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Abstract

WLAN systems such as 802.11a/g are designed on the premise that the indoor channel, however frequency selective, varies slowly at Doppler frequencies of around 10Hz. The omnipresence of fluorescent lights creates an environment where reflections are being created and removed at twice the mains frequency (120 Hz in the US, 100 Hz in Europe). Measurements demonstrating this effect, and experimental and analytic study of its aspects and magnitude are presented, as well as a suggested model compatible with the MIMO channel model developed for IEEE 802.11n ([1]).

Introduction

The development of WLAN systems for indoor use has shown rapid and accelerated growth in the last years. IEEE's latest PHY standards, namely 802.11a and 802.11g, employ OFDM modulation in order to handle the highly frequency selective indoor channel. For each packet within the standard a preamble is transmitted, which allows the receiver to estimate the channel frequency response and its phase. 

Common indoor wireless channel models ([1]) use a series of impulses to model the reflections from objects and a "slow" (f<10Hz) Doppler spectrum to model their variation. It has been assumed that this Doppler spectrum is the biggest contributor to channel variability over time. This assumption, under close scrutiny, has been shown to be somewhat over-simplistic.  

Office environments, in which WLAN systems are common, use fluorescent bulbs as their main source for light. These systems, coupled with magnetic ballast circuits, flicker, synchronized with the AC mains frequency, and create an interaction with the incident electromagnetic waves ([2], [3], [4], [5]). It is this interaction, manifested by AM-like modulation of the received signal that creates a large impact on the channel variability.

The object of this paper is to summarize a series of experiments held in a typical office scenario, which prove the origins of this phenomenon to be fluorescent lights and quantify its magnitude. Finally, a model is suggested, which could be seamlessly integrated into [1].   

Experiments

Experiment 1: Channel Time Variability

Measurement Setup

Nearly 1000 measurements of wireless channels at the 5GHz band were taken within a typical office space (60% fluorescent lighting). Figure 1 shows the 2 by 2 MIMO measurement setup for this experiment. 

 The transmit setup consists of two identical chains, each of them driven by arbitrary signal generators transmitting modulated PN sequences with a bandwidth of over 20MHz at a center frequency of 5.2 GHz. These signals are amplified by two power amplifiers going into 2 omni-directional transmit antennae. The receive setup consists again of two identical chains, with a pair of omni-directional receive antennae going into two LNA’s, used to amplify the signal, while maintaining a reasonable system noise figure. The signal then goes into a pair of spectrum analyzers used as down converters to an intermediate frequency (IF). The signals are then demodulated into base-band (I&Q), sampled and stored on a hard disc for offline processing.
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Figure 1 - Channel Variability Experiment Setup

Offline Processing- Channel Derivation

The offline processing included two PN sliding correlators. The result was the cross correlation between received signal and transmitted signal, which is the channel impulse response. The system was carefully calibrated using a coaxial cable to make sure that effects such as system noise figure and up and down converter frequency response were compensated for.

The channel measurements were carried out over a period of 100ms with 480 measurements taken during this time period.

 Results

Figure 2 shows a representative frequency response obtained through experiment 1 at a distance of 26m, in a non line-of-sight scenario. The four plots represent the measured frequency response between each pair of transmit and receive antennae. The plots are overlaid with the 480 measured channel frequency responses as measured over the 100ms period. A selective fading pattern is evident with nulls at different frequencies for the 4 channels. It is also evident that over the measurement time some of the channels frequency responses change considerably (up to 10dB outside nulls).
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Figure 2 - Frequency Response of a Typical Indoor Wireless Channel

Figure 3 shows the variation of the channel between transmit antenna #1 and receive antenna #1 (the upper left channel in Figure 2) over time. In this 3 dimensional plot the independent axes are the time (from 0 to 100ms) and the frequency bins (0-64 representing the frequency from -10 to 10MHz around the center frequency).  The dependent axis is the amplitude of the frequency response in dB. 

Figure 4 shows the frequency response for 4 selected bins (#10, #26, #42, #58) vs. time.

The effects that can clearly be seen from Figure 3 and Figure 4 are:

1. Selective fading – bin #40 and its surrounding bins are within a destructive interference. The indoor reflections have summed up out of phase creating a 10-15 dB null.

