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ABSTRACT 
 

This thesis describes the interference problem between IEEE 802.11 and Bluetooth. These well 

established communication standards are often used together simultaneously. Since both standards 

operate in the ISM-band at 2.45 GHz, they interfere with each other. In addition to this, interference 

from e.g. microwave ovens, heating processes, electric motors and cordless phones also occurs on the 

ISM-band. Due to this interference problem, a model has been developed in MATLAB to further 

investigate these interferences and the effects for the user.  

 

The interference is modelled using the well known Class-A model for impulsive noise. The 

interference model is parameterized in the model and therefore the noise source(s) is described by a set 

of parameters derived from real measurements. Models for IEEE 802.11 legacy/b and Bluetooth are 

based on work published on the user community of MATHWORKS. To get a measure of 

performance, results from the model are presented as BER (Bit Error Rates) and PER (Packet Error 

Rates). When Bluetooth is used as a voice link, sound quality can also be performance evaluated 

directly by simply listening to a voice output file. To be able to track down a specific problem cause, 

measuring tools have also been included in the model to gain insight into what is causing bit/packet 

error.  

 

A model describing the interference problem has been developed describing the real world usage of 

the standards by the use of state machines. Due to the complexity of the problem, and also for the 

model to be user friendly, this thesis is not composed of a thorough mathematical derivation 

describing BER probability for different modulation forms. The derivations for these has already been 

done and is therefore summarized and compared to when the model is validated. The model has been 

developed as a proof of concept for further work to fully support the current and coming IEEE 

standards for IEEE 802.11 and Bluetooth.
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1 INTRODUCTION 

1.1 Background 

IEEE 802.11 and Bluetooth are two wireless standards operating in the ISM-band centred around 2.45 

GHz. These two wireless standards are today used in many different applications and many more 

usages are seen every day. In many applications both IEEE 802.11 and Bluetooth are used 

simultaneously together. This will demand spectrum sharing in between but also together with other 

equipment also present at the ISM-band (e.g. microwave ovens, cordless phones, etc.). In industrial 

environments also occur different kinds of impulsive noise interfering with the ISM-equipment 

(motors, heating processes, etc.).  

 

Due to these interference problems, a model has been developed where both IEEE 802.11 and 

Bluetooth could be simulated in an easy way. Additionally, impulsive noise sources have been enabled 

to include in the simulation. The performance measures are output as BER/PER-rates for both IEEE 

802.11 and Bluetooth. Recent models have been used from the MATHWORKS user community as a 

start point for the developed model.   

 

When the interference and co-existence topic between Bluetooth and IEEE 802.11 was studied, it was 

realized that many researches had already been done, although with different approaches. Some 

methods have also been developed to enable high performance coexistence even when both 

technologies are collocated. Therefore a summary of the recent studies is included in this thesis.  

 

 

1.2 Problem Statements 

1.2.1 Spectrum Collision 

Both IEEE 802.11 legacy/b and Bluetooth use the ISM-band for the reason that the spectrum is license 

free. Thereby it becomes easy for a manufacturer to deploy a new product; they just need to comply 

with the regulations given for the ISM-band in their respective countries. The ISM-band was 

originally reserved for use in the industrial, scientific and medical area and involved other usages than 

communications (e.g. 2.45 GHz is an excellent frequency for resonating water molecules and thereby 
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heating it). Therefore when using this band for communications, it is assumed that the receiver can 

handle some interference. This is the cost that the manufacturer has to pay for license free operation, 

 

spectrum crowding and interference. Two widely spread standards have evolved over the last ten 

years, the IEEE 802.11 family and Bluetooth, which handles the interference problem in totally 

different ways.  

 

IEEE 802.11 legacy/b partially combats interference by spreading the information over a large portion 

of the ISM-band. This is done by chipping the baseband signal at 11 MHz with an 11-chip PN code. 

The ISM-band is divided into fourteen channels. However, only three channels can be used 

simultaneously on the ISM-band since the center frequency is allowed to be minimum 25 MHz apart. 

See Figure 1.1 for a common IEEE 802.11 layout.  

 
Figure 1.1 IEEE 802.11 spectrum layout on the ISM-band. 

 

Bluetooth takes a different approach and combats interference by hopping to a new frequency at each 

data transmission. The ISM-band is for Bluetooth divided into 79 channels of one MHz bandwidth 

each. If the Bluetooth transmitter does not receive an acknowledgement from the receiver unit, 

indicating a possible interference on the air, the transmitter just resends the data on another channel. 

See Figure 1.2 for the Bluetooth layout.       

 
Figure 1.2 IEEE 802.15.1 spectrum layout on the ISM-band. 
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When deploying an IEEE 802.11 unit the installer selects one of the thirteen channels to operate on. 

This will occupy a specified 22 MHz amount of the ISM-spectrum. Compare this to Bluetooth which 

will frequency hop all around the 79 channels on the ISM-band. As a consequence, the two signals 

will coincide in the frequency domain at a regular basis. Both technologies use positive 

acknowledgement from the receiver (not always, see Chapter four) so a collision does not mean that a 

packet is dropped; the transmitter just resends the packet when missing acknowledgement.  

 

It may also be such a case that the units do not occupy the spectrum at the same time; depending on 

the data load requirements for the devices at a specific time, they may be idling. Two probabilities will 

then be of interest; one is collision in frequency, and the other collision in time. In Figure 1.3, a 

graphical representation of the problem statement is given. 

 

 
Figure 1.3 An illustrative view of the spectrum collision problem. The large blocks symbolizes IEEE 802.11 

transmissions and the small rectangular bars are Bluetooth slots.   
 

The current Bluetooth standard uses adaptive frequency hopping (AFH) which improves the channel 

efficiency by sensing which parts of the spectrum that is used by other devices and simply avoids 

sending on that channel. AFH has been performance evaluated by [1] for Bluetooth and the results 

show a reduction of packet losses by a factor of approximately 3.7.  



