APPENDIX B. CHARACTERIZATION MEASUREMENTS

This appendix provides a thorough description of the measurement procedures and processing
used to characterize the ultrawideband (UWB) signals. It provides an extensive set of temporal,
amplitude, and spectral analysis results that support Sections 2.3 and 3.3.

B.1. Measurement Setup
The UWB signals were measured under optimal conditions at the radio frequency (RF) output of

the vector signal generator (VSG) as described in Figure B-1. Measurements at RF were made
with the vector signal analyzer (VSA) and digital oscilloscope (DO).

Measurement

WG Device

Figure B-1. Setup for RF signal characterization measurements.

Prototype DS and MB devices were made available for these tests; however, we chose to
generate simulated signals with a VSG to have more control over modulation parameters and test
conditions. Prototype DS and MB signals were characterized to verify corresponding VSG
signals. Characteristics of the prototype DS signals matched those of the VSG DS signals.
General characteristics of the prototype MB signals resembled those of the VSG MB signals.
However, differences attributed to local-oscillator (LO) feed-through in the prototype MB
signals were observed. Prototype-generated signal characterization measurements are not
included in this report.

The VSG was set up with the procedures described in Appendix B of Part 1 [6]. UWB
waveforms were created via software simulation, down-conversion to baseband, and decimation
to the sampling frequency of the VSG. In order to ensure optimal use of the analog-to-digital
converters in the VSG, DP and DS signals were normalized according to their maximum values
shown in Table B-1. In contrast, MB-02 — MB-09 were normalized by the maximum value of
MB-01 from which they were derived. In the composite plots of Section 2.3, discrepancies due to
different normalization factors were removed so the relative average powers are proportional to
T, Plots in this appendix, however, were not adjusted according to the individual
normalization factors.

VSA instrument settings are summarized in Table B-2. As discussed in Appendix E of Part 1,
VSG amplitudes were adjusted to ensure that the dynamic range of the VSA was optimally
utilized. Table B-1 provides the VSG amplitudes used for RF signal characterization of DP and
DS signals. The VSG amplitude for MB signals was -28.62 dBm.
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Table B-1. Maximum Waveform Values and VSG Amplitudes for RF VSA Measurements

Type Index Maximum VSG Amplitude (dBm)

01 0.014
02 0.014

DP 03 0.018 -31.61
04 0.053
01 0.048 -29.86
02 0.025 -30.71
03 0.016 -31.62

DS 04 0.032 -33.31
05 0.009 -33.61
06 0.029 -33.23

Table B-2. RF VSA Measurement Settings

Post-Processing Span Number of Center Input Range
Bandwidths (MHz) Samples Frequency (dBm)
(MHz) (MHz)
36, 19.51, 10 36 > 360,000
1 4.5 > 450,000 3820 -30
0.1 0.5625 > 562,500

DO measurements at the maximum sample rate, i.e., 20 GSps, provided real, time-domain
representations of RF signals. DO measurements were made with the VSG output level set to a
higher value, i.e., 0 dBm, to compensate for low DO sensitivity at the maximum sample rate.

UWRB interference signals were also measured at the IF output of the low-noise block
downconverter (LNB) with the setup described in Figure 20 of Part 1 with the VSG output level
corresponding to /NR.,. The simplified block diagram of the hardware components that affect
the IF signal characterization measurements is shown in Figure B-2. Bandpass filter BPF1 has a
1-dB bandwidth equal to 40 MHz.

VSG BPF1 LNB VSA

Figure B-2. Simplified setup for IF signal characterization measurements.

Measurements at [F were made with the VSA only. VSA settings for [F measurements were the
same as those used for RF measurements described in Table B-2, except the center frequency
was set to 1330 MHz.
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B.2. Temporal Analysis

Time or crossing statistics are provided via the pulse duration distribution (PDD) and the pulse
interval distribution (PID). PDD is presented in terms of the percentage of pulses that exceed
various time durations in seconds. It provides statistics on how long a signal crosses and stays
above a specified threshold. PID gives the probability distribution for the times a signal falls and
stays below a threshold. PDD and PID are plotted on Rayleigh graph where the ordinate is
plotted on a log scale. Poisson-distributed crossings with exponentially-distributed PD and P/
values would plot as a straight line on this graph.

Figure B-3 is an illustration of PD statistics from VSA measurements of the gated-noise signal,
GN-10, i.e., 7,, = 1 ps and 50% duty cycle, when the crossing threshold is set to -70 dBm. There
are three PD categories: non-interrupted on-times in black, interrupted on-times in green, and
anomalous spikes in red. Non-interrupted pulse durations are identified by the horizontal portion
at low percentiles. Nearly 40% of PDs are approximately 1.13 ps corresponding to a z,, slightly
broadened by band-limiting.
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Figure B-3.  Pulse duration statistics of gated noise with 50% duty cycle and 1-ps on-time.

