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In this clause, we discuss the modeling of the physical layers of the IEEE 802.15.1 (Bluetooth) and IEEE 802.11b (WLAN) systems, and then we examine their bit error rate performances in interference-limited environments.    Complex baseband models are used for both  Bluetooth and WLAN.    The outline of the clause is as follows:  Section 6.1 describes the model for Bluetooth, while Section 6.2 does the same for 802.11b.    Section 6.3 contains results for the 802.11b system in the presence of interference from Bluetooth, and Section 6.4 provides the results for Bluetooth in the presence of an 802.11b interferer.    Some of the text and the figures have been taken from~\cite{soltanian:01}, which also contains additional results for flat fading channels.

The Bluetooth system operates at a channel bit rate of 1 Mbit/sec~\cite{bluetooth:99}.  The modulation is Gaussian frequency shift keying (GFSK) with a nominal modulation index of 
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 is the 3 dB Bandwidth of the transmitter's Gaussian low pass filter, and T is the bit period.  The Bluetooth radio employs a frequency hopping scheme in which the carrier frequency is changed on a packet by packet basis.  There are up to 79 different channels each with 1 MHz separation. The primary communication range is 10 m, but it can be extended up to 100 m.  The entire structure of the simulated system is presented in Fig.~\ref{fig:BTawgn}. It includes the transmitter, the channel, the receiver and the interference source. The interference source can be selected as either Bluetooth or 802.11b type interference.   Note that the interferer can be set to have a different carrier frequency and a random phase offset.
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   \caption{Bluetooth system model.}

   \label{fig:BTawgn}

The IEEE 802.11b standard describes four modulation methods providing bit rates of 1, 2, 5.5, and 11 Mbits/sec~\cite{ieee802:01}.  The first rate is achieved by differential BPSK (DBPSK) with DSSS using an 11 chip Barker code; the chip rate is 11 Mchips/sec.  The last rate is obtained using complementary code keying (CCK), also at 11 Mchips/sec.  The communications system model for the 1 Mbit/sec bit rate is presented in Fig.~\ref{fig:802awgn}, again consisting of the transmitter, the channel, the receiver and the Bluetooth interference source. We explain the details of this model in the following sections.
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   \caption{802.11b DSSS system model.}

   \label{fig:802awgn}

6.1 Bluetooth System Model

\label{sec:bluetooth}

6.1.1 The GFSK signal

The GFSK signal can be represented by~\cite{steele:96}
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              \label{PHIGFSK1}

One of the key ideas in GFSK is that a single bit is transmitted over multiple symbols, which is done by using a pulse shaping filter with impulse response g(t) given by

 
[image: image14.wmf]),

2

ln

2

2

(

)

2

ln

2

2

(

[

2

1

)

(

T

t

B

Q

T

t

B

Q

T

t

g

b

b

+

-

-

=

p

p

         \label{GFSK}

where Q(t) is the standard Q-function  
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By introducing controlled intersymbol interference, the spectral occupancy of the signal is substantially reduced.

Eq.~(\ref{PHIGFSK1}) can also be written as
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where L is the length of g(t), and
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For Bluetooth with 
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, we have L=2, which means that a single data bit is spread over two consecutive symbol intervals.

6.1.2 Interference Model

\label{sec:inter}

Either a Bluetooth or an 802.11b interference signal can be represented as
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where b is the random input data, which is independent of  
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 depends on the type of the interferer.  
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is the frequency difference between the desired signal and the interference.  The Bluetooth radio channels are 1 MHz apart, so 
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samples/bit, which equals 4 samples/chip for the 802.11 DSSS system.  This sampling rate is appropriate for 
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When studying physical layer interference performance, we want to reduce the effects of the traffic patterns and concentrate on the effects of time/frequency overlap between the two systems.  For Bluetooth performance, we make these two assumptions:  (1) that the 802.11b WLAN is constantly transmitting and (2) that any other Bluetooth piconets are synchronized to packet boundaries and are also transmitting.  These correspond, in some sense, to worst case scenarios.    In a real system, there will be times when the interferer is off. For the 802.11b system, we assume that the Bluetooth interferer is also always transmitting.  In the AWGN channel, a uniform random delay 
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 are applied to the interferer signal for each packet. 