4 

 

1.2.2 Interferences in the ISM-band 

Signals may also occur on the ISM-band which comes from stochastic processes. One of the most 

common sources of stochastic interference is the microwave oven. Other sources, like cordless phones, 

are more deterministic in behaviour and power level than a stochastic interference process where a 

more impulsive behaviour is generally seen. In industrial environments, where both impulsive sources 

and high power levels are seen; together with possible several microwave ovens in the lunch room, the 

impact on the communication link performance gets noticeable. Other common sources of high power 

interference would be electric motors in various kinds of applications, generating arcs that leaks to the 

surroundings as interference.  

 

 

1.3 Thesis Structure 

Chapter two give an introduction to the IEEE 802.11 legacy/b standard. The physical-layer is here 

described to gain understanding of the model.  

 

In the same way, chapter three summarizes the Bluetooth standard parts necessary to gain 

understanding and usage of the model.  

 

In chapter four, Middleton’s model for Class-A noise is described.  

 

Chapter five includes the literature study summary.  

 

Chapter six describes how the actual model is implemented and describes the various blocks 

implemented in SIMULINK.  

 

In chapter seven, simulation results obtained from the model is compared to recent work and thereby 

the model is validated.   
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2  IEEE 802.11 WIRELESS ARCHITECTURE 

2.1 Introduction 

1) The IEEE 802.11 legacy standard for wireless communication was released in 1997 and supported 

two data rates, 1 Mbit/s and 2 Mbit/s. The standard defined usage on the ISM-band centred at 2.45 

GHz. Soon after the legacy version was released, IEEE released IEEE 802.11b in October 1999 which 

supplemented the legacy version with two more modulation forms; leading to data rates of 5.5Mbit/s 

and 11 Mbit/s respectively. Due to these increased data rates the wireless link could now be used for 

more intense media (e.g. video, streaming content, applets, FTP) still achieving a QoS (Quality of 

Service) acceptable for the user. Due to this performance increase, the market could at the time accept 

IEEE 802.11b as the preferable choice. Later, in June 2003, IEEE 802.11g was released which 

supported 54 Mbit/s with usage of OFDM. A planned release from IEEE is the IEEE 802.11n 

standard, which is estimated to be released in autumn 2008. This standard is planned to achieve 

248Mbit/s by the use of MIMO (Multiple Input Multiple Output). Several products however are 

already on the market based on the IEEE 802.11n draft published by IEEE. 

 

This thesis focuses on the IEEE 802.11 legacy [2] and supplementary IEEE 802.11b [3]. 

 

2.2 Physical Layer 

IEEE 802.11 legacy/b defines DSSS (Direct Sequence Spread Spectrum), FHSS (Frequency Hopping 

Spread Spectrum) and IR (InfraRed) in the physical layer but only DSSS is used to a large extent in 

commercial applications. Therefore DSSS is in focus in the rest of this chapter. 

2.2.1 Barker Coding 

The IEEE 802.11 standard defines that a processing gain of minimum 10dB should be used on the data 

stream. That is, to spread the signal in frequency; this is solved by Barker coding. The Barker 

sequence (1,-1,1,1,-1,1,1,1,-1,-1,-1) is an 11 bit PN-sequence with very low autocorrelation properties. 

Each bit in the sequence is called a chip and the data stream is XOR-ed at 11MHz to create 11 chips 

for each bit. Implementing Barker sequence spreading in hardware could be done with a single XOR 

element and an illustration is shown in Figure 2.1.   

 
1) Timeline information source: http://www.ieee802.org/11  [Accessed 7 Feb. 2008]. 
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Figure 2.1 Barker sequence XOR-ed with data stream. 

 

The processing gain Gp for an 11-bit Barker sequence is 

dB
bit
chipsGp 4.10
1

11log10 ≈⎟
⎠
⎞

⎜
⎝
⎛=                                         (2.1) 

2.2.2 1 Mbit/s DBPSK 

To reach 1 Mbit/s data rate, DBPSK (Differential Binary Phase Shift Keying) is used for modulation. 

The data stream is first spread by a Barker code to reach a processing gain of 10.4dB. The resulting bit 

stream is then DBPSK modulated according to Table 2.1. 

 

Bit Input Phase Change 
0 0 
1 π 

Table 2.1 DBPSK modulation, bit to phase mapping. 

2.2.3 2 Mbit/s DQPSK 

2 Mbit/s is reached by dividing the Barker spread bit stream into so called dibits. These dibits are then 

mapped to specific phase changes, see Table 2.2. Since the data stream is spread by the Barker 

sequence the processing gain will be 10.4 dB. However, the times two increase of data rate compared 

to DBPSK is due to that each of the four constellation points now consists of one dibit. Therefore, the 

data rate can be doubled, at the cost of a decrease in Euclidian distance between constellation points. 

 

Dibit (d0,d1) Phase Change (φ1) 
00 0 
01 π/2 
10 π 
11 3 π/2 

Table 2.2 DQPSK modulation, dibit to phase mapping. 
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2.2.4 Complementary Code Keying 

CCK (Complementary Code Keying) is defined in the IEEE 802.11b supplementary to be used with  

the 5.5 Mbit/s and 11 Mbit/s data rates. CCK replaces Barker coding by complementary codes instead 

of a Barker sequence. The key concept of CCK is to use the data stream as a basis for the construction 

of a spreading sequence. Since the spreading sequence must have a correlation between codes of 

approximately zero to give a pseudo random spectrum characteristic, CCK uses Equation 2.2 [3]. This 

equation gives code words which are approximately orthogonal to each other. The code is 

 

{ })()()()()()()()( 12131321414214314321 ,,,,,,, ϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕ jjjjjjjj eeeeeeeeC ++++++++++++ −−= , (2.2) 

  

where 321 ,, ϕϕϕ  and 4ϕ  are the respective phase changes resulting from the binary data stream. 

