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Abstract- Energy Consumption is of utmost importance in 

ad hoc wireless networks where battery-operated nodes 

have limited power resources. Energy consumption is 

also important in meshed WLAN networks such as 

emerging home entertainment networks and meshed 

WiMax metropolitan area networks. So far, it has been 

advocated that nodes have to operate at the lowest 

possible power level that keeps the network connected in 

order to best conserve energy in the system. This 

approach however results in increased internal traffic 

and forces more nodes to be awake to relay information 

to the intended receivers. In this paper, we investigate the 

effects of the transmit power and the transmit data rate 

on the bit-per-joule performance of IEEE 802.11 based 

ad hoc wireless networks. We assume nodes to use a 

software controlled radio whose modulation/coding 

scheme and rate parameters can be dynamically selected. 

We then develop an analytical model to calculate the 

energy consumption rate in the network. Our model 

takes into account the energy spent when the nodes are 

idle or asleep, when transmitting control packets, as well 

as when relaying, retransmitting and receiving packets.  

We examine the performance efficiency of the 

throughput per unit energy consumed attained under the 

employment of different jointly selected transmit power 

levels and data rates.   We then compare the results 

attained using our analytical   model with results attained 

via simulation using transmit power levels and data rate 

values found in commercially available IEEE 802.11b 

WLAN cards. Our results show that, when traffic is 

uniformly distributed across the area of operations, 

increasing the nodal transmit power level increases the 

bits/sec per watt, (or, equivalently, the bit per joule) 

performance of the network.   

 
I. INTRODUCTION 

 

Energy consumption and conservation in ad hoc wireless 

networks have been the topic of several research works in the 

last decade. Investigating this topic is of paramount 

importance in wireless networks where nodes consist of 

small battery operated devices as is the case in sensor 

networks, for instance.  

 

Most works that use transmit power control to conserve 

energy in the network advocate operating at the lowest 

transmit power level that keeps the network connected to  

 

minimize energy consumption in the network [2,4,7]. The 

reasoning stems from the fact that the transmit power needed 

for a packet to traverse a distance d does not linearly increase 

with d since the power attenuates in proportion to d
-α 

(2≤ 

α≤4). However, when a relaying node is used, the power 

reduces to 2(d/2)
-α

 .Thus, depending on the value of α, the 

total power used when a relaying node is used varies between 

½ to 1/8
th

 of the power used in the direct routing case.  

 

As appealing as it sounds, this simple analysis does not 

take into account the energy consumed when nodes are idle. 

This analysis also does not consider the increased energy 

consumption from the increased traffic load in the network 

that results when packets are relayed through intermediate 

nodes. Furthermore, to the best of our knowledge, no work 

has so far studied the tradeoff between the transmit power 

level, data rate and network loading on the bit per joule 

performance of IEEE 802.11 based ad hoc wireless networks. 

 

In this paper, we develop an energy consumption model 

that takes into account the energy consumed by control 

packets and  packet retransmissions due to collisions and 

hidden nodes when applicable. Using data rates and transmit 

power levels used in commercially available IEEE 802.11b 

radios, we use our model to study the effect of the 

forwarding range, transmit power level, as well as transmit 

data rate on the bit-per-joule performance of the network. 

Our studies assume that at a given point in time in the 

network, all nodes use the same transmit power and the same 

data rate. Since many works [14,15] have pointed out the 

throughput degradation that occurs when different nodes use 

different data rates at a given point in time.  

 

In the cases that we have studied, some of our findings 

may be counter-intuitive and are summarized below: 

 

First, we realize that increasing the transmit power level in 

the network improves the bit-per-joule performance of the 

network. This is due to the fact that, when the transmit power 

level increases, the forwarding range increases, and less 

internal traffic is generated. This leads to a decrease in the 

number of relay nodes needed to retransmit the data. 

 

Second, for the same offered load, packet size, and 

transmit power level used, the bit-per-joule performance 

almost remains constant as the underlying transmit data rate 

is increased. Even though nodes would consume less time 



and thus less energy, to transmit a packet as the data rate is 

increased, control data packets are still transmitted at a lower 

data rate. Furthermore, a substantial amount of the energy 

being consumed by a node is consumed during its idle stage. 

