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Abstract: This paper proposes two link adaptation strategies for

IEEE 802.15.4 wireless personal area networks (WPANs), using a

multi-rate signaling set. In the proposed link adaptation strategies,

the most adequate modulation and coding scheme (MCS) satisfying

the target bit error rate (BER) of the end device is selected based on

the signal-to-interference-plus-noise ratio (SINR) of either a bea-

con or an acknowledgement (ACK) frame. The beacon-based link

adaptation scheme has low complexity and overhead, given that it

performs link adaptation only once per superframe. In contrast,

the ACK-based strategy performs link adaptation at every ACK

frame, and therefore provides a faster and more effective link adap-

tation, but at the expense of a larger overhead. The specific proto-

col design for the proposed link adaptation strategies is developed

by constructing the signal flow based on the service primitives be-

tween the protocol stack layers. The network simulator OPNET

is used to implement an accurate IEEE 802.15.4 WPAN protocol

stack and the simulation environment required for performance

evaluation. The simulation results show that the received through-

put of IEEE 802.15.4 WPANs can be improved by exploiting the

proposed link adaptation strategies instead of auto-rate fallback,

the conventional WPAN strategy.

Index Terms: IEEE 802.15.4 WPANs, link adaptation, performance

evaluation, protocol design, wireless sensor networks.

I. INTRODUCTION

THE IEEE 802.15.4 wireless personal area networks

(WPANs) standard [1] adopts a low-rate wireless com-

munication protocol for low-power short-range communication

systems. Recently, this standard has been widely applied as a

radio access technology to smart home network systems [2]–

[5], in healthcare applications [6]–[9], and to support various

services based on the Internet of Things (IoT) [10]–[13].

IEEE 802.15.4 WPANs operate in the 868 MHz, 915 MHz
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and 2.4 GHz bands [1]. In the 2.4 GHz industrial, scientific, and

medical (ISM) band, in particular, many operating devices adopt

simultaneously Bluetooth with IEEE 802.15.1 [14] and IEEE

802.11 wireless local area networks (WLANs) standards [15]

as communication protocols, which creates co-channel interfer-

ence. Therefore, robustness against co-channel interference is

an important aspect that must be considered when addressing

IEEE 802.15.4 WPANs in the 2.4 GHz ISM band.

In addition, IEEE 802.15.4 WPANs operate with single data

rates regardless of the operating band. However, each appli-

cation supported by this standard can have a different target

data rate. For example, the data frames carrying various vital

signs such as electrocardiogram (ECG) and electroencephalo-

gram (EEG) data have different target data rates depending on

the healthcare applications [16]. Therefore, the flexibility to

support multiple data rate should be added to IEEE 802.15.4

WPANs, so that applications with different target data rates may

be supported.

To address these requirements, this paper proposes link adap-

tation strategies for IEEE 802.15.4 WPANs based on a multi-

rate signaling set, which support multiple data rates and improve

the robustness against co-channel interference. In the proposed

link adaptation strategies, a modulation and coding scheme

(MCS) satisfying the target bit error rate (BER) of the end de-

vice is selected based on the signal-to-interference-plus-noise

ratio (SINR) of beacon or acknowledgement (ACK) frames. The

beacon-based link adaptation scheme can support multiple data

rates and improve robustness with low complexity and over-

head, because it is executed only once for each superframe. The

ACK-based link adaptation scheme, on the other hand, is exe-

cuted with every ACK frame, and can therefore select a more

appropriate MCS, capable of providing better robustness while

supporting multiple data rates, but exhibits a larger overhead.

The protocol for the proposed link adaptation strategies is de-

signed by defining specific signal flows based on the service

primitives implemented by hardware signaling between the pro-

tocol stack layers. A modified transmitter structure for apply-

ing the proposed link adaptation strategies is also developed.

The performance of the proposed link adaptation strategies is

evaluated by measuring various performance metrics in envi-

ronments with and without WLAN interference. The proposed

link adaptation strategies are compared with the conventional

WLAN link adaptation strategy auto-rate fallback (ARF) [17]

and with single data rate strategies, including the MCS of multi-

rate signaling set and that of conventional WPANs. To create

the specific simulation environments for performance evalua-

tion, we use a network simulator to implement the protocol stack
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Fig. 1. Transmitter structure of the conventional IEEE 802.15.4 WPANs.
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Fig. 2. Superframe structure of the conventional IEEE 802.15.4 WPANs.

of IEEE 802.15.4 WPANs and model the traffic of the WLAN

interferers.

