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Abstract 

In this paper, we present a simple analytical model to 

provide estimates for throughput and end-to-end packet 
delay in single hop and multihop IEEE 802.11 networks. In 

contrast to most works in the literature that focus on 

analyzing MAC-layer throughput and head of line delay 
for single hop networks operating under saturation 

conditions, our model focuses on delivering accurate 

estimates for MAC-layer  throughput and end-to-end delay 
for both single hop and multihop networks under all 

loading conditions. To calculate the throughput, we use a 
regenerative approach based on a CSMA approximation 

and to calculate the end-to-end delay, we use both a 

regenerative approach to calculate the packet service time 
(the Head-of-Line delay) and an M/G/1 approximation to 

calculate the packet waiting time in the queue.  When it 

comes to multihop networks, we calculate both the spatial 
re-use factor and the average path length of the network. 

This allows us to model the multihop network as a 

congregation of smaller, single hop networks, which we 
use in turn, to introduce an effective new method for the 

calculation of the overall network throughput and packet 

end-to-end delay. 

I- INTRODUCTION 

Even though the IEEE 802.11 protocol was initially 

designed for infrastructured wireless local area networks, it 

is quickly becoming the MAC protocol of choice for 

multihop ad hoc networks.  This new use has sparked 

tremendous interest within the research community, and a 

multitude of papers have questioned the efficiency of 

applying a protocol initially designed for single hop 

networks into multihop networks [8].  

Though most of these works are based on simulations, 

particularly those dealing with multihop ad hoc networks,  
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several papers dealt with providing mathematical models 

to analyze wireless networks. However, most of these 

mathematical models   were confined to special cases of 

single hop networks operating under saturation conditions 

[1, 3, 6] where every node had a packet to transmit. Other 

works dealt with the issue of modeling throughput for non-

saturated single-hop networks, as well as for multihop 

networks, however their models are rather complex and 

difficult to apply in the case more advanced networks, 

such as mesh networks or ad hoc networks with power 

control. 

Bianchi was the first to provide a mathematical model 

for calculating saturation throughput using a double 

Markov Chain model [1]. Barowski extended on Bianchi’s 

work by providing a complex mathematical model to 

calculate throughput for multihop networks. Based on 

Bianchi’s model [11], Carvalho and Garcia [3], modeled 

the head-of-line delay of a packet in a single-hop network 

under saturation conditions. Sharma et al also extended 

Bianchi’s model for calculating the throughput of IEEE 

802.11e in [15] In [6] Yun et. al provided a different 

approach to calculate the packet service time in a saturated 

single-hop network. In [11] Zanella went one step further 

by providing the moment generating function of the 

service time. Tickoo and Sikdar [2] calculated the overall 

delay of a packet in a single-hop network by modeling the 

queue at every node as a G/G/1 queue. Their model can be 

applied under any loading condition. In [7,17] Medepalli 

and Tobagi calculated the throughput of a single hop and 

multihop IEEE 802.11 networks using an average cycle 

time approach. In [5] Zhai et Al provided a mathematical 

model for throughput and delay for single hop IEEE 

802.11 networks and questioned the ability of IEEE 802.11 

to provide quality of service. Chang and Misra accounted 

for the effect of link interference while calculating the 

throughput of IEEE 802.11 in [16].  

In this paper, we provide a mathematical model that 

provides accurate estimates for throughput and delay of 

IEEE802.11 networks for both single-hop and multihop 

operations.  
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The rest of this paper is organized as follows: In 

section II, we provide an overview of the IEEE802.11 

MAC operation. In section III, we provide our network 

model. In section IV and V, we setup an analytical model 

to calculate the throughput and the delay for a single hop 

network. In section VI, we provide extensions to calculate 

the throughput and the delay in a multihop network. We 

provide our simulation results in section VII, and we 

finally offer our conclusions as well as future research 

prospects in section VIII. 

II. IEEE 802.11 DCF AND SLOTTED CSMA MAC 

OVERVIEW

In IEEE802.11, which employs a CSMA/CA MAC 

protocol, a node wishing to transmit a packet monitors the 

channel for a period of time equal to the DIFS. If the 

channel is sensed idle for that duration, the node transmits. 

Otherwise, the node persists in sensing the medium until it 

is idle for a DIFS. If this is the case, the node chooses a 

random backoff interval of k slots; the node must detect k-

1 idle contention slots before initiating transmission. The 

backoff counter is frozen for every slot that the medium is 

sensed to be busy.  No transmissions are allowed during 

the above mentioned DIFS spacing periods. 

