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Foreword 

For the past two years, via email and phone calls, I’ve had the privilege to coach Bart Stein with his special research project at Columbia Grammar and Preparatory School (www.cgps.org) in New York City.  A graduating senior and class valedictorian at Columbia prep, Bart chose UWB as his area of investigation.  Bart’s first UWB project (IEEE 15-04-0007-00-003a) won a semi-finalist award in the Intel Science Talent Search, and this fall Bart will attend Brown University to study engineering.  This paper contains the results of a second UWB project, done jointly with me.

Dave Leeper, Intel Corporation (david.g.leeper@intel.com)

1.   Introduction & Summary

Ultrawideband (UWB) systems have the potential to provide estimates of the distance between two UWB devices by measuring the flight time or propagation delay of signals transmitted between the devices.  Multiplying that time by the speed of light (3.00 x 108 m/s) then produces an estimate of the distance or range.  

Synchronization preambles, present in all UWB waveforms, can be used to provide time reference points (herein called strobes) needed for the measurements.  Unfortunately, multipath tends to blur the time position of the strobes, generally causing overestimates of flight time. 

This document assesses the impact of multipath when used with a technique known as Two-Way Time Transfer (TWTT – see Section 2).  Simulated ranging measurements were conducted on each of the 100 channels in each of the IEEE CM1, CM2, and CM3 UWB channel models.  Results show that multipath consistently causes an overestimate of the flight time between two devices.  For all three channel types, the most probable error is 2 Tp where Tp is the time interval between pulses.  For MB-OFDM, this equates to 2/528e6 or approximately 3.8ns.  For DS-UWB this equates to 2/1316e6 or approximately 1.5ns.

2.   Two-Way Time Transfer Review

TWTT was used as early as 1960 to synchronize satellite and ground station clocks.  It has the advantage of being independent of receive-to-transmit “turnaround” time in any of the devices involved in the measurement.  This is especially critical for measuring propagation delays as small as 1-30 nanoseconds.

TWTT was discussed in 802.15.3a meetings in September, 2003, in Singapore (15-04-0050-00-003a).  The point of that discussion was to introduce TWTT and to show how it could be combined with MB-OFDM preamble sequences to provide a ranging capability for that particular modulation scheme.  However, TWTT can be applied to any modulation scheme that provides a reliable timing reference point through some form of synchronization preamble.
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3.  A Reference Point in Time – A Ranging “Strobe”

The TWTT scheme requires that a sharply defined point in time, herein called a strobe, be used to take readings from the “stopwatches” shown in the figure.  How is this done?

The approach assumed herein is to use one of the synchronization sequences already present in the preamble in the MB-OFDM waveform .  See, for example IEEE 03268r2P802-15_TG3a-Multi-band-CFP-Document.doc.  This 128-pulse sequence, s(t), is deliberately designed to have an autocorrelation with very low side lobes.  In the preamble, after several cyclic repetitions of the sequence, one cycle of the sequence is inverted.  When passed through a matched filter, which convolves the incoming sequence with itself, the inverted cycle can then be “spotted” by the receiver quite clearly even in the presence of considerable noise.  

As an illustration, Figure 1 shows the output of a matched filter, y(t) = s(t) * s(t-T) that is fed by an MB-OFDM-like sequence.  Here the symbol ‘*’ denotes convolution.  In this example, T=128 x 2ns = 256 ns.  Despite a 0 dB signal-to-noise ratio, the sharp negative-going peak from the single inverted cycle is clearly evident, forming the needed strobe pulse.   The strobe is used to start or stop a clock, or it may be used to take readings from a continuously running clock.  The resolution or precision of the strobe is no finer than the spacing between the pulses.  In this document, that spacing is 1 / 500 MHz  = 2 ns
.  
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Figure 1
4.  Obtaining a Well-Defined Strobe in the Presence of Multipath