This paper is organized as follows. Section II reviews some

of the approaches associated with conventional WPANs, includ-

ing transmitter structure, network architecture, and the concept

of service primitives. Section III introduces the proposed link

adaptation strategies, including the modified transmitter struc-

tures and protocol designs for both proposed beacon-based and

ACK-based link adaptation schemes. Section IV presents the

performance evaluation results obtained with the network simu-

lator OPNET. Section V concludes this paper.

II. CONVENTIONAL WPANS

A. Transmitter Structure

Conventional WPANs in the 2.4 GHz ISM band use direct se-

quence spread spectrum (DSSS)-based offset quadrature phase

shift keying (O-QPSK). Fig. 1 shows the transmitter structure

of conventional WPANs. Four bits from the physical protocol

data unit (PPDU) are mapped into a single data symbol by the

bit-to-symbol mapper, and each data symbol is mapped into a

32-chip pseudo-random noise (PN) sequence by the symbol-to-

chip converter. The PN sequences of two adjacent data sym-

bols are then jointly modulated onto a carrier using O-QPSK.

Therefore, only DSSS O-QPSK with a fixed sequence length is

supported, regardless of the signal-to-noise ratio (SNR). Conse-

quently, the data rate of conventional IEEE 802.15.4 WPANs is

fixed at 250 kb/s in the 2.4 GHz ISM band [1].

B. Network Architecture

The IEEE 802.15.4 beacon-enabled WPANs operating with

a star topology in the 2.4 GHz ISM band consist of a per-

sonal area network (PAN) coordinator and a number of end de-

vices [1]. Each end device communicates only with the PAN

coordinator. The medium access control (MAC) layer of IEEE

802.15.4 beacon-enabled WPANs operates using a superframe

structure [1]. As shown in Fig. 2, this superframe structure con-

sists of both an active and an inactive period. The active pe-

riod is divided into the contention access period (CAP) and the
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Fig. 3. Concept of service primitives.

contention free period (CFP) [1]. At the start of the active pe-

riod, a beacon frame is transmitted by the PAN coordinator with-

out using carrier sense multiple access with collision avoidance

(CSMA-CA) medium access control method. The CAP period

follows the beacon frame; any end devices wishing to transmit

data frames should access the medium using slotted CSMA-CA

during the CAP period. If present, the CFP period follows im-

mediately after CAP, and extends to the end of the active period.

During the CFP period, the scheduled end devices can be as-

signed to guaranteed time slots (GTS) and access the medium

without contention. After the CFP, the active period terminates

and an inactive period follows immediately, in which all devices

turn off the transceiver and operate in low-power mode.

A number of control frames such as a beacon frame, an ACK

frame, and a command frame are required to manage IEEE

802.15.4 beacon-enabled WPANs, guaranteeing the connectiv-

ity of the whole network. The beacon frame is used to syn-

chronize the whole network and encloses the various specific

control parameters for each end device. To maintain and control

the full set of entities in the network, the PAN coordinator pe-

riodically transmits a beacon frame to the attached end devices.

If an end device fails to receive the beacon frame for more than

aMaxLostBeacons [1] consecutive times, the device loses syn-

chronization and becomes an orphan node, which cannot com-

municate with the PAN coordinator. An ACK frame indicates

the successful reception of the corresponding data frame. If the

PAN coordinator successfully receives a data frame from an end

device and the ACK request field of that data frame is set to

true, the PAN coordinator transmits an ACK frame to the end

device. If the number of consecutively failed ACK frames at

the end device exceeds macMaxFrameRetries [1], the end de-

vice discards the corresponding data frame, clearing it from the

data queue. Finally, there are various kinds of command frames

in IEEE 802.15.4 WPANs, which are related to association and

disassociation, data request, coordinator realignment, etc [1].

C. Service Primitives

In this subsection, we describe the concept of service prim-

itives [1], to support the explanation of the designed specific

protocol. Services can be defined as capabilities that an arbi-

trary stack layer can offer to the adjacent layers. The service

primitives are defined as the information signal flows occurring

between the layers. Service primitives contain the information

required for providing a particular service.
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Fig. 4. Protocol stack of the IEEE 802.15.4 WPANs.