If the transmitted packet experiences a collision, the 

node chooses a random backoff interval before attempting 

further transmission. A node decrements its backoff 

interval every time slot that the channel is sensed to be 

idle. If the channel is busy, the backoff interval is frozen 

until the channel becomes idle again.  

In the classical slotted non-persistent CSMA 

mechanism, a node wishing to transmit a packet senses the 

medium for one time slot. If the system is idle, the node 

transmits the packet at the start of the next time slot. If the 

medium is busy, the node backs off for a random period of 

time and then attempts again. In performing approximate 

analysis of the non-persistent CSMA, the backoff period is 

assumed to be sufficiently long so that the expressions 

derived for the throughput of the system do not involve the 

specific distribution used for the backoff period. 

In our approach, we aim at finding an expression for 

the delay in IEEE802.11 by comparing it to a classical 

CSMA system. The main difference in the backoff time 

between the two systems is the following: 

- In the classical CSMA mechanism, the backoff counter 

is not frozen when the system is detected to be busy. Thus 

the actual physical time elapsed between each two 

decrements of the backoff counter is one time slot. 

- In IEEE802.11, however, the backoff counter is frozen 

each time the medium is sensed to be busy, so the actual 

physical time elapsed between two decrements of the 

backoff counter is not necessarily equal to one time slot. 

III. SYSTEM MODEL 

We consider a system of N nodes, uniformly 

distributed over an a*a terrain. All terminals equipped with 

omni-directional antennas and with IEEE802.11 cards that 

use basic access mechanism as this is the default mode of 

operation for most wireless cards.  The time is slotted and 

the duration of each time slot is . Each node transmits an 

average of p packets/slot. This represents the new and 

retransmitted packets. Each packet has a fixed length and 

consists of P data bits and H header bits. ACK packets are 

of a fixed length as well. The propagation delay in the 

network is . The data rate R is fixed and is not affected by 

any changes in the transmit power. 

In this paper, we adopt a distance based collision 

model. Namely, a packet collides if another node within its 

carrier sensing range initiates a packet transmission in the 

same slot. The effect of capture is not studied in this paper, 

but will be included in future research. 

We first apply our mathematical model to a single hop 

network. A single-hop IEEE802.11 network is one in 

which every node can reach every other node in one hop. 

We then modify our model to approximate the throughput 

and delay in a multihop IEEE802.11 network. When 

operating in multihop mode, we first assume, as in [4] that 

all nodes in the network operate at the minimum power 

that keeps the network connected. We then carry on our 

analysis and simulations for other transmit power levels. 

IV. IEEE 802.11 THROUGHPUT ANALYSIS IN A 

SINGLE HOP NETWORK 

We now provide a simple yet accurate estimate of the 

throughput by approximating the CSMA/CA operation of 

IEEE 802.11 to a CSMA one. The throughput, denoted by 

S, is the fraction of time the channel is utilized to send 

useful data, as compared to the time the channel is idle, 

being used for communication overhead, or being used to 

resolve collisions. We assume that the system regenerates 

itself after every busy period. If we denote the duration of 

an idle period by I (with a mean I ), the duration of a busy 

period by B, (with a mean B ), and the duration of a useful 

period by U, (with a mean U  ), the throughput S is given 

by : 

IB

U
S                    (1) 

We will now proceed to calculate I , B , and U .

1. Idle Period Calculation 
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For a slotted CSMA network of N nodes and slot 

duration , the probability that an idle period lasts for k 

slots is given by: 

  Pr ( )kI = 1(1 (1 ) )((1 ) )N N kp p            (2) 

The average of I is obtained by taking: 

k
kIkI )Pr(              (3) 

Np
I

)1(1

             (4) 

2. Busy Period Calculation 

We denote by Ts the time the channel is sensed busy 

due to a successful transmission, and by Tc the time the 

channel is sensed busy due to a collision. Ts and Tc are 

then given by: 

/ /

/

Ts D IFS H R P R

SIFS AC K R
             (5) 

RPRHDIFSTc //             (6) 

To simplify the analysis, we will make the following 

approximation: 

TsTc        (7) 

The probability that a busy period contains k 

transmissions is given by: 

1))1(1()1()*Pr( kNN ppTskB   (8) 

