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1. Introduction
As part of a larger measurement study, a series of channel impulse-response measurements was taken by Intel to investigate water occultation (i.e., water blocking the line-of-sight propagation path) as a proxy for human occultation [see http://impulse.usc.edu and references [1]-[3] for details].  As depicted in Figure 1, measurements were taken at a series of positions occupied by the water in a path perpendicular to the LOS path between two antennas separated by 2.74 meters (9 feet).  The water was stepped from position to position in steps of 2 inches (5 cm), starting with the water outside the LOS path, and ending with the water again outside the LOS path.  At the middle positions, the water may partially or completely block the LOS path.  
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Figure 1.  Physical arrangement of water relative to antennas in Intel’s occultation experiment.

To the human eye observing the corresponding series of channel impulse responses, it seems that measurements taken at some of the water positions were substantially similar, as shown in Figure 2.  But how similar?  Some analysis follows.  
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Figure 2.  Impulse responses for two successive positions of the water (-19 and -17 inches) in LOS propagation, and one position (-1 inches) in NLOS propagation.
2. Analysis
As mentioned, the water was moved across the line of sight in 2-inch steps. At each successive position of the water, we compare the channel response y(t) at this position with the response x(t) at the previous position.  We extract the complex envelopes within some resolution bandwidth Δf centered at frequency f, resulting in x(t,f) and y(t,f).  These two impulse responses are then cross-correlated to determine how well x(t,f) can predict y(t,f), apart from a bulk gain factor and bulk phase shift.  The resulting prediction error is a measure of the difference between the channel responses at the two positions, within the band of width Δf centered at frequency f.  

Mathematically, the prediction error at each f is obtained by solving a least-squares problem,
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resulting in the following expression for the minimized prediction error

 prediction error 
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where the cross-coherence function 
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can be expressed in terms of the more widely used cross-spectrum and auto-spectra:
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2.1 Results versus Water Position
Results were taken with Δf=500 MHz, since this is the minimum width of an FCC-compliant UWB signal.  Results were also taken with Δf=2000 MHz since this may be more representative of many PHY proposals to IEEE 802.15.3a.

Figure 3 displays the statistics (mean, median, max, min over all f) of the channel prediction error versus the water position.  Also shown is the total energy across all f, 
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, at each position.  As expected, the total energy drops for water positions near 0, where the water is blocking the line of sight path.

The prediction error can be relatively small (e.g., -20 dB, or a normalized RMSE of 10%) for some water positions and some frequency bands, whereas it can be large (i.e., 0 dB, or NRMSE of 100%) for others.  That is, in some cases the channel response for one water position can be well-predicted from the response at a nearby position.  In other cases, the channel responses are essentially independent.

Also, it is interesting to note that the channel similarity from one position to the next is not obviously related to the total energy.  In the deepest part of the shadowing event (water directly in the LOS path, causing NLOS propagation), as well as during unobstructed LOS propagation, the channel shows a high degree of similarity (low prediction error) from position to position.  The largest changes in the channel (highest prediction error) appear to happen in the transition region between LOS and NLOS propagation.

The dependence of the prediction error on the channel bandwidth can be seen by contrasting the results for the 500 MHz and 2000 MHz bandwidths in Figure 3.  The mean and median prediction errors are roughly the same.  However, the maximum prediction error is worse and the minimum prediction error is better for 500 MHz bandwidth relative to 2000 MHz bandwidth.  

Finally, from Figure 4 it is noted that the prediction error rises in an approximately linear fashion with frequency.  This seems reasonable because the number of wavelengths (or the so-called electrical distance) between adjacent positions increases linearly with frequency.
2.2 Doppler Power Spectrum
Another analysis was contemplated, namely estimation of the Doppler power spectrum under an assumption on speed of the water moving from one position to another.  That is, the sequence of impulse responses measured at the sequence of positions is re-interpreted as a time-variant impulse response.  However, such analysis cannot be performed on the water occultation data set for two reasons: (1) the Doppler power spectrum is not especially useful unless the channel impulse response h(tau; t) (impulse response at time t-tau due to an impulse applied at time t) can be modeled as a wide-sense stationary (WSS) random process in the variable t, but this assumption is not met due to the non-stationarity associated with transitioning from LOS to NLOS propagation; and (2) the number of positions over which the impulse response is locally WSS is insufficient for producing a statistically reliable estimate of the Doppler power spectrum.