As shown in Fig. 3, there are four types of service primitives:

request, indication, response, and confirm. As shown in Fig. 3,

a service provider provides a communication path between an

origin service user and a target service user. When an origin

service user requires a specific service, the request primitive is

issued to invoke the service and transfer the parameters needed

to fully specify the requested service. The indication primitive

is generated by a service provider to indicate an internal event

that is significant to a target service user or is logically related

to the requested service. The response and confirm primitives

are specified by a target service user to complete a procedure

previously invoked by the indication and request primitives, re-

spectively, and constitute the respective acknowledgements.

To exemplify the aforementioned notion of service primi-

tives as informational signal flows between the layers, we in-

troduce the protocol stack of IEEE 802.15.4 WPANs compris-

ing the PHY and MAC layers [1], as shown in Fig. 4. The

PHY and MAC layers provide data and management services,

respectively. The data services are provided using the PHY

data (PD) service access point (SAP), which is an interface

between the PHY layer and the MAC common part sublayer

(MCPS). Meanwhile, the management services are provided us-

ing the PHY layer management entity (PLME) SAP, which is

an interface between the PLME and the MAC layer manage-

ment entity (MLME). The data and management services are

supported by the related service primitives.

III. PROPOSED LINK ADAPTATION STRATEGIES

In this section, two link adaptation strategies are proposed.

One is a beacon-based link adaptation scheme and the other is

an ACK-based link adaptation scheme. The modified transmit-

ter structure necessary to support the multi-rate signaling set of

the proposed schemes is explained. The specific operating pro-

cedures including the signal flow of the service primitives are

also described. It is assumed that the superframe structure con-

sists of only a CAP, and that the ACK request fields of the data

frames are always set to true.

A. Transmitter Structure

The modified transmitter structure required to support the

multi-rate signaling set for the proposed link adaptation strate-

gies is shown in Fig. 5. Instead of the bit-to-symbol mapper

and symbol-to-chip converter of the conventional DSSS trans-

Variable length 
repetition encoder

OOK 
modulator

Binary data 
from PPDU

Modulated 
signal

Link  adaptation

Fig. 5. Modified transmitter structure for the proposed link adaptation strategies.

Table 1. MCSs in multi-rate signaling set and conventional WPANs.

MCS

index
Modulation

Repetition

length

Achievable

data rate

(kb/s)

SNR for

BER of 10-4

(dB)

1 OOK 16 62.5 0.31

2 OOK 8 125 3.33

3 OOK 4 250 6.36

4 OOK 2 500 9.39

5 OOK 1 1,000 12.42

Conventional

WPANs

DSSS O-QPSK with

32-chip PN sequence
250 7.06

mitter, the modified transmitter structure uses a variable length

repetition encoder, in order to support the required multiple data

rate. This encoder repeats the data symbol in several time slots

with a certain repetition length. If multiple data rates were to

be supported using a DSSS structure with various chip rates,

the system bandwidth would have to be changed for each data

rate, which would imply a huge burden on the whole system.

Given that the variable length repetition encoder requires the

same system bandwidth for all data rates, it can be easily im-

plemented in practice. The link adaptation block determines

the length with which the variable length repetition encoder ap-

plies repetition coding to the bit stream. Repetition coding is

applied here with five different lengths (1, 2, 4, 8, and 16),

and therefore the multi-rate signaling set in the proposed link

adaptation strategies consists of five MCSs. Then, the coded

bit stream produced by the variable length repetition encoder is

input to an on-off keying (OOK) modulator, given that OOK

has much lower power consumption and a considerably simpler

transceiver structure [19] than DSSS O-QPSK. Table 1 com-

pares the MCSs of the proposed multi-rate signaling set and that

of conventional WPANs. Basically, the BER of OOK modula-

tion in additive white Gaussian noise (AWGN) channel based on

the noncoherent detection is given by 1/2 exp (−γ/2) as in [20],

where exp(·) and γ denote the exponential function and SNR,

respectively. Therefore, in order to achieve BER of 10−4, the

required SNR for the OOK modulation without repetition cod-

ing, i.e., the MCS 5, is 12.42 dB. Further, by exploiting 1 MHz

of system bandwidth, the achievable data rate of the OOK mod-

ulation without repetition coding, i.e., the MCS 5, is 1 Mb/s.