6.1.3 Limiter-Discriminator with Integrate and Dump (LDI) Receiver

This receiver consists of a pre-detection bandpass filter, a limiter-discriminator, and an integrate and dump filter, as shown in Fig.~\ref{fig:BTawgn}.  The final block is the hard limiter, which compares the output phase with a decision level. The pre-detection bandpass filter is a Gaussian filter with an equivalent lowpass impulse response, 
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is the 3 dB bandwidth.  According to Simon and Wang~\cite{simon:84}, the optimum bandwidth for this filter is 
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.  The discrete impulse response of this filter is obtained by sampling and truncating 
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The output of the receiver pre-detection filter can be represented using its inphase and quadrature components, X(t) and Y(t), respectively, as
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       \label{outbpf}

The limiter-discriminator output is thus
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        \label{lid}

The discrete impulse response of an ideal differentiator is~\cite{oppenheim:89}
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We truncate this impulse response using a Kaiser window with M=5 and 
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, and then we use it to approximate the derivatives of the quadrature components required in computing Eq.~(\ref{lid}). Another approach to implement this filter is to use a simple difference equation.

The integrate-and-dump filter is simply a rectangular filter with impulse response
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The discrete-time filter is obtained by sampling 
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.  The amplitude of the filter was normalized to 1. The appropriate sampling time for the system is chosen at the maximum eye opening. 

6.2 802.11b System Model

\label{sec:w80211}

6.2.1 1 Mbit/sec DSSS

The basic 1 Mbit/sec rate is encoded using DBPSK; thus, it is not necessary to have a coherent phase reference in the receiver to demodulate the received signal.

This system utilizes a spread spectrum scheme to mitigate the effect of a jammer. The Barker sequence with code length P = 11 is employed to spread the signal.  The bit duration, T, is exactly 11 chip periods, 
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, long.  The processing gain (PG) of this system is~\cite{proakis:95} 
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 is the chip rate. If we calculate the power spectrum of the Barker codes, we get~\cite{miller:98}


[image: image45.wmf]).

(

1

)

(

)

(

sin

)

1

(

)

(

2

0

2

2

f

P

PT

k

f

P

k

c

P

P

f

S

c

k

k

d

d

+

-

+

=

å

¥

¹

-¥

=

     \label{barkersp}

The function, S(f), is illustrated in Fig.~\ref{fig:barker} for $P=11$.  We see that a narrowband interference signal -like Bluetooth- located at the middle of the spectrum will be more attenuated than an interferer located 1 MHz away from the middle of the spectrum.
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    \epsffile{fig/barkspec.eps}

    \caption{Power Spectrum of the Barker Code.}

   \label{fig:barker}

As shown in Fig.~\ref{fig:802awgn}, the input data bits are first differentially encoded.   The resulting sequence is spread by the Barker code. The output of the spreader is fed to a Square-Root Raised-Cosine (SR-RC) pulse-shaping filter. The impulse response of the SR-RC filter 

with a roll-off factor 
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 is~\cite{miller:98}
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The discrete time impulse response of this filter is obtained by sampling p(t).

At the receiver, the input samples are first passed through the SR-RC matched filter.  The despreading filter is a rectangular filter that integrates the output of the multiplier during a bit period.  The differential decoder compares the phase angle of the received symbol and the previous one to generate the output bit stream.  It is assumed that the chip timing of the receiver is synchronized to the transmitter.  

