trans-
mission and the duration (Tjg) is LpirstLrrst

LsirstlerstlsipstLutlpatatLlsiFs:
6) Idle to ACK-col: There is a collision during ACK and the
duration  (Tjy) is  Lpjpstlrrstlsipstlerstlsipst

Lu+LpatatLlsipstlacktLsiks:

We assume the network is saturated, where each node
always has data to transmit. A node transmits with a probabil-
ity, p, at a randomly given slot time, o. p is calculated approx-

imately as [7]: p = 2(1-2p) —, 1)
(1-2B)y(W+1)+BW(1-(2B) ")

where W is the size of the minimum backoff contention win-
dow size, pis the collision probability, and m is the backoff
stage. Using p, we can derive the transition probabilities for
node state transitions. Let P;; represent the transition probabil-

ity from idle to idle, p;; = (l—p)N, where N is the number of
nodes inside the transmitting node’s transmission range. Let
Pj; represent the transition probability from idle to successful
transmission, and is given by:

N-1
Pit = P(A-P)" Phidden_suc )

(T, ./5)

Nout_NIimJ suc

N R .
Where Py qgen o = [Zj m it -p) 3)
Equation 2 asserts that two kinds of nodes can transmit dur-
ing Tg,.: the transmitter itself (shown with p), and any other
node whose transmission will not interfere with that of the
transmitter  (shown with  Ppjggen suc)- In the equation,

1- p)N_l avoids transmission from the nodes inside the trans-
mitter’s transmission range. Njjp, is the maximum number of
interfering nodes which can transmit during Tg,., yet do not
interrupt the frame’s transmission (i.e., they do not cause a low
enough SIR). We derive Nj;p, in Section 4.2. Ny, is the number
of the nodes outside of the transmitter’s transmission range.

Let P, represent the transition probability from idle to RTS
transmission with a collision, which could be caused by either
1) at least one other node inside the transmitter’s transmission
range transmitting at the same time as the transmitter; or, 2) the
transmitter is the only one transmitting in its transmission
range, but more than Nj;,, interfering nodes transmit simulta-
neously during Trts. Pj, iS given by:

P = pA-1-p)" H+pa-p)" " Phidden rs @)



(TRTS/G)
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where Phiggen rts IS the probability that more than Ny;y, interfer-
ing nodes transmit simultaneously during Trys.

Let Pj represent the transition probability from idle state to

CTS transmission with a collision. Since the RTS was a suc-
cess, the collision must have been caused by more than Njin,

interfering nodes transmitting simultaneously during CTS
oqi . N-1
frame transmission. Itis: P;c = p(1-p)"  "Ppiggen cs (6)

Niim i Nout=Niim
where  Ppijden s = 1—zj _ o 1-p)

i Nim | Nout=Njimy (TeTs ~ TrRTS)/©
where Ppigden cts= [1—21_ _ 0p 1-p) J @)
Phidden cts 1S the probability that more than N, interfering
nodes transmit simultaneously during CTS frame.

Let Py represent the transition probability from idle to
DATA transmission with a collision. Since the RTS/CTS was a
success, the collision must have been caused by more than Ny,
interfering nodes transmitting simultaneously at the time
period when the DATA frame is in transmission. It is given by:

~ N-1
Pig = PA=P)" "Phigden data (®)

Nim | Nout=Niim (TDATA™ TCTs)/©
WherePhidgen data = | 17X, _ o (1-p ©)

where Phigden data 1S the probability that more than Ny;,, inter-
fering nodes transmit simultaneously during DATA frame
transmission.

Let S;, S, Sp, Sc, Sy, and S, denote the steady-state proba-

bilities of the node state: idle, transmit, RTS-col, CTS-col,
DATA-col, and ACK-col respectively. Since
Pii+Pjr+Pi+Pjc+Pig+Pja = 1 and Sj+5+5+5:+54+5; = 1,
based on the closed-form for the Markov Chain, we have:
SiPi+ S+ S, + S+ 54+, = §;, thatis, §; = ===
i
The transmit state limiting probability, «, , represents the per-

centage of time the node is successfully transmitting, i.e., it is
the ratio of the successful transmission time to the total trans-
mission time (including both successful transmission time and
collision time). As for a successfully transmitted payload, it is
the payload of the DATA frame, and is given by:

S,L

Tt:S-T--+ST-+ST-t+D§TTA- TS.T +S.T. (10)
i Sttt Crtir c'ic d'id a'ia
_ SiPitlpaTa (11)
SiTii + SiPitTit * SiPirTir + SiPicTic + SiPiaTiad * SiPiaTia

The throughput of the network is nothing but =, x 1., where i is
the packet arrival rate. In the next section, we derive .