Then, if the MCS index decreases by one step, the length of the

repetition coding is doubled and therefore the 3 dB of an addi-

tional processing gain is achieved. Instead, the achievable data

rate is halved. For example, if the MCS index is changed from 5

to 4, the achievable data rate decreases from 1 Mb/s to 500 kb/s

and the required SNR to achieve BER of 10−4 decreases from

12.42 dB to 9.39 dB. Therefore, for the case of the MCS 3, the

achievable data rate and the required SNR can be calculated as
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Fig. 6. Signal flow between the protocol stacks for the proposed beacon-based
link adaptation scheme.

250 kb/s and 6.36 dB, respectively. Note that the proposed link

adaptation strategies are applied to the data frames only.

B. Beacon-Based Link Adaptation Scheme

The signal flow of the proposed beacon-based link adapta-

tion scheme is based on the standard protocol stack of IEEE

802.15.4 WPANs [1], and is shown in Fig. 6. When the PAN

coordinator transmits a beacon frame, the PHY layer of each

end device receiving the beacon frame measures the signal-

to-interference-plus-noise ratio (SINR) of the received beacon

frame by using the receiver energy detection (ED) [1] and cal-

culates the ppduLinkQuality [1] parameter by quantizing the

measured SINR. After the calculation, the PHY layer generates

the PD-DATA.indication primitive [1], which contains the pp-

duLinkQuality of the received beacon frame and sends it to the

MAC layer. In the MAC layer, the proposed beacon-based link

adaptation scheme is performed using the following two quanti-

ties: 1) The ppduLinkQuality, which indicates the approximate

SINR of the beacon frame, and 2) the target BER which can be

defined by the application being used at each end device. For a

given SINR, as provided by the ppduLinkQuality parameter, the

link adaptation block in the MAC layer chooses the MCS index

that satisfies the target BER with the shortest repetition length.

The MAC layer then generates the PLME-SET.request primi-

tive [1], which contains the modified MCS index, and sends it

back to the PHY layer. After setting the modified MCS index,

the PHY layer generates and delivers the PLME-SET.confirm

primitive [1] to the MAC layer. Finally, to inform the PAN coor-

dinator of the selected repetition length, each end device trans-

mits a predefined command frame containing the modified MCS

index. After receiving the command frame, the PAN coordinator

can be informed which MCS index is applied to the data frame

of each end device and conduct the suitable receiving scheme

for the corresponding modified MCS index. The end device then

transmits its data frames using the selected MCS index until re-

ceiving the next beacon frame.

Given that the beacon frame must be sufficiently robust to

reach and maintain synchronization through the whole network,

it is encoded with the maximum repetition coding length, 16.

Like as the beacon frame, the command frame is also encoded

Fig. 7. Signal flow between the protocol stacks for the proposed ACK-based
link adaptation scheme.

by the same repetition length, i.e., MCS 1, in order to inform

the modified MCS index definitely. Additionally, the fact that

the PAN coordinator and the end devices have different transmit

power levels must be taken into account. Therefore, the power

offset, according to the processing gain of the repetition coding,

and the different transmit power levels should be considered in

the calculations of the SINR value and the corresponding repe-

tition length.

In summary, based on the SINR of the beacon frame and the

target BER of each end device, the proposed beacon-based link

adaptation scheme selects the most suitable MCS index at every

beacon frame. The end device then uses that MCS index dur-

ing the superframe, until the arrival of the next beacon frame.

If a beacon frame is dropped because of a poor channel state or

collision with other packets, the end device reutilizes the pre-

viously chosen MCS index to transmit its data frames. The

beacon-based link adaptation scheme can be easily applied with

low signaling overhead, because the MCS of each end device

can only change with beacon frames and is maintained constant

during the corresponding superframes.

C. ACK-Based Link Adaptation Scheme

The signal flow of the proposed ACK-based link adaptation

scheme is shown in Fig. 7. When the PAN coordinator trans-

mits an ACK frame to the end device (in response to a data

frame), the PHY layer of the end device receiving the ACK

frame measures the SINR of the ACK frame and calculates the

ppduLinkQuality parameter by quantizing the measured SINR,

as before. The PHY layer then generates a PD-DATA.indication

primitive, which contains the ppduLinkQuality of the received
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ACK frame, and sends it to the MAC layer. In the MAC layer,

using the ppduLinkQuality and the target BER of the end de-

vice, the link adaptation block chooses the smallest MCS in-

dex satisfying the target BER and transfers it to the PHY layer

with the PLME-SET.request primitive. After setting the modi-

fied MCS index, the PHY layer generates and delivers a PLME-

SET.confirm primitive to the MAC layer, and the end device

transmits a data frame to the PAN coordinator.