The energy level consumed by a node when idle is dependent 

on the hardware characteristics of the radio and is 

independent of the data rate used to transmit packets. 

 

Third, the bit-per-joule performance increases as the 

offered load increases. This is due to the fact that nodes 

waste less energy in the idle state and thus make use of their 

energy transmitting packets. 

 

We will go into the details of our findings in the 

subsequent sections of this paper that are organized as 

follows: Section II presents a summary of related work in the 

area of energy consumption in ad hoc wireless networks, 

section III presents an overview of the IEEE 802.11 MAC 

protocol, and section IV presents an overview of energy 

consumption in a typical WLAN card. Section V presents 

our system model. Section VI presents out throughput 

calculation. In section VII, we present our energy 

consumption model for non-saturated networks and in 

section VIII we present our energy consumption model for 

saturated networks. In section IX we test the model for some 

networks of interest and present a comparison between 

results attained through our model with results attained via 

simulation. We finally offer our conclusions in Section X. 

 

II. RELATED WORK 

 

Research studies that aim at conserving energy in wireless 

networks can be classified in four major groups: 

- Works that rely on experiments to measure energy 

consumption of different IEEE 802.11 cards [1,3] 

- Works that investigate complex mechanisms to 

sleep/wake up nodes in the network so nodes do not 

waste energy when idle [16, 17]. 

- Works that develop complex routing algorithms that 

route data packets through nodes with relatively 

more residual energy [6]. 

- Works that focus on a cross layer MAC/Routing 

operation that use transmit power control 

mechanisms to conserve energy [2, 4, 5, 7]. 

 

In [1] Feeney and Nilsson presented a thorough 

investigation of energy consumption in a wireless network 

interface using the Lucent WaveLAN PC cards. Their 

investigation was mostly based on experimental data. In [6], 

Huang and Rubin studied the bit per joule performance of 

power saving ad hoc networks with a mobile backbone. In 

[5], Tan and Rubin study the energy consumption for 

multicast wireless networks with a mobile backbone. In [7] 

Kubisch and Karl analyze the energy consumption in a 

network using relay nodes and show how they can reduce 

energy consumption when relay nodes are used. In [3] Ebert 

et al. present a thorough experimental study of energy 

consumption for the Aironet IEEE 802.11 PC4800 card. We 

use their power measurements in this paper. 

III. IEEE 802.11 OVERVIEW 

 

Under IEEE802.11, a CSMA/CA MAC protocol is 

employed. A node wishing to transmit a packet monitors the 

channel for a period of time equal to the Distributed Inter 

Frame Space (DIFS). If the node senses the channel to be 

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 is successful, the 

receiver transmits an acknowledgment packet (ACK) after a 

period of time known as the Short Inter Frame Space (SIFS). 

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.  

 

IV. ENERGY CONSUMPTION OVERVIEW  

 

The radio module of a WLAN card can be modeled to be 

in either one of four states: sleep, idle, receive and transmit. 

We denote by Ws the energy consumption rate of a node, 

measured when in sleep state, and by WI the energy 

consumption rate of a node when in idle state. We use Wt 

and Wr denote the energy consumption rate of a node in 

transmit mode and receive mode, respectively. Ws, WI, Wt 

and Wr are all measured in milli-Watts. Measurements in [3] 

have shown that the energy consumed by a node in the idle 

state is almost as much as the energy consumed by a node in 

the receive state. In this paper, we use those same 

measurements that pertain to the Aironet IEEE 802.11 

PC4800 card. The card can operate at 4 different transmit 

power levels (1mW, 5mW, 20mW, 50mW) and 4 different 

transmit data rates (1Mbps, 2Mbps, 5.5Mbps and 11Mbps). 

The measurements are presented in tables 1 and 2. In Table 1, 

we show the energy consumption rate in the transmit state 

for the 4 different transmit data rates and 4 different transmit 

power levels. In Table 2, we show the energy consumption 

rates in sleep, idle and receive modes for different data rates. 

The measurements in Table 2 are independent of transmit 

power levels. 

