8. MEASUREMENT SUMMARY AND CONCLUSIONS

Robert .J. Matheson?

8.1 Introduction

This section contains a summary of the measurements made on various UWB devices using the
measurement techniques described in Sections 5 and 6. The data presented in this section have
been selected from the total measurement set made on each UWB device; additional
measurement data for each deviceisincluded in Appendix D.

M easurements from six devices are included.

Device A ..o Section 8.3.1, Appendix D-A
DeviceB ... .. Section 8.3.2, Appendix D-B
DeviceC ... Section 8.3.3, Appendix D-C
DeviceD ... Section 8.3.4, Appendix D-D
DeviceE . ... ..o Section 8.3.5, Appendix D-E
Electricdrill ...... ... ... Section 8.3.6, Appendix D-F

8.2 Examplesfor Detailed Analysis

This section describes the selected measured datain detail, using examples from Devices A, B,
and D. It is expected that the reader will apply the explanations to corresponding data from the
remainder of the UWB devices, as appropriate. Datafor each device will be presented in the
same order to facilitate locating data and comparing results between different devices

8.2.1. Device Description

Thisis ashort description of the UWB technology employed. ITSismaking no claimsthat the
UWB device works as intended or as described. In most cases, ITS did not functionaly test the
UWB device performance in any way (except to ascertain that the UWB transmitter was
apparently functioning), and consequently ITS is unaware of whether a specific UWB device
achieves any of itsintended or claimed functional performance objectives.

The author iswith the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U.S. Department of Commerce, Boulder,
Colorado 80305
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Device A uses a 10-kHz pulse repetition rate (PRR), apparently not gated, dithered, or modulated.
ITS had no information on the operational aspects of this device (e.g., whether there was any
adaptive modification of transmitter modes depending on device location), and testing proceeded
on the assumption that the on-off switch was the only significant test variable.

8.2.2. Full-Bandwidth Pulse Shape

Figure 8.1 isan example of afull-bandwidth pul se shape measurement, as described in Section 5.
Magjor objectives of this measurement include understanding full bandwidth pul se shapes,
evaluating the possible utility of various pulse-width models for engineering and regulatory
purposes (especially to relate pul se shape to the emission spectrum), and furnishing raw data for
fast Fourier transform (FFT) computations of emission spectra.
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Figure 8.1. Device A full bandwidth pulse shape.

Depending on the UWB device, the full bandwidth pulse shape measurements were made on a
conducted basis and/or aradiated basis at a distance of 1 meter. Conducted measurements were
calibrated in dBm,; radiated measurements were calibrated in voltage available at the terminal's of
aridged horn or TEM horn antenna at a distance of 1 m. For the radiated measurements, the
effects of the measurement antenna frequency-dependent gain and delay on the pul se shape have
not been corrected, though techniques to provide a calibration in absol ute field-strength are still
being investigated. This process would involve performing an FFT of the uncorrected pulse,
correcting the resulting spectrum with frequency-dependent antenna delay and gain factors, and
performing ainverse FFT on the corrected spectrum to obtain a corrected pul se shape.
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The Device A full bandwidth pulse shape in Figure 8.1 isrelatively complex, involving multiple
lobes and many crossings of the zero-axis. A complex waveform like thisistypical of UWB
signalsthat have been filtered with relatively high-Q resonant circuits to provide asignal limited
to awell-controlled RF bandpass. Other UWB devices (e.g., Device E) may have amuch simpler
pulse shape with only afew zero-crossings.

8.2.3. FFT Emission Spectrum

Figure 8.2 is an example of an emission spectrum calculated via FFTs from the full-bandwidth
pulse shape in the previous figure. Device A’sfull bandwidth pulse shape was measured in the
conducted mode, so the spectrum calculated via FFTs was calibrated in peak dBm in a specific
bandwidth = )f. Inthiscase, a )f bandwidth of 16.7 MHz was used. For large bandwidths, the
calculated peak dBm will change according to a 20 log,, B rule.
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Figure 8.2. Device A conducted FFT spectrum, )f = 16.7MHz.

Most of the UWB devices were measured in the radiated mode at a distance of 1 meter. In the
radiated pul se shape measurements, the pul se shape was not corrected for the effects of the
frequency-dependent receiving antennagain. However, the spectrum calculated from the pulse
shape via FFTsis corrected for antennagain and plotted asfield strength at 1 meter. The field
strength val ues are based on peak power in a given computational bandwidth, )f, and plotted in
dBuV/m. The peak field strength can be directly compared to the spectrum analyzer
measurements by using an appropriate bandwidth conversion factor (e.g., 20 logy, B for wider
bandwidths where the UWB pulses are independently resolved). The FFT isbased on the

8-3



emission from asingle pulse. Therefore, it contains none of the spectrum fine structure caused
by atrain of impulses and the associated pul se train modulation techniques.

Magjor objectivesfor FFT calculation of emission spectrainclude a comparison with spectrum
analyzer measurements. Close agreement between FFT and measured spectra ensures
confidence in the accuracy of the full-bandwidth pul se shape measurements and the adequacy of
narrowband spectrum analyzer measurements in determining the RF envelope of UWB
emissions. Sincethe Device A full bandwidth pul se shape (and the corresponding FFT spectra)
was measured in the conducted mode, while the spectrum analyzer measurementsin the
following sections were made in the radiated mode, no direct quantitative comparison of the full
bandwidth measurements and the spectrum analyzer measurementsis possible. A full set of
radiated measurements were made with many of the other UWB devices, however, and these
show good quantitative comparison between the full bandwidth data and the spectrum analyzer
data. On aquadlitative basis, the Device A conducted FFT spectrum shows the same
concentration of energy in the 5300-6100 M Hz region shown in the radiated spectrum analyzer
measurements described next.

8.2.4. Narrowband Peak Emission Spectra

Figure 8.3 contains a series of emission spectra measured at a distance of 1 m with a spectrum
analyzer using a peak detector and bandwidths of 10 kHz to 3 MHz, as described in Section 6.4.2.
Thisdatais calibrated using two scales: The left-hand scaleisin dBm, referenced to the antenna
terminals of an imaginary antenna having a constant aperture equivalent to what a 5.9 dBi
antennawould have at 1 GHz. This calibration removes the effects of a frequency-dependent
receiving antenna aperture (unlike the full-bandwidth pul se measurements), leaving the dBm
value unchanged at 1 GHz. Theright-hand scaleisin dBuV/m at adistance of 1 m. The details
of these calibrations can be found in Appendix C.

Magjor objectives for these measurements include development of techniques for UWB spectrum
measurements using commercia off-the-shelf (COTS) equipment, investigation of the relative
utility of -10-dB and -20-dB and mid-band frequency points on the UWB spectra, peak detector
bandwidth correction factors, investigation of preferred spectrum measurement bandwidths for
various regulatory and modeling purposes, and comparison with spectra derived by FFT proces-
sing of full bandwidth pulse shapes. Successful comparison between the FFT-derived emission
spectra and spectrum analyzer measurements would strongly suggest that spectrum analyzer
measurements in a narrower bandwidth are accurate and adequate for purposes of describing the
overall UWB emission spectrum, along with the -10-dB and -20-dB frequency points.

If the measurement system bandwidth is sufficiently greater than the UWB device PRR, the
UWB impulses are resolved in the measurement system | F as independent, non-overlapping
pulses—aso called “impulsive” behavior. The peak value of these pulsesis expected to depend
on the measurement bandwidth, B, according to a 20 log,, B rule. Thiswould result in
approximate 10-dB differences between successively larger measurement bandwidths, when
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Figure 8.3. Device A measured spectra as afunction of bandwidth.

those bandwidthsincreaseinal, 3, 10 progression. In thisexample, the 10-kHz PRR of Device
A causesthe peak signal to appear impulsive for all measurement bandwidths greater than 10 kHz
(i.e. dl of the bandwidths measured in Figure 8.3).