As shown in Figs. 6 and 7, the proposed ACK-based link

adaptation scheme has a signal flow similar that of the beacon-

based link adaptation scheme. However, in the ACK-based link

adaptation scheme, a RateDownNum parameter is additionally

defined, to deal with the case of dropped ACK frames. While

the number of consecutively failed ACK frames is lower than

RateDownNum, the end device reutilizes the previously chosen

MCS index to retransmit the data frame. On the other hand,

when the number of consecutively failed ACK frames reaches

above RateDownNum, the end device reduces the MCS index

by one. Therefore, instead of always using the previously cho-

sen MCS index, as in the beacon-based link adaptation scheme,

the ACK-based link adaptation scheme can adjust the MCS in-

dex during the superframe.

Since ACK frames are much more frequent than beacon

frames [1], sending a command frame as feedback of the MCS

choice made at every ACK frame would lead to a significant

overhead. Therefore, in the proposed ACK-based link adapta-

tion scheme, the data frame MCS index is carried by additional

bits following the start-of-frame delimiter (SFD) field in the

data frame synchronization header [1], and not with a command

frame as in the beacon-based link adaptation scheme. Since

there are five MCSs in the multi-rate signaling set, additional

3 bits are required to represent the MCS index.

As discussed above, the proposed ACK-based link adapta-

tion scheme selects the most suitable MCS index at every ACK

frame, based on the ACK frame SINR and the target BER of

each end device. Since ACK frames are much more frequent

than beacon frames [1], the ACK-based link adaptation scheme

has a much shorter link adaptation period than the beacon-based

link adaptation scheme. Furthermore, unlike the beacon-based

link adaptation scheme, the ACK-based link adaptation scheme

can adjust the MCS index during the superframe. Therefore,

the ACK-based link adaptation scheme can reflect the quality

of the communication links more accurately than the beacon-

based link adaptation scheme. However, the signal flow in Fig. 7

is generated by every received ACK frame for the ACK-based

link adaptation scheme, which is more frequent than the beacon-

based link adaptation scheme which the signal flow in Fig. 6

is generated once during each superframe. Hence, the beacon-

based link adaptation scheme can require a lower power con-

sumption than the ACK-based one.

IV. PERFORMANCE EVALUATION OF THE PROPOSED

LINK ADAPTATION STRATEGIES

The simulation environment for performance evaluation con-

siders a topology with three WPAN end devices, one PAN coor-

dinator, and one WLAN interferer, as shown in Fig. 8. The PAN

coordinator is at 2 m and 40 m from the end devices and the in-

2 m 40 m

End device 1

End device 2

End device 3

WLAN interfererPAN coordinator

Fig. 8. Simulation environment topology with WPAN end devices, a PAN co-
ordinator, and a WLAN interferer.

Table 2. System parameters of each device type for simulations.

Device type System parameters Value

WPAN end device

(Full buffer model)

Transmit power 0 dBm

Packet length 512 bits

Target BER 10−4

RateDownNum 3

WPAN coordinator

Transmit power 10 dBm

Beacon order 6

Superframe order 3

System bandwidth 1 MHz

Center frequency 2.410 GHz

WLAN interferer

Transmit power 20 dBm

Packet length 2048 Bytes

Data rate 54 Mb/s

System bandwidth 22 MHz

Center frequency 2.412 GHz

terferer, as shown in Fig. 8. The end devices transmit their data

frames to the PAN coordinator using CSMA-CA. The param-

eters of the WPAN end devices, PAN coordinator, and WLAN

interferer are shown in Table 2. Two simulation scenarios are ex-

amined: 1) IEEE 802.15.4 WPAN without an interfering IEEE

802.11 WLAN [21], [22] and 2) IEEE 802.15.4 WPAN with an

interfering IEEE 802.11 WLAN [23]. That is, in Scenario 1),

the WLAN interferer is deactivated.