 The average of B is thus obtained by taking: 

k
kBkB )Pr(     (9) 

Np

Ts
B

)1(
     (10) 

3. Useful Period Calculation 

The useful period is that period where the channel is 

being used to send data. If we denote the data transmission 

time by T, T is given by: 

R

P
T      (11) 

We will denote by Pss is the probability that a 

transmission that occurs on the channel is successful 

provided that a station transmits. Pss is given by: 

1(1 )

1 (1 )

N

N

Np p
Pss

p
    (12) 

The average useful transmission,U , time is given by: 

*( )*
B

U T Pss
Ts

     (13) 

Npp

TNp
U

)1(1)(1(

    (14) 

The throughput expression for a single hop network of 

N nodes is then given by: 

N

N

pTsTs

pTNp
NS

)1)((

)1(
)(

1

   (15) 

V. DELAY ANALYSIS IN A SINGLE HOP 

NETWORK

In this section, we aim to find an expression of the 

delay in IEEE802.11 by comparing its operation to a 

CSMA system. We first find an expression of the average 

head-of-line delay experienced by a packet 

(the packet’s service time), and also obtain the second 

moment of the HOL delay. We then calculate the average 

total delay, including queuing delay that a packet 

experiences from the moment it is generated to the 

moment the sender knows that it is successfully received. 

This is done by approximating the queue at every node to 

as an M/G/1 queue. 

We first apply our model to calculate the total end-to-

end delay experienced by a packet in a single-hop 

IEEE802.11 network.  

A- Calculating the HOL delay 

The HOL delay is the delay from the moment the 

packet reaches the head of the queue to the time to the 

sender knows the packet is successfully received. 

The HOL delay (D) consists of three parts: 

1- Time to transmit packet successfully once  

2- Total time a node spends in backoff 

3- Total transmission time used for retransmissions of the 

packet

1 1

R Ri

i i
D Ts TB Tc   (16) 

where TBi is the random variable denoting the number of 

slots a node spends in backoff at the ith backoff stage; R is 

the random variable representing the number of 

retransmissions, and whose pmf is approximated by the 

truncated geometric distribution: 
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max 1

(1 )
( )

1 (1 )

r

r

Ps Ps
P R r

Ps
   (17) 

where Ps is the probability that a given node’s 

transmission is successful (given in table 1) and rmax

denotes the maximum allowable number of 

retransmissions. 

1- Calculating the backoff time 

The random backoff interval is chosen by randomly 

selecting an integer from the set (0, Wi-1) of integers, 

where Wi represents the contention window size at the ith 

backoff stage.  A binary backoff scheme is used by each 

node in doubling the size of the window each time it 

experiences a collision (up to a specified maximum 

window level) 

                   (18) 

where Wmin is the minimum contention window, and i is 

the number of retransmission attempts. 

As dictated by IEEE802.11, when a node is in backoff, the 

backoff counter is frozen every time the medium is sensed 

busy. Thus the actual physical time elapsed between 

successive decrements of the backoff counter is not 

necessarily equal to one time slot.  

Let Aj denote the time between the jth and (j+1)st 

decrements for 0j .   As an approximation, we assume 

the sequence { ; 0}jA j  to consist of i.i.d. random 

variables. Aj is given by: 

Aj =          w.p. PI

NTP/B j*Ts  w.p. Ps        (19)

 NTP/Bj*TC    w.p. Pc 

where  is the slot duration, and NTP/B is the random 

variable representing the number of transmissions per busy 

period, and whose pmf is given by: 

/( ) * (1 )n

TP B I IP N n P P    (20) 

/

1 I
TP B

I

P
N

P
      (21) 

The different state probabilities are presented in table 

1.The average physical time between each two decrements 

of the backoff counter is denoted by :

/* *( * * )I TP B collP N Ps Ts P Tc   (22) 

The total number of slots a node spends in backoff at 

the ith backoff stage is then: 

1

Li
i

j

i

TB A                   (23) 

(0, )i iL U W                    (24) 

1

min

2

2

i

iL W                    (25) 

The state probabilities, for a network consisting of N 

nodes, at steady state, are given in Table 1. Note that when 

looking from the perspective of a sending node, the 

network would consist of N-1 nodes, and the state 

probabilities would have to be modified accordingly 

Table1: Various State Probabilities 

2- HOL Delay Expression 

The HOL delay expression is then given by: 