If the measurement bandwidth is less than the UWB PRR, the UWB energy is stretched out in
timein the receiver | F such that successive UWB pulses overlap, causing the appearance of a
more-or-less continuous signal. Depending on the timing between successive UWB impul ses,
the IF signal can appear like a continuous wave (CW) signal, or Gaussian noise, or other
modulations. Signals that appear noise-like are expected to follow a 10 log,, B rule. Thiswould
result in approximate 5-dB increases between successively larger measurement bandwidths,
when the bandwidths follow a 1, 3, 10 progression. Signalsthat have a CW appearance do not
change in amplitude as the measurement bandwidth isincreased. In this example, since no
emission spectrum measurements were made with bandwidths less than 10 kHz, there was no
opportunity to observe the behavior of signalsfrom Device A in the noise-like or CW region.

Most of the energy in this spectrum is contained in the 5300-6100 MHz range. These spectra have
numerous irregular lobes that were about 250 MHz wide, with 10-20 dB nulls between them.
Detailed measurements showing UWB signal behavior as afunction of higher spectrum
resolution, bandwidth, and/or time, as described in the remainder of this section, were made near
5700 MHz. The measurements near 5700 MHz show an impulsive behavior (10 dB between
successive measurement bandwidths). Measurements made near 4800 MHz or 6200 MHz tend
to show 5-dB differences between successive bandwidths. Thiswas probably because the UWB
peak signals were not sufficiently above the measurement system noise levels near these
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frequencies, and the measurements were substantially affected by system noise (5-dB difference
between successive detector bandwidths).

8.2.5. Spectrum Fine Structure

The details of the spectrum fine structure are aresult of the techniques used for dithering or
modulating the pulse train. In general, various measurements of the detailed spectrum fine-
structure were attempted for all UWB devices, but these measurements sometimes provided
inconclusive results that were not included in this collection of significant measurement results.
The purpose of these measurements was to gain information on PRR and modulation details so
that |ater measurements of APDs and detector values could be understood more completely.
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Figure 8.4. Device A spectrum fine structure (5700 MHz).

M easurements of spectrum fine-structure may reveal unexpected details like the repetition
frequency of the sequence used to dither the impulse train, etc. Specifically, non-dithered pulse
trains will show discrete spectral lines at harmonics of the PRR. When the basic PRR is dithered
with a sequence that repeats at a certain rate, discrete spectral lineswill appear separated by that
rate (frequency). The relative amounts of energy in the spectral lines caused by the dither
sequence, the spectral lines caused by the PRR, and the continuous spectral background are
determined by the modulation and dithering details.

Device A (Figure 8.4) showed major spectral lines at a 10-kHz spacing, as expected from the 10-
kHz PRR that was measured in the time domain. A closer examination showed the additional
fine structure of distinct spectral lines on either side of the main lines about 1700 Hz away. The
cause of these sidebandsis not known.
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8.2.6. Bandwidth Progression Stairstep M easur ements

This measurement shows the values of peak detector readings made with arange of measurement
bandwidths (100 Hz - 3 MHz). Specifically, it showsthat the UWB device PRR causesimpulsive
behavior (10-dB steps between successive measurement bandwidths) for bandwidths greater than
the PRR. For bandwidths less than the PRR this graph will show noise-like (5-dB steps between
successive bandwidths), CW-like (constant values independent of bandwidth), and various other
behaviors.

Figure 8.5 shows the peak signal level bandwidth progression measurements for Device A (PRR
= 10 kHz), showing 10-dB spacing for bandwidths greater than 10 kHz. The apparent departure
from 5-dB spacing for some of the narrower measurement bandwidths is caused by: 1) the details
of the dithering technique, 2) the measurement frequency, and 3) the lower number of
independent samples (which limits the ability of the peak detector to reach statistically valid peak
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Figure 8.5. Device A, peak signal bandwidth progression stairstep .

values). Thislast factor is apparently not present in the Device A measurements, but it can be
seen clearly in the measurements of some of the other devices (e.g. Device B, Figures 8.20 and
8.21). Itispresent in those cases because the rate at which independent samples occur is
proportional to the measurement bandwidth, and the decreased bandwidth resultsin fewer
independent samples during the fixed time period of these samples. This accounts for the jagged
appearance of the narrowest bandwidths, where many of the time samplesfailed to contain any
of the statistically rarer peaks that are 8-10 dB above the average values. For these cases, the 5-dB
rule appears to be maintained more closely if one considers the peak value seen within the whole
stair “step.” Using the whole “step” hasthe effect of increasing the number of independent
samplesfor the lowest bandwidths, partially correcting the problem of too few samples.
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8.2.7. Gating, PRR, and Modulation

These observations are intended to show the occurrence of patterns of pulses, as measured in the
time domain at asingle frequency. The purpose of these measurements was to help gain detailed
information on PRR and modulation so that |ater measurements of APDs and detector values
could be understood more completely. Depending on the features employed in a specific UWB
device, these measurements could show the basic PRR (Figure 8.6), the pattern of gated pulse
bursts (Figure 8.23), or the modulation method used to add dithering or datato the pulsetrains
(Figure 8.26). Such modulation methods could include on-off modulation of individual pulses,
fixed or variable pulse delays referenced to an absolute time base, or fixed or variable pulse
delays referenced to the preceding pulse. These measurements can be gathered under awide
range of bandwidths, time scales, and detector types, as needed to best show the details of the
significant features.

Figure 8.6 shows the appearance of the Device B as afunction of time, as seen using a wideband
RF detector with logarithmic compression. This figure shows a 100-kHz PRR gated pulse train,
without apparent dithering or other modulation.
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Figure 8.6. Device B, pulse train PRR,16 kBit/second mode,
external detector.

In addition to dithering (used to make UWB emission spectralook more noise-like) and
modulation (employed to provide for transmission of data), some UWB systems also employ
gating. A gated system employs a programmed set of periods where the UWB transmitter is
turned off or on for a period of many UWB pulses. For example, a UWB system might transmit
agated burst of datalasting 10 ms, followed by a 40-ms period where no pulses are transmitted.
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These so-called “gated” modes are different from data encoding techniques, where individual
pulses are turned off or on to encode a digital message.

8.2.8. Amplitude Probability Distribution (APD)

The APD contains information on the percentage of time the envelope of UWB signalsin a
specific IF bandwidth exceeds various amplitudes. A more complete description of APDsis
included in Appendix A. Figure 8.7 contains APDs from Device D, 1-MHz PRR, 100% gating
(i.e., transmitting continuously). These APDs were measured in bandwidths between 10 kHz and
20 MHz at asingle center frequency near the frequency of maximum UWB spectral power. With
some devices, two sets of APDs were measured to distinguish between different signal fine
structures seen at different frequencies. Some UWB devices measured earlier in the measurement
program did not include the 10-MHz and 20-MHz bandwidth measurements, as this capability
was not yet availableto us.

Since the APD will change substantially as a function of measurement bandwidth (or in victim
receivers having various bandwidths), the graph contains afamily of APDs measured in
bandwidths between 10 kHz and 3 MHz, and sometimes including10-MHz and 20-MHz
bandwidths. The APD provides a conceptual technique for understanding how various UWB
signals will appear within victim receivers of various bandwidths. In particular, since the raw bit
error rate of avictim receiver is closely related to the probability that the interfering UWB signal
will exceed the amplitude of the desired signal, the APD provides atool to relate UWB
characteristics to the interference caused to various victim systems. (Note that many modern
systems employ avariety of error correction techniques that are intended to correct most raw bit
errors, so the number of errors presented to the system user may be related to the APD in more
complex ways.)

