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Energy efficiency of IEEE 802.11 WLANs 
with adaptive modulation schemes 

Kiril M. Kassev  

 
Energy efficiency of wireless communication systems has recently drawn rising attention due to 

their widespread deployment. Wireless local area networks (WLANs) are an attractive choice for a 
broadband wireless connectivity to the global communication infrastructure. Despite their ad-
vantages, a traditional WLAN consumes significant amount of power to contend with the shared wire-
less medium. This article aims at presenting an analytical model for energy efficiency investigation of 
IEEE 802.11 with a distributed coordinated function access method. The model adopts adaptive 
modulation schemes at the physical layer in order to guarantee the packet error rate upper-bound. 
The wireless channel dynamic is taken into account. Furthermore, the average packet error rate and 
spectral efficiency for transmissions over Nakagami-m fading channels are evaluated. The effects of 
the packet size, average signal-to-noise ratio and number of contending nodes on the energy efficiency 
are presented. Numerical results reveal the benefits of employing adaptive modulation schemes on the 
system's energy efficiency. 
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Introduction 
The IEEE 802.11 standard for wireless local area 

networks is widely deployed due to its capabilities in 
providing high data rates for users within short-range 
communication links. Nowadays many different types 
of both fixed and mobile devices (e.g., smart phones, 
tablets, laptops, media/game players, set-top boxes, 
etc.) are equipped with a WLAN interface for broad-
band wireless access to a rich variety of telecommuni-
cation services. The standard defines two access 
methods, known as Distributed Coordinated Function 
(DCF) and Point Coordination Function (PCF). The 
DCF is widely implemented in most commercial de-
vices today. The wireless medium access is contention 
based using Carrier Sense Multiple Access with Colli-
sion Avoidance (CSMA/CA) protocol. It can run in 
both infrastructure and ad-hoc modes. On the other 

hand, PCF is an optional polling-based access method, 
which can guarantee some degree of Quality of Ser-
vice (QoS). Despite of that this access method has a 
limited application in commercial WLAN interfaces 
[1], [2]. 

The technologies behind the IEEE 802.11 set of 
standards have been developed over the years follow-
ing the huge bandwidth demands. Thus, a significant 
amount of research has been carried out mainly on the 
MAC protocols performance analysis of IEEE 802.11-
based WLANs. Various analytical and simulation 
models have been proposed for the throughput [3], [4] 
and delay analysis [5] as well as for investigations on 
certain security issues [6]. The most common feature 
of the above mentioned models is the absence of 
transmission (frame) errors introduced by the wireless 
channel. 
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With respect to the continuously growing number 
of connected devices, recently particular attention has 
been paid to the energy efficiency investigation of the 
IEEE 802.11 based WLANs. This is due to the con-
tention-based medium access control, which con-
sumes a significant amount of energy to contend with 
a shared wireless channel. Open research issues cover 
a wide range of system aspects for energy consump-
tion performance analysis and optimization. An exten-
sive survey and experimental study of the energy con-
sumption issues of the Medium Access Control 
(MAC) protocols for IEEE 802.11 WLAN is provided 
in [2]. The authors present the state of the art in solu-
tions for energy-efficiency analysis and improvements 
of MAC layer, considering cross-layer improvements. 
The latter could be suitably incorporated for transmit-
ting VoIP packets over IEEE 802.11 WLAN [7]. Most 
of the research activities focus on analytical and ex-
perimental analysis of the energy efficiency of 
WLANs. The former could be further extended by 
means of optimization strategies. As is known, the 
bottleneck of such a system is the WLAN transmis-
sion medium, which could introduce random errors. A 
widely used assumption for model complexity reduc-
tion is data transmission with no channel errors (ideal 
channel) [1], [8], [9]. In some proposals packet 
(frame) errors are taken into consideration and are 
often modeled by the Bit Error Rate (BER) and data 
packets length parameters. The BER value is usually 
assumed to be arbitrary and constant independently of 
the wireless channel conditions [7]. The impact of 
both the packet size and contention window on the 
energy efficiency of DCF mechanism under constant 
BER value is investigated in [10], where the optimal 
packet size of 400 Byte is determined for BER=1.10-4. 
For such a BER the Packet Error Ratio (PER) is about 
33 %, which is unacceptable for real applications. 