4.2 Throughput, Consumed Energy, and Delay Time

We calculate a node’s throughput, consumed energy, and
delay time under maximum interference. To model maximum
interference, we use a honey grid model [2].

Figure 2 Honey Grid Model

Honey grid model: In a honey grid, the nodes are uni-
formly distributed and form concentric hexagons, called rings
around a transmitting node. Based on such a model, we can
obtain an upper bound on the interference experienced by a
node without considering the node’s moving patterns and its
exact location. The model allows us to analyze how the maxi-
mum interference affects either a multi-hop or a single-hop ad
hoc network’s performance. A sample honey grid is shown in

Figure 2. The jth ring has 6 xj nodes. We consider the interfer-
ence from both control and data frames, and assume that trans-
mit power for DATA and ACK is the same. Similarly, transmit
power for RTS and CTS is the same. A node’s reach, a, is
defined as the number of rings covered by its transmission
range. k is the total number of rings in the network. d is the dis-
tance between two consecutive rings. The maximum packet

arrival rate, .., to anode, is (See details in [9]):

'

-0l
data data |
Mmax = - ( 1? ix ?n?(k/(a+1)) (a-1)
—(o— —(o—
3SIRip(a+ 1) d ¥ =1 j
T
where 11 = total

Pgata(lpaTa * Lack) * Pris(brrs * Lets)
where G is the processing gain [8], which is 10.4dB in IEEE

802.11 DSSS; Pdata’ is the transmit power of the transmitter;

dyata is the distance from the transmitter to the receiver; SIRyin
is the minimum required signal to interference ratio; o is the
path loss exponent; Pyaq IS the transmit power of the data
frames; P is the transmit power of the control frame; Ty, IS
equal to Ty, in section 4.1.

= 0.5 Nr H
H= 0.53N,~ + 2(1—@ , is the average hop count, where
k/
N=3x "
is the number of nodes in the entire network. The maximum
number of interfering nodes (N;;, in equations 3, 5, 7, and 9) is
int(k/(a+1))
R
Throughput: Let S be the normalized system throughput,
defined as the fraction of time the channel is used to success-

alsj, is the number of relay nodes, and, N= 5 k 16j,
J =

givenby: N; = ¥ 6(a+1)j (12)



fully transmit data payload without causing a collision. S is

givenby: s = Mmaxy

Consumed Energy: The energy consumed in the network,
E, is the sum of the energy consumed by each hop in sending a
packet. When the node state is at successful transmission, S;,
energy consumed in receiving the transmission must be added.
The six states already consider retransmissions (due to colli-
sions). Therefore, E is given by
E = H(Siigjjo + Siy(risbrs * Cctsbets + Edatalbpata ¥ Cackback

t er—rtsLRTS + er—ctsLCTS + er—dataLDATA + er—ackLACL) + SirertsLRTs
+ Sic(ertsl‘RTS + ectsLCTS) + Sid(ertsl‘RTS + ectsLCTS + edataLDATA)
*Sia(CrisbrTs * Ectsbets * CdatalDATA T Cacklack))
where e;; represents energy consumed in idle state; e, €cts.
€datar aNd €4k represent energy consumed in transmitting RTS,
CTS, DATA and ACK, respectively; er_rs, r-cts: €r-datar 2Nd €y
ack represent energy consumed in receiving RTS, CTS, DATA
and ACK, respectively.

Delay Time: We consider the delay time, D, to be the sum
of the time spent in all six possible states in each hop. The
time spent in each transition state is equal to the duration of the
state. So, the delay time in the network is given by:

D = H(SiiTigie * S Tit * Sir Tir * SicTic * SiaTia * SiaTia) (13)
Based on Equations 14, 15, and 16, we can calculate a
node’s throughput, consumed energy and delay time.

5 Numerical Results

In this section, we give numerical results on throughput,
consumed energy, and delay time using a honey grid ad hoc
network with 20 rings. The distance, d, between two rings is
30m. We then change d and the contention window size, and
conduct a sensitivity analysis.