Were it not for multipath, TWTT and the synch sequences described above would be all we need to compute propagation delay, and (therefore) range quite accurately.  But because of multipath, we do not receive a single copy of the synch sequence.  Instead we receive several hundred, spread out over tens of nanoseconds.  Examples are shown below.  In this ‘din’ of echoes, can we still get a clearly marked strobe?
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Figure 2
Figure 3 shows examples of the matched filter output, y(t), for sequences from two multipath channels, namely the CM1 Ch00 and CM2 Ch00 channels above.  While the inverted sequence strobe is still clearly evident in the CM1 plot, in spite of the multipath and noise, it is more difficult to spot in the CM2 plot.  In general, the simulations showed that additional processing on y(t) is needed to get a consistently clear strobe. 
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Figure 3

Figure 4 shows the same two y(t) signals above “post-processed” by multiplying the sequence by itself, delayed by one cycle.  The result, z(t) = y(t) y(t-T),  produces a clearly defined strobe even for the more difficult CM2 channel.  Simulations have shown that for virtually all channels tested a clear “strobe” is produced at that time for which z(t) exhibits its first strong negative-going pulse.
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                                                                      Figure 4

While a clear strobe appears in z(t) in Figure 4, note that there are two large amplitude sample points that might be used as the strobe as well as several smaller ones.  Figure 5 is an expanded view of z(t) around the strobe point.

For the most accurate results, we want to choose the earliest strobe that we can be highly confident is not caused by noise.  Setting the proper threshold is a topic beyond the scope of this document.   Instead this analysis conservatively chose strobe points based a large threshold, typically 30 to 50 times the average absolute value of z(t).  While this causes no loss of accuracy for most channels, in the particular case of Figure 5, the strobe point is the one pointed to by the dark arrow.  This will produce an overestimate for the flight time that a more sophisticated algorithm would otherwise produce.  
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Figure 5

5. The Effect Of Multipath

Using the above approach to strobe the ranging clocks in TWTT, how accurately can we measure propagation delay in the presence of multipath?  

Besides getting a clearly defined strobe, can we get that strobe at the first impulse in the sequence of impulse responses?  As shown in Figure 6, a detailed view of CM2 CH00, the earliest impulse, marked by the arrow, appears at about 6 ns.  This is the “correct” answer, but this impulse is so weak it may be masked by noise or dominated by stronger impulses that appear later in time.  Thus, we should expect that in general, the simple detector used in this study will overestimate the delay.  The question addressed herein is: how large is this overestimate?
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Figure 6
Figures 7 shows the distribution of error in using TWTT with the above scheme.  As expected CM1 (line-of-sight) channels show the smallest errors, and CM3 channels show the largest.  The table below shows the average, median, and standard deviation of the errors.

	
	CM1 Overestimate
	CM2 Overestimate
	CM3 Overestimate

	Average (ns)
	3.5 
	5.47
	7.68

	Median (ns)
	2
	4.67
	5.10

	Standard Deviation (ns)
	3
	4.93
	13.38
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                                                               Figure 7
6.  Comments

With the approach described herein, multipath inevitably results in an overestimate of the propagation delay between two UWB devices.  This in turn leads to an overestimate or upper bound for the distance between the devices.  The error is fairly small for short line-of-sight (CM1) channels, and in some applications, such as those associated with security, an upper bound may be sufficient.

For applications where precision ranging is needed, even in non-line-of-sight paths over larger distances, multipath makes the current approach problematic.  More sophisticated signal processing techniques may make it possible to spot the earlier, weaker, responses that would lead to more accurate estimates. See, for example, 15-05-0269-00-004a-edge-detection-under-SOP-interference.ppt.  These techniques may raise the cost of the device, but the increase may be worth it for applications that require the improved accuracy.