Figure B-4 is an illustration of P/ estimates from VSA measurements of GN-10 when the
crossing threshold is set to -70 dBm. Interestingly, the interrupted off-time category is absent
because there are negligible disruptions from higher amplitudes. The resulting PID is nearly a
step function. Similar to the PD analysis, non-interrupted P/ estimates are identified by the
horizontal portion at low percentiles.
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VSA Measurement (Bandwidth = 19.51 MHz)
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Figure B-4. Pulse interval statistics of gated noise with 50% duty cycle and 1-pus on-time.

Figure B-5 is an illustration of P/ estimates from VSA measurements of complex Gaussian
noise, GN-01, when the crossing threshold is set to -70 dBm. For the given measurement
procedure, this choice for the crossing threshold is too low to quantify meaningful time statistics
of continuous signals. As illustrated, GN-01 only triggered time statistic estimates at anomalous
noise spikes. Therefore, it is useful to provide curves for a range of crossing thresholds.
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Figure B-5. Pulse interval statistics of complex Gaussian noise.

Figures B-6 — B-24 provide PDD and PID for the UWB signals when the crossing threshold was
set to mean amplitude, -50 dBm, -60 dBm, and -70 dBm. Tenth percentile PD and PI estimates
when the crossing threshold was set to -70 dBm were chosen as meaningful metrics to quantify
the on- and off-times of band-limited signals and were specified in the main text as burst
duration (BD) and burst interval (BI), respectively.

54



(@) dp01: RF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-6. RF temporal analyses of DP-01 (7}, = 10,000 ns, w = 0.094 ns, f, = 0.5).
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(a) dp02: RF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-7. RF temporal analyses of DP-02 (7, = 1000 ns, w = 0.094 ns, f, = 0.5).
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Figure B-8. RF temporal analyses of DP-03 (7, = 100 ns, w = 0.094 ns, f, = 0.5).

(a) dp03: RF VSA measurement (bandwidth = 19.51 MHz)
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(a) dp04: RF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-9. RF temporal analyses of DP-04 (7., = 10 ns, w = 0.094 ns, 1, = 0.5).
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Figure B-10. RF temporal analyses of DS-01 (L =1).
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Figure B-11. RF temporal analyses of DS-02 (L = 3, sparse code).
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(a) ds03: RF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-12. RF temporal analyses of DS-03 (L = 6, sparse code).
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Figure B-13. RF temporal analyses of DS-04 (L = 12, DS code).
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Figure B-14. RF temporal analyses of DS-05 (L = 12, sparse code).
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(a) ds06: RF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-15. RF temporal analyses of DS-06 (L =24, DS code).
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Figure B-16. RF temporal analyses of MB-01 (b =1).
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Figure B-17. RF temporal analyses of MB-02 (b=3,d=1).
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Figure B-18. RF temporal analyses of MB-03 (b =3, d = 2).
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Figure B-19. RF temporal analyses of MB-04 (b=7,d=1).
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Figure B-20. RF temporal analyses of MB-05 (b =7, d = 2).
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Figure B-21. RF temporal analyses of MB-06 (b =7, d = 6).
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Figure B-22. RF temporal analyses of MB-07 (b=13,d =1).
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Figure B-23. RF temporal analyses of MB-08 (b =13, d = 2).
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Figure B-24. RF temporal analyses of MB-09 (b =13, d = 12).
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B.3. Amplitude Analysis

This subsection provides measured time series and amplitude probability distributions (4PDs) of
the UWB signals. Odd numbered plots in Figures B-25 — B-62 provide RF measurement results
organized as:
(a) Real time series measured with the DO and amplitude time series measured with the
VSA and band-limited to By, = 19.51 MHz.
(b) APDs measured with the VSA and band-limited to 36, By, 10, 1, and 0.1 MHz.

Even numbered plots in Figures B-25 — B-62 provide IF measurement results organized as:
(a) Amplitude time series measured with the VSA and band-limited to Bpyy.
(b) APDs measured with the VSA and band-limited to Byy.

Table B-3 provides peak-to-average (P/4) values for the UWB signals measured at RF and band-
limited to various bandwidths in post-measurement processing. Table B-4 provides P/A4 values
for the UWB signals measured at IF under TOV operational conditions and band-limited to B,
in post-measurement processing.