2. "Slow" channel variability – bin #20 and its surrounding bins vary slowly with a variance of several dB. The period of these changes is around 5 Hz. These changes can be accounted for by the indoor Doppler effect and its bell shaped spectrum (see [1], section 4.7). The Doppler frequencies exhibited in these measurements tend to support the assumption that the Doppler characteristic frequency (
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) is around 6Hz.

3. "Rapid" channel variability – The frequency response at bin #10 and its surrounding bins change rapidly during the measurement. The period of these changes is about 100Hz (i.e. 10 cycles during 100ms). This "modulation" is clearly shown in Figure 4 for bin #10. 
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Figure 3 – Channel Frequency Response over Time
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Figure 4 - Selected Bins Frequency Response vs. Time

The above variability characteristics have been observed over numerous measurements in various locations, scenarios and measurement conditions.

As selective fading and slow channel variability (indoor Doppler effects) have been subjects for much research ([1]), it was the rapid channel variability, which became the focus of this study.

Statistical Characteristics of AM Modulation of the received signal

The following section provides a statistical analysis of the magnitude of this effect. The measured data includes hundreds of measurements at different locations, as described in §‎0. For the analysis shown, a high pass at 50Hz was taken in order to omit the standard Doppler effect.

Figure 5 shows the CDF of the signal to interference ratio (the ratio of the AM modulation to the total impulse response power). The median value is obtained for –35dB and 90% probability is obtained for –28dB.

Figure 6 shows the CDF for the peak-to-peak magnitude of the AM modulation (the ratio between the maximal impulse response energy and minimal one). The median value is obtained for a peak-to-peak variation of 0.8dB and 90% probability is obtained for a value of 1.5dB.

Figure 7 shows the CDF for the standard deviation of the AM variation with respect to the to total impulse response energy). The mean value is obtained for a standard deviation of 0.15dB and a 90% probability is obtained for a value of 0.27dB.
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Figure 5 - CDF of the Signal to Interference Ratio of the AM interference
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Figure 6 - CDF of the Peak-to-Peak magnitude of the AM interference
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Figure 7 - CDF of the Standard Deviation (in dB) of the AM Interference Amplitude

Experiment 2: Fluorescent Light Interaction with Indoor Wireless Systems

Objective

The objective of this experiment was to isolate and ascertain the rapid channel variability effect and the assumption that it originates in common office fluorescent lights.

Measurement Setup

A single continuous wave (CW) generator was connected to a directional antenna (antenna gain of 23dBi, 5° aperture). The transmitted signal propagated through a rack of several fluorescent lights bulbs. The signal was then picked up by an identical antenna, amplified using an LNA and fed into a spectrum analyzer. Two variations of this setup were used- one in which the receiving and transmitting antennae were facing each other, with the fluorescent lights in the LOS path, and another in which the rack was used as a reflector, and the antennae were placed at an angle. Figure 8 shows both setup arrangements. A photograph of setup no. 1 is shown in Figure 9.

Three scenarios were tested:

1. Fluorescents Off – The signal was transmitted through the fluorescent lights while they were not lit.

2. Fluorescents On – Without changing the setup, the fluorescent lights were lit.

3. Tin Foil Wrapped Lit Fluorescent – In order to distinguish between radio frequency interference (RFI) and other types of interactions (e.g. reflection), an ungrounded tin foil was wrapped around the fluorescent. This conductive tin foil is assumed not to suppress any emissions that might emanate from the bulb (due to it not being grounded), but to reflect a significant portion of the transmitted electromagnetic wave reaching the light bulb. 
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Figure 8 -Experiment #2 Measurement Setup
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Figure 9 - Experiment #2 Measurement Setup

Results

Figure 10 depicts a spectrum analyzer screen capture from the three scenarios (blue – fluorescents off, red- fluorescents on, green- tin foil).  

When the fluorescents were off (blue trace), a CW spectrum is shown with insignificant side lobes (67 dB down) at 100Hz offset. This modulation can be a residue of active fluorescent lighting in the setup vicinity entering the side lobes of the directional antenna.

When the fluorescents were on (red trace), dominant (25 dB) AM modulation-like side lobes are evident. The "modulating signal" is a series of odd harmonics of 100Hz (i.e. 100, 300, 500). The 50Hz mains frequency is also evident, but at significantly lower amplitudes (20-30dB lower than the 100Hz harmonics). This is probably due to a slight imbalance in the mains voltage waveform.
With the introduction of the tin foil, while the fluorescent was on (green trace), the effect diminished to its original level, very similar to the scenario when the fluorescents were off.
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Figure 10 - Spectrum Analyzer Results from Experiment #2

Figure 11 depicts a time domain "zero span" type measurement. In this mode the spectrum analyzer demodulates the input signal and displays its power in the time domain.