The large scale fading of each communication link is gener-

ated using the path loss model [24] given by

PL (d) = 20log
10

(

4πd

λ

)

+ Lw (d− 4)u (d− 4) , (1)

where d and λ are the transmitter-receiver distance and the car-

rier wavelength, respectively, and u(·) is the unit step function

(1 for nonnegative arguments, and 0 otherwise). Lw is an ad-

ditional path loss beyond 4 meters which is considered to be

0.7 dB/m for an indoor scenario [24]. The small scale fading

channel coefficients are maintained constant over one frame du-

ration and may vary between successive frames [25]. The chan-

nel coefficient of each frame is correlated with that of the previ-

ous frame as follows:

hk = αhk−1 +
√

1− α2z, (2)



JANG et al.: LINK ADAPTATION STRATEGIES FOR IEEE 802.15.4 ... 381

0 20 40 60 80 100

ARF

Beacon

ACK

SNR: 10 dB

Selected Ratio [%]

ARF

Beacon

ACK

SNR: 4 dB

ARF

Beacon

ACK

SNR: -2 dB

MCS index 5

MCS index 4

MCS index 3

MCS index 2

MCS index 1

Fig. 9. Selection ratio of the ARF, the beacon-based link adaptation scheme, and
the ACK-based link adaptation scheme according to the average received
SNR without the WLAN interferer.
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Fig. 10. Correct selection ratio of the ARF, the beacon-based link adaptation
scheme, and the ACK-based link adaptation scheme according to the aver-
age received SNR without the WLAN interferer.

where hk−1 and hk are the channel coefficients of the previous

and current frames, respectively. The random variable z is the

innovation process which is considered to follow an independent

and identically distributed (i.i.d) complex Gaussian distribution

with zero mean and unit variance [26]. The temporal correla-

tion coefficient α, which represents the degree of correlation be-

tween hk−1 and hk is set to 0.8 [25].

The performance of the proposed link adaptation strategies

is compared with those of ARF [17] applied to WPANs. As

mentioned above, ARF is the link adaptation strategy of IEEE

802.11 WLANs. It changes the data rate of a WLAN node based

on the number of successfully received or failed ACK frames. If

an end device successfully receives 10 consecutive ACK frames,

it increases the data rate by one step. On the other hand, if an

end device fails to receive 3 consecutive ACK frames, it de-

creases the data rate by one step. Furthermore, the performance

of single data rate strategies such as DSSS O-QPSK (the con-

ventional WPAN scheme at 2.4 GHz) and each of the MCSs

in Table 1 are also evaluated. The evaluation uses the perfor-

mance metrics that can be obtained from the PHY and MAC

layers. For an accurate implementation of the IEEE 802.15.4

standard, the network simulator OPNET (modeler version 17.5)

is used to construct the specific simulation environments, such

as the entire protocol stack of IEEE 802.15.4 WPANs, the sig-

nal flows of the different service primitives, the traffic modeling

at each node, and the network topologies. A new control over-

head is also constructed and considered in the simulation, i.e.,

a command frame containing the modified MCS index for the

beacon-based link adaptation scheme and additional bits repre-

senting the modified MCS index after SFD for the ACK-based

link adaptation scheme. However, since only a single command

frame for the beacon-based link adaptation scheme is addition-

ally transmitted for every superframe and additional 3 bits is sig-

nificantly smaller than the length of the data frame, i.e., 512 bits

as shown in Table 2, the effect of a new control overhead can

be neglected for both two proposed schemes. The simulation

results are obtained from 100 iterations with different random

seeds; almost 10,000,000 discrete events are generated at each

iteration.

A. Performance of the WPAN without WLAN Interference

In this subsection, the performance of the WPAN without the

WLAN interference is evaluated. The performance metrics are

based on the uplink data transmission, as measured at PAN co-

ordinator’s receiver.

Figs. 9 and 10 show the ratios of the selected indexes, respec-

tively, for the evaluated link adaptation strategies; these ratios

are shown for different average SNRs at the PAN coordinator’s

receiver. The selection ratio of the link adaptation strategy rep-

resents simply the frequency with which the several MCSs are

selected. The correct selection ratio represents the probability

that the link adaptation strategy chooses the smallest MCS in-

dex among the MCS indexes satisfying the target BER for each

received frame; that is, the MCS index satisfying the target BER

with the maximum achievable data rate. Given the importance

of choosing the most adaquete MCS index, the correct selection

ratio is an important indicator to determine a good link adapta-

tion strategy.