Table B-3. Measured RF P/4 (dB) of UWB Signals Band-Limited to Different Bandwidths*

Type | Index | 36.0 MHz Bon 100MHz | 1.0MHz | 0.1 MHz
01 25.4 235 20.6 11.5 6.8
P 02 15.7 13.8 11.0 6.1 9.4
03 7.8 5.4 6.0 9.0 10.1
04 7.7 8.1 9.0 9.4 9.4
01 9.3 9.5 9.5 9.5 9.5
02 8.8 9.0 9.5 9.8 9.6
DS 03 7.8 8.1 8.8 9.9 9.7
04 6.8 6.6 8.0 9.6 9.6
05 6.8 6.6 8.0 9.8 9.8
06 6.6 6.8 8.3 9.5 9.8
01 9.6 8.3 6.9 7.5 9.2
02 13.5 12.8 11.1 5.6 8.6
03 13.8 12.8 11.3 7.4 8.7
04 16.9 16.2 14.7 6.4 8.1
MB 05 17.1 16.4 14.8 10.8 8.2
06 17.2 16.3 15.0 14.8 10.0
07 19.4 18.7 17.3 8.6 7.4
08 19.4 18.9 17.3 13.3 7.6
09 19.4 18.8 17.4 17.7 14.9

* Shaded cells highlight Rayleigh-amplitude statistics.
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Table B-4. Measured IF P/4 (dB) of UWB Signals at INR;,, and Band-Limited to By 3

Type Index SNR =9 dB SNR =12 dB SNR =15 dB
01 23.4 ? ?
02 13.2 14.0 14.1
bp 03 8.9 7.9 7.2
04 9.3 8.9 8.7
01 9.6 94 94
02 9.5 9.0 9.1
03 9.1 8.8 8.6
DS 04 9.1 8.1 7.8
05 8.9 8.4 7.7
06 9.4 8.9 8.4
01 9.6 9.3 9.0
02 11.7 12.7 12.8
03 11.9 12.4 12.5
04 13.6 15.1 15.6
MB 05 12.8 14.5 15.2
06 12.4 14.0 15.2
07 15.0 16.6 17.8
08 14.0 16.0 17.2
09 12.7 14.6 16.2

¥ Shaded cells highlight Rayleigh-amplitude statistics. Question marks indicate uncertainty in the measurement due
to exceedingly high signal voltages overdriving the VSA.
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Figure B-25. RF amplitude analyses of DP-01 (7, = 10,000 ns, w = 0.094 ns, f, = 0.5).
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IF amplitude analyses of DP-01 at /NRy.
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(a) dp02: RF digital oscilloscope measurement
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Figure B-27. RF amplitude analyses of DP-02 (7., = 1000 ns, w = 0.094 ns, f, = 0.5).
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IF amplitude analyses of DP-02 at INRy.
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(a) dp03: RF digital oscilloscope measurement
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Figure B-29. RF amplitude analyses of DP-03 (7}, = 100 ns, w = 0.094 ns, f, = 0.5).
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Figure B-30. IF amplitude analyses of DP-03 at INR ..
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(a) dpO4: RF digital oscilloscope measurement
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Figure B-31. RF amplitude analyses of DP-04 (7. = 10 ns, w = 0.094 ns, f, = 0.5).
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Figure B-32. IF amplitude analyses of DP-04 at INR ..
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(a) ds01: RF digital oscilloscope measurement
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Figure B-33. RF amplitude analyses of DS-01 (L = 1).
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IF amplitude analyses of DS-01 at /NRy.
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(a) ds02: RF digital oscilloscope measurement
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Figure B-35. RF amplitude analyses of DS-02 (L = 3, sparse code).
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IF amplitude analyses of DS-02 at INRoy.
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(a) ds03: RF digital oscilloscope measurement
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Figure B-37. RF amplitude analyses of DS-03 (L = 6, sparse code).
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Figure B-38. IF amplitude analyses of DS-03 at INR ..
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Figure B-39. RF amplitude analyses of DS-04 (L = 12, DS code).
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Figure B-40. IF amplitude analyses of DS-04 at INR ..
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(a) ds05: RF digital oscilloscope measurement
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Figure B-41. RF amplitude analyses of DS-05 (L = 12, sparse code).
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Figure B-42. IF amplitude analyses of DS-05 at INR ..
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(a) ds06: RF digital oscilloscope measurement
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Figure B-43. RF amplitude analyses of DS-06 (L = 24, DS code).
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IF amplitude analyses of DS-06 at INRoy.
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(a) mb01: RF digital oscilloscope measurement
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Figure B-45. RF amplitude analyses of MB-01 (b =1).
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IF amplitude analyses of MB-01 at INR .
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Figure B-47. RF amplitude analyses of MB-02 (b=3,d=1).
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Figure B-48. IF amplitude analyses of MB-02 at INRy.
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Figure B-49. RF amplitude analyses of MB-03 (b =3, d