The APD graph is plotted in power (dBm) versus the percentage of time (or probability) that the
signal envelope will exceed a specified level. The percentage-of-time scaleisweighted as 0.5
logio(-In P(A>a)), as described in Appendix A. This particular weighting function has two
important consequences. First, the envelope of Gaussian noise (including receiver noise) plots as
astraight line, making it easy to recognize when UWB signals act in a non-Gaussian manner.
Second, these APD graphs never reach 0% or 100%, but only approach these percentages. This
reflects the real world circumstance that the maximum and minimum peak amplitudes of many
phenomena (including Gaussian noise) are dependent on the total number of independent
measurements included in the sample.

In the APD graph, theindividual APDs are labeled by IF measurement bandwidth. The amplitude
(power) scaleisin dBm, referred to the output terminals of the measurement antenna, which was
located 1 m from the UWB source. The gain of the ridged-horn measurement antenna was
between 5 dBi and 10 dBi, depending on the measurement frequency. Although the APD
calibration could have been converted to field strength, the primary object of the APD
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measurements and analysis was to show the relative behavior of UWB signals as a function of
measurement bandwidth (where absolute field strength calibration was less important).
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Figure 8.7 Device D APDs, 1-MHz PRR, 100% gating.

Most APDs show two distinct patterns, depending on the relationship of the measurement
bandwidth to the PRR. For measurement bandwidths greater than the PRR (bandwidths of 3 MHz
and above for Device D, PRR = 1 MHz), the UWB signalslook impulsive. This means that the
individual UWB RF impulses are converted to independent pulses within the receiver |F
bandwidth. The peak amplitude of these IF pulses varies as 20 log,, B, and the duration of these
pulsesis approximately 1/B. For example, in the 10-MHz bandwidth, each pulse will last
approximately 0.1 us. With aPRR of 1 MHz, thetotal duration of these pulses adds up to atotal
of 0.1 seachsecond. Thisisatotal pulse duration equal to about 10% of the total time, matching
the approximate 10% “ plateau” on the 10-MHz APD in Figure 8.7.
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The peak amplitude of the plateau is expected to vary according to a 20 log,, B rule for
independent pulses. Thus, the 20-MHz APD should have a peak value 16.5 dB greater than the 3-
MHz APD —very closeto the differencein Figure 8.7.

As shown in the graph, the Device D pulse was present in the 20-MHz bandwidth about 5% of the
total time. During the 95% of the time that the Device D pulse was not present in the
measurement receiver, the only “signal” present in the measurement receiver was receiver system
Gaussian noise. Thus, the remainder of the APD (after the impulsive signals have been
subtracted) is only system noise. In the example, the 20-MHz APD tends to match astraight line
drawn on the graph corresponding to Gaussian noise over the percentage ranges between about
20% and 80%. Thisstraight line correspondsto a 20-MHz receiver bandwidth with anoise figure
of 10 dB. The APD of system noise corresponding to other bandwidths and noise figures would
be represented by a straight line with an identical slope, but offset vertically and intercepting the
37% value at Noise (dBm) = NF + 10 log,, B(Hz) -174, where NF is the measurement system
noise figurein dB.

The departure of the measured APDs from the expected Gaussian noise straight line (the 80-99%
range on the 20-MHz APD, and various amounts on other curves) is not completely resolved, but
it is probably due to insufficient video bandwidth in the measurement system that was assembled
to make the 10-MHz and 20-MHz bandwidth measurements. As expected, the departure-from-
ideal-response was greater for the wider bandwidths.

Within measurement bandwidths equal to or less than the UWB PRR (1-MHz and less, in this
example), the UWB energy does not appear as independent pulses. In this“non-impulsive’” mode,
the energy from successive UWB pulsesis sufficiently stretched out in time by the IF bandwidth
filter that the “pulses’ overlap. Depending on the timing between pulses, the overlapping pulses
can constructively or destructively interfere in the receiver IF bandwidth. This process can
produce various results, including a series of discrete spectral lines at the harmonics of auniform
undithered PRR, or a continuum of energy resembling Gaussian noise for modulated or dithered
UWB pulsetrains. The use of arepeated binary sequence to dither the pulse train can produce
discrete close-spaced spectral lines at frequencies related to the repetition rate for the whole
sequence.

Although some dithering or modulation techniques may produce signals that appear like Gaussian
noise in narrow bandwidths, this apparent Gaussian noise is different in origin from the Gaussian
noise that is present in the wider bandwidth impulsive modes and in gated modes. In the
narrowband mode (bandwidths less than the PRR) the energy from ungated UWB impulsesis
continually present in anarrow |F bandwidth, and the measured signal (often asignal with
Gaussian characteristics) comes from the UWB energy. In wideband and gated modes, there are
time intervals where no UWB energy is present, and measurement system (Gaussian) noise
appears whenever the UWB energy is absent. Therefore, although the APDs measured in these
two cases may both appear like Gaussian noise, it isimportant to note that for gated signals or
wide measurement bandwidths the low amplitude Gaussian portion of the APD is not caused by
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the UWB signal. Inthe case of the Device D example, the amplitude of the Gaussian noisein the
30-kHz APD isabout 17 dB higher than would have been calculated on the basis of system noise
figure and bandwidth.

8.2.9. Detector Summary

While the complete APD data set may give good insights on how specific UWB devices will
interact with specific victim receivers, a specification for computing a single numerical value from
any APD may be desirable for comparing UWB emissions with regulatory limits. APDs can be
processed to give numerical values for detector functions (called “ statistics” in Appendix A) like
peak, RMS, average voltage, average logarithm, median, etc. The specific intent of thissectionis
to explain the numeric values produced by various detectors and measurement bandwidths, based
on the particular characteristics of UWB signals. These results are intended to give information on
which detector functions and bandwidths are most suited for specifying Part 15 limits, rather than
to suggest specific numerical values for these limits.

Since the APD contains only first-order statistics, presumably any detector function that can be
derived from first-order statistics can be computed from the APD. The detector summary analysis
computes the following detector values from APDs measured in various bandwidths. peak, RMS,
average voltage, and average logarithm. 1n some EMI receivers and newer spectrum analyzers
these statistics are made available by hardware detectors or real-time digitizer/signal processors
designed to process the IF signal in comparable ways. The quasi-peak detectors specified by the
FCC for most Part 15 measurements below 1 GHz cannot be computed from the APD, because
guasi-peak measurements are a function of second-order statistics, aswell asfirst-order statistics.

8.2.10. FCC Proposed Part 15 Measurement Procedures

The FCC suggested in the UWB NPRM that UWB devices be measured according to the existing
Part 15.35 (b) measurement techniques referred to in Part 15.209. These measurement techniques
include quasi-peak detectors for frequencies below 1 GHz and a pair of measurements (average
and peak) for frequencies above 1 GHz. For frequencies above 1 GHz, the FCC specifiesin 15.35
(b) that measurements shall be made using an “average detector function.” It aso statesthat a
maximum peak UWB value should be no more than 20 dB above the average limits, and that
(unless otherwise specified) measurements should be made with a minimum bandwidth of 1
MHz. Based on thistext, we believe that the FCC has described a Part 15 average detector
function corresponding to the average voltage value computed from the 1-MHz APD.

However, the FCC has proposed in their NPRM (Question #50) that Part 15 average

measurements be made with a spectrum analyzer using 1-MHz bandwidth, video filtering
(between 10-kHz and 10-Hz bandwidth) and a peak detector. No guidance isgivenin the NPRM
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concerning whether logarithmic or linear IF compression isto be used.? Itislikely that the use of
alogarithmic IF amplifier would give aresult very similar to the average logarithm value computed
fromthe 1-MHz APD. If alinear IF were used instead of alogarithmic IF, the result should be
very similar to the average voltage value computed from the 1-MHz APD. To confirm this
possibility, we aso performed an independent measurement that followed the FCC procedures
exactly, using a 1-MHz bandwidth, logarithmic IF mode, video filtering, and sample detector. The
function of the FCC peak detector is duplicated by manually reading the highest value from the
resulting graph. This modified procedure makesit possible to understand the role of sufficient
lowpass video filtering in the suggested FCC measurement. Thisresult islabeled “FCC Part 15"
and represented by a hollow square in the detector summary graphs.