A clear amplitude modulation is evident, where the amplitude variation is approximately 3dB peak to peak. It is worthwhile noting that the actual shape of the modulation could be easily changed by slightly modifying the geometry (e.g. wave angle of incidence to fluorescents).
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Figure 11 - AM Modulation on Received Signal

Physical Interpretation

Experiment #2 provides compelling evidence that the rapid channel variability shown in experiment #1 is in fact a result of electromagnetic wave interaction with the fluorescent lights. The stark difference between the spectrum of the received signal obtained by turning the fluorescence on leaves very little doubt as to the origin of the phenomenon. 

In fact, this phenomenon, rediscovered by the authors, was reported in the literature as early as 1992 ([4]). With very similar experiments (at a wider range of frequencies) Melançon et al have reached similar conclusions.

Due to the fact that fluorescent lights become conductive twice every mains AC cycle, they reflect the incident electromagnetic wave. Between periods of fluorescence, when the voltage across the tube is not enough to ionize the gas inside the lamp, the fluorescent conductivity dies out leaving the bulb almost transparent to incident electromagnetic waves. This phenomenon can be envisioned as metal shutters being drawn and retracted at a certain frequency, thereby changing the electromagnetic reflective multi-path scenario at a rate of twice the mains power cycle (100Hz Europe, 120Hz US).

Having the ungrounded tin foil wrapped around the fluorescent bulbs eliminates the phenomenon due to the fact that most of the time varying fluorescence reflection is prevented by the outer conductive surface. If this modulation was somehow caused by electromagnetic waves emitted from the fluorescent bulb, the effect should have remained at comparable levels with the “on” scenario.

In [5] Vogel et al have computed the conductivity of fluorescent lights at both their states using ionized gas theory. It has been shown that for the standard GE T12 light bulb at frequencies above 1GHz the effective dielectric constant exceeds 82.0 (lossy conductor) during the “on” state and is very close to 1.0 during the “off” state. This effectively means that the fluorescent bulb will reflect most of the incident electromagnetic wave in the “on” state, and become transparent to it during the “off” state.

Gilbert et al (Atheros) have recently showed similar results ([3]) as part of the IEEE 802.11 High Throughput Study Group (HTSG) confirming this study’s findings. AM-like-modulation was obtained with both directional and omni-directional antennae.

Experiment 3: Electronic Ballast Systems

Objective  

The objective of this experiment was to check whether the same phenomenon exists in fluorescent lights using electronic ballast systems. 

Measurement Setup

The same setup, as in experiment 2, was used except that the magnetic ballast fluorescent lamps were replaced with two 27W electronic ballast lamps, which fit in normal E27 type sockets.

Results

Figure 12 depicts a spectrum analyzer screen capture, showing a number of AM modulation peaks created by the interface with the electronic ballast lamps. The relative power of these peaks ranges from –40dB to –60dB, around a 5.47GHz carrier. The rack was fitted with two electronic ballast lamps, and their different oscillation frequencies can be easily discerned- about 75kHz and 90kHz. Multiples of these frequencies are also evident. Dynamic measurements support the hypothesis that these oscillators are free running, with frequency variance in the range of ±10kHz.
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Figure 12 - Modulation Peaks Produced by PL (electronic ballast) Fluorescent Lamps.

Since the different lamps have independent ballasts, and therefore independent oscillation frequencies, a C/I measurement cannot provide accurate quantification of the magnitude of the interference. As opposed to the magnetic ballast lamps, where all “reflectors” are turned on and off at virtually the same time, each electronic ballast lamp generates an independent set of AM modulation frequencies, and a band-power integration has to be performed. Figure 13 shows a band-power measurement for the interference spectrum, compared with the peak power of the transmitted sine wave:
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Figure 13 - Band Power of the electronic ballast lamp interference.

After correcting for thermal noise, the single-sideband interference measures to be at a C/I ratio of –36.5dB. This is around 4dB higher than the result suggested by the single peak C/I measurement.

Because of the very rapid nature of this phenomenon, AM magnitude measurements and statistical analysis were not possible under the scope of this study.