6.2.2 11 Mbits/sec CCK

Complementary codes were originally conceived by M. J. Golay for infrared multislit spectrometry ~\cite{golay:61}.  These codes can be considered block codes over the field of complex numbers.  Let the kth code word be given by 
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 The autocorrelation of the code word is given by~\cite{halford:99}
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A set of K codes is considered complementary if and only if it satisfies the following equation
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The complementary codes in the 802.11b standards are defined by a set of 256 8-chip code words.   They are specified by
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\label{CCK1}

where 
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Note that each element of a code word is complex, and so can be transmitted using QPSK modulation as discussed below.

At 11 Mbits/sec, 8 bits (d0 to d7; d0 first in time) are transmitted per code word. The first dibit (d0, d1) encodes 
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 based on DQPSK, which provides the possibility of employing differentially-coherent detection.  In this study, we employ a coherent receiver, assuming that the initial phase 

of the signal is known.  The dibits, (d2, d3), (d4, d5), and (d6, d7) encode
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   \caption{QPSK Encoding.}      \label{tb:table1}

The system model is presented in Fig.~\ref {fig:blkcck}.   Only an AWGN channel is considered in this case.
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   \caption{CCK System Model.}

   \label{fig:blkcck}

The decoder determines the valid code word that is closest to the received signal, and it maps that code word back to data bits. It is well known that in an AWGN channel, a code set that has the largest minimum Euclidean distance between code words yields the lowest bit error rate.  Thus, an optimal code set for an AWGN channel would maximize the following minimum distance
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For complementary codes with length N and M possible phases, it can be shown that the minimum Euclidean distance is equal to ~\cite{vannee:96}
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For CCK with N=8 and M=4, the minimum distance is 2.82, which is 3 dB better than the distance of uncoded QPSK whose  
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The maximum likelihood method described above needs a bank of 256 correlators in the receiver.  Although optimum, this method may be considered too complex for some implementations.  There are also less complex sub-optimum algorithms. By looking at the code words of CCK,  one can write these equations for the decoded phases~\cite{vannee:96} 
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where
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is the received vector.   We employ the above sub-optimal receiver to measure the performance in the presence of interference.

6.3 IEEE 802.11b in the Presence of IEEE 802.15.1

Now, we consider the performance of the 1 Mbit/sec 802.11b system, in an interference-limited environment with CNR = 35 dB.   Since the system takes advantage of DSSS, one observes in 

Fig.~\ref{fig:bt8021} that for co-channel interference, CIR = -11 dB is adequate to suppress the effect of interference (BER 
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MHz, which needs a minimum CIR of -5 dB. This difference stems from the null at the middle of the spectrum of the Barker code as described before. For frequency offsets greater than 8 MHz, the CIR value must be very low in order to get a high BER. This fact is due to the bandpass filter in the 802.11b receiver having high attenuation at frequencies near 11 MHz. The results of this figure are comparable to the analytic method proposed in~\cite{schilling:80,milstein:82}.
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   \caption{802.11b DSSS performance with Bluetooth interference. AWGN channel.} 

   \label{fig:bt8021}

Fig.~\ref{fig:cckawgn} shows the performance of the 11 Mbits/sec 802.11b CCK receiver in the AWGN channel. The optimum receiver performs about 2 dB better than QPSK, and the sub-optimum method is nearly the same as QPSK.  The sub-optimal system provides a BER of 
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 dB.  It must be noted that CCK was designed explicitly for fading channels, where its gain over QPSK is much more significant.  
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      \caption{802.11b CCK performance in an AWGN channel.}

      \label{fig:cckawgn}

Figure~\ref{fig:cckBT} illustrates the performance of the 11 Mbits/sec IEEE 802.11b receiver with Bluetooth interference.  This figure indicates that the CCK modulation is more vulnerable to the interference signal than the 1 Mbit/sec DSSS.   A minimum CIR of 3 dB must be achieved to get BER
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for all frequency offsets.   This result is not surprising, since the CCK provides a higher bit rate but occupies the same 22 MHz bandwidth, thereby having less of a coding gain.   Generally, the receivers used for both 1 Mbit/sec and 11 Mbits/sec are fairly simple, and improved performance can most likely be obtained using more sophisticated signal processing.   This fact is especially true for the 11 Mbits/sec CCK system.
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   \caption{802.11b CCK performance with Bluetooth interference.}