Detector functions corresponding to peak, RMS, average voltage, and average logarithm have
been computed from the APDs measured in each bandwidth and plotted at the corresponding
bandwidth for Device D in Figure 8.8. Details on this computation are included in the discussion
of APDsin Appendix A. These four detector functions tend to emphasize particular parts of the
APD. The peak detector looks only at the single highest measurement value, ignoring all other
measurement values. The RM S detector performs an integration of average power. Because
power isrelated to “voltage-squared,” the effect of the higher amplitudesin the APD is enhanced.
The average voltage detector tends to be affected more equally by the whole range of values. The
average logarithm detector gives greatest weight to the lower values. The detectors are normalized
to give the same value for aCW signal.

Some common “rules-of-thumb” for these detectors (which should be tested against the detector
values actually obtained) include:

1. For Gaussian noise, the peak detector valueistypically 8-11 dB greater than the
RMS value (depending on the number of samples), the average voltageis 1 dB less
than the RM S value, and the average logarithm is 2.5 dB less than the RMS value.
The RMSvaueis exceeded 37% of the time.
2. For non-overlapping pulses, the peak value varies as 20 log,, B.
3. TheRMSvalue variesas 10 log,, B
4. Peak $ RMS $ average voltage $ average logarithm.
Figure 8.8 shows the detector summary graph for Device D, 1-MHz PRR, 100% gating. Dashed

lines have been drawn on the graph, corresponding to 10 log,, B and 20 log,, B Slopes. Theselines
are intended as graphical aids, not as suggested conclusions.

?In a separate communique related to the NTIA UWB test plan, the FCC indicated that the
intention was to employ the spectrum analyzer in the logarithmic IF mode.
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Figure 8.8. Device D detector summary,1-MHz PRR, 100% gating.

The detector summary shows two major regions: the impulsive region (B >> PRR) and the noise-
likeregion (B >> PRR). Inthe noise-like region, the values for the RM S, average voltage, and
average log detectors are closely spaced (2.5 dB theoretical difference between average log and
RMS for Gaussian noise). The peak reading is about 8 dB above the RMS (the peak valueis
theoretically 8-11 dB above the RMS value for Gaussian noise). The valuesfor all detectors
change according to a10 log,, B trend. The similarity between the Device D detector readings and
the corresponding readings that would have been theoretically produced by Gaussian noise
suggest that the Device D signal dithering was selected to make it look similar to Gaussian noise.
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A completely different pattern of detector function valuesisfound in the impulsive region (B >>
PRR). Thereisamuch wider divergence between various detector values at any single bandwidth,
and this divergence becomes greater as the bandwidth increases. The peak valuesfollow a 20 log,,
B trend line, and the RM S values follow a 10 log,, B trend line. The value of the average voltage
and average |og detectors drop substantially when the wider bandwidths allow low amplitudes
associated with measurement system noise to be seen between the duration of UWB impul ses.
Since the average log value emphasi zes the lowest amplitude signals, the average logarithm value
ismost dramatically affected when the IF output drops to the measurement system noise level
between impulses. The difference between peak values and average logarithm valuesis as much
as 35 dB for the 20-MHz bandwidth. These relatively large differences between detector values
suggest that the detector functions used in measuring Part 15 regulatory limits must be specified
unambiguously.

The smallest differences between the various detector functionsis often seen when B = PRR. In
this example, thereis only a 6-dB difference between average logarithm and peak valuesfor the 1-
MHz values.

The FCC-proposed Part 15 measurement procedure using a spectrum analyzer with 1-MHz
bandwidth, logarithmic IF, video filtering, and peak detection was used to make a direct
measurement of the Device D signal. This measurement produced a value of about -84 dBm,
which was essentially identical to the average logarithm detector value computed from the 1-MHz
bandwidth APD.

In addition to the dBm scale on the detector summary graphs, alevel has been marked with a
horizontal dashed line. Thislevel correspondsto the FCC Part 15 limits from 15.209, whichis
specified as 500 uV/m at adistance of 3 meters. Since al of the measurementsin this section of
the report were measured at a distance of 1 meter, the FCC limit has been adjusted for a1-m
distance and the gain of the antenna used for the measurement. More details on this conversion
can be found in Appendix C.

8.3 Measured Data Summariesfor Devices
The following sections contain compilations of measured data from UWB devices A-E and an

electric drill. Additional measured data on each device is contained in a corresponding separate
section in Appendix D.
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8.3.1 Summary of Device A M easur ements

Device description. Device A uses a 10-kHz PRR, apparently not gated, dithered, or modul ated.
ITS had no information on the operational aspects of this device, and testing proceeded on the
assumption that the on-off switch was the only significant test variable.

Full bandwidth pulse shape. Figure 8.9 shows a complex pulse shape with multiple lobes,
probably caused by a multipole sharp-cutoff RF filter giving atightly-defined UWB spectrum.

FFT emission spectrum. Figure 8.10 shows most UWB energy isin the 5100-6100 MHz band.

Narrowband peak emission spectra. Spectrum analyzer measurements (Figure 8.11) show
most energy in the 5100-6100 MHz range. This spectra had 5-6 irregular |obes about 250 MHz
wide, with 10-20 dB nulls between them.

Spectrum fine-structure. Figure 8-12 shows details near 5700 MHz reflecting the 10-kHz PRR
of DeviceA .

Bandwidth progression stairstep. Figure 8-13 clearly shows 10-dB steps for bandwidths
greater than the 10-kHz PRR (impulsive behavior) and 5-dB steps (noise-like behavior) for
bandwidths less than 10 KHz .

APDs. Figure 8-14 shows impulsive behavior for all measurement bandwidths greater than 10
kHz. However, although the peak values followed a 20 log,, B trend line for the narrower
bandwidths, the 1-MHz and 3-MHz peak values (Figure 8.15) were appreciably lower than the
trend line (8 dB lower at the 3-MHz bandwidth). This 8-dB difference was traced to a deficient
component in the spectrum analyzer, which was found to provide insufficient spectrum analyzer
video bandwidth and was replaced by the manufacturer. Unfortunately, Device A had aready
been returned to its owner when the repaired spectrum analyzer became available. It should
probably be assumed that a re-measurement of Device A would have placed the 1-MHz and 3-
MHz readings on the proper trend lines.

Detector summary. We note in Figure 8-15 that the detector values are within 8 dB of each
other in the 10-kHz measurement bandwidth, and they diverge rapidly as the bandwidth is
increased. The difference between peak and average logarithm is as much 40 dB for the 3-MHz
bandwidth (presumably, this difference would have been 8 dB greater — a 48-dB difference — if
the spectrum analyzer had been working properly during these measurements).

FCC Part 15 measurement. The FCC-recommended Part 15 measurement procedure (1-MHz
bandwidth, logarithmic IF, video filtering, and peak detection) produced avalue of -112 dBm
with a 300 Hz video bandwidth (300 Hz was the minimum video bandwidth for the spectrum
analyzer when used with 1-MHz resolution bandwidth). This matchesthe-112 dBm average
logarithm detector value in Figure 8-15 computed from the 1-MHz bandwidth APD.
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8.3.2 Summary of Device B M easurements

Device description. Device B operatesin four data rate modes, ranging between 16 kb/s and 128
kb/s. Any of these data rates can be used to support atwo-way voice circuit or atwo-way data
circuit. I'TS measured the devicein its 16-kb/s and 128-kb/s voice modes, but did not measure
the intermediate 32-kb/s and 64-kb/s modes.

The 16-kb/s mode provides an average user datarate of 16 kb/s, using a transmitted signal of
about 100 K impulses per second, which is gated on for 8.8 ms and gated off for 35.2 ms (44 ms
total cycletime). During the 8.8 ms when the signal is gated on, the data stream is modulated on
the train of impulses by deleting selected pulses (on-off keying). Corresponding gating and PRR
values for the other modes can be found in Table 8.1.