This article aims at extending the analytical model, 
proposed in [10], for energy efficiency investigation 
of IEEE 802.11 DCF systems. The time-varying char-
acteristics of the wireless transmission medium will be 
taken into consideration in determining the average 
PER, with respect to the corresponding Modulation 
Scheme (MS) in operation and the received Signal-to-
Noise Ratio (SNR). In order to guarantee stringent 
error control requirements (to maintain a PER upper-
bound) the proposed model employs adaptive MS 
selection at the physical (PHY) layer, based on the 
channel conditions. 

System description 
IEEE 802.11 DCF with RTS/CTS access method is 

used by all contending nodes (stations). The system 

under investigation operates in an infrastructure mode. 
Collision resolution is based on the exponential 
backoff mechanism at a data link (MAC) layer. In 
depth explanation of the DCF operation is available in 
accompanying references. 

The basic data unit is a packet, comprising of in-
formation (payload) and control (header) bits. Since 
control frames (e.g., RTS, CTS, ACK) are shorter than 
a data packet, they will be omitted. It is assumed all 
the nodes send data packets of equal size. According 
to the 802.11 standard operation, nodes consume en-
ergy when transmitting, receiving, and being idle. 
Extra energy may be consumed if packet collision or 
corruption occurs. For reliable data transmission over 
wireless link an adaptive modulation scheme is em-
ployed at the PHY layer. Based on the channel state 
information (received SNR) a specific modulation 
mode is selected. 

Performance evaluation 
The energy efficiency EnEf is defined as the ratio 

of the successfully transmitted packets with size of Np 
bits to the total energy Etot, consumed by a node, to 
send a packet 

(1) 
tot

p

E

N
EnEf = . 

For the IEEE 802.11 DCF access method the pack-
et transmission process is related to the following 
states of energy consumption: backoff stage (BK); 
overhears other nodes transmission (OH); collision 
with other packets (CO); packet corruption at the re-
ceiver (ER); successful packet transmission (SU). 
Hence, the total energy Etot comprises all these states: 

(2) SUERCOOHBKtot EEEEEE ++++= . 

In the transmitting state a node consumes power 
PTX, while in both the receiving and idle states – PRX. 
In order to obtain the energy consumption in Jouls (J), 
it is necessary the time duration of all the above-
mentioned states be derived. Initially, the unsuccessful 
frame transmission probability pu due to either colli-
sion or frame errors, as well as the average probability 
τ of a node transmitting a frame shall be obtained. 
Often the backoff procedure is modeled by a Markov 
stochastic process. Instead a simpler modeling method 
will be used [10]. The probability τ covers all the 
backoff stages (frame transmission probability is dif-
ferent in different backoff stages). 

The probability of each node sending a packet suc-
cessfully after i times of unsuccessful transmission is 
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(3) ( )u
i
ui ppP −⋅= 1 . 

The contention window (CW) depends on the 
number of failed packet transmissions. For the i-th 
backoff it is doubled up to a maximum value each 
time after a collision occurrence [4] 

(4) miCWCW i
i ...,,0,2 min =⋅= , 

where CWmin is the minimum contention window val-
ue, set at the first transmission attempt. At each packet 
transmission the backoff timer value is set uniformly 
in the range of (0, CWi – 1). The average backoff tim-
er value follows the mean of a uniformly distributed 
discrete random variable, i.e. (CWi – 1) / 2. 

The maximum backoff stage BKm  is a value such 
that CW reaches its maximum value. The CW is reset 

to its minimum value after the *
BKm  retry counts are 

reached. When BKBK mm ≤*  the average backoff timer 
value for each node is 

(5) 
=

⋅


 −
=

*

0 2

1BKm

i
i

i P
CW

BT . 