 

2.2.5 5.5 Mbit/s DQPSK 

5.5 Mbit/s is achieved by using four bits for each symbol. If the data bits are {d0, d1, d2, d3} then d0 

and d1 is used for DQPSK modulation as defined in Table 2.2. However, all odd symbols in the PSDU 

part (the payload) of the packet shall be given an additional π phase shift to what is specified in Table 

2.2; so that even and odd symbols can be distinguished at the receiver. The remaining data bits, d2 and 

d3, is used to determine which complementary code to use. The codes are generated by using Equation 

2.2 and are listed in Table 2.3 depending on the values d2 and d3.  

 

Dibit {d2,d3} Code {C0, C1, C2, C3, C4, C5, C6, C7}
00 j 1 j -1 j 1 -j 1 
01 -j -1 -j 1 j 1 -j 1 
10 -j 1 -j -1 -j 1 j 1 
11 j -1 j 1 -j 1 j 1 

Table 2.3 CCK spreading sequences for 5.5Mbit/s specified in IEEE 802.11b. 
 

Since the chip rate needs to be 11 Mchips/s to keep the processing gain constant, and the code words 

consists of eight complex chips per four bits; the symbol rate SymR  is 

 

sMSym
Symbits

sMbitRSym /375.1
/4

/5.5
== .                                           (2.3) 
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2.2.6 11 Mbit/s DQPSK 

The fastest modulation technique specified in IEEE 802.11b reaches 11 Mbit/s with the use of CCK. 

Eight bits are used for each symbol, where d0 and d1 are DQPSK modulated in the same way as for the 

2 Mbit/s modulation specified in Table 2.2. Also, as was the case with the 5.5 Mbit/s data rate, each 

odd symbol is given an additional π phase change to distinguish odd and even symbols. The difference 

to the 5.5 Mbit/s data rate lies in the six remaining bits and how they are interpreted to Equation 2.2. 

Dibits {d2, d3}, {d4, d5} and {d6, d7} is used to encode φ2, φ3 and φ4 respectively. The dibits are QPSK 

encoded according to Table 2.4. 

 

Dibits {d2, d3}, {d4, d5}, {d6, d7} Phase { φ2, φ3 and φ4} 
00 0 
01 π/2 
10 π 
11 3 π/2 

Table 2.4 Phase mapping for the 11Mbit/s CCK sequence. 
 

When using all three dibits found in Table 2.4, Equation 2.2 will give 64 complex code words, each 

one orthogonal to each other. Since each symbol is spread all over the used spectrum, this modulation 

technique performs well in multi-path environments.  

 

 

2.3     Medium Access Control Layer 

In addition to interference from Bluetooth and other sources, there could also be a packet collision 

occurring because of another nearby IEEE 802.11 unit(s) sending/transmitting on the same channel. 

To minimize these collisions, the MAC-layer therefore includes two medium access functions, the 

DCF (Distributed Coordination Function) and the optional PCF (Point Coordination Function).  

 

The basic access method protocol, the DCF, uses CSMA/CA (Carrier Sense Multiple Access with 

Collision Avoidance) to handle medium sharing. When a busy medium condition occurs, a random 

backoff time procedure is performed where the device waits for the medium to be available. Two 

sources shall be implemented in the device sensing the medium; one source shall be obtained from the 

physical-layer through actual power level sense of the receiver input level. The other is a virtual 

source that is obtained from other devices RTS (Request To Send) and CTS (Clear To Send) frames 

which are sent out without data before transmitting. These contain a duration ID field which defines 

the amount of time the medium is to be reserved by the other device. The idling device therefore has a 
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way of predicting usage of the medium and tries transmitting again when the time defined has passed. 

The backoff procedure and the involved scheduling are explained more in detail in [2] and [3].  

 

The PCF is an optional access method used when a master access point determine which connected 

user that has the right to transmit. The method is often used in industrial setups when a master polls 

the slaves in order for information. Details of the method can be found in [2] and [3].  

2.4 Legacy/b Packets 

The packages sent with IEEE 802.11 legacy/b is composed of the parts seen in Figure 2.2.  

 

 
Figure 2.2 IEEE 802.11 legacy/b packet header format. 

 

The PLCP (Physical Layer Convergence Protocol) – Preamble is always sent as 1 Mbps with DBPSK. 

The PLCP – header is sent either at 1 Mbit/s with long preamble or 2 Mbit/s DQPSK with short 

preamble. The rest of the package, the PSDU (PLCP Service Data Unit) is sent at a signal rate defined 

by the value contained in the current Signal-field. PPDU (PLCP Protocol Data Unit) is the complete 

package consisting of PLCP Preamble, PLCP Header and PSDU. 

 

The sync field consists of 128 ones fed through a linear feedback shift register and is used for 

synchronization at the receiver. The SFD (Start Frame Delimiter) is always set at Hex (´3FA0´) so that 

an indication is given to the receiver that the PLCP-header starts from here. The Service – field was 

left blank in the IEEE 802.11 legacy version but is used in IEEE 802.11b to indicate different 

modulation options. The Length – field specify the length in microseconds for the PSDU to be 

transmitted. The Signal-field, Service-field and Length-field are protected with CRC (Cyclic 

Redundancy Check)-16 FCS (Frame Check Sequence). The last field in the PLCP - header is the CRC 

– field that consists of the one’s complement of the remainder from the modulo-2 division of the 

above mentioned fields.   
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3 BLUETOOTH WIRELESS ARCHITECTURE 

3.1 Introduction 

1) Bluetooth could be used as a low cost alternative to IEEE 802.11 at shorter distances. One of the 

strengths of the Bluetooth standard is the low power design suitable for consumer products with a 

limited amount of battery capacity. There are Bluetooth modules available from several manufacturers 

at low cost and this has resulted in a lot of new consumer products, for example Bluetooth mouse, 

keyboard, Bluetooth USB-stick, cellular and laptop applications. The Bluetooth technology was first 

seen in 1994 where a wireless headset was developed at Ericsson Mobile Platforms. Ericsson saw a 

strong potential in the technology and May 20 1998 formed a Bluetooth Special Interest Group (also 

known as SIG) which in the beginning consisted of Ericsson, Sony Ericsson, IBM, Intel, Toshiba and 