 
Rate Transmit 

(1mW) 

Transmit 

(5mW) 

Transmit 

(20mW) 

Transmit 

(50mW) 

1 Mbps 1.42W 1.5W 1.68W 1.78W 

2 Mbps 1.43W 1.51W 1.69W 1.8W 

5.5 Mbps 1.45W 1.53W 1.71W 1.82W 

11 Mbps 1.49W 1.55W 1.73W 1.84W 

Table 1: Energy consumption rates upon transmission at 

different transmit power levels 

 

 

 



Rate Sleep Idle Receive 

1 Mbps 0.075W 1.34W 1.3W 

2 Mbps 0.075W 1.34W 1.31W 

5.5 Mbps 0.075W 1.34W 1.39W 

11 Mbps 0.075W 1.34W 1.41W 

Table 2: Energy consumption rates in sleep, idle and receive 

states at different data rates  

 

V. SYSTEM MODEL 

 

1 General Description 

 

We consider an a*a area of operations where n nodes, 

equipped with half duplex radios are uniformly distributed.  

All terminals are equipped with omni-directional antennas 

and with IEEE802.11 cards that use the default basic 

CSMA/CA access mechanism, without the RTS/CTS 

handshake.  The duration of each time slot, in sec, is σ 

[sec/slot]. In this paper, we use the terms “slot” and “mini-

slot” interchangeably. We assume that the internal traffic 

process including the arrivals of packets at a node from 

attached end-users, as well as including packets that are 

forwarded to the node from neighboring nodes, to be 

modeled as a Poisson process. Each packet has an average 

payload length of Lb bits and H header bits, consisting of the 

PHY header and the MAC header. The average propagation 

delay between communicating nodes on a link is τ.   

 

The half duplex radios can transmit at m different power 

levels. We define the vector P of transmit power levels (in 

ascending order) as: 

1 2[ , ,... ]
m

P P P P= .                        (1) 

The radios can also transmit at n different data rates. We 

define the vector R of transmit data rates (in ascending order) 

as: 

1 2[ , ,... ]
n

R R R R= .                                      (2) 

Control packets and the physical layer related portion of the 

header are usually sent at the base data rate of Rb, which is 

typically the lowest data rate used for transmissions, R1. 

 

2. Definition of various ranges 

 

  Each combination of one element from P and one element 

from R gives rise to a specific transmission (or 

communications) range value dT, a carrier sensing range dcs 

and an interference range dI. 

 

The transmission range, or communications range, of a 

node i, dT(i), represents the maximum distance between 

transmitter i and a receiver j at which the Signal to Noise 

Ratio (SNR) measured at the link layer receiver at j during 

the packet reception time is higher than a predefined 

threshold value at an acceptable prescribed bit error rate. 

 

The carrier sensing range dCS(i) is defined as follows:  

When node i is in transmission mode, any station that is 

located within this range from node i, will sense the channel 

to be busy with node i’s transmission.   

 

The interference range relative to receiving node j dI(j), 

represents the following approximate distance level:    It is 

set so that it becomes unlikely that the accumulated 

interference caused by transmissions initiated by nodes that 

are located outside a disk with radius dI(j) centered at node j 

will cause significant degradation of the SINR level 

measured at node j when it is in reception mode.  For 

illustrative purposes, we assume stations to employ similar 

MAC layer mechanisms and an interference layout that 

impacts different nodes in a similar fashion, so that we set 

dI(j) = dI, for each node j.   Our simulations have shown that 

by setting dI = dCS (even when the network is highly loaded), 

our analytical performance results track closely those 

produced by using simulation analyses. 

 

The forwarding range dF is a random variable that 

represents the link range between a given sending node and 

each neighboring node that subscribes the following 

requirement:  Across each such a link, the receiver is able to 

directly receive the intended signal at a pre-specified Signal-

to-Noise-and-Interference Ratio (SINR) γ. When considering 

all the qualified links which are used by nodes that forward 

packets, the corresponding average forwarding range is 

denoted as
Fd . Thus, for any employed link, we have: 

      . . 1
F T

d d w p≤ .                        (3) 

 

3. Multihop Network Model  

 

Our main idea in approximating the throughput and delay 

performance of a multihop network is to characterize the 

network as a congregation of smaller sub-networks in which 

only one successful transmission can take place at a time. 

The throughput and the delay in each sub-network is then 

calculated, multiplied by the number of sub-networks, and 

divided by the average path length in the network. 