Table 8.1. Burst and PRR Timi ng for Various Data Rates

DataRate Burst length Burst Repetition | Burst duty | Pulse repeti-
(kb/s) (on time, ms) time (ms) cycle tion rate (PRR)
(gating)
16 8.8 44 20% 100 kHz
32 4.4 22 20% 200 kHz
64 2.2 11 20% 400 kHz
128 2.2 55 40% 400 kHz

Full bandwidth pulse shape. Device B emission spectrum istightly filtered to limit it to a 500
MHz-wide bandwidth Thisfiltering produces relatively complex and extended pul se shapes,
lasting up to 30-40 ns (Figure 8.16).

FFT emission spectrum. The FFT-derived spectrum (Figure 8.17) shows a sharply-defined 500-
MHz RF bandwidth. The peak signal in the FFT-derived spectrum is 116 dBuV/m in a band-
width, )f, equal to 20 MHz.

Narrowband peak emission spectra. Figures 8.18 and 8.19 show a sharply-defined bandwidth
between 1250 and 1800 MHz, with 5-6 ripples of 5-10 dB depth across the passband. The peak
signal measured with a spectrum analyzer in a 3-MHz bandwidth (Figures 8.1 or 8.19) is
approximately 100 dBuV/m. Since the UWB signal for Device B isimpulsive at bandwidths
greater than the PRR ( maximum PRR = 400 kHz) a 20 log,, B./B, correction factor is needed to
convert the 3-MHz bandwidth datato 20-MHz data. This correction factor equals16.5 dB. This
converts the 3-MHz bandwidth value measured by the spectrum analyzer to the corresponding
20-MHz bandwidth value of 116.5 dBuV/m, which compares closely with the FFT-computed
value of 116 dBuV/m.
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Bandwidth progression stairstep. The stair step bandwidth progression figures (Figures 8.20
and 8.21) suggest that Device B produces signals that appear noise-like for measurement
bandwidths less than the 100-kHz or 400-kHz PRR’ s associated with the respective 16-kb/s and
128-kb/s modes, made at 1325 MHz and 1500 MHz respectively.

Gating, PRR, and modulation. Figures 8.22 and 8.23 show the 20% and 40% gating duty cycles
for the 16-kb/s and 128-kbs/s modes, respectively. Figures 8.24 and 8.25 show the basic PRRs
for the 16-kb/s and 128-kb/s modes, respectively. Figure 8.26 shows an example of amissing
pulse, caused by the on-off pulse modulation of the Device B data stream.

APDs. Both APDs (Figures 8.28 and 8.29) were measured at 1545 MHz. These APDs were
inadvertently measured using video filtering equal to the resolution bandwidth, which prevented
the low-amplitude portion of the APD from reaching minimum values. Thiseffect is believed to
have prevented this portion of the APDs from following the expected straight line. This problem
was recognized and corrected in subsequent APD measurements for other devices. Thevery
steep sides on the “plateau” at 20% and 40% respectively for the 16-kb/s and 128-kb/s modes
reflect the respective 20% and 40% gating modes.

Detector summaries. The detector summaries (Figures 8.30 and 8.31) show approximately a 30-
dB difference between peak and average logarithm and a 20-dB difference between average
logarithm and RM S values for the narrower bandwidths, caused mainly by the gating modes.
During the gated-off period, system noiseisthe only signal contributing to the APD. Since the
average logarithm value is affected most by low amplitude, high-percentage signals, measurement
system noise has a strong effect on the average logarithm value of gated signals.

The peak value follows a 10 logy, B trend line (like Gaussian noise) for bandwidths less than the
PRR and a 20 logy, B trend (like an impulse) for bandwidths greater than the PRR.  Peak
measurements are identical for both 3-MHz bandwidth APDs, where impulses are non-overlap-
ping. For the lower bandwidths where the signal acts like Gaussian noise, peak measurements for
each PRR differ by about 6 dB, which would be expected from the 4:1 ratio in the number of
pulses/s (not counting the percentage gating ratio).

The RMSvaluesfollow a10 log,, B linefor all bandwidths. The best-fit trend lines for the two
modes are about 8 dB apart. A difference of 9 dB would have been expected, based on the 8:1
ratio in the total number of impulses (including the effect of the 2:1 change in gating ratio).

FCC Part 15 measurement. A measurement similar to the Part 15 measurement (except using a
3-MHz bandwidth) was done at 1650 MHz, 128 kb/s mode with logarithmic IF, 10-Hz video
bandwidth, and sample detection (Figure 8.27). This gave an maximum measurement of about -
74.5 dBm, with less than 1-dB time ripple caused by the 5.5 ms gating cycle. Compensating for
the gain of the 19 dB preamplifier, the “ Part 15-like" value was -93.5 dBm, which iswithin 2 dB
of the average logarithm computed from the 3-MHz APD. No Part 15 measurements were made
at 1-MHz bandwidth or using the 16-kb/s mode.
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Amplitude as a Function of Bandwidth Relative to 3 MHz
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8.3.3 Summary of Device C Measurements

Device description. Device C transmits an ungated 2-MHz PRR pulse train over the 1-5 GHz
range. Device C uses a“relative’ dithering technique. This dithering technique uses only a small
amount of pulse delay (in this case, 1.25% delay out of 500 ns average pul se spacing), but timing
isreferred to the preceding pulse instead of being referred to afixed time base. Figures 8.32 to
8.35 show how a continually larger timing variation builds up over elapsed time, until the 1.25%
delay (494-500 ns) for individual pul se-to-pulse spacing covers the entire pulse-to-pulse interval.
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Figure 8.32. Device C dither at starting point.
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Figure 8.33. Device C dither 20 pulses after zero point.
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Figure 8.34. Device C dither 44 pulses after zero point

44, 00000 us 45, 00000 us 46, 00000 Us
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Figure 8.35. Device C dither 90 pul ses after zero point
Full-bandwidth pulse shape. Figure 8.36 shows a complex pulse with extended ringing.

FFT emission spectra. Figure 8.37 shows awell-defined emission about 600 MHz wide and
centered at about 1800 MHz. The calculated peak radiated field strength is approximately 86
dBpV/min a 20-MHz bandwidth..

Narrowband peak emission spectra. Figure 8.38 shows emission spectrawith a peak about
700 MHz wide, centered at about 1800 MHz, though the details appear somewhat different from
the FFT spectrum. The 20-MHz bandwidth measurements show a measured peak field strength
of 87 dBuV/m, closely matching the FFT spectrum.

Spectrum fine structure. Figure 8.39 shows a subtle set of fine structures related to the 2-MHz

average PRR. Therelative dithering technique appears to be effective in eliminating 2-MHz
discrete spectral lines that extend above the surrounding spectrum. The signals at all frequencies
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appear to have about the same maximum power, with amix of amplitudes that are distributed
across a range between the maximum and as much as 30 dB below the maximum. However,
there is a pattern of higher-than-average-power frequencies repeated every 2 MHz, where the
average signal power is maximized by spending lesstime at the lower amplitudes. These higher-
than-average-power frequencies were designated “on-spectral-lines’ frequencies, and intermedi-
ate frequencies with less average power were designated “ between-spectral-lines’ frequencies.

Bandwidth progression stair steps. Figure 8.40 shows a bandwidth progression measurement
made at an “ on-spectral-lines’ frequency. This measurement shows impulsive behavior at 3-
MHz bandwidth, CW-like results for bandwidths between 100 kHz and 1 MHz, and noise-like
behavior for narrower bandwidths.

Gating, PRR, and modulation. Figure 8-41 shows a measurement of the Device C pulsetrain,
which exhibits no obvious pulse position modulation. Figures 8-42 and 8-43 show the modu-
lated IF waveforms at 1-MHz and 100-kHz bandwidths. Surprisingly, the 100-kHz waveform
contains much more amplitude modulation than the 1-MHz waveform.