Nokia. Later on, more companies joined the SIG and at autumn 2007 more than 9000 members have 

joined. IEEE was at the time developing a set of standards under the family name WPAN (Wireless 

Personal Area Networks) and used the group name IEEE 802.15. Due to the simplicity and efficiency 

of the SIG developed technology, IEEE approved the SIG Bluetooth specification and called it IEEE 

802.15.1. It should be mentioned that the IEEE 802.15.1 standard only contains information about 

implementing the lower layers of the SIG Bluetooth specification. The SIG then provide upper layer 

information in what is called “application profiles” which contains additional information about 

software implementations. The next version of the Bluetooth technology code-named Seattle 

(Bluetooth 3.0) plans to adopt UWB (Ultra Wideband Band) technology while still using all power 

efficient idle modes reaching a rate of 480Mbit/s. The power efficient version is called Wibree and 

was in June 2007 agreed by the SIG to be included in the next Bluetooth version as a low power 

technology. This was done to achieve even higher usage time for battery powered applications and less 

power waste for devices in general.  

 

Although the correct name of the SIG Bluetooth specification should be [4, 5]; to ease reading, the 

specification in this thesis is just called Bluetooth (remembering that the IEEE approved adoption is 

called IEEE 802.15.1). The type of link discussed/modelled in this thesis is called a piconet and is 

occurring when two devices communicate where one device is master and the other a slave. This 

relationship between the devices is automatically established when in range of each other. 

 
1) Timeline information source: http://www.bluetooth.com/Bluetooth/SIG  [Accessed 7 Feb. 2008]. 
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3.2 Radio Layer 

The Bluetooth specification defines GFSK (Gaussian Frequency Shift Keying) as modulation where a 

binary one is resulting in a minimum positive frequency change of 115 kHz and a binary zero results 

in a negative frequency deviation of 115 kHz. To improve spectrum efficiency a Gaussian filter is 

used on the incoming bit stream to the FSK (Frequency Shift Keying) modulator. The bandwidth (B) – 

bit period (Tb) product of the Gaussian filter should be BTb = 0.5. The modulation index for the 

modulator shall be within 0.28-0.35. For the EDR (Enhanced Data Rate), PSK (Phase Shift Keying) is 

used as the modulation scheme. Two variants are specified, π/4-DQPSK (Differential Quadrature 

Phase Shift Keying) and 8DPSK (Differential Phase Shift Keying). By keeping the symbol rate at a 

constant 1 Msym/s for all modulation strategies the Basic Rate achieves a maximum of 1 Mbps, the 

Enhanced Data Rate achieves 2 Mbps maximum for π/4-DQPSK and 3Mbps for 8DPSK. 

 

Bluetooth devices are divided into three power classes, Class 1, Class 2 and Class 3. The maximum 

power outputs for the classes are 100mW, 2.5mW and 1mW in their respective order. The power shall 

be measured at the antenna connector output. If the device does not have any external antenna, as is 

common, the radiation shall be seen as isotropic. 

 

Bluetooth uses FHSS (Frequency Hopping Spread Spectrum) to encounter interference from other 

ISM equipment and wideband interference sources. This is what is generally known as frequency 

hopping for Bluetooth. There are six hopping schemes defined. The differences between them are that 

the hop sequences for paging and inquiring show a repetitive pattern in a short term. This enables the 

Bluetooth devices to lock onto the paging inquiring unit. After the initiation processes have been 

finished the hop pattern become spread randomly by a PN-sequence over the 79 MHz ISM-band. 

There is also an adaptive version of this hop pattern that excludes those frequencies that do not 

generate an acknowledgment from the receiver. This lack of answer from the receiver would indicate 

interference on that part of the ISM-spectrum. So by excluding this frequency from the hop pattern, 

impact of interference will be excluded as well.   

 

3.3 Physical Links 

Two types of links are defined for Bluetooth, SCO (Synchronous Connection Oriented) and ACL 

(Asynchronous Connection Less) link. The SCO link is used primary for voice/sound transmissions 

and never retransmits any packets. Also, SCO-links do not CRC-protect the packets and thereby the 

use is confined to voice, and other non critical applications.  
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For data critical applications like FTP, printers, scanners and I/O-devices, the ACL-link is used. This 

link will use CRC, FEC and retransmissions and thereby achieve a high reliability for data transfers. 

Each time a packet has been received correctly, the Bluetooth slave will send back an ACK 

(acknowledgment) and the next packet is sent from the Bluetooth master. If no ACK is received, this 

will be interpreted as a failure in reception (NACK) and the packet is resent by the master until an 

ACK is received from the slave.  

 

The packet format used will determine if SCO- or ACL-link is used. Also, packet format will 

determine usage of FEC and CRC techniques. A table of maximum performance from a specific 

choice of packet can be found in [4].  

3.4 Bluetooth Packets 

Bluetooth send packets in time slots with a time span of 625µs (1/1600). The packet format can be 

seen in Figure 3.1 and consist of three parts, the Access Code, Header and Payload.  

 

 
Figure 3.1 Bluetooth packet format. 

 

The Access Code is a 72 bit – field listened to by all Bluetooth units and is used to address a packet to 

a specific receiver on the physical channel. If the Access Code does not match, the rest of the packet is 

ignored. The Access Code is used when the Bluetooth unit is doing device paging (devices within 

range check) and device inquires (adding new devices). The Access Code field is Hamming coded and 

a maximum of 6 bits can be corrected. A sliding correlation is done in the receiver and triggers when a 

maximum appears due to the transmitted Access Code being the same as the receiving Bluetooth units. 