 

a. Characterization of single-hop regions  

We define the area AS = AS(i,j), shown in Figure 1, relative 

to a pair of neighboring nodes i and j, in the following 

manner:  Given that a transmission (including a message – 

ACK dialog) from node i to node j is currently successfully 

executed, no other node located within this area is currently 

able to execute a successful packet transmission. The region 

AS(i,j)  is a circular region formed by the union of two disks:  

i. Disk 1, which denotes the carrier sense region of the 

transmitter node i.  

ii. Disk 2, which denotes the interference region of 

receiver node j.  

 

The diameter of the circular region AS, denote by dR, is given 

by: 

max( , )
R I I cs F

d d d d d= + + .                      (4) 

 



 
Fig. 1: Diagram showing the circular areas As that contain the 

set of contending nodes 
 

The number of nodes, nv in AS(i,j) thus falls in two 

categories: 

i- Nodes that are located within the carrier sensing range 

of the transmitter i which we denote by nCS(i)   These are 

nodes that are located in Disk 1 whose carrier sensing 

mechanism will be activated as long as node i is in 

transmission mode. None of these nodes can transmit during 

node i’s transmission time because of their carrier sensing 

mechanism being activated.  

ii. Nodes that are located within the interference range of 

the link layer receiver j but outside of the carrier sensing 

range of node i. These are the nodes that are hidden from 

node i and are denoted by nH(i). Any node hidden from node 

i will not activate its carrier sensing mechanism while node i 

is in transmission mode and thus may hinder node j’s 

reception when starting its own transmission. 

Thus, The total number of nodes nv in a single hop region AS 

is equal to nCS+nH. Note that interferences caused by nodes 

located outside the carrier sensing range of the transmitter 

node i may hinder the reception of the ACK at node i, 

however this possibility is very small and we are thus 

neglecting it. Also note that the modeled disk represents an 

upper bound on the related area of interference, and thus 

leads to a conservative design.  

 

b. Spatial Reuse Factor Approximation 

The Spatial Reuse Factor (SRF) of the network represents 

the average number of successful simultaneous transmissions 

that can take place in the network. In this paper, we 

approximate the network’s SRF value as we have done in [9], 

by using a disk packing method. It is thus given by: 

2(0.5 )
R

A
SRF

dΠ
�  .                                                     (5) 

 

c. Average Path Length Approximation 

Since nodes are uniformly distributed across the terrain 

area, and as shown in [12], the probability density function 

characterizing the distance v between two such nodal 

locations is given by: 

04

4
( ) ( )     

V

v
f v f v

a
= ⋅ where 

2 2

2 1 2 2 2 2 1 2

0

1
2 ,   0

2 2

1
( ) sin 2 cos ,   2      

2

0,  

a av v for v a

a a
f v a a v a a a v fora v a

v v

elsewhere

π

− −


− + ≤ ≤




= + − − − − ≤ ≤





 .            (6) 

The average path hop length, L , is used to represent the 

number of hops that a packet has to traverse in order to reach 

its intended receiver. Based on (6), L  is given by: 

/

1

min( * , )/ )

1 ( 1)*

Pr min1* (( )* ( * , ))

   * ( )

a d

F F

i

i d aa d

V

i v i d

F

FF

F

L i i d v i d a

i f v dv

 
 

=

 
 

= = −

= − < <

=

∑

∑ ∫

(7) 

 

4. Number of  active nodes in the network 

 

Let Nf denote the number of admitted end-to-end flows 

actively loading the network, and let λb denote the average bit 

rate, measured in bits per second, for each end-to-end flow. 

Note that our analysis is readily applicable to situations in 

which different flows have different bit rate levels in 

accordance with the application which generates the 

underlying flow. 

The underlying routing scheme can employ a proactive or 

reactive (on demand) mechanism to discover and/or select 

routes for each flow.  We assume that once a route is 

configured for the transport of the flow packets, each node 

along the route is held in the awake state for as along as it is 

selected to forward or receive packets.  Our focus in this 

paper is on cross layer operations that provide services to 

such a routing function.  Hence, we assume that the 

underlying overhead used to discover and configure routes 

has been subtracted, so that net capacity levels are 

incorporated for our cross-layer calculations.  