1 1 1

R Li R

ji j i
D Ts A Ts     (26) 

Its expected value is: 

          

          (27) 

Probability that at 

least one 

transmission is 

initiated in a slot 

Probability that a 

slot is idle 

Probability that a 

collision occurs in 

a slot 

Probability that a 

given node’s 

transmission is 

successful 

Probability that a 

given node’s 

transmission is 

unsuccessful (i.e. 

packet collides) 

11 (1 ) N

c o l lP p

Probability that a 

slot contains the 

start of a successful 

transmission 

1

min2 *i

iW W

max

( ) [ ( / ) ( )]
r

r O

E D E D R r P R r

NpPtr )1(1

PtrPI 1

(1 )Pc Ptr Ps

1(1 ) NP s p

1(1 )NPsuc N p p
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1 1 1
( ) ( ) ( )

R Li R

ji j i
E D Ts E A E Ts  (28) 

1 1
( ) ( ) ( )

R Li

ji j
E D Ts E A E R Ts    (29) 

1
( ) * *

R

ii
E D Ts L R Ts    (30) 

 (31) 

3- Calculating the queuing delay of a packet using an 

M/G/1 model 

To calculate the queuing delay experienced by a 

packet from the moment it is generated to the moment it 

reaches the head of the line to be serviced, we model the 

MAC queue at every node by an M/G/1 queue. 

Since the number of retransmissions is already taken 

into account when calculating the service time, the arrival 

rate should only include the newly generated packets. The 

arrival rate  and the service rate µ and the traffic intensity 

 are given by the equations below. 

(1 )

p

R
     (32) 

1

( )E D
      (33) 

    (34)

Note that we use well justified approximation under 

which the arrival process that is in fact the result of a 

superposition of the terinal Geometric arrival point 

processes is modeled as a Poisson process.  Clearly, this is 

a precise approximation when the numer of involved 

active terminals is not very low.  Furthermore, this 

provides for a precise model also due to the use of slot 

times in IEEE 802.11 that are much smaller than the actual 

packet arrival rates. 

To calculate the average waiting time in the queue we 

first have the calculate the second moment of the service 

time, which isgiven by:  

max2 2

1
( ) ( / ) Pr( )

r

r
E D E D R r R r          (35) 

We denote by cv is the coefficient of variation of the 

service time. The average waiting time (representing the 

average time that a packet spend in the queue)  is given by 

the Pollaczeck Khitchine equation to be: 

2( ) (1 )
2 (1 )

W N cv                 (36) 

Thus, the total delay experienced by a packet from the 

moment it is generated to the time the sender knows that it 

was successfully received (through the reception of an 

ACK) is given by: 

sin _ ( ) ( )gle hopDt W N D N                 (37) 

where ( )W N  is as given in the equation above, and is the 

waiting time when each node in the network is contending 

with N-1 nodes, and ( )D N  is the head-of-line delay 

when each node in the network is contending with N-1 

nodes. 

VI. THROUGHPUT AND DELAY IN MULTIHOP 

IEEE802.11 SYSTEMS 

An important step to analyzing the throughput and 

delay performance in a multihop network is to find its 

spatial re-use factor (SRF) and the average path length, L ,

(in number of hops) that a packet has to traverse in order to 

reach its intended receiver. The spatial reuse factor 

indicates the average number of simultaneous 

transmissions that could take place in the network. Once 

we are able to characterize the SRF and average path 

length in the network, we can approximate the multihop 

network as a congregation of smaller single hop networks.  

1- Average Path Length and Spatial Re-use Factor 

If we consider nodes to be uniformly distributed in an 

area of size a x a, the topological distribution of an 

arbitrary node at any instant of time is given by a uniform 

probability density function (p.d.f.), 

2

1
( , ) ,   0 ,  0 .XYf x y for x a y a

a
    (38)    

Thus, the distance between any two points i and j is 

given by the random variable R , defined as the Euclidean 

distance between stations i(xi, yi) and j’(xj’, yj’),
2 2

' '( ) ( )     i j i jR x x y y                   (39)

             

max

max

max

1

min

max 1

1

max

max 1

1 (2(1 ))
( ) [ ( )

2(1 (1 ) ) 1 2(1 )

1 (1 ) ]