   \label{fig:cckBT}

6.4 IEEE 802.15.1 in the Presence of IEEE 802.11b

\label{sec:Perfo}

Simulation results for the LDI receiver in the AWGN and Rician channels are presented in Fig.~\ref{fig:BTricecurve}.  We see that for the AWGN case at  
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 dB is required for the same BER.   Also in this figure, we present the analytical BER curve using the method described in~\cite{simon:83,simon:84} for the AWGN case.
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   \epsffile{fig/rice3curve.eps}

   \caption{Bluetooth performance in the AWGN and Rician fading channels. 

                LDI  receiver.}

   \label{fig:BTricecurve}

For Bluetooth interference on a Bluetooth signal, there is a specific requirement according to the standard, i.e. the BER shall be less than 0.1% in any of the conditions given in Table~\ref{tb:table3}.   The performance is measured with the desired signal 10 dB over the reference sensitivity level.  Fig.~\ref{fig:BTstd}  shows the performance in this case.  We observe that the LDI receiver can meet the requirement set by the standard.   
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\caption{Specified CIR values for Bluetooth interference.}

\label{tb:table3}
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   \epsffile{btbtstdcurve.eps}

   \caption{Bluetooth performance with Bluetooth interference.

            LDI receiver.}

   \label{fig:BTstd}

Next, we study the performance of Bluetooth with 802.11b interference. The curves in Figs.~\ref{fig:i802AWGN} are for an interference-limited environment with CNR = 30 dB. The 802.11b signal looks like broadband noise at the input to the Bluetooth receiver.

The performance degradation for carrier frequency differences up to 4 MHz is almost the same, and so we plot the results for
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 as a representative case.  The null in the Barker code spectrum does not improve the performance here, but it does for the 802.11b DSSS system.

After 4 MHz, one gradually sees the effect of the pulse shaping filter of the 802.11b transmitter, which has a null at 
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 MHz.  In fact, the CIR value at 
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MHz has to be very low in order to cause high BER.  
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   \epsffile{fig/AWGN802onBT.eps}

   \caption{Bluetooth performance with 802.11b interference.  AWGN channel. LDI receiver.}

   \label{fig:i802AWGN}

To relate the CIR values to the transmitter powers, consider the topology where the Bluetooth transmitter and the 802.11b interference are both positioned one meter away from the Bluetooth receiver; the Bluetooth transmitter power is 1 mW, while the 802.11b's is 25 mW.  

The resulting CIR 
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 dB.  So, when a Bluetooth packet hops on a frequency that is less than 

10 MHz away from the center of the 802.11 interference, that packet is usually subjected to errors.  The roll-off factor 
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of the 802.11b transmitter determines the range of frequency offsets over which high BERs are observed.  In this simulation, we chose  
[image: image87.wmf]1

=

a

, so the interference signal will occupy the maximum available bandwidth.  Another observation from Fig.~\ref{fig:i802AWGN} is that if the CIR value is always greater than 6 dB, the BER for all frequency offsets is less than  
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As a solution to mitigate the effect of interference, we use a simple two-state Viterbi receiver for Bluetooth.  Again, we assume that the phase of the transmitted signal is known to the receiver.  The performance for 802.11 interference is shown in Fig.~\ref{fig:viterbi1}.  A dramatic enhancement is observed in this figure, evidently at a cost of having a more complicated receiver.  

The 802.11b interference acts as broadband noise in the Bluetooth receiver’s input.
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    \epsffile{fig/vtbcoh802BT.eps}

    \caption{ Bluetooth Viterbi receiver performance with 802.11b interference. AWGN channel.}

    \label{fig:viterbi1}
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