Appendix -- Synchronization Sequence Used in This Study

	Sequence Element
	Value
	Sequence Element
	Value
	Sequence Element
	Value
	Sequence Element
	Value

	C0
	 0.9679
	C32
	-1.2905
	C64
	1.5280
	C96
	0.5193

	C1
	-1.0186
	C33
	 1.1040
	C65
	-0.9193
	C97
	-0.3439

	C2
	 0.4883
	C34
	-1.2408
	C66
	 1.1246
	C98
	 0.1428

	C3
	 0.5432
	C35
	-0.8062
	C67
	 1.2622
	C99
	 0.6251

	C4
	-1.4702
	C36
	 1.5425
	C68
	-1.4406
	C100
	-1.0468

	C5
	-1.4507
	C37
	 1.0955
	C69
	-1.4929
	C101
	-0.5798

	C6
	-1.1752
	C38
	 1.4284
	C70
	-1.1508
	C102
	-0.8237

	C7
	-0.0730
	C39
	-0.4593
	C71
	 0.4126
	C103
	 0.2667

	C8
	-1.2445
	C40
	-1.0408
	C72
	-1.0462
	C104
	-0.9563

	C9
	 0.3143
	C41
	 1.0542
	C73
	 0.7232
	C105
	 0.6016

	C10
	-1.3951
	C42
	-0.4446
	C74
	-1.1574
	C106
	-0.9964

	C11
	-0.9694
	C43
	-0.7929
	C75
	-0.7102
	C107
	-0.3541

	C12
	 0.4563
	C44
	 1.6733
	C76
	 0.8502
	C108
	 0.3965

	C13
	 0.3073
	C45
	 1.7568
	C77
	 0.6260
	C109
	 0.5201

	C14
	 0.6408
	C46
	 1.3273
	C78
	 0.9530
	C110
	 0.4733

	C15
	-0.9798
	C47
	-0.2465
	C79
	-0.4971
	C111
	-0.2362

	C16
	-1.4116
	C48
	 1.6850
	C80
	-0.8633
	C112
	-0.6892

	C17
	 0.6038
	C49
	-0.7091
	C81
	 0.6910
	C113
	 0.4787

	C18
	-1.3860
	C50
	 1.1396
	C82
	-0.3639
	C114
	-0.2605

	C19
	-1.0888
	C51
	 1.5114
	C83
	-0.8874
	C115
	-0.5887

	C20
	 1.1036
	C52
	-1.4343
	C84
	 1.5311
	C116
	 0.9411

	C21
	 0.7067
	C53
	-1.5005
	C85
	 1.1546
	C117
	 0.7364

	C22
	 1.1667
	C54
	-1.2572
	C86
	 1.1935
	C118
	 0.6714

	C23
	-1.0225
	C55
	 0.8274
	C87
	-0.2930
	C119
	-0.1746

	C24
	-1.2471
	C56
	-1.5140
	C88
	 1.3285
	C120
	 1.1776

	C25
	 0.7788
	C57
	 1.1421
	C89
	-0.7231
	C121
	-0.8803

	C26
	-1.2716
	C58
	-1.0135
	C90
	 1.2832
	C122
	 1.2542

	C27
	-0.8745
	C59
	-1.0657
	C91
	 0.7878
	C123
	 0.5111

	C28
	 1.2175
	C60
	 1.4073
	C92
	-0.8095
	C124
	-0.8209

	C29
	 0.8419
	C61
	 1.8196
	C93
	-0.7463
	C125
	-0.8975

	C30
	 1.2881
	C62
	 1.1679
	C94
	-0.8973
	C126
	-0.9091

	C31
	-0.8210
	C63
	-0.4131
	C95
	 0.5560
	C127
	 0.2562

















� In the actual MB-OFDM signal, the inter-pulse spacing is 1 / 528 MHz = 1.89 ns, but the results of this study can easily be scaled to match the inter-pulse spacing for any modulation scheme.





� Anuj Batra et al., IEEE 03268r2P802-15_TG3a-Multi-band-CFP-Document.doc, “Multi-band OFDM Physical Layer Proposal for IEEE 802.15 Task Group 3a”
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