APDs. APDswere measured at between-spectral-linesand on-spectral-lines frequencies —
Figures 8-44 and 8-45, respectively. Measurements for the between-spectral-lines case were also
made using 10-MHz and 20-MHz bandwidths.

Detector summaries. The two APDs and the corresponding detector summaries (Figures 8-46
and 8-47) show some interesting results. The two dashed lines on each detector summary are
drawn as best-fit trend lines for the RM S detectors for the on-spectral-lines and between-spectral -
lines measurements, showing about 2.5-dB difference between the two cases. The 3-MHz on-
spectral-lines RM S value drops to the between-spectral-lines trend line, showing that the effect of
the relatively narrow bandwidth concentration of on-spectral-lines energy disappears when the
measurement bandwidth is widened beyond the 2-MHz fine structure.

The between-spectral-lines detector summary shows a large divergence between different
detector values at 100-kHz bandwidth, including a 15-dB difference between average logarithm
and RM S and a 27-dB difference between average logarithm and peak. The minimum difference
between detector values occurs at 1-MHz bandwidth, where thereis only a 6-dB difference
between average logarithm and peak values. These results are particularly interesting (and
somewhat counterintuitive) because they illustrate a UWB modulation technique that produces
impulse-like results (i.e., wide divergence between detector values) at lower bandwidths and CW-
like results at higher bandwidths. The proposed FCC Part 15 limits, however, assume that a
UWB signa will appear more CW-like at lower bandwidths (average limit specified in 1-MHz
bandwidth), and more impulsive at higher bandwidths (peak limit specified in B = 50 MHz).

FCC Part 15 measurements. Part 15 measurements were made at the “on-line” frequency using
a 300-Hz video filter, which produced a signal with about 0.5 dB peak-to-peak ripple and a peak
amplitude of -74 dBm. This compares with a computed average logarithm of -74.2 dBm.
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8.3.4 Summary of Device D M easur ements

Device Description: Device D operates with basic PRRs of 1 MHz, 5 MHz, and 10 MHz, with
gating duty cycles available between 25% and 100% (continuously on). A fixed 25% dither is
applied, using an absolute time base in al modes. The device was measured in four modes: 1-
MHz PRR, 25% gated duty cycle; 1-MHz PRR, 100% gated duty cycle; 10-MHz PRR, 25%
gated duty cycle; and 10-MHz PRR, 100% gated duty cycle. The gating cycle for both PRRs
utilized a2-ms“on” period and a 6-ms “off” period. This data transmission device was measured
without transmitting any actual data.

Full-bandwidth pulse shape and FFT spectrum. The Device D radiated full-bandwidth pulse
shape (Figure 8.48) was used to compute an FFT peak spectrum over the 1-4 GHz range (Figure
8.49).

Narrowband peak emission spectra. Figures 8.50-8.53 contain spectrum measured for each of
four Device D operating modes. These spectra compared closely in shape and amplitude with the
FFT spectrum. Figure 8.53 included measurements made in a 20-MHz bandwidth, which show
close agreement (within 1-2 dB) with the FFT values computed in a 20-MHz bandwidth.

Bandwidth progression stair step. The stair-step bandwidth progression graphs (Figures 8.54-
8.57) were measured at afrequency near 1560 MHz and show substantial differences between the
1-MHz PRR and the 10-MHz PRR modes. These differences are likely caused by the higher
power and greater frequency separation of the discrete spectral linesin the 10-MHz PRR modes.

Spectrum fine structure. Details of the spectrum fine structure showed strong lines with1l-kHz
spacing in the 1-MHz PRR mode (Figure 8.58) and 10-kHz spacing in the 10-MHz PRR mode
(Figure 8.59). It is not known whether these lines would be present with transmission of actual
data. Figure 8-60 shows pulse-position modulation, measured in a 10-MHz bandwidth.

APDs. The APDs are shown in Figures 8.62 to 8.65. The non-gated modes (100% gating) appear
like Gaussian noise for bandwidths less than the PRR and appear impulse-like for bandwidths
larger than the PRR. The gated modes show clear break-points at the 25% point, with measure-
ment system noise present for the remaining 75% of the duration.

Detector summary. The detector summaries (Figures 8.66 to 8.69) show that the ungated modes
appeared similar to Gaussian noise for bandwidths less than the PRR. For all narrower
bandwidths, peak values were about 10-dB greater than the RM S, and the average voltage and
average logarithm were tightly clustered within afew dB less than the RMS. All of the detector
functions followed a 10 log,, B trend line. The corresponding trend lines were 8-10 dB higher

for the 10-MHz PRR than for the 1-MHz PRR mode. Only when the bandwidth was greater than
the PRR, did the detector values at a bandwidth begin to diverge. The peak values then followed
a 20 logy B trend. The average logarithm and average voltage decreased substantialy at larger
bandwidths, when pulses did not overlap and system noise was momentarily the only signal.
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The gated modes provided peak valuesidentical to the corresponding ungated (i.e.,100%) modes.
The gated RM S values were approximately 6 dB lower than those of the corresponding ungated
modes, as expected when the total number of impulses was decreased by 75%. The gated mode
average logarithm dropped to within afew dB of system noise (present 75% of the time), with the
10-MHz PRR average logarithm being 1-2 dB higher than the 1-MHz logarithm.

FCC Part 15 M easur ements. Part 15 measurements for the ungated 1-MHz PRR and 10-MHz
PRR modes matched the average logarithms at -84 dBm and -74 dBm, respectively. Part 15
measurements for the gated modes were -100 dBm and -97 dBm for the 1-MHz PRR mode and
10-MHz PRR mode (Figure 8.61), respectively. The 1-2 dB discrepancy between Part 15 and
average logarithm for gated modes was caused by insufficient video filtering of the 8 ms gating
cycle, which allowed 2-3 dB of ripple on the video filter output.
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Peak Power, Through Constant-Aperture Antenna (5.9 dBi at 1 GHz) @ 1 m (dBm)
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8.3.5 Summary of Device E M easurements

Devicedescription: Device E isdesigned to radiate mainly towards the ground. Interchange-
able RF heads permitted operation at nominal frequencies of 300 MHz, 900 MHz, and 1500
MHz.. Device E is capable of operating with multiple PRRs.

Full-bandwidth pulse shapes. Full-bandwidth pul se shape measurements were made with all
three RF heads (Figures 8.69, 8.71, and 8.73), with the Device E antennas aimed directly at the
measurement antennal m away. These pulse shapes are very simple, with no additional lobes or
extended ringing.

FFT emission spectra. FFT spectrawere computed from each of the measured pul se shapes
(Figures 8.70, 8.72, and 8.74, respectively).

Narrowband peak emission spectra. Spectrum analyzer measurements were made only with
the 1500-MHz head, with Device E resting on a concrete floor, aiming downwards, with the
measurement antenna 1 meter away from the edge of Device E and slightly above the floor. The
spectrum analyzer measurements signal amplitudes cannot be compared with the FFT spectra
because of different measurement conditions.

Bandwidth progression stairstep. Figure 8.76 shows the Device E emission spectrum, using
the 1500- MHz RF head..

Gating, PRR, and modulation. The mode that was measured included a PRR near 85 kHz and
agating duty cycle of approximately 25 ms on, 6 ms off (Figures 8-78 and 8-79).A distinguishing
feature of the Device E spectrum analyzer measurements was relatively low received power,
which prevented Part 15 measurements from being made, and which also made it difficult to see
some details of the modulation.

APDs. Figure 8.80 show APD measurements for the Device E 1500-MHz RF head.

Detector summary. Figure 8.81 shows a detector summary for Device E. Detector values for
bandwidths less than 1 MHz seem to be mostly measurement system noise.

FCC Part 15 measurements. The signal from Device E was apparently below measurement
system noise and Part 15 measurements could not be performed.