Physical Interpretation

Unlike magnetic ballast systems, which rely on the AC mains cycle to generate the voltage required to ionize the gas inside the fluorescent bulb, electronic ballast systems use a crude oscillator, usually driving a power JFET device, which draws current from the AC power. This crude oscillator generates a high frequency signal (usually at 40-100KHz) that drives the system. Along with improved efficiency, the electronic ballast systems are better in the ergonomic sense because of their design not to switch off completely the fluorescent at any part of the cycle.

Since the fluorescent remains conductive, the electromagnetic reflection environment is hardly changed throughout the cycle and the equivalent AM modulation created is significantly smaller (-40dB in this experiment). Furthermore, the free-running nature of these oscillators, as opposed to the AC synchronized magnetic ballast systems, would mean that the residual AM modulation may be averaged out in a situation where many fluorescent lights are involved, while still creating a higher noise floor and degrading performance.

Proliferation of Electronic and Magnetic Ballast Systems

Since the AM modulation effect is extremely prominent in magnetic ballast and much smaller with electronic ballast systems, it seems natural to try and assess the proliferation of electronic ballast systems in comparison to magnetic ones.

According to [6] the amount of electronic ballasts sold in Q1 2003 in the USA were 13,232,000 (about 57%) whereas the amount of magnetic ballasts sold in the same period was 9,662,000 (about 43%). The electronic ballast systems only reached 50% of new shipments during Q3 2000, and the existing installation base of magnetic ballast systems is still very wide. Figure 14 shows a graphic summary of the US Census results appearing in [6]:
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Figure 14 - Yearly Shipments of Fluorescent Ballasts

It is important to note, that in many cases electronic ballast fluorescent lamps are used as a replacement for E27 tungsten lamps, and that the real decline in the share of magnetic ballast fluorescent lights is in fact smaller. Since the lifespan of a T12 (magnetic ballast) light bulb is about 2 years in continuous operation, it is safe to assume that the office environment is still mainly lit by magnetic ballast fluorescent lamps, and that this situation will not change drastically during the coming years.

Suggested Model

The results of this study can be incorporated into the work of the HTSG special committee on channel models ([1]) in a straightforward manner.

Since the model suggested in [1] is a discrete tap clustering approach, we suggest modulating several taps in order to artificially introduce an AM modulation. The modulating function should be randomized to yield AM distortion amplitudes similar to measured results, as well as various period shapes caused by random phasing of its spectral components. Furthermore, it seems adequate that the effect be introduced into [1] models D, E (Typical Office, Large Office) as these seem to have omnipresent fluorescent lighting, and will be affected the most from fluorescent effects.

Let:
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We have chosen to model the fundamental tone and 2 odd harmonics (100Hz, 300Hz, 500Hz in the European case), as this seems to be a good enough approximation of the modulating signal.

The suggested amplitudes 
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The interferer to carrier energy ratio shall be driven from the following random variable:
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Where:
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Wherein the first figure is the mean of the Gaussian, and the second is the variance (the standard deviation squared). Figure 15 shows the CDF of the modeled I/C in green, and the measured experimental results in blue. This plot shows excellent correlation to the measured I/C.
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Figure 15 - CDF of Modeled I/C vs. Measured I/C

Once this variable has been drawn, we now suggest modulating 3 taps in each model by the modulating function 
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in accordance with the drawn I/C. The time value of each one of these coefficients shall be:
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Where:
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The value of 
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shall be determined such that the total modulation energy (modulation in the modulated taps, compared with the entire channel response) matches the drawn random I/C.

The following taps shall be modulated:

	Model
	Cluster
	Tap numbers

	D
	2
	2,4,6

	E
	1
	3,5,7


Conclusions

Extensive measurements of WLAN MIMO channels in a typical office environment were performed and presented, and various modulation effects, incorporated into known channel models, were noted. In addition, a rapid-variation AM-like modulation of the channel response was observed. Further experiments were performed, verifying that this effect originates in reflections from fluorescent lamps. This phenomenon, though previously described in the literature, was not incorporated into WLAN channel models until this time. Being a significant phenomenon, especially where high-throughput, state-of-the-art systems are involved, an addition to the channel model is suggested, which can be seamlessly incorporated into existing models and simulations, and is in excellent agreement with measured data.
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				Total				Magnetic type				Electronic type