The Access Code itself, without any further data, is also sent in a 68 bit version being used for 

synchronization, DC offset compensation and identification.  

 

The Packet Header is composed of 18 bits that describes the address on the logical channel. These 18 

bits are encoded with a rate 1/3 Repeat FEC code so the complete header will consist of 54 bits. The 

Header also defines which packet format that is used and also has a bit indicator for retransmission 

requests.   

 

The rest of the packet, the Payload, consists of a maximum of 2745 bits and represents the data to be 

transmitted. The format of the Payload will depend on packet format, see [4] and [5] for details. 
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4 IMPULSIVE NOISE MODELLING 

4.1 Introduction 

Except for the AWGN (Additive White Gaussian Noise) always present at a receiver input, impulsive 

noise is generally present as well. This impulsive noise originates from processes that we find 

everywhere around us. It could be microwave ovens, heating processes, cordless phones, electric 

motors and other sources for interference occurring in the ISM-band. Because of this need for 

modelling impulsive noise, a Class-A model has been implemented in SIMULINK. This Class-A 

model is describing narrowband noise by specified parameters, and is a result of a series of reports by 

David Middleton under the seventies [6]. The strength of Middleton’s model is that an equivalent 

noise source can be constructed and simulated from real world measured data. This enables the 

opportunity for a table of noise characteristics based on real world measurements on various devices. 

Although this tabulation is not done in this thesis, FOI has contributed with the parameters for a 

microwave oven and these are used as default values in the model. 

 

4.2 Middleton Class-A model 

The received noise waveform in a narrowband system is generally described by, from [7] 

 

))(2cos()()( ttftAtX ncn φπ +=                                                     (4.1) 

 

where nA  is the noise envelope, cf  is the noise centre frequency and nφ  is the phase angle for the 

envelope vector. From [6] is given the PDF for the Class-A noise process:  
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where  

Γ+
Γ+

=
1
/2 Am

mσ                                                                               (4.3) 

 

is the variance which is increasing with increasing m. Equation 4.2 is thereby a weighted sum of 

Gaussian distributions   
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From Equation 4.2 the important parameters for specifying impulsive noise can be seen. The first 

parameter; A, is called “impulsive index” and is described as sT Tv ⋅  where Tv is the average rate of  

“signal” generation and sT is the mean duration of the signal [6]. By increasing this parameter the 

noise can be made arbitrary close to Gaussian distributed or by decreasing the parameter to be closer 

to Poisson distribution. Notice in Equation 4.2 that the equation consists of a Poisson part and a 

Gaussian part. Middleton’s class-A model is based on the assumption that the interference sources are 

Poisson distributed in space and time. By the central limit theorem, the sum of an infinite amount of 

Poisson distributed variables approximates the Gaussian distribution. This is under the condition that 

A is sufficiently large and in this way the PDF can be steered to the proper shape. 

 

The second parameter seen in Equation 4.3 is Г which is the mean ratio of the power of the Gaussian 

part to the Poisson part of the interference, see Equation 4.4.  

 

2

2

P

G

X

X
=Γ                                                                     (4.4) 

 

This “scale” factor Г will affect how the variance is interpreted in Equation 4.2 and Equation 4.3.  

 

The impulsive noise signal in Equation 4.1 is obtained by drawing samples ‘a’ and ‘b’ from a Class A 

distribution. The ‘a’ represent the real part and ‘b’ represent the imaginary part, hence obtaining 

biaSignal ⋅+=  .   

 

The noise signal power is initially normalized. This is done by normalizing the CDF. Then the signal 

is multiplied by a power factor giving a certain average power of the noise source. The signal is 

attenuated differently to each modelled device, simulating path loss of the interference signal. In this 

way only the power is different between the devices. The propagation time delay difference between 

each device and the noise source is assumed to be zero, meaning that a peak in the interference signal 

occur at the same time instant for all receivers, although at different power levels.  

 

When measuring a real-world interference signal for derivation of the noise parameters, consideration 

must be given to the filter bandwidth(s) used when measuring the signal. In this thesis, the impact of 

an impulsive interference signal put on a Bluetooth system is presented. The bandwidth used for the 

measurement/derivation of obtained parameters and the bandwidth of the Bluetooth model is not the 
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same. However, the impulsive noise source is still believed to give an indication of the impact to the 

Bluetooth system.  
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5 LITERATURE STUDY SUMMARY 

5.1 Introduction  

In the late nineties when both Bluetooth and IEEE 802.11 were developed, not much concern was put 

on the coexistence issue due to being competitive technologies. This resulted in performance 

degradations for both communication links when collocated and developers of wireless products 

generally choose one of them. The choice was mostly IEEE 802.11, due to the superior data rate 

compared to Bluetooth. However, Bluetooth had some benefits over IEEE 802.11 as low power 

requirements, lower cost and simplicity. IEEE realized this potential of Bluetooth and approved the 

IEEE 802.15.1 standard in June 2002. IEEE also realized the potential for coexistence applications, 

where IEEE 802.11 could serve as a fixed high data rate point with no problem of power supplying 

and a Bluetooth low power/low data rate device with good interference resistance in moving 

applications. Therefore IEEE formed TG2 (Task Group 2) which contributed with suggestions of 

coexistence mechanisms to allow collocation. All presentations for these coexistence mechanisms can 

be found in [8]. The TG2 are now in hibernation; their IEEE approved contributions to the coexistence 

mechanisms can be found in [9].  In the next section, a short summary of the coexistence mechanisms 

are presented.  

 

5.2 Coexistence Solutions 

The coexistence solutions are divided into two classes, collaborative and non-collaborative. The 

difference is if some sort of wired communication link is between the devices, i.e. both devices located 

in the same physical unit or not. Two of the collaborative (devices in the same unit) methods are 

defined in the MAC-layer and one in the PHY-layer. Table 5.1 shows an overview of the methods. 