8-38



6E-8

Volts

Volts

1.0

\
\
\
05 \
\
7\
0 i [ . e
l N TN
V| \/
VoY
[RINLY,
-05 /

Time (nanoseconds)

Figure 8.70. Device E full bandwidth pulse shape,
300-MHz RF head, main beam.

,,,,, A
0.1 ’
,,,,, |
,,,,, l
,,,,, [l
,,,,, /)
0 --m..} / \ /\J‘\ /—\ f \v/»\ Vi VW N
| Y .
,,,,, !
,,,,, |

Time (nanoseconds)

Figure 8.72. Device E full bandwidth pulse shape,
900-MHz RF head, main beam.

Field Strength (dBuv/m)

Field Strength (dBuv/m)

150
130 —= \
\
ol AN
N
AN =N
/ |
N
A
90 N
70
500 1000 1500 2000

Frequency (MHz)

Figure 8.71. Device E, (300-MHz head), peak field
strength at 1 m, main beam, )f = 50 MHz.

\LA
R N
105 - \VNJ\V
/ Ay
/ W\
\L
/
o N
M V.V,
VA lr\v\ /\

Frequency (MHz)

Figure 8.73. Device E (900-MHz head) peak field
strength at 1 m, main beam, )f = 50 MHz.



or-8

0.05
1
|
LA
1
0 q,J \vah o Vmwn P __AV '\WWNVA_VMWM\JA
2
s
-0.05
-0.10 . 0

Time (nanoseconds)

Figure 8.74. Device E full bandwidth pulse shape,
1500-MHz RF head, main beam.

1
z
25‘
:
3
I?
=
{

s
¥

L (
i/

N At T P YT i

-100

-110

Measurement system
noise floor |

e_spec.ep

Peak Power Through Constant-Aperture Antenna (5.9 dBi at 1 GHz) @ 1 m (dBm)
8

-12 - - -
1000 1400 1800 2200

Frequency (MHz)

70

60

50

40

30

20

Figure 8.76. Device E 1500-MHz RF head, spectra

as a function of measurement bandwidth.

Peak Field Strength at 1 m (dBuV/m)

Power Relative to 3 MHz IF Bandwidth (dB)

Field Strength (dBuv/m)

-10

-20

-30

-40 o 1kH

-50

-60

105

(WL
A VIVAANMA
95 ki / Lv‘
N )
/ N
st/
\
\
\
||
75\]

1000 2000 3000 4000

Frequency (MHz)

Figure 8.75. Device E (1500-MHz head) pesak field
strength at 1 m, main beam, )f = 50 MHz.

3 MHz
Wrrgalv

\1 MHz
o

300 kHz
Aesaah

30 kHz

10kHz

3 kHz

300 Hz
100 H:

0 10 20 30 40 50 60

e-band.ep

Dimensionless Units

Figure 8.77. Device E 1500-MHz RF head, peak
bandwidth progression stairstep.



Figure 8.79. Device E gating waveform.
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8.3.6 Summary of Electric Drill M easur ements

An electric drill isincluded in the category of Part 15 Incidental Radiators, since it radiates radio
frequency energy, although its function does not require the generation of radio frequency
signals. Theelectric drill controlsincluded only an on/off switch (i.e., no electronic speed
control), and it was measured without any mechanical loading on the drill shaft.

Full-bandwidth pulse shapes. The random nature of the timing and amplitude of the electrical
impulses from the drill made it impossible to use a sampling oscilloscope to measure the emitted
impulses. Therefore, no full-bandwidth pul se shape measurements were made, and no FFT
spectrum could be derived from the pulse.

Narrowband peak emission spectra. The energy radiated from the electric drill was measured
by the spectrum analyzer over the 0.6-5.0 GHz range (Figure 8.82), including a noticeable
“bulge” inthe 3.1-4.2 GHz range. The highest frequency of measurable signal isnot known. The
apparent change of amplitudes measured with various bandwidths using the peak detector seems
to be about 42 dB for a 2.5-decade change in bandwidth, i.e., a17 log,, B trend line.

Gating, PRR, and modulation. Figure 8.83 shows the gradually building and declining burst of
noise that occurs about every 17 ms and isrelated to the 60 Hz power line frequency.

APDs. Each drill APD in Figure 8.84 appears to be divided into impulsive and noise-like parts,
with the noise-like portion determined by measurement system noise and following a 10 log,, B
rule. Theimpulsive portion, unlike typical UWB devices, assumes a steep, straight-line slope
without any hint of aplateau. The 1-MHz and 3-MHz APDs seem to develop an even steeper
slope at the low-probability end, beginning at the 0.1% point. The APDs were only measured to
.001% (100 k samples); it islikely that the peak values for the wider bandwidths might have been
considerably higher (perhaps 10 dB higher?) had they been extended to the left-hand edge of the
graph. The drill APDs are somewhat problematic, since the peak amplitudes of apparently
independent pulses do not increase as rapidly as 20 log,, B. 1n addition, the very steep slope of
the low-probability end makes the measured peak very dependent on the sample size.

Detector summary. Thedrill detector summary (Figure 8.85) shows that the relative values of
the various detectors remain ailmost the same for all bandwidths; all detectors follow a 10 log,, B
rule. This behavior fails to match the RF spectrum graphs, which show the peak dB values
increasing with a17 logy,, B trend line. This discrepancy can be partly explained because the
peak measurements for the wider bandwidth spectrum measurements contained a much larger
number of independent samples than the narrower bandwidths, which substantially increased the
wider bandwidth peak values. Itisalso likely that the number of “pulses’ seenin the drill
emission increases proportionately with measurement bandwidth—a much different statistical
process than atypical UWB signal (which has a constant number of pulses for wider
bandwidths). The Part 15 measurements were too close to system noise to be useful.
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8.4 Measurement Conclusions

1. Thefield strength in a bandwidth derived from an FFT of afull bandwidth pulse shape
measurement matches the field strength shape measured in a narrower bandwidth by a spectrum
analyzer in general shape and absolute amplitude at the peak emission frequency. This confirms
that narrowband spectral measurements with a spectrum analyzer or other measurement receiver
can be expected to provide accurate information to characterize the overall shape and absolute
amplitude of the RF spectrum of UWB signals.

2. Specialized facilities and expertise are needed to obtain accurate measurements of full
bandwidth pulse shape. Some of the possible errors associated with this technique are subtle, and
many test labs may find that a comparison between FFT-derived spectra and band-limited
spectrum analyzer measurements is the only way to verify the accuracy of the full bandwidth

pul se shape measurements.

3. There appearsto be no simple and accurate technique for relating full bandwidth pulse width
datato the 10-dB or 20-dB emission spectra. Thisis especialy true when the UWB pulseis used
to excite multiple resonant elements, producing an RF pulse with a multi-lobed ringing response.

4. Amplitude probability distributions (APDs) made with multiple bandwidths provide a useful
and theoretically consistent description of UWB signals and how they would affect receivers
having various bandwidths. Various detector functions (peak, RMS, average voltage, and
average logarithm) can be computed from the APDs or measured directly (if the measurement
instrument has the appropriate capabilities).

5. For most UWB devices, the recommended FCC Part 15 non-quasi-peak measurement
procedure produces results identical to the average logarithm derived from the 1-MHz bandwidth
APD. In situations where the previous statement is not true, the discrepancy is due to insufficient
video filtering allowing amplitude variations caused by long-duration duty-cycle events (e.g.,
gating) to get through to the peak detector.

6. The value measured with an average logarithm detector is substantially affected by measure-
ment system noise for gated or impulsive signals. The average logarithm value is mostly
insensitive to energy contained in low-duty-cycle, high-amplitude signals. Thisresultsin Part 15
measurement values that can be substantially lower (10-15 dB) than the RM S value (average
power) inthe UWB signal.

7. The RMS value produces results that are proportional to measurement bandwidth and spectral
power density, irrespective of PRR or modulation. Depending on the integration time selected
for an RM S measurement, the RM S val ue can be properly associated with average power when a
gated signal is gated on, average power across an entire gating cycle, or average power during
other operational periods.