		Quarter and year

				Quantity		Value		Quantity		Value		Quantity		Value

		2003

		First quarter.....................................................................................		22,894		200,392		9,662		65,144		13,232		135,248

		2002

		Total...............................................................		94,497		836,364		40,677		263,258		53,820		573,106

		Fourth quarter......................................................		23,317		204,234		10,296		68,183		13,021		136,051

		Third quarter...........................................................................		23,629		207,033		9,615		61,267		14,014		145,766

		Second quarter.............................................................................		23,465		212,503		9,607		60,717		13,858		151,786

		First quarter...........................................................................................		24,086		212,594		11,159		73,091		12,927		139,503

		2001

		Total...............................................................		99,426		877,367		46,724		295,506		52,702		581,861

		Fourth quarter......................................................		23,201		209,163		10,818		70,896		12,383		138,267

		Third quarter...........................................................................		24,353		215,115		10,698		66,147		13,655		148,968

		Second quarter.............................................................................		25,247		222,458		11,459		71,125		13,788		151,333

		First quarter...........................................................................................		26,625		230,631		13,749		87,338		12,876		143,293

		2000

		Total...............................................................		104,771		898,524		55,448		343,008		49,323		555,516

		Fourth quarter......................................................		25,377		222,298		12,740		81,273		12,637		141,025

		Third quarter...........................................................................		26,275		235,322		12,409		77,072		13,866		158,250

		Second quarter.............................................................................		26,658		224,120		14,571		88,449		12,087		135,671

		First quarter...........................................................................................		26,461		216,784		15,728		96,214		10,733		120,570

		1999

		Total...............................................................		102,894		884,513		61,263		384,459		41,631		500,054

		Fourth quarter......................................................		25,191		211,855		15,095		93,176		10,096		118,679

		Third quarter...........................................................................		25,898		224,041		14,602		90,980		11,296		133,061

		Second quarter.............................................................................		25,384		219,838		14,851		91,616		10,533		128,222

		First quarter...........................................................................................		26,421		228,779		16,715		108,687		9,706		120,092

										Magnetic type

				Total				Uncorrected				Corrected				Magnetic				Electronic type

		Year						power-factor type				power-factor type				Total

				Quantity		Value		Quantity		Value		Quantity		Value						Quantity		Value

		1998................................		103,724		914,265		21,298		62,207		42,584		339,230		63,882		401,437		39,842		512,828

		1997.............................		103,947		906,477		24,517		68,528		42,887		343,928		67,405		412,456		36,543		494,021

		1996...........................................................................................		97,355		909,178		24,172		67,884		42,841		389,877		67,013		457,761		30,342		451,417

		1995...........................................................................................		105,314		1,002,243		24,764		68,165		47,648		427,062		72,412		495,227		32,902		507,016

		1994...........................................................................................		108,114		940,746		27,517		75,013		55,991		474,958		83,508		549,971		24,606		390,775

		1993...........................................................................................		107,428		969,542		28,150		65,820		54,790		457,222		82,940		523,042		24,488		446,500

																0		0

		1992...............................................................................................................................................		97,034		812,287		28,363		68,771		55,379		468,940		83,742		537,711		13,292		274,576

		1991...................................................		88,729		718,317		24,919		61,413		55,467		476,867		80,386		538,280		8,343		180,037

		1990...................................................		81,364		615,569		22,556		54,403		55,807		491,878		78,363		546,281		3,001		69,288

		1989...................................................		77,702		521,301		18,011		41,667		58,265		439,818		76,276		481,485		1,426		39,816

		1988...................................................		75,676		476,375		17,813		40,916		56,799		409,954		74,612		450,870		1,064		25,505

		1987...................................................		74,948		436,045		19,542		42,814		54,754		378,113		74,296		420,927		652		15,118

		1986...................................................		69,840		407,906		17,370		38,601		52,039		357,470		69,409		396,071		431		11,835
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Sheet2

				Total				Magnetic type				Electronic type

		Quarter and year

				Quantity		Value		Quantity		Value		Quantity		Value

		2003

		First quarter.....................................................................................																				Total		Magnetic		Electronic		Percentage Magnetic		Percentage Electronic

																		2003.00		2003Q1		22,894		9,662		13,232		42.2%		57.8%

		2002																2002.75		2002Q4		23,317		10,296		13,021		44.2%		55.8%

																		2002.50		2002Q3		23,629		9,615		14,014		40.7%		59.3%

		Total...............................................................		94,497		836,364		40,677		263,258		53,820		573,106				2002.25		2002Q2		23,465		9,607		13,858		40.9%		59.1%