 Let na denote the average number of nodes in the awake 

state, and let ns denote the average number of nodes that 

reside in the sleep state. Let λf denote the admitted flow 

arrival rate, representing the number of flows admitted into 

the network per second.  Assume the average duration of a 

flow, in sec, to be denoted as hf. Note again that one readily 

extends the model to multiple flow classes. For a given flow 

arrival rate, a given flow holding time, and a given routing 

matrix, the average number of nodes involved in transmitting 

flows, which is also equal to the average number of nodes 

held at any point in time in the “awake” state, is given by: 

min( * * , )a f fn h L nλ= .                                            (8) 

Clearly, the average number of nodes residing in the sleep 

state is then given by: 

s a
n n n= −   .                                                   (9) 

 

 



VI. THROUGHPUT CALCULATION 

 

1. Single Hop Network Case 

We have shown in [9] that the throughput rate achieved by 

a single hop network of na awake nodes to be equal to: 
*

( )
(1 ) (1 )

a n

s c tr
a

T P s s
S n

T P s s T P P s s pσ
=

+ − + −
.        (10) 

In the following, we describe the parameters involved in 

calculating the throughput rate based on using Eq. (10), as 

well as point out an iterative procedure used to compute the 

parameter p, which denotes the number of new and 

retransmitted packets transmitted per node per idle slot 

initiated by a node at the start of an ‘idle’ slot (i.e., a slot that 

is sensed by the transmitting node to be idle), noting that 0 < 

p < 1.   

We set T to represent the average time required to send the 

payload data portion of a packet. We set Ts to be equal to the 

average time required to complete a successful transmission 

and Tc to be equal to the average time required to resolve a 

collision. We define Pss to denote the probability that a slot 

contains a successful transmission given that a transmission 

has occurred in the slot, and Ptr to denote the probability that 

a transmission is initiated by at least one node in a slot.  For 

the purpose of the following calculations, assume the 

performance of the system to be computed over a period of 

time during which a given number of flows has been 

admitted into the system, leading to a number of active nodes 

which is denoted as na.  At the selected transmit rate Ri used 

by all active nodes, we then have:  

/ ( ) /

     /

s b i b

i

T DIFS L R PHY MAC R

SIFS ACK R

τ

τ

= + + + +

+ + +
                    (11) 

( ) / /c b b iT D IFS PH Y M AC R L R τ= + + + +    (12) 

1 (1 )
n

tr
aP p= − −                                                               (13) 

2 2
(1 ) [(1 ) (1 (1 ) )* ]

n n

ss capture
a a

aP n p p p p P
− −= − − + − −    (14) 

where Pcapture is the probability that the SINR at the receiving 

node is higher than the predefined threshold given that more 

than one transmission took place [9].   

 

The throughput calculation given by Eq. (10), as well as 

our subsequent analysis applies for a single hop network 

where *
p p≤ , noting p

*
 to be equal to the transmission rate, 

in packets/slot, for a node that is loaded to saturation.  The 

latter rate can be calculated by using the analysis in [10]. 

 

 We denote by CI the variable representing the average 

ratio of time that the channel is in idle state. CI is given by: 

 

1

1 1

( ) *

( ) * * * ( )

n

n

s ss c tr ss

a

a

p
CI

p T P T P P

σ

σ

−
=

− + + −
.      (15) 

 

Since p represents the average number of new and 

retransmitted packets transmitted per node per idle slot, and 

noting that due to the use of the carrier sensing mechanism, a 

node can only transmit when the medium is idle, the internal 

nodal arrival rate of successful packets at a node, denoted as 

q, is given by: 

1

*p CI
q

rt
=

+
 .                                                                (16) 

Furthermore, in terms of the total offered load rate, OL, 

measured in bits per seconds, and assuming each node to 

originate and carry a single flow at a time, the offered packet 

rate q can be expressed as: 

*

*
b f

OL
q

L N

σ
=                                                                  (17) 

We assume here that the offered load rate, OL, is not 

higher than the maximum throughput value.  The latter is 

obtained by computing the maximum attainable throughput 

rate level by finding the corresponding maximum value of 

the rate given by Eq. (10) over the parameter p.  Otherwise, 

OL is set equal to the latter peak throughput rate.   Using Eqs. 

(13)- (17), we can derive the value of p iterative numerical 

calculations. 