8. Based on measurements of Device C, it seems possible to devel op modulation techniques that
could cause a UWB signal to look impulsive/gated in a 1-MHz bandwidth and likeaCW signal in
a50-MHz bandwidth. Such signals could pass the 1-MHz Part 15 average limit (slipping high-
power impulsive signals through the Part 15 average logarithm detector) and the 50-MHz 20-dB
peak-to-average limit, while containing average power 15-20 dB above the Part 15 numerical
limits. Infact, asignal could probably be designed so that its average power would be within a
few dB of the peak level permitted in a 50-MHz bandwidth, while till passing the 1-MHz Part 15
average logarithm limit.

9. A Part 15 average limit based on RM S values would not have the problems described in #6,
#7, and #8.

10. Many UWB devices employ dithering, which make their emissions appear more like Gaussian
noise (for bandwidths less than the PRR). While thistechniqueis at least partially successful, the
specific modulation and dithering techniques may leave a spectrum fine structure that contains
many low-level discrete spectral lines and/or other time or frequency distributions that are
significantly different from Gaussian behavior. Some of these non-Gaussian characteristics may
tend to disappear when actual data are transmitted by UWB devices used for communications,
but this effort did not test UWB devices under these conditions.

11. For UWB signals measured with a spectrum analyzer using bandwidths larger than the
average PRR, the peak measured values varied according to a 20 log,, B rule.

12. Spectrum analyzers having a 50-MHz bandwidth are not yet readily available at test
laboratories. A 20-MHz measurement bandwidth was the largest spectrum analyzer bandwidth
used in these tests to make peak measurements. Based on #11, a useful aternative to making
peak measurements in a 50-MHz bandwidth may be to make measurementsin asmaller
bandwidth (but large enough that the UWB signal looks impulsive) and to extrapolate to a 50-
MHz bandwidth using a 20 log,, B rule.

13. We encountered awide variation of center frequencies (300 MHz to 5 GHz), spectral shapes
(very broad to quite narrow), PRR (10 kHz to 10 MHz), modulation techniques (none, absolute
dither, relative dither, on-off), gating structures (none, 20%-90%), power levels, and operational
functions (short-range to long-range sensing, one-way and two-way communications).

14. Based on measurements of a small sample of existing UWB devices, we are unable to easily
or confidently assign UWB devices to alimited number of operational categories having certain
distinctive technical characteristics. Therefore, it seems unwise to base any proposed regulations
on the assumption that future UWB devices will limit themselves to afew applications and
techniques that have been currently developed and demonstrated. Instead, it should be assumed
that designers of future UWB devices will creatively explore many additional extensions and
combinations of these technologies, and that any UWB device permitted by the regulations will
eventually be developed -- possibly in large quantities.
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15. Based on measurements of multiple UWB devices, as well as theoretical considerations, the
following model (Figure 8.86) describes idealized detector response rules for peak and RMS
detectors. Thisisan idealized treatment, which may or may not apply exactly to specific real
systems. One assumption isthat the UWB dithering or modulation produces a signal whose
narrowband statistics are indistinguishable from Gaussian noise. Actual real-world dithering
techniques may or may not approach thisideal, and some UWB devices (e.g., Device C) use
dithering technigques whose narrow bandwidth results are quite non-Gaussian. The model
assumes that the total number of pulses/sremains equal to the PRR; i.e., that neither gating, on-
off keying (OOK), or other dithering/modulation techniques significantly changes the total
number of pulses emitted.
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Figure 8.86. Idealized peak and RM S detector values model.

Figure 8.86 describes how a UWB signal measured with peak or RMS detectorsin agiven a
bandwidth can be converted to corresponding readings in another bandwidth. Thisgraphis
referenced to the ratio of receiver bandwidth, B, to pulse repetition rate, PRR. Thisratio (rather
than any particular bandwidth or PRR) iswhat is critical in determining the rules that govern
detector readings. Values of B/PRR >> 1 give non-overlapping impul se responses (the
impulsive region). Values of B/PRR << 1 give overlapping responses that look like Gaussian
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noise (dithered case) or discrete CW lines (non-dithered case). Values of B/PRR = 1 represent
transitional cases, whose behavior varies depending on the details of the modulation on the PRR.
The figure shows readings for peak and RM S detectors, for dithered and non-dithered UWB
signals. The figure assumes that no gating is present. If gating is present, the figure should be
modified by reducing all RMS readings by 10 log D, where D isthe gating duty cycle, and leaving
all peak readings unchanged. The following notes expand on severa of the details of the figure.

Note 1. Thedithered RMS detector response strictly followsa 10 logy, B line, sinceit is assumed
that the total power intercepted by the measurement receiver is strictly proportional to receiver
bandwidth. Thiswill be the case for dithered UWB signalsfor all B/PRR ratios, aswell asfor
B/PRR substantially greater than 1 for the non-dithered case, where the number of discrete CW
lines within a bandwidth is proportional to the value of B.

Note 2. The detailed shape of all of these curves near the transition value B/PRR = 1 isnot well
known. It will depend substantially on the details of the UWB device modulation and receiver
bandwidth filter response. Filter shapes with sharp suppression of adjacent channel responses
will typically have an extended time response and a smaller peak value (i.e., will appear like a
smaller bandwidth with respect to the peak value and the duration of the pulse). In general, the
slope of the various response curves is trustworthy for bandwidth values far away from the
transition point, but neither the exact shape of the transition curves nor the straight-line intercepts
between the noise-like and impulse-like regions have been precisely determined for avariety of
bandpass characteristics and UWB modulations..

Note 3. The behavior near the transition region where B/PRR = 1 for “dithered peak” is particu-
larly obscure. Thisis partly because there is atransition between a Gaussian probabilistic region
and a deterministic impulsive environment. The areain the shaded triangle represents a range of
responses that has been observed in this set of measurements, but this region should be exam-
ined more carefully. Some measured systems show a very tight grouping of detector readings (4-
5 dB difference between average log and peak) when B/PRR = 1, while other systems do not.

Note 4. Since impulses have no time overlap in theimpulsive region (B/PRR >> 1), thereisno
difference in responses between dithered and non-dithered pulses. Therefore, the dithered and
non-dithered RM S curves will overlay exactly in the B/PRR >>1 region, and both will follow a 10
logy, B slope.

Note 5. For the same reasons described in note 3, the dithered and non-dithered peak curves will
overlay exactly in the B/PRR >>1 region, and both will follow a 20 log,, B slope.

Note 6. The response for non-dithered UWB pul ses produces evenly-spaced discrete CW lines
when B/PRR<< 1. The graph assumes that measurements are made centered on one of the
discrete CW lines. Since the envelope response for asingle CW lineisaconstant voltage, the
peak and RM S detectors give the same response. Moreover, since the voltage remains constant
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for all bandwidths (assuming that the measurement bandpass remains centered on the CW
signal), the common response for peak and RM S detectors follows a single horizontal line for
B/PRR << 1.

Note 7. Thevaue of the dithered peak reading will be about 10 dB above the value of the
dithered RMSreading. Thisis based on the assumption that dithering produces statistics
identical to Gaussian noise for B/PRR << 1. Also, see Note 8.

Note 8. It should be noted that the ratio between peak and RM S for detected Gaussian noise is
not a constant; instead, it isastatistical quantity that depends on the number of independent
observations. For example, there isa 1% chance that the peak will exceed the RM S by about 7
dB, a0.1% chance of exceeding the RM S by about 8.5 dB, a0.01% chance of exceeding the
RMS by about 10 dB, etc. Therefore, the 10-dB peak-to-RM Sratio is based on collecting the
peak reading from 10,000 independent observations. The peak-to-RMS ratio may need to be
adjusted to use other probabilities, depending on the exact circumstances of how the model isto
be applied.
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