Parameter Symbol Value
RTS Length LrTs 160 bits
CTS Length Lers 112 bits
DATA Length LpaTa 4096 bits
ACK Length Lack 112 bits
SIFS SIFS 10us
DIFS DIFS 50us
slot time c 20ps
channel B/W bw 2 Mbps
Header (MAC+PHY) H 416 bits
Processing Gain G 10.4 dB
Path loss factor o 2
Contention Window cwW 31
SIR Threshold SIRmin 10 dB

Table 1: Network Parameters
Min_Ryatg denotes the minimum required Ryaa and is 40m in

the network. Table 1 lists the parameters we used [8].

5.1 Baseline results
In this section, we show how different transmit powers for
RTS and DATA affect a node’s throughput, consumed energy,

and delay time. All the numerical results are obtained with the
minimum contention window size (CW=31) and the distance
between two rings of 30 meters.

Figure 3 shows how the R4, (the transmission radius of

DATA frame) and Ry (the transmission radius of RTS) affect
the throughput. The x-axis is the ratio of Ry, 10 Min_Ryat,. It
increases from one to 4.5 times min_Rqat4 (transmit power

increases from 0.001mW to 0.0758 mW). The y-axis is the
throughput. The three plots in Figure 3 represent throughput
with three different Ry, shown as multiples of min_Ryga:

2.25, 3, and 4.5. For a fixed Rys, when Ry, is equal
Min_Ryata, the throughput is not the maximum, and the maxi-

mum throughput occurs around 1.25 times the minimum
required transmit power for data frame. We call this the opti-
mal transmit power for a data frame. The throughput increases
with increased Ryy, until this optimal value. This is because

with the increase of Ry, the number of interfering nodes is
reduced. When R4, exceeds the optimal value, the throughput

decreases. This is because more nodes will be covered in the
transmitter’s transmission range and the contention between
nodes is increased. Recall Equation 2, with the larger Ryaea, N

is increased, and, Pj; (probability of successful transmission) is
reduced. With smaller but sufficient Ry, these nodes can

transmit yet not interfere with the transmitter’s transmissions.
For the same reason, a longer Ry results in lower throughput.

Figure 4 shows the relation between the consumed energy
and Ry. The y-axis is the energy consumed in the network. As

shown in Figure 4, with a fixed value of R, energy consump-
tion increases at about the same rate as Ry, The reasons are:
1) a higher Ry,ta means a higher transmit power; 2) a higher

transmit power causes more interference between nodes, cus-
ing more collisions. As a result, energy consumption due to
retransmissions increases. Varying Ry, we see that a longer

Ryt consumes more energy. The reason is the same as

explained above. The minimum energy consumption per frame
is achieved at the optimal Rygs, Which is calculated by divid-

ing throughput by energy consumption. Although min_Rg4ta
consumes the least energy, transmission with optimal Rgaa

achieves the maximum throughput, yet consumes just a little
more energy than min_Ryata-

Figure 5 shows the relation between the delay time and Ryys.
The plots show that the delay time at min_R 4, is less than the
delay time when Ry, is between 1.5 times to 3.5 times
Min_Ryata- When Ryqa is larger, we would expect a lower

delay since fewer hops would be necessary. However, now that
the transmission power is increased, the contention between
nodes is also increased, causing a longer delay time. Recall
Equation 2, with the larger Rya,, N is increased and Pj; (proba-

bility of successful transmission) is reduced. This increases the
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Figure 9 Throughput & CW (d=20)
delay time. When the number of hops is small enough, delay
time is reduced. For example, when Ry, IS increased to more

than 3.5 times min_Rgata, the delay time is decreased and is
less than the delay time achieved at min_R,,. The discontinu-
ities are due to the abrupt change in the number of relay nodes
used. When Ryata IS increased so that the next larger ring is
reached, the number of relay nodes will be reduced, and will
stay the same until the next higher ring. At a given Rya,, the

The ratio of Rdata to the minimum required Rdata

Figurel0 Consumed Energy & CW (d=20)

The ratio of Rdata to the minimum required Rdata
Figure 11 Delay time & CW (d=20)
delay time is increased with a larger Ry due to increased con-
tention between nodes.