 

Collaborative methods Non-Collaborative methods 
Alternating Wireless Medium Access Adaptive Interference Suppression 

Packet Traffic Arbitrator  Packet Scheduling 
Deterministic interference Suppression Adaptive Frequency Hopping 

Table 5.1 Coexistence methods defined in IEEE 802.15.2  
 

 

The AWMA (Alternating Wireless Medium Access) method is one of the collaborative MAC 

methods. The method consists of alternating between WLAN (IEEE 802.11b) and WPAN (Bluetooth) 

usage. All WLAN devices connected to a WLAN AP (Access Point) is using the AP timing beacon 
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(clock) to alternate between WLAN and WPAN. The length of the two subintervals is controlled by 

the AP and since all devices are synchronized, interference does not occur within the WPAN/WLAN-

unit. However, if another AP is nearby, it may not be synchronized with the current AP. This could 

result in interference from a neighbour WLAN unit in a WPAN period for the local device. 

Implementation is recommended when devices including WLAN/WPAN are dense.  

 

PTA (Packet Traffic Arbitration) is the other of the two collaborative MAC methods. The method is 

based on sending all packets for both Bluetooth and IEEE 802.11 to a PTA for approval. The PTA 

then takes a decision if the packet is to be transmitted or not, depending on known parameters. The 

PTA dynamically controls the decision boundaries depending on traffic load, packet priorities and 

physical settings. This MAC method is supporting Bluetooth SCO-links while the other (AWMA) 

method does not. The method is also recommended for communication links with a large variance in 

traffic load. 

 

Deterministic interference suppression is the third collaborative method and located in the PHY-layer. 

The key concept is to put a null at the Bluetooth frequency in the WLAN receiver. To be able to do 

this, knowledge about Bluetooth FH-pattern and synchronization is needed from the collocated 

Bluetooth device. FIR filter coefficients are then calculated and the WLAN receiver now has a way of 

suppressing interference due to collocation. 

 

One non-collaborative method is the adaptive interference suppression-method. The method is similar 

to the deterministic version described above but does not need any physical connection in between; the 

suppression is done completely in DSP (Digital Signal Processing). The method takes advantage of 

that the IEEE 802.11 signal is located at a constant frequency channel and uncorrelated to an IEEE 

802.11 signal later in time. In this way an adaptive filter is used to separate the two signals and thereby 

suppression is achieved. 

 

Packet scheduling for SCO links is a non-collaborative method for Bluetooth. The method works by 

introducing “good” and “bad” frequencies and allowing the Bluetooth master to allow in which slot to 

transfer data. The “bad” frequencies are the ones within the IEEE 802.11 spectrum. Since the SCO 

link is primary used for voice and thereby sensitive to BER, the Bluetooth master waits with 

transmission until a frequency out of band occurs in the FH-pattern. In this way interference is 

minimized. The “good” and “bad” frequencies can be easily determined by sweeping the ISM-band 

with the 1 MHz bandwidth receiver. 
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The last mentioned non-collaborative method is the AFH (Adaptive Frequency Hopping) method. This 

method works by excluding frequencies known to be “bad”. The procedure is similar to the one 

described above. However, instead of waiting for a “good” channel to appear and there transmit, AFH 

excludes those “bad” frequencies from the FH-pattern. Thereby no delay in transmission is introduced 

and throughput is improved.   
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6 MATLAB MODEL DESCRIPTION 

6.1 Introduction 

The interference model is developed in MATLAB 7.0.1 R14/ Simulink 6.1 and uses the following 

Simulink libraries: Simulink standard block set, Communications block set, Signal processing block 

set and Stateflow. The model is composed as separate objects that can be turned off prior to or under 

simulation. This gives the user many simulation options and opportunities for how the model is used. 

The possibility to turn off blocks also frees up the CPU for unnecessary tasks consuming time.  

 

 

6.2 Parts of the model 

The model consists of three major parts. These are: Bluetooth-part, IEEE 802.11-part and a noise 

source-part. The Bluetooth model can be seen in Figure 6.1.  

 

 
Figure 6.1 Bluetooth model including AWGN and path loss properties. 

 

 

The interference is modelled in a separate block; see Figure 6.2 for a Class A interference model for 

Bluetooth. The CDF corresponding to the impulsive noise characteristics have been pre-calculated at 

model initiation. The noise signal is therefore generated under simulation as described in Chapter 4 

and multiplied by a power factor. As default, approximated noise parameters for a microwave oven are 

used. A power meter has also been implemented, which can be used to fine tune the mean power of 

the noise. 
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Figure 6.2 Noise source Class-A model for generating the interference signal. 

 

 

The IEEE 802.11 legacy/b physical layer is modelled as seen in Figures C.2, C.3, C.4 and C.5. The 

complete IEEE 802.11 model includes PHY-layer, MAC-layer and LLC (Logical Link Control)-layer. 

The physical layer is completed and is validated in Chapter 7.  

 

6.3 Using the model 

The model(s) can be altered for simulations of different usage scenarios. Recommended practice is to 

study the m-files containing the word TEST as part of the file name. Here default tests can be found 

and examples on how to set different parameters in the model. The model is run repetitive with 

different parameters each time. After the simulation is done, results are presented. Table 6.1 shows 

examples of input and output from the model. 

 

Parameters to specify as input: Possible simulation results: 
Path Losses BER 

Power Classes/Levels PER 
IEEE 802.11 Channel / Rate Throughput 

 Packet Types Spectrum 
Interference noise parameters and power level Sound Quality of Bluetooth SCO-link 

AWGN power level Eye diagrams / Scatter plots 
Table 6.1 Input and Output parameters from the model. 
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7 SIMULATION RESULTS AND VALIDATION 

7.1 Introduction 

The model has been broken down into physical layer sub-blocks and simulated individually; see 

APPENDIX C for all simulation setups. The reason that the model is broken down into sub-blocks is 

that this reduces simulation time. The reduction in simulation time enables faster validation of really 

small BER limits. For example, simulation of BER with expected value of 10-6 would need a 

simulation time that would cover 106 transmitted bits to get only one error (which may not at all be the 

case). But this would not give a fair statistical value so instead for all simulations the simulation time 

was increased until the difference between BER simulations could be neglected.  