 

2. Multihop Network Case 

To calculate the throughput performance in a multihop 

network, we first characterize the average number of link 

layer flows that are simultaneously active in the network at 

any point in time (at steady state), identified as Mf.  We have: 

 *f fM N L=                                                              (18) 

If each active end-to-end flow produces packet traffic at a 

bit rate of λb bits/sec, then the average packet rate (counting 

only successful packet receptions and transmissions) 

forwarded by an awake node, including traffic generated by 

the node and traffic transiting the node, under steady state 

conditions, is equal to: 

*b
np

b

L

L SRF

λ
λ = .                                                        (19) 

The reasoning behind the latter equation is that, even 

though an average of Mf active link flows are observed 

across the network links, due to spatial reuse limitations, 

only a limited number of packet transmissions can be 

executed simultaneously across the network.  The average 

value of such a number has been defined as the network’s 

spatial reuse factor (SRF).   

Our modeling approach, as described in Section V, is to 

approximate the throughput performance in each sub-

network (i.e., a portion of the network across which at most a 

single successful transmission is likely to occur) by the 

throughput performance of a single hop network of nva nodes.  

Using Eq. (19), we thus set the admitted offered load rate, in  

packets /sec in each sub-network (assuming, for 

mathematical simplification, symmetrical loading) to be 

equal to  nva* λnp. The derivation of the parameter p, is then 

carried out by independently considering each sub-network, 

and is therefore performed in a manner that is similar to that 

used for the single hop case.  

 



We denote the throughput rate of a sub-network by S(nva). 

The end-to-end throughput rate of the network is then 

approximated by: 

( ) *
va

SRF
S S n

L
�  .                                                       (20) 

Note that we set S = min (S, offered rate) so that the flow 

admission process ensures the network state processes to not 

be overloaded and reach steady state conditions.   

 

VII. ENERGY CONSUMPTION MODEL FOR NON 

SATURATED NETWORKS 

 

In this section, we derive a formula for the bit per joule 

ratio in non saturated IEEE 802.11 networks. The analysis 

applies for both single hop and multihop cases. To carry out 

the analysis, we first characterize the ratio of time a node 

spends in the transmit, receive, or idle state. 

 

The ratio of time that an awake node spends in 

transmitting packets, ρtx, is given by: 

1*( )*( / ( ) / ))ttx np b i br L R PHY MAC Rρ λ= + + + , (21) 

 where tr  is the average number of retransmissions 

experienced by a packet across a link.  The latter is given by:  
max

max

max

1

1 [(1 ) ( * 1) 1]

1 (1 )

s s s

t

s s

r

r

P P P r
r

P P
+

− − − − +
=

− −
,                   (22) 

 

where Ps denotes the probability that a node’s transmission is 

successful (its calculation is described in [9]), and rmax 

represents the maximum number of allowed retransmissions 

of a packet at a node.  

Furthermore, every successful packet transmission is 

followed by an ACK.  Therefore, the fraction of time that an 

awake node spends in receiving the ACK packet is given by: 

*( / )
rx np i

ACK Rρ λ= .                                               (23)  

                                                 

Since we assume uniform traffic distribution as well as 

equal bit rates for all flows, then the incoming traffic to the 

node, including traffic relayed through the node, as well as 

traffic terminated at the node,  but excluding traffic generated 

by the node itself, and excluding ACK packet receptions, is 

also equal to λnp packets/sec.  Hence, the fraction of time that 

an awake node spends in receiving packets from other nodes 

is given by: 

' *( / ( ) / ))
rx b i b

L R PHY MAC Rρ λ= + + .      (24) 

 

Since a node has to transmit an ACK packet for every 

packet successfully received, the percentage of time that each 

awake node spends in transmitting an ACK packet is given 

by: 

' * ( / )
tx np i

ACK Rρ λ= .        (25) 

Assuming steady state conditions to hold at each node, the 

ratio of time that an awake node spends in the idle state is 

then given by: 

1 ( ') ( ')
I tx tx rx rx

ρ ρ ρ ρ ρ= − + − +                     (26) 

Thus, the total energy consumption in the network, Wtotal is 

given by: 

* *( * ( ')*

          ( ')* )

total s s a I I tx tx t

rx rx r

W n W n W W

W

ρ ρ ρ

ρ ρ

= + + +

+ +
     (27) 