Hence, the average probability τ of a node trans-
mitting a packet, if the wireless medium is idle, can be 
obtained by [3]: 

(6) 
1

1

+
=τ

BT
. 

When a node transmits a packet with probability τ , 
the probability of collision occurrence with another 
node is 

(7) ( ) 111 −
τ−−=

n
collp , 

where n is the number of contending nodes [5]. 
Since the wireless medium is non-ideal, data could 

be corrupted at the receiver. It is quantitatively ex-
pressed by the average PER. Following the assump-
tion of independent collision and transmission error 
probabilities, pu is given by 

(8) ( ) ( ) ( ) PERpppPERp collcollcollu ⋅−+=−⋅−−= 1111 . 

Obtaining both pu and τ is possible by solving a 
non-linear system of equations (3) to (8). 

The wireless channel behavior can be expressed by 
the received SNR per packet γ. In order to describe γ 
statistically the general Nakagami-m model is adopted 
[11]. Received SNR is modeled as a random variable 
with a gamma probability density function 

(9) ( )
( ) 




γ

γ⋅
−⋅

Γ⋅γ

γ⋅
=γ

− m

m

m
p

m

mm

ch exp
1

, 

where γ  is the average received SNR, ( )mΓ  is the 
Gamma function, and m is the Nakagami fading pa-
rameter ( 2/1≥m ). The channel model can be applied 
to a large class of fading channels (e.g., 1=m  corre-
sponds to a Rayleigh channel). 

The employed adaptive MS shall satisfy a PER up-
per-bound, i.e. the instantaneous PER is guaranteed to 
be no greater than target PER (denoted as PERt) for 
each adaptive MS mode at the PHY layer. 

Given the received SNR per packet γ, falling with-
in the range of 0 to 30 dB [12], the objective is to find 
the boundary points { }N

nn 0=
γ , for the target PER 

(PERt). The total SNR range consists of non-
overlapping consecutive intervals and the n-th MS is 
chosen when [ )1, +γγ∈γ nn . In case of 10 γ<γ≤γ  no 
packets are sent. N specifies the number of amplitude 
modulation (QAM) modes – hereafter it will be de-
noted as transmission modes. 

If each bit inside the packet has the same BER and 
bit errors are uncorrelated, the PER can be determined 
by BER through  

(10) ( ) pNBERPER −−= 11  

for a packet containing Np bits. For uncoded (without 
forward error correction) M-QAM transmissions with 
square signal constellation and Gray encoding the 
BER can be accurately approximated through 

(11) 

( )

( )12

3

1
1

log

2

2

−⋅
=β





−⋅=α

γ⋅β⋅α=

M

MM

erfcBER

M

M

MM

, 

where αM and βM are governed by the modulation 
order M [13]. The PER expression (10) is accurate for 
uncoded M-QAM even with large constellations [14]. 
However, this is not the case for coded M-QAM 
where the exact BER and PER can be obtained by 
means of simulations, since the PER in (10) is no 
longer accurate for such kind of transmissions (exact 
closed-form expression is not available). For this rea-
son, the rest of this article will focus on uncoded M-
QAMs. 

Boundary points { }N
nn 0=

γ  can be obtained by invert-

ing the PER expression, taking into account both PERt 
and Np. The adaptive MS design can be simplified by 
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approximating the exact PER curve for a given MS 
and frame size Np by means of exponential fitting of 
the form )exp( γ⋅−⋅ ba . The exponential function is 

defined for 1=γ≥γ PER , where a, b and 1=γPER  are mode 

dependent parameters [15]. Otherwise, the PER value 
is assumed to be equal to 1. The fitting procedure 
could be also applied for coded M-QAM. 

The transmission mode in operation and instanta-
neous PER depend on the received SNR γ. Each mode 
n will be engaged with probability 

(12) ( )
( )+γ

γ

+

Γ





γ

γ
Γ−




γ

γ
Γ

=γγ=
1

1,,
n

n
m

m
m

m
m

dpP

nn

ch
n

MS , 

where ( )xm,Γ  is the complementary incomplete 
Gamma function. Its calculation can be easily done 
within the MATLAB environment. 