5.2 Sensitivity Analysis

In this section, we show throughput, energy consumed and
delay time for different values of CW (contention window) and
d (the distance between two rings). We fix Ry at 4.5 times
min_Ryata. We plot two sets of results, first with d=30m and

then d=20m.



d=30: Figures 6, 7, and 8 include plots with CW of 31 (the
minimum contention window size (m=0) in Equation 1) and
CW of 511 (m=4 in Equation 1). CW 511 achieves a higher
throughput than CW 31. This is because the contention
between nodes is reduced with a higher CW. As shown in the
Figure 7, the consumed energy is increased with the increase of
Ryata- When Ryt 1S from 1 to 3 times min_Rg,ta, the energy

consumed by the larger CW is less than the energy consumed
by the smaller CW. This is because the contention between
nodes is reduced with the increase of contention window size.
When Ryatq 1S from 3 to 4.5 times min_Rg4ta, the energy con-
sumed by CW 511 is more than the energy consumed by CW
31. This is because the contention between nodes is increased
with the increase of Ryy, and the contention caused by

increased Rya, is larger than the contention reduced by
increased CW. As shown in the Figure 8, when Ry is from 1
to 3 times min_Ry,¢4, the delay time with CW 511 is less than
the delay time with CW 31. When R4 is from 3 to 4.5 times
MiN_Rata, the delay time with the CW 511 is more than that
with CW 31. The reasons are similar to consumed energy plots.

d=20: Figures 9, 10, and 11 show the throughput, consumed

energy, and delay time in a honey grid network with d=20 and
Ryts=4.5. As shown in Figure 9, the throughput achieved at the

larger CW is always better than the throughput achieved at the
smaller CW. Compared to Figure 6, the throughput is reduced
by almost four times. As shown in Figure 10, when Ryaq 1S
from 1 to 3 times min_Rya, the energy consumed with the
larger CW is a little less than with the smaller CW. When R4t

varies from 3 to 4.5, energy consumed by the larger CW is
more than that of the smaller CW. Compared with Figure 7, the
gap between them is increased due to increased contention
between nodes when the density of the nodes is increased (the
density of nodes is increased with smaller distance between
two rings). Compared with Figure 7, slightly more energy is
used. In Figure 11, the maximum delay time occurs at
min_Ryatqg Whereas in Figure 8, delay time for min_Rya, 1S
much smaller. This is because the increased contention in the
network more than offsets the reduction in the number of the
relay nodes. The delay time is reduced with increased Ry,¢a.

since the effect of the reduction in the relay nodes becomes
more pronounced than the effect of the increase in the conten-
tion.

5.3 Summary

From the numerical results, we conclude that 1) there exists
an optimal Ryy, for maximum throughput; 2) throughput is
reduced with the increase of Ry (transmit radius of control
frames as determined by transmit power of control frame); 3)
throughput is increased with the increase of CW; 4) throughput
is reduced with the increase of node density. Concerning
energy consumption, we conclude: 1) the consumed energy is
increased with the increase of Ry and Ry,, (transmit radius

of data frame as determined by transmit power of data frames);
2) the consumed energy is reduced with the increase of the
node density; 3) the consumed energy is determined by com-
bining transmit power, CW, and density of nodes; and 4) the
minimum consumed energy per frame is achieved at the opti-
mal Ryata. We also see that using higher transmit power alone

can not reduce delay time. Delay time is determined by a com-
bination of transmit power, node density, and CW.

6 Conclusions

In this paper, we model a wireless node’s performance using
a Markov Chain model. We consider the effect of all interfer-
ing nodes on each of node’s transition states. To investigate a
node’s performance under the maximum interference, we cal-
culate a node’s throughput, consumed energy, and delay time
in a uniform honey grid model. From the numerical results, we
see that transmit power, contention window size, and node
density will all affect a node’s performance. There is a trade off
between the maximum throughput, the minimum consumed
energy, and the delay time. The maximum throughput can
occur with the minimum consumed energy per frame but not
with the minimum delay time per frame. The higher transmit
power can not guarantee to achieve a lower delay time. These
results should be useful in designing power control protocols
and other MAC related protocols. In particular, the derived
Markov model probabilities are simple to use: it is sufficient to
just plug in the numbers, such as transmit powers for data and
control frames, contention window size, and packet arrival
rate, to obtain system performance under maximum interfer-
ence. Protocol designers could then decide which performance
metrics are important to finalize the power levels. We are cur-
rently developing a power control protocol that adaptively
adjusts the power levels based on the findings in this paper.
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