 

We assume the network to operate in steady state manner, 

so that it is regulated to produce a throughput rate that is 

equal to the admitted offered rate.  Therefore, the network’s 

throughput rate expressed in units of bits/sec (Th), is given 

by:   

*
f b

Th N λ=                                                                (28) 

Consequently, using Eqs. (27)- (28), the bits/sec per watt (or 

bits per joule) performance measure is calculated as:     

total

Th
BJ

W
=  .                                                               (29) 

 

VIII. ENERGY CONSUMPTION MODEL FOR 

SATURATED NETWORKS 

 

A saturated IEEE 802.11 wireless network is one in which 

every awake node always has a packet ready for transmission. 

Thus, the queue of each node in the awake state always 

contains waiting packets. Figure 2 illustrates a typical 

sequence of events that take place between the initiation 

times of two successive transmissions of new (generated or 

transiting) packets at an awake node under saturated 

conditions.   Due to the traffic symmetry assumed here, an 

average of a single packet reception is observed to take place 

per each packet transmission event. The average duration of 

this period is denoted as SV.  It is given by: 

( ( )/  + )

          *( ( )/ )

B b i b i

t b i b

SV= T +SIFS+DIFS+ L MAC R PHY/ R+ACK/ R +2

r DIFS+ L MAC R+PHY/ R +

τ

τ

+ +

+
 (30) 

 As noted above, we proceed to carry out mean value 

analysis, under which we make the following approximation 

assumption.  As shown in the figure, each packet spends an 

average of TB seconds in backoff before it is able to access 

the channel [9]. During this period of time, and due to the 

traffic symmetry assumed in this paper, the node will receive, 

on average, a packet from another node to which it will 

transmit an ACK. Following the backoff period, and once the 

medium is sensed idle, the node waits for a period of time 

equal to the DIFS after which it transmits its packet. If no 

ACK is received after a certain timeout period, the node 

proceeds to retransmit the packet a maximum of rmax number 

of times until an ACK is received. 

 

Figure 2: Diagram showing the sequence of events at the head-

of-the-line of an awake node in saturation mode 



Let ρstx, ρsrx and ρsi denote, respectively, the fraction of 

time that an awake node is in transmit, receive and idle mode, 

respectively. ρstx, ρsrx and ρsi also represent the corresponding 

fractions of time during each cycle period of mean duration 

SV. The state process is assumed to be a regenerative 

stochastic process that regenerates at the start of each such 

cycle period. These fractions are given by: 

1(( )*( / ( )/ ) / )/tstx b i b ir L R PHY MAC R ACK R SVρ = + + + +  (31) 

( / / ( ) / ) /
srx i b i b

ACK R L R PHY MAC R SVρ = + + +     (32) 

1
si stx srx

ρ ρ ρ= − −                                                         (33) 

 

The rate of energy consumption for an awake node is 

written as: 

* * *
awakeSAT stx tx srx rx si I

W W W Wρ ρ ρ= + +                (34) 

 

The total energy consumed in the network is then given by: 

* *
awakeSAT s S a SATtotal

W n W n W= +                               (35) 

 

The bit-per-joule performance is then computed by: 

totalSAT

S
BJ

W
=                                                                (36) 

where S denotes the throughput rate achieved under 

saturation conditions.  The latter is calculated by using Eqs. 

(20) and (10) in which the corresponding parameters are 

computed under the assumption that network nodes operate 

in saturation mode.    

 

IX. PERFORMANCE ANALYSIS AND 

COMPARISONS WITH SIMULATION RESULTS 

 

We consider a network of 50 nodes uniformly distributed 

in a 500m*500m terrain. We load the network with 25 end-

to-end unicast flows.  For illustration purposes, we assume 

only 25 nodes to be active in receiving and transmitting 

packets.   The corresponding 25 flows are further assumed to 

stay active throughout the duration of the simulation. When 

using high power operation, nodes transmit at 50mW, and 

every node is able to reach every other node in the network 

in one hop. Thus, under high power operational mode, 25 

nodes are in the awake state, and the other 25 nodes can be 

put to sleep for the duration of the experiment. When using 

low power operation, nodes transmit at 5mW, which is the 

minimum power needed to secure a connected network. In 

that case, more nodes need to be awake to relay traffic flows 

to their intended destinations. Under the low power operation, 

and consistent with Eq. (7), the average path length in the 

network is calculated to be equal to 2 hops. In this case, and 

consistent with Eq. (8), all nodes in the network are awake 

and are involved in transmitting, receiving or relaying flows. 