If the transmission mode n is selected, the average 
PER for this mode can be derived as 

(13) ( ) ( )+γ

γ

γγ⋅γ⋅=
11 n

n

dpPER
P

PER chnn
MS

n . 

Thus, the average PER for all the available trans-
mission modes N can be obtained as the ratio of the 
average number of incorrectly received packets over 
the total average number of transmitted packets [16] 

(14) 


=

=

⋅

⋅⋅

=
N

n

n
MSn

N

n
n

n
MSn

PSE

PERPSE

PER

1

1 , 

where nSE  is the average spectral efficiency for 
transmission mode n achieved at the PHY layer. M-
ary modulation can deliver M2log  data bits over a 
single transmission symbol, so the spectral efficiency 
(SE), at mode n, can be expressed by the well-known 
Shannon's capacity equation, degraded by the SNR 
gap Γ  [17]: 

(15) ( ) ( )Γγ+=γ /1log2nSE , 

where ( ) 5,1/5,0ln BER⋅−=Γ . For the transmission 

mode n, the average SE, denoted as nSE , is calculated 
in the same manner as (13). Hence, the overall aver-

age spectral efficiency SE of the adaptive MS is ex-
pressed by the denominator of (14). 

Energy efficiency analysis requires the time dura-
tion of a node in the different states of energy con-

sumption (2) to be determined. It is assumed that all 
the packets have the same fixed size of Np bits, which 
comprises PHY and data link headers together with 
the payload field. For DCF with RTS/CTS access 
method 

(16) 

SIFSCTSRTSDIFST

SIFSACKDATACTSRTSDIFST

C

S

+++=

δ++++++= 43
, 

where Ts is the average time the channel is sensed 
busy because of successful transmission, Tc is the 
average time the channel is sensed busy because of 
collision and δ is propagation delay. The time duration 
Te of packet corruption, when it contends successfully, 
is assumed to be equal to Ts [18]. These time durations 
are mainly governed by the channel bit rate. Within 
the SNR range the overall average spectral efficiency 
is not constant any more. Unlike the assumption of 
constant transmission bit rate in [10], the transmission 
rate is now variable and increasing as the modulation 
order increases, as a consequence of the adaptive MS 
operation. 

The conditional probability that the occurring 
transmission is successful (without a collision), is 
determined by [5]: 

(17) 
( )
( )n

n

s
n

P
τ−−

τ−τ
=

−

11

1 1

. 

Taking into consideration the wireless channel in-
fluence on data delivery at the receiver, the successful 
transmission probability Ps (17) is turned into 

(18) ( )PERPP s
tot

s −⋅= 1 . 

Below, the same expressions for the energy con-
sumption evaluation as in [10] are used. These are 
proven to be accurate by comparison with simulation 
results. The energy consumed at each of the five states 
constituting (2) is as follows: 

(19) ( )[ ] RXcBK PtimeslotBTNE ⋅⋅⋅+= _1 ; 

(20) ( ) ( )( )[ ]escss
tot

sRXtOH TPERPTPTPPNE ⋅⋅+⋅−+⋅⋅⋅= 1 ; 

(21) ( ) ( )[ ]RXRTScRTSTXcCO PTTTPNE ⋅−+⋅⋅= ; 

(22) ( ) ( )[ ]RXDATARTSeTXDATARTSeER PTTTPTTNE ⋅−−+⋅⋅⋅= ; 

(23) ( ) ( )DATARTSsRXDATARTSTXSU TTTPTTPE −−⋅++⋅= . 

The following notations define: uN  – average 
number of retries before a successful transmission; 

eN  – average number of retries due to a packet cor-
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ruption at the receiver; cN  – average number of re-

tries due to collision; tN  – average number of trans-
missions overheard by transmitting node and 

(24) ( ) 11/1 −−= uu pN ; 

(25) ( )( )[ ]ucollue pPERpNN /1 ⋅−⋅= ; 

(26) ( )ucolluc ppNN /⋅= ; 

(27) ( )[ ] ( )[ ]n
ct timeslotBTNN τ−−⋅⋅⋅+= 11_1 . 