[(1 ) ( * 1) 1]1

1 (1 )

r

r

r

r

r

W Ps
E D Ts Ps

Ps Ps

Ps

Ps Ps rPs
Ts

Ps Ps
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From [13], the p.d.f. characterizing the distance 

between two uniformly distributed points across the 

underlying area is given by 

04

4
( ) ( )     R

r
f r f r

a
             (40) 

2 2

2 1 2 2 2

0

2 1 2

1
2 ,    0

2 2

sin 2
( )      

1
cos ,    2

2

0,   

a ar r for r a

a
a a r a a

f r r

a
a r for a r a

r

elsewhere

 (41) 

The average distance between any randomly chosen 

transmitter-receiver pair is obtained by: 

a

or

R drrrfRE )()(                   (42) 

The average path length L  between a randomly 

chosen transmitter and receiver operating at a transmit 

power P with a transmission range Rt is then: 

( )

t

E R
L

R
                 (43) 

 We now turn our attention to the spatial re-use factor. 

For a network operating in a terrain of area A, where nodes 

have a transmission range Rt and assuming a carrier 

sensing to communication range ratio , the spatial re-use 

factor is loosely upper- bounded by: 

2)( t

MAX
R

A
SRF     (45) 

When flows in the network are uniformly distributed 

the SRF can be approximated through a disc packing 

method, where we try to pack as many discs with radius 

( Rt), as effectively expressed in Eq. 45. 

1- Multihop Throughput Analysis 

We have already obtained the throughput expression 

for a single hop network of N nodes. In such a network, 

since all nodes are within transmission range of each other, 

every node contends with N-1 nodes in the network. In a 

multihop network, on the other hand, nodes are only 

contending with a fraction of the nodes in the network. 

Namely, a node in a multihop network contends with Ncont

-1 number of nodes where 

SRF

N
Ncont

     (46) 

The throughput is then given by: 

L

SRF
NSS contlow *)(      (47) 

where S(Ncont) is the normalized throughput  when the each 

node has Ncont -1 contending nodes which is obtained by 

using our single hop network analysis given is Section  IV. 

The difference in parameters between single hop and 

multihop networks are shown in table 2. 

2- Multihop Delay Analysis 

We now turn our attention to calculate the end-to-end 

delay in a multihop network. This is the delay experienced 

by a packet that is measured from the time that the packet 

is generated to the time that the sender receives an ACK 

indicating that its packet is successfully received. The 

packet delay thus consists of the queuing delay 

experienced at the source node, the queuing delays 

incurred at the intermediate nodes as well as the HOL 

delay observed at the source and intermediate nodes. The 

approach we use hereby for the calculation of the end-to-

end packet delay in a multihop network is based on the 

same technique we have used above to calculate the 

throughput in a multihop network, and consists of the 

following elements. Under our model, as noted above, in a 

multihop network, every node contends with a subset of 

the nodes, namely Ncont -1, where Ncont has been calculated 

as described above.  If we denote the HOL delay at each 

node by D(Ncont), and the waiting at each node by 

W(Ncont), the total average end-to-end delay in the network 

(noting that the corresponding expression can also be used 

to calculate other moments of the end-to-end packet delay 

value) is then given by:   

*( ( ) ( ))multihop cont contDt L D N W N                 (48) 

Table 2 Differences between Multihop and Single Hop 

parameters. 

 Single Hop Multihop 

Contending Nodes N N/SRF 

Packets/ idle slot 

(new and 

retransmitted) 

p p*L/SRF 

Throughput S(N) S(N/SRF)*SRF/L

Total Delay HOL_Delay(N) 

+Queuing Delay

L*(HOL_Delay(N/

SRF)

Queuing Delay) 
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VII. Simulation Results 

1- Simulation Model 

In this section, we evaluate the precision of our 

mathematical expressions by comparing the delay-

throughput performance behavior of a multihop network 

system as predicted by our analytical model in comparison 

with results obtained by simulation analyses. All 

simulations were carried out using the Qualnet simulator, 

and the simulation parameters are presented in table 3. 

Furthermore, to completely understand the behavior of 

IEEE 802.11 MAC, we used fixed routing (routes are 

assigned before the simulation process is initialized), so 

that the routing overhead and end-to-end delays incurred 

by the routing layer will not come into play. 