As shown in Fig. 9, ARF usually selects the MCS with the

longest or shortest repetition length at low or high received

SNRs, respectively. This is because ARF changes the MCS in-

dex when a particular number of consecutive ACK frames are

either successfully received or lost. Moreover, the ARF changes

MCS by only one step at a time. Therefore, it shows a lower cor-

rect selection ratio than the ACK-based link adaptation scheme.

On the other hand, the beacon-based link adaptation shows a

lower correct selection ratio than ARF in the low SNR region,

because it uses the same MCS during the superframe. However,

given that the beacon-based link adaptation scheme can change

the MCS in arbitrary steps according to the received SINR of the

beacon frame, it achieves a higher correct selection ratio than

ARF as the average received SNR increases. The ACK-based

link adaptation scheme can also change the MCS in arbitrary

steps according to the received SINR of ACK frames, and can

do so during the superframe. Therefore, it achieves a signifi-
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Fig. 11. Received throughput at the PAN coordinator according to the average
received SNR.

cantly higher correct selection ratio than both the beacon-based

link adaptation scheme and ARF, regardless of the average re-

ceived SNR.

Fig. 11 shows the received throughputs at the PAN coordina-

tor as a function of the average received SNR. As shown, the re-

ceived throughput of each single data rate strategy saturates after

a certain SNR value, because of the fixed modulation and repe-

tition length of single data rate strategies. The saturation values

are slightly different from the achievable data rates shown in Ta-

ble 1, because the existing additional redundancies, such as the

command frame and the header and cyclic redundancy check of

each frame, are also being considered in Fig. 11. It can be fur-

ther noted that the MCS index 3 has better performance than the

DSSS O-QPSK (of the conventional WPANs) since the required

SNR of the MCS index 3 achieving BER of 10−4 is smaller than

that of the DSSS O-QPSK, as shown in Table 1. In other words,

the error performance of the MCS index 3 is better than that of

the DSSS O-QPSK. However, since achievable data rates and er-

ror performances of both the MCS index 3 and DSSS O-QPSK

are similar as shown in Table 1, two schemes achieve almost

same received throughput at high SNR region. Meanwhile, the

ACK-based link adaptation scheme outperforms the other link

adaptation strategies and/or single data rate strategies in terms

of received throughputs. As shown in Fig. 10, when the SNR is

−2 or 4 dB, various MCS indexes can be correctly selected by

using the ACK-based link adaptation scheme. Hence, the ACK-

based link adaptation scheme can outperform all the single data

rate strategies at low SNR region as shown in Fig. 11. However,

when the SNR is 10 dB in Fig. 10, the correct selection ratio of

the MCS index 5 is significantly higher than those of the other

MCS indexes by using the ACK-based link adaptation scheme.

Therefore, the performance gap between the ACK-based link

adaptation scheme and the MCS index 5 can decrease at high

SNR region. Although the ARF shows higher received through-

puts than the beacon-based link adaptation scheme in the low

SNR region, the beacon-based link adaptation scheme outper-

forms the ARF as the average received SNR increases.

WLAN packet WLAN packet

Packet inter-arrival time

Packet service time

ti

ts

Fig. 12. Duty cycle modeling by using the packet service time and the packet
inter-arrival time of the WLAN interferer.
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B. Performance of WPAN with WLAN Interference

In this subsection, the WPAN performance is evaluated when

an interfering WLAN is present. As shown in Table 2, the center

frequency of the WLAN is considered to be 2.412 GHz, which

corresponds to Channel 1 of the North American channel se-

lection model [15]. It is assumed that the WPAN end devices

execute the CSMA-CA protocol without considering the exis-

tence of the WLAN interferer. The data rate of the WLAN in-

terferer is set to 54 Mb/s [15]. Therefore, the duration of the
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WLAN packet is shorter than that of the WPAN packet. The

traffic pattern of the WLAN interferer is modeled using its duty

cycle [25]. As shown in Fig. 12, ts and ti denote the packet ser-

vice time and packet inter-arrival time, respectively. The duty

cycle is then defined as the ratio of the packet service time to the

packet inter-arrival time (ts/ti). Given that a constant WLAN

packet length is assumed, the duty cycle increases as the packet

inter-arrival time of the WLAN interferer decreases.