 

This chapter validates only the physical layer of the model(s). The validations do not take into account 

the state machines. However, since the physical layer is equal in the complete model, the results 

presented should be valid for the complete model as well.   

7.2 Validation 

A Bluetooth piconet model in AWGN was simulated, see Figure C.3. The results can be seen in Figure 

7.2, where theoretical (APPENDIX B) versus simulated results are presented. BER for coherent/non-

coherent BFSK is presented for reference.  
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Figure 7.2 Simulation results of Bluetooth piconet model of Figure C.3. 
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The Gaussian filter preceding the FSK-modulator smooths out the rapid change in frequency deviation 

and thereby the spectral width is reduced to fit in the Bluetooth spectral mask. The BER penalty of 

using GFSK, compared to using BFSK only can be seen in Figure 7.2 where a higher energy per bit is 

needed to maintain a specific BER. 

 

 

The IEEE 802.11 one Mbit model (DBPSK-Barker) was simulated in AWGN according to Figure C.2. 

The results in Figure 7.3 show theoretical (APPENDIX A) versus simulated BER.  
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Figure 7.3 BER for one Mbit IEEE 802.11 in AWGN. 

 

The IEEE 802.11 two Mbit model (DQPSK-Barker) was simulated in AWGN according to Figure 

C.3. The results in Figure 7.4 show theoretical (APPENDIX A) versus simulated BER.  
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Figure 7.4 BER for two Mbit IEEE 802.11 in AWGN. 
 

The IEEE 802.11b 5.5 Mbit model (CCK) was simulated in AWGN according to Figure C.4. The 

results in Figure 7.5 show theoretical (APPENDIX A) versus simulated BER.  
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Figure 7.5 BER for 5.5 Mbit IEEE 802.11b in AWGN. 

 

The IEEE 802.11b 11 Mbit model (CCK) was simulated in AWGN according to Figure C.5. The 

results in Figure 7.6 show theoretical (APPENDIX A) versus simulated BER. The sub-optimal 

receiver is implemented because of the reduced complexity of the receiver. The optimal receiver BER 
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graph in Figure 7.6 uses 256 correlators and the decision is made on maximum likelihood to a CCK 

code word. The optimal receiver graph is shown for reference and is not valid below 3dB.    
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Figure 7.6 BER for 11 Mbit IEEE 802.11b in AWGN. 

 

7.3 Interference Simulations 

The Class A impulsive noise source was tested using parameters from [10]. These parameters were 

obtained when measuring interference from a microwave oven and are valid for a receiver at 1.9 GHz 

with 300 kHz approximate bandwidth. The frequency and bandwidth differ for a Bluetooth system 

(1MHz filter bandwidth) but the noise parameters are used anyway as the best approximation of the 

parameters found. A time domain plot of the noise envelope is seen in Figure 7.7. 

 



 

 

 25

 

Figure 7.7 Time domain signal of microwave oven approximation. 41077.6 −⋅=A , 11018.6 −⋅=Γ . 
 

 The impulsive “spikes” can be seen together with the Gaussian part of the interference. A limitation 

of the Class A noise model is that no consideration is taken to that these “spikes” can occur at a 

regular basis, usually at mains frequency or multiples above. The APD (Amplitude Probability 

Distribution) should however be the same for this random occurrence of “spikes” as for the burst like 

sequence of “spikes“[10]. 

 

In Figure 7.8 a GFSK physical channel is disturbed by a Class A interferer. At small 0NEb (<8dB) it 

does not matter that impulsive “spikes” do occur now and then because a bit error would occur 

anyway due to the Gaussian noise. At 0NEb >15dB the Gaussian part of the noise is not that likely 

to introduce some bit errors. It is instead the impulses of the interference that generate the terrace; the 

terrace is almost flat because the power level of a pulse is so large that it will almost certainly generate 

a bit error. At 0NEb > 34 dB the energy of the interference impulses begin to become so small that 

their effect on the BER is starting to decrease. 
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Figure 7.8 Comparison of GFSK in AWGN to a normalized Class A interferer.  
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8 DISCUSSION 

The validation in Chapter seven shows that the physical layer in AWGN matches the theoretical 

results for both Bluetooth and IEEE 802.11. The models can therefore be used as a basis for future 

work expanding the model with completed state machines. Other blocks could also be added to 

degrade the performance and simulate the difference in BER, i.e. phase noise, amplifier noise figure, 

etc.  

 

A problem in the IEEE 802.11 state-machine is occurring when CCK is used. The reason for this is 

that the state machine needs to change the symbol rate when switching to CCK modulation from 

Barker coding, this to keep the chip rate constant. But since the receiver state machine is not yet 

complete, this problem is mentioned here for future work on the model only. 

 

The simulation results presented in the validation chapter are based on ideal components, with the 

AWGN and Class-A noise sources as random interferers. It is also assumed that both IEEE 802.11 and 

Bluetooth are used at their respective maximum data rate capability.  

 

A very fast Class A model has been implemented in SIMULINK. The noise characteristics can be set 

by parameters. However, in this report these parameters are approximated, and thereby also the noise 

source characteristics. Another possible source of error for simulations where Class-A is the noise 

source is that a Class-A model do not take into consideration that the noise could appear in bursts. 

This is an inbuilt limitation of the Class-A model; the burst is spread to “spikes” in time. The effect off 

the noise on BER for the physical layer simulation is believed to be correct anyway for two reasons. 

Firstly, the APD should be the same for a random Class-A process as for a measured signal where 

noise could appear in bursts. This is because the Class-A parameters is obtained from the measured 

signal. Secondly, one Class-A noise sample is added for each bit transmitted. The BER is thereby 

affected on a per bit basis, and a random or burst signal characteristic does not matter, as long as the 

APD is the same.  