Substituting equations (19) to (23) into (2) gives 
the total energy spent by a node to transmit a packet. 
Knowing the length Np of data packet the energy effi-
ciency (in terms of bits per Joule) can be calculated by 
(1). 

Numerical results 
This section presents numerical results of the ener-

gy efficiency of IEEE 802.11 DCF, expressed in the 
number of transmitted bits per consumed energy in 
Joule. The following system parameters are adopted: 
RTS – 44 Bytes; CTS – 38 Bytes; ACK – 38 Bytes; 
Slot time – 20 µs; DIFS – 50 µs; SIFS – 10 µs; propa-
gation delay δ – 2 µs; PRX – 0,8 W; PTX  – 1,0 W; max-
imum backoff stage BKm  – 5; retry counts *

BKm  – 4. A 
channel bit rate of 1 Mbps is chosen and this rate is 
achieved at the lowest spectral efficiency (the worst-
case scenario). At the PHY layer QPSK, 16QAM and 
64QAM are set in operation due to their broad adop-
tion in wireless communication standards. The analy-
sis has been carried out for three different packet 
lengths Np – 100, 500, and 1500 Bytes. The wireless 
channel dynamic is modeled by (9) and expressed by 
the average SNR. 

In case of a single MS operation and different 
packet lengths there is a trade-off between the energy 
efficiency by given modulation order and the average 
SNR (Fig. 1). A higher order QAM achieves better 
energy efficiency when it is operated on a wireless 
link of high quality (as PER decreases the error per-
formance considerably decreases, as well). 

In real environments the SNR varies in a wide 
range and thus the single modulation mode usage is 
inefficient. Significant improvements are possible by 
adoption of adaptive modulations. Setting up an up-
per-bound (target) PER of 1.10-1, Fig. 2 depicts the 
energy efficiency as a function of the average PER at 
the receiver. As the channel diversity order increases 
(Nakagami fading parameter m) the instantaneous 
PER is slightly spread around its average value (9). 

The difference of energy efficiency curves for both 
m=4 and m=12 can be observed on Fig. 2. Other in-
vestigations, conducted for target PER of 1.10-3, have 
demonstrated further improvements of system's ener-
gy efficiency, especially within the lower SNR range. 

5 10 20 30

2

4

6

8

10

12

14
x 10

5 QPSK

E
ne

rg
y 

ef
fic

ie
nc

y 
(b

its
/J

)

 

 

10 20 30

2

4

6

8

10

12

14
x 10

5

Average SNR (dB)

16QAM

15 20 25 30

2

4

6

8

10

12

14
x 10

5 64QAM

N
p
 = 100 B

N
p
 = 500 B

N
p
 = 1500 B

 
Fig.1. Energy efficiency of IEEE 802.11 DCF with a single 

modulation scheme (n = 20, m = 4). 
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Fig.2. Energy efficiency of IEEE 802.11 DCF with adaptive 

modulation schemes. 
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Fig.3. Normalized energy efficiency of IEEE 802.11 DCF. 
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Fig. 3 shows the variation of the normalized ener-
gy efficiency with the number of contending nodes. 
More contending nodes cause extra energy consump-
tion in collision and backoff stages. It is also observed 
that the packet length can deteriorate accordingly to 
the energy efficiency. 

Conclusion 
This article investigates the energy efficiency of an 

IEEE 802.11 DCF taking into consideration adaptive 
modulation schemes, employed at the PHY layer. It is 
done using an analytical model well-known in the 
scientific literature, which has been extended to ad-
dress the time-varying channel dynamic. Numerical 
results demonstrate the energy efficiency improve-
ment for packet transmitted over Nakagami-m fading 
channels, when adaptive modulations are set into op-
eration. This gain is primarily achieved when trans-
missions fall within lower SNR range. It is observed 
that packets of small size can decrease the energy 
efficiency of the system. A possible extension to this 
work is the energy efficiency evaluation under specif-
ic traffic patterns and load situations. 
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