The selection ratio and correct selection ratio of the link adap-

tation strategies in the presence of the WLAN interferer are

shown in Figs. 13 and 14, respectively. The average received

SNR at the PAN coordinator without WLAN interference is

set to −2 dB. The considered duty cycle is a measure of the

packet transmission rate of the WLAN interferer. Therefore,

as the duty cycle decreases, the overall amount of interference

from the WLAN packets on the WPAN end device receivers de-

creases, and the instantaneous SNRs and SINRs become simi-

lar. Therefore, for low duty cycles, similar results to those of in

Figs. 9 and 10, ARF outperforms the beacon-based link adap-

tation scheme in terms of the correct selection ratio. However,

as the duty cycle increases, the probability of successfully re-

ceiving 10 consecutive ACK frames decreases, since the instan-

taneous SINR of the ACK frames is significantly degraded by

interference from the WLAN packets. Consequently, the ARF

tends to select MCS index 1 as the duty cycle increases, and the

beacon-based link adaptation scheme achieves a higher correct

selection ratio than ARF for the high (0.1) duty cycle. Mean-

while, similarly to what was observed in Figs. 9 and 10, the

ACK-based link adaptation scheme shows the highest correct

selection ratio, regardless of duty cycle, because of its fast link

adaptation speed and the ability to change MCS in arbitrary

steps.

Fig. 15 shows the received throughputs at the PAN coordi-

nator as a function of the WLAN interferer duty cycle. For all

strategies, the received throughput saturates after a duty cycle

of 0.05, because of the large amount of interference. Further,

the MCSs with high data rates, MCS indexes 4 and 5, show

significantly low received throughputs (close to 0) because of

the low average received SNRs and the presence of the WLAN

interferer. Meanwhile, although the performance gap between

the ACK-based link adaptation scheme and ARF almost van-

ishes for duty cycles above 0.05, the ACK-based link adaptation

scheme outperforms the other link adaptation strategies and the

single data rate strategies in terms of received throughput, sim-

ilarly to what was observed in the case where no WLAN inter-

ferer was present (Fig. 11).

It can also be observed in Fig. 15 that MCS index 1, with

the longest repetition length, can have lower received through-

puts than MCS index 2. The reason is that MCS index 1 has a

frame duration twice as long as that of MCS index 2, and there-

fore experiences more collisions with WLAN packets. There-

fore, shortening the frame duration can reduce the possibility of

collisions with the WLAN packets and results in an improved

throughput at duty cycles close to 0.01, as shown in Fig. 15.

This phenomenon is not observed for low or high duty cycles,

because in those situations the number of collisions with the

WLAN packets is either very small or large, respectively, re-

gardless of the frame duration. Therefore, a best repetition

length exists for a particular duty cycle of the WLAN interferer.

Given that the proposed ACK-based link adaptation strategy can

rapidly change to the most adequate MCS level, reflecting the

channel link conditions, it achieves a better performance than

the other link adaptation schemes and single data rate strategies

with respect to received throughput.

V. CONCLUSION

In this paper, two link adaptation strategies for IEEE 802.15.4

WPANs were proposed. Based on a multi-rate set and a modi-

fied transmitter structure adequate for easy link adaptation, the

proposed link adaptation strategies use the information obtained

from the received beacon or ACK frames. Despite its low com-

plexity and overhead, the beacon-based link adaptation scheme

can support multiple data rates and achieve improved robust-

ness to co-channel interference. The ACK-based link adap-

tation scheme, on the other hand, by adapting at every ACK

frame, can quickly select the MCS most adequate to improve

robustness while supporting multiple data rates, but requires a

large overhead. The specific protocol design was based on the

signal flow of service primitives between the PHY and MAC

layers. The performance of the proposed link adaptation strate-

gies was evaluated and compared with ARF (applied to WPAN)

and to single data rate strategies (including that of conventional

WPANs). Accurate protocol-level simulations were performed

with the network simulator OPNET. The performance evalua-

tion results show that the proposed ACK-based link adaptation

scheme has the highest correct MCS selection ratio among the

considered link adaptation strategies and outperforms all the

other strategies in terms of received throughput, regardless of

the presence of WLAN interference. Therefore, the proposed

ACK-based link adaptation scheme can provide increased ro-

bustness against co-channel interference and multiple data rates

to the various applications on IEEE 802.15.4 WPANs.
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