 

In this thesis, consideration to that the measured interference can be somewhat periodic is not taken. 

This is because the periodicity is not believed to affect the particular simulations presented. However, 

when using the developed Class A model for other modulation forms or/and coding, care should be 

taken to that this do not affect the results. If some pseudo random interleaving strategy in the radio 

link is simulated to encounter impulsive noise, the Class-A model may be used, however the effects of 

this need to be further investigated. 
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9 CONCLUSIONS 

IEEE 802.11 legacy/b and Bluetooth physical layer models have been validated using simplified 

setups where the results have been compared to the theoretical, especially the radio layer of the 

standards. Further work can be done to validate the state machines and their functioning.   

 

When radio interference occurs in industrial environments, the effect on the radio link performance 

will depend on many unknown and known variables, of which some are mentioned in this report. 

Industrial environments also have a high probability for impulsive noise and at the same time high 

power levels. This has been discussed to introduce a terrace in the BER graph that will be a minimum 

achievable value (over a specific noise power range). The BER in the terrace area is only slightly 

affected by a higher power level for the radio link. This is because of the fact that if an impulsive 

“spike” is occurring, it mostly results in a bit error.  

 

The interference is not limited to industrial environments, as microwave ovens, electrical motors and 

other high power level noisy equipment are generally found about everywhere in a modern 

community. Commercial wireless products are also common to be optimized for high capacity, and as 

the capacity goes higher, the vulnerability to noise is generally increased. In the past, the effects of this 

impulsive noise may not have been that noticeable for the user. But today, with the high capacity 

technologies, co-location and the desire to keep power levels down to save battery; the affect on the 

future wireless systems subject to impulsive noise needs to be investigated further.  
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11 APPENDIX A – IEEE 802.11 Theoretical Bit Error Rates  

AWGN is added at chip level because the chip rate is constant at 11 Mchip/s for all modulation forms 

in IEEE 802.11 legacy/b. 

11.1 One Mbit modulation 

The modulation for one Mbit is DBPSK. From [7] the BER becomes: 
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The modulated signal is Barker spread so each bit will become eleven chips, leading to: 
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Equation 2 shows that each data bit is represented by 11 chips. The relation between bE  and chipE is a 

factor eleven which is substituted in the AWGN model block to get output as 0/ NEb . 

 

11.2 Two Mbit modulation 

The modulation form used for the two Mbit data rate is DQPSK. Equation 3 shows an approximation 

[11] of the BER. 
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The Barker spread version of Equation 3 become Equation 4: 
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In Equation 4, the energy per chip can be identified as bChip EE
11
2

= .  
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11.3  5.5 Mbit and 11 Mbit modulation 

For the 5.5 Mbit and 11 Mbit modulations, CCK is used. Since only eight chips is used for CCK, the 

symbol rate need to be 1.375 Msym/s to keep the chip rate at 11Mchip/s. The demodulation principle 

used in the model is the sub-optimal receiver method [12] that consists of 64 correlators and a DQPSK 

demodulator. The derivation for CCK BER is somewhat lengthy and a paper that describes the CCK 

performance and show similarity to the simulation results is [12]. The symbol error probability for 

IEEE 802.11b: 11Mbit CCK code words are stated in Equation 5 for reference: 
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Where ( )ji ssP ~~ →  is the pair wise error probability defined in [12], ),(1 baQ  is the Marcum Q-

function, ),(0 baI  is the modified Bessel function of order zero, a is defined as ( )5.01
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and ( )5.01
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+=
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b b . The results from [12] have been reproduced and are compared to 

simulated results in Figure 7.6. 
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12 APPENDIX B - Bluetooth Theoretical Bit Error Rates 

Bluetooth uses GFSK meaning that the input signal to the FSK-modulator is passed through a 

Gaussian filter. The impulse response of a Gaussian filter is given by [13], 
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where BT=0.5 for a Bluetooth system. The impulse response (1) seen in Figure B.1 shows that 

intersymbol interference (ISI) is introduced for both GFSK and GMSK due to the Gaussian filter. Due 

to this fact, the current signal and the previous will be correlated. 
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Figure B.1 Impulse responses of a Gaussian filter for Bluetooth (GFSK) and GSM (GMSK).  

 

Bluetooth BER as a function of Eb/N0 is presented below. The results are based on [14] which describe 

envelope detection of correlated binary signals. An assumption is made that the signals have equal 

energy, which is reasonable to assume since only the frequency differ for FSK signalling (i.e. constant 

envelope). The detector bases the symbol decision on the envelopes which are correlated. The 
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marginal PDFs are Ricean distributed and the probability of error can be found by taking the double 

integral of the joint PDF of the envelopes; directly from [14] give the equation:   
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The correlation coefficient ρ is given by 
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=  where β is the modulation index. In the model 

β=0.32 is used resulting in a correlation coefficient of ρ=0.45.  

 

The first order Marcum function is defined as: 
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Iα(ab) is the modified Bessel function of the first kind given by the series: 
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Where Г(n) = (n-1)! is the Gamma function. 

 

Using equation (3) and equation (4) in equation (2) give approximate BER for a Bluetooth system 

using GFSK and is presented in Figure 7.2 as a validation reference. 
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13 APPENDIX C – Simulation Setups for the Validation Process 

 
Figure C.1 Simulation setup for testing of a Bluetooth piconet in AWGN. 
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Figure C.2 Setup for testing DBPSK one Mbit modulation and Barker spreading in AWGN. 
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Figure C.3 Setup for testing DQPSK two Mbit modulation and Barker spreading in AWGN. 
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Figure C.4 Setup for testing 5.5 Mbit CCK modulation and spreading in AWGN. 
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Figure C.5 Setup for testing 11 Mbit modulation and spreading in AWGN. 
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Figure C.6 Simulation setup for testing of a Bluetooth piconet in Class-A noise. 
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