Each packet has a payload of 1024 bytes, an ACK size of 14 

bytes, a PHY header of 24 bytes and a MAC header of 30 

bytes. Each mini-slot has duration of 20usec. In Fig. 3, we 

present the analytical vs. simulation results for the bit per 

joule performance versus the offered load in the high power    

case. The analysis and simulation are carried out using a 2 

Mbps transmit data rate. As can be seen, our model offers a 

good fit to those results attained via simulation. 

In Figure 4, we compare the analytical and simulation 

results for the bit per joule performance in the high power 

case where packets were transmitted using a 5.5Mbps 

transmit data rate. Note that for the same offered load, when 

the system is not overloaded, the bit per joule performance of 

Figure 4 is almost identical to that given in Figure 3 in which 

a 2 Mbps underlying data rate was used. The reason mainly 

stems from the following: even though the energy 

consumption rate of a node in transmit mode decreases when 

the transmission rate increases, much of the energy 

consumed by the node is spent when the node is in idle state, 

or when the node is transmitting the header of the packet, 

which is usually sent at the lowest available data rate.  

Induced by the consumption rate values specified in Tables 

1-2, we expect the corresponding differences in the realized 

average consumption rates to not differ in a significant way, 

as confirmed by the results of our analyses and simulations. 

In Figure 5, we present the bit per joule performance when 

the network is operating using low power transmissions.  

Multi hop routes are now employed.  Even though results 

attained using our analytical model are close to those attained 

via simulation, the results are not as close as those observed  

in the high power case.  The main reason is that we assume 

in our analysis that all nodes in the network experience the 

same traffic load; an assumption which is not always fulfilled 

in multihop networks.   Never the less, in spite of its 

modeling simplicity and corresponding computational 

efficiency, we show our analytical formulas to provide 

reliable prediction of the performance trend, including the 

precise estimation of the saturation loading rate (being 

around 0.65 Mbps offered load rate). In Figure 6, we show 

the analytical results for the bit-per-joule performance under 

high power and low power transmissions. As can be seen 

from the figure, the bit-per-joule performance in the high 

power case is superior to that achieved when operating each 

radio module in the low power transmit mode. This is due to 

the increased internal traffic and to an increased number of 

nodes that are forced to be awake to relay that traffic. 

 

X. CONCULUSIONS 

 

In this paper, we have presented an analytical model for 

the calculation of the bit per joule performance of an IEEE 

802.11 wireless network under different transmit power 

levels, forwarding ranges and transmit data rates. The 

advantage of this model is in its computational simplicity, 

enabling us to readily perform cross layer tradeoff analyses.  

Our main conclusion in this paper is that transmitting at high 

power achieves a better bit-per-joule performance than 

transmitting at low power. This is due to an increase in the 

internal traffic in the network that is induced under lower 

power operation, subsequently leading to an increase in the 

number of nodes that are forced to be awake to relay that 

traffic. When operating the corresponding systems in non-

overloading modes, the bit-per-joule performance does not 

change much when increasing the underlying data rate.  In 



this mode, under the prescribed energy consumption rates, 

noting that similar rates are experienced whether an awake 

node is in transmit, receive or idle state, we observe the bit 

per joule performance ratio to increase as the offered load to 

the network is increased.  When operating under higher nodal 

transmit power level, a higher throughput capacity rate is 

attained.  Hence, in this case, much higher bit-per-joule 

performance ratios are realized as the offered load rate 

increases above a rate that is equal to the saturation rate for 

the lower power level system.   

 
Figure 3: Analytical and simulation results for the bit per 

joule performance at high power, 2Mbps operation 

 

 
Figure 4: Analytical and Simulation Results for the bit per 

joule performance at high power, 5.5 Mbps operation 

 

 
Figure 5: Analytical Results and Simulation Results for the 

bit per joule performance at low power  

 
Figure 6: Analytical Results showing the bit per joule 

performance under high power and low power transmissions 
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