Estimation of the Doppler power spectrum would be quite informative but is left to a future study on another data set.
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Figure 3.  Statistics of channel prediction error vs. water position for 500-MHz and 2000-MHz prediction bandwidths.
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Figure 4.  Average prediction error vs. center frequency, showing the linear trend.  The prediction bandwidth is 2000 MHz.

2.3 Re-interpretation of Results in Terms of Time Variation
To re-interpret the results in terms of channel variation over the duration of one or more packets, we must make some assumptions on the speed of the water (e.g., pedestrian speed) and on the packet length and bit rate.  Assuming 3 km/hour for the pedestrian speed, 8192 bits for the packet length, 110 Mbps for the bit rate, and a continuous stream of packets, the pedestrian will move from one position to the next in 61 ms, during which time about 800 packets could be transmitted.  The results of Figure 3 can be re-interpreted as follows: sometimes the channel varies as little as 10% over 800 packets, and other times it changes completely over 800 packets (or perhaps over an even shorter interval).

This result suggests that we consider at least the two extreme cases:

1. channel changes completely from packet to packet

2. channel is constant from packet to packet

Intermediate cases that specify a rate of change (either from packet to packet or even in a continuously varying fashion according to a Doppler spectrum) may also be considered at a potentially much greater expense in model validation and simulation complexity.   However, the Doppler spectrum may be difficult to estimate and to apply in scenarios where transitions between LOS and NLOS propagation occur, since the Doppler spectrum is itself a time- or position-variant function in these scenarios.  Such transition scenarios would seem to be quite likely with UWB radios incorporated into consumer electronics equipment and so should not be discounted.  Thus, only the two extreme cases noted above are pursued further in the discussion.

As a crude proxy for a real experiment, the Intel data is artificially processed by delaying each position’s impulse response relative to the previous position’s by about 170pS, to simulate relative motion between the transmitter and receiver.  The 170pS delay is equal to the incremental propagation delay as the propagation distance increases by 2 inches from one position to the next.  The preceding analysis of the prediction error is repeated, as shown in Figure 5.  For 500 MHz channel width, the prediction error is nearly unchanged from the stationary case in Figure 3.  For the wider bandwidth of 2000 MHz, the prediction error is significantly worse than for the stationary case.
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Figure 5.  Statistics of channel prediction error vs. water position for 500-MHz and 2000-MHz prediction bandwidths, when the channel impulse response at each position is artificially delayed by 170 pS (2-inch propagation delay) relative to the previous position to simulate relative motion between transmitter and receiver.

3. Discussion
The consequences of omitting either of the two extreme cases from the PHY evaluation process seem to be non-trivial in terms of the completeness of stress-testing the PHY proposals:

1. If packet-to-packet independence is not evaluated, then PHY proposals that can exploit this (e.g., through interleaving) cannot demonstrate improved performance, and PHY proposals having poor channel acquisition are not appropriately stress-tested.

2. If high packet-to-packet correlation is not evaluated, then PHY proposals that can exploit this (e.g., through improved channel tracking) cannot demonstrate improved performance, and PHY proposals that depend on packet-to-packet independence are not appropriately stress-tested.

From an application perspective, it is easy to conceive of applications in which the two devices are close together (e.g., MP3 player synching to a PC) without rapidly moving blockages near the line of sight, and for which the highest possible data rate is desired (e.g., for the impatient teenager synching the MP3 player, or for a wireless link between a laptop and a video projector).  In this application, it seems likely that a PHY that can identify and exploit the time-invariance of the channel would achieve the higher data rate.

Similarly, it is easy to conceive of applications such as streaming video from a digital camcorder to TV display, with kids scampering all over the place, where the channel is indeed changing significantly on every packet (partially due to the propagation environment changing rapidly, and partially due to fewer packets per second).  Furthermore, the channel may be repeatedly transitioning between LOS and NLOS propagation in the presence of said scampering.  In this application, it seems essential that the PHY handle packet-to-packet independence properly.

4. Recommendation
It seems prudent to include at least two different cases in the PHY evaluation:

1. channel changes completely from packet to packet

2. channel is constant from packet to packet

PHY proposals that neither use the timing or channel estimates from previous packets in processing new packets, nor use interleaving or other cross-packet data coding schemes, can be evaluated in just one of the two cases.
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7. Appendix

The Matlab code developed for this study is available from the author along with the channel impulse responses as a 1 megabyte ZIP file or without the channel impulse responses as a 40kbyte m-file.  In addition to producing the included figure, it also makes some little movies of the sequence of channel impulse responses, and the corresponding cross-coherence functions, as the water moves from side to side across the LOS path.
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