																		2002.00		2002Q1		24,086		11,159		12,927		46.3%		53.7%

		Fourth quarter......................................................																2001.75		2001Q4		23,201		10,818		12,383		46.6%		53.4%

		Third quarter...........................................................................																2001.50		2001Q3		24,353		10,698		13,655		43.9%		56.1%

		Second quarter.............................................................................																2001.25		2001Q2		25,247		11,459		13,788		45.4%		54.6%

		First quarter...........................................................................................																2001.00		2001Q1		26,625		13,749		12,876		51.6%		48.4%

																		2000.75		2000Q4		25,377		12,740		12,637		50.2%		49.8%

		2001																2000.50		2000Q3		26,275		12,409		13,866		47.2%		52.8%

																		2000.25		2000Q2		26,658		14,571		12,087		54.7%		45.3%

		Total...............................................................		99,426		877,367		46,724		295,506		52,702		581,861				2000.00		2000Q1		26,461		15,728		10,733		59.4%		40.6%

																		1999.75		1999Q4		25,191		15,095		10,096		59.9%		40.1%

		Fourth quarter......................................................																1999.50		1999Q3		25,898		14,602		11,296		56.4%		43.6%

		Third quarter...........................................................................																1999.25		1999Q2		25,384		14,851		10,533		58.5%		41.5%

		Second quarter.............................................................................																1999.00		1999Q1		26,421		16,715		9,706		63.3%		36.7%

		First quarter...........................................................................................

		2000

																		2006.00										0.2332840504		0.7667159496

		Total...............................................................		104,771		898,524		55,448		343,008		49,323		555,516				2005.75										0.2466642411		0.7533357589

																		2005.50										0.2600444318		0.7399555682

		Fourth quarter......................................................																2005.25										0.2734246225		0.7265753775

		Third quarter...........................................................................																2005.00										0.2868048132		0.7131951868

		Second quarter.............................................................................																2004.75										0.3001850039		0.6998149961

		First quarter...........................................................................................																2004.50										0.3135651946		0.6864348054

																		2004.25										0.3269453853		0.6730546147

		1999																2004.00										0.340325576		0.659674424

																		2003.75										0.3537057667		0.6462942333

		Total...............................................................		102,894		884,513		61,263		384,459		41,631		500,054				2003.50										0.3670859574		0.6329140426

																		2003.25										0.3804661481		0.6195338519

		Fourth quarter......................................................																2003.00		2003Q1		22,894		9,662		13,232		42.2%		57.8%

		Third quarter...........................................................................																2002.75		2002Q4		23,317		10,296		13,021		44.2%		55.8%

		Second quarter.............................................................................																2002.50		2002Q3		23,629		9,615		14,014		40.7%		59.3%

		First quarter...........................................................................................																2002.25		2002Q2		23,465		9,607		13,858		40.9%		59.1%

																		2002.00		2002Q1		24,086		11,159		12,927		46.3%		53.7%

																		2001.75		2001Q4		23,201		10,818		12,383		46.6%		53.4%

																		2001.50		2001Q3		24,353		10,698		13,655		43.9%		56.1%

																		2001.25		2001Q2		25,247		11,459		13,788		45.4%		54.6%

																		2001.00		2001Q1		26,625		13,749		12,876		51.6%		48.4%

																		2000.75		2000Q4		25,377		12,740		12,637		50.2%		49.8%

																		2000.50		2000Q3		26,275		12,409		13,866		47.2%		52.8%

																		2000.25		2000Q2		26,658		14,571		12,087		54.7%		45.3%

																		2000.00		2000Q1		26,461		15,728		10,733		59.4%		40.6%

																		1999.75		1999Q4		25,191		15,095		10,096		59.9%		40.1%

																		1999.50		1999Q3		25,898		14,602		11,296		56.4%		43.6%

																		1999.25		1999Q2		25,384		14,851		10,533		58.5%		41.5%

																		1999.00		1999Q1		26,421		16,715		9,706		63.3%		36.7%
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				Total		Magnetic		Electronic		Percentage Magnetic		Percentage Electronic		Aggregate		Aggergate Magnetic		Aggregate Electronic