Data Rate 2 Mbps 

Packet size (Data Only) 8000 bits 

MAC + PHY Header 496 bits 

Slot 20 usec 

SIFS 10 usec 

DIFS 50 usec 

Propagation Delay 1 usec 

Transmit Power (low) 0 dBm, 5dBm 

Transmit Power (high) 20 dBm 

Terrain dimensions (single hop) 400m*400m 

Terrain dimensions (Multihop) 1000m*1000m 
Table 3: Simulation Parameters 

2- Throughput Performance Results 

We first provide our throughput results for a single 

hop network of 20 nodes uniformly distributed in an area 

of 400m*400m. As can be seen from the results presented 

in Fig 1, our analytical model offers a good estimate for 

the throughput at the various applied loading levels. 

Fig.1: Analytical and Simulation Based Results for 

Throughput in a single hop 20 node network 

We now turn our attention to multihop networks. We 

first simulate a multihop network where nodes utilize the 

minimum transmit power for the network to remain 

connected. In Fig. 2, we present the analytical and 

simulation results for a multihop network of 100 nodes 

operating at nodal transmit power levels set at -2 dBm and 

placed uniformly in a terrain of 1000m*1000m. Under this 

transmit power, we calculate the average spatial re-use 

factor to be 4 (using a disc packing technique), and the 

average path length is calculated to be equal to about 5 

hops (using Eq. 42), and the average degree of each node 

is computed to be approximately equal to 5 (each node 

thus has an average of 5 neighbors). As can be seen from 

the figure, our simulation results, though less optimistic, 

closely mimic the results derived via our mathematical 

analysis.

Fig. 2: Analytical and Simulation Based Results for 

Throughput in a multi hop 100 node network at -2 dBm 

We now increase the transmit power to 0 dBm, which 

allows a transmission range of around 200 m. Under these 

conditions, the average spatial reuse factor is obtained via 

simulation to be 1.8, and the average path length is found 

to be 2.5 hops. Again, as can be seen in Fig. 3, the results 

attained via simulation are close to the ones attained via 

our mathematical analysis. 

Fig. 3: Analytical and Simulation Based Results for 

Throughput in a multihop 100 node network at 0dBm 
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3- Packet Delay Performance Results 

We now turn our attention to packet delay 

performance results. We first present the analytical and 

simulation results for a single hop network. We perform 

such a comparison for a network of 20 nodes in a 

400m*400m terrain. As seen in Fig 4, the simulation 

results closely comply with the analytical results. 

Fig. 4: Analytical and Simulation Based Results for Delay in a 

single hop 20 node network 

We also provide analysis vs. simulation performance 

comparison results in Fig 5 for the multihop case. In this 

case, we simulate a network of 100 nodes with traffic 

uniformly distributed across the network. Again the 

simulation results are noted to closely mimic the analytical 

results. Nodes transmit at -2 dBm which is the minimal 

power to keep the network connected. 

      
Fig. 5: Analytical and simulation based results for delay in a 

multihop 100 node network at -2dBm 

 We now increase the nodal transmit power to 0 dBm 

providing each node with a 200m transmission range. The 

throughput-delay results are shown in Fig. 6, confirming again 

the precision of our analytical evaluation method. 

Fig. 6: Analytical and simulation based results for delay in a 

multihop 100 node network at 0dBm 

4- High Power vs. Low Power: A comparison 

In what follows, we compare high power, single hop 

operation to low power multihop operation from a delay 

standpoint. In other words: is it better to transmit flow 

messages at a high power level across a single hop path, 

while contending with a larger number of nodes? Or is it 

better for that same flow to be routed using low transmit 

power levels, while contending with a lower number of 

nodes, but traversing more hops to reach the destination? 

The delay-throughput performance comparison 

between high power and low power operation, as 

calculated by using the analytical procedures derived in 

this paper, is shown in Fig. 7. As our previous simulation 

results in [9,10] have indicated, transmitting at high power 

across single hop paths yields a more efficient operation, 

from both throughput and delay standpoints, when source–

destination nodes are selected randomly across the area of 

operations. 

Fig. 7: Analytical results delay-throughput performance at 

high power and low power. 
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VIII- CONCLUSIONS AND FUTURE WORK 

In this paper, we present a simple mathematical model 

that provides accurate estimates for throughput and delay 

calculation in both single hop and multihop networks that 

employ a CSMA/CA MAC protocol. Our analytical results 

confirm our previously presented simulation results [9,10] 

that have indicated that transmitting at the lowest power 

that keeps the network connected does not necessarily 

provide optimal throughput and delay performance 

behavior.  
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