		2002		94,497		40,677		53,820		43.0%		57.0%		298,693		142,849		155,845		47.8%		52.2%

		2001		99,426		46,724		52,702		47.0%		53.0%		307,090		163,435		143,655		53.2%		46.8%

		2000		104,771		55,448		49,323		52.9%		47.1%		311,389		180,593		130,796		58.0%		42.0%

		1999		102,894		61,263		41,631		59.5%		40.5%		310,566		192,550		118,016		62.0%		38.0%

		1998		103,724		63,882		39,842		61.6%		38.4%		305,026		198,300		106,727		65.0%		35.0%

		1997		103,947		67,405		36,543		64.8%		35.2%		306,616		206,830		99,786		67.5%		32.5%

		1996		97,355		67,013		30,342		68.8%		31.2%		310,783		222,933		87,850		71.7%		28.3%

		1995		105,314		72,412		32,902		68.8%		31.2%		320,856		238,860		81,996		74.4%		25.6%

		1994		108,114		83,508		24,606		77.2%		22.8%		312,576		250,190		62,386		80.0%		20.0%						2002

		1993		107,428		82,940		24,488		77.2%		22.8%		293,191		247,068		46,123		84.3%		15.7%

		1992		97,034		83,742		13,292		86.3%		13.7%		267,127		242,491		24,636		90.8%		9.2%						Total...............................................................		94,497		836,364		40,677		263,258		53,820		573,106

		1991		88,729		80,386		8,343		90.6%		9.4%		247,795		235,025		12,770		94.8%		5.2%

		1990		81,364		78,363		3,001		96.3%		3.7%		234,742		229,251		5,491		97.7%		2.3%						Fourth quarter......................................................		23,317		204,234		10,296		68,183		13,021		136,051

		1989		77,702		76,276		1,426		98.2%		1.8%		228,326		225,184		3,142		98.6%		1.4%						Third quarter...........................................................................		23,629		207,033		9,615		61,267		14,014		145,766

		1988		75,676		74,612		1,064		98.6%		1.4%		220,464		218,317		2,147		99.0%		1.0%						Second quarter.............................................................................		23,465		212,503		9,607		60,717		13,858		151,786

		1987		74,948		74,296		652		99.1%		0.9%		211,259		210,176		1,083		99.5%		0.5%						First quarter...........................................................................................		24,086		212,594		11,159		73,091		12,927		139,503

		1986		69,840		69,409		431		99.4%		0.6%		199,476		199,045		431		99.8%		0.2%

		1985				66471.2666666666																						2001

		1984				63165.0095238099

		1983				59858.7523809522																						Total...............................................................		99,426		877,367		46,724		295,506		52,702		581,861

																												Fourth quarter......................................................		23,201		209,163		10,818		70,896		12,383		138,267

																												Third quarter...........................................................................		24,353		215,115		10,698		66,147		13,655		148,968

																												Second quarter.............................................................................		25,247		222,458		11,459		71,125		13,788		151,333

																												First quarter...........................................................................................		26,625		230,631		13,749		87,338		12,876		143,293

																												2000

																												Total...............................................................		104,771		898,524		55,448		343,008		49,323		555,516

																												Fourth quarter......................................................		25,377		222,298		12,740		81,273		12,637		141,025

																												Third quarter...........................................................................		26,275		235,322		12,409		77,072		13,866		158,250

																												Second quarter.............................................................................		26,658		224,120		14,571		88,449		12,087		135,671

																												First quarter...........................................................................................		26,461		216,784		15,728		96,214		10,733		120,570

																												1999

																												Total...............................................................		102,894		884,513		61,263		384,459		41,631		500,054

		Year		Value		Value		Value

		2002		836,364		263,258		573,106

		2001		877,367		295,506		581,861

		2000		898,524		343,008		555,516

		1999		884,513		384,459		500,054

		1998		914,265		401,437		512,828

		1997		906,477		412,456		494,021

		1996		909,178		457,761		451,417

		1995		1,002,243		495,227		507,016

		1994		940,746		549,971		390,775

		1993		969,542		523,042		446,500

		1992		812,287		537,711		274,576

		1991		718,317		538,280		180,037

		1990		615,569		546,281		69,288

		1989		521,301		481,485		39,816

		1988		476,375		450,870		25,505

		1987		436,045		420,927		15,118

		1986		407,906		396,071		11,835
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