2).
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Figure B-50. IF amplitude analyses of MB-03 at INRy.
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(@) mb04: IF VSA measurement (bandwidth = 19.51 MHz)
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(b) mb04: APDs from IF VSA measurements (bandwidth = 19.51 MHz)
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Figure B-52. IF amplitude analyses of MB-04 at INR ;..
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Figure B-53. RF amplitude analyses of MB-05 (b=7, d = 2).
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(@) mb05: IF VSA measurement (bandwidth = 19.51 MHz)
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(b) mb05: APDs from IF VSA measurements (bandwidth = 19.51 MHz)
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Figure B-54. IF amplitude analyses of MB-05 at INR ;.
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Figure B-55. RF amplitude analyses of MB-06 (b =7, d = 6).
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(@) mb06: IF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-56. IF amplitude analyses of MB-06 at INR ;.
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. RF digital oscilloscope measurement

03r
0.2 b e

01

voltage

o

(] —
——b—‘
el
————
——
e

40 50 60 70 80 90 100
time (microseconds)

-30 I \

amplitude (dBm)
o
S

mbQO7: RF VSA measurement (bandwidth = 19.51 MHz)
T

L |

|

L ‘ | ‘ ‘ ‘ l -
- l 1 ‘ 1 ’
-80 : ; ’
-90 \.] il l'lll 1L bl ‘L\Lw.l.'\” ]IH “ :‘n LLll ULk dikid ol l‘ |

0 10 20 30 40 50 60 70 80 90 100

time (microseconds)
(b) mb07: APDs from RF VSA measurements

-30 \ \

amplitude (dBm)

bw = 36.0 MHz, P =-56.2 dBm
bw =19.5 MHz, P =-59.3 dBm
bw =10.0 MHz, P =-62.2 dBm
bw = 1.00 MHz, P =-72 dBm

bw =0.10 MHz, P =-81.3 dBm

-100 i | i i 1 i 1
0.0001 0.01 01 1 5 10 20 30 40 50 60 70 80 g0
percent exceeding ordinate

Figure B-57. RF amp

litude analyses of MB-07 (b=13,d =1).
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(@) mb07: IF VSA measurement (bandwidth = 19.51 MHz)
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Figure B-58. IF amplitude analyses of MB-07 at INR ;.
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Figure B-59. RF amplitude analyses of MB-08 (b =13, d = 2).
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(@) mb08: IF VSA measurement (bandwidth = 19.51 MHz)
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(b) mb08: APDs from IF VSA measurements (bandwidth = 19.51 MHz)
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Figure B-60. IF amplitude analyses of MB-08 at INR ;.
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(a) mb09: RF digital oscilloscope measurement
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Figure B-61. RF amplitude analyses of MB-09 (b =13, d = 12).
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(@) mb02: IF VSA measurement (bandwidth = 19.51 MHz)
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(b) mb02: APDs from IF VSA measurements (bandwidth = 19.51 MHz)
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Figure B-62. IF amplitude analyses of MB-09 at INR ;.
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B.4. Spectral Analyses

The spectral analyses provided in this subsection were derived from VSA measurements and
intended to emulate the swept spectrum analyzer (SA) measurements described in Table B-5.
Complex samples measured in a 36-MHz VSA span were frequency shifted so that the frequency
of interest was centered at 0 Hz. Next, the signal was band-limited to a resolution bandwidth
(RBW) of 1 MHz or 0.1 MHz using a root-raised cosine filter with a = 0.35. Mean, median, and
peak statistics were computed for the resulting band-limited complex-baseband data.

Table B-5. Spectrum Analyzer Settings for Characterizing UWB Signals

Center Resolution Video Number of Sweep Time
Frequency | Span (MHz) | Bandwidth | Bandwidth | Frequency (secI())n ds) Detector
(MHz) (MHz) (MHz) Steps
3950 600 1 3600 10.8
3820 40 0.1 >0 2400 72.0 Rms, peak

These RBWs are smaller than that of the victim digital television channel; however, results
provide mean and peak estimates relevant to possible narrowband circuitry within the receiver.
Frequencies of interest spanned the bandwidth of the satellite channel with a frequency step size
set to one tenth of RBW to ensure that spectrum details were not missed.

Figures B-63 — B-81 provide spectral statistics for the UWB signals: Figures B-63 — B-66
correspond to DP-01 — DP-04, Figures B-67 — B-72 correspond to DS-01 — DS-06, and Figures
B-73 — B-81 correspond to MB-01 — MB-09. SA measurements were made and show agreement
with the VSA measurement results; SA measurements are not included in this report.

The most notable trend was frequency-dependent variation in the MB peak amplitude statistics.
This behavior is related to the location and modulation of the data and pilot tones of the MB
signals, and is the primary difference between MB and GN(MB) signals. GN(MB) peak statistics
are flat versus frequency as demonstrated theoretically in Section C.2 in Part 2 [7].

A notable example of this trend is MB-02 in a 0.1-MHz RBW. The pilot tone in the band of
interest, located at -4.375 MHz, caused spikes in the peak spectra at intervals of /2 the reciprocal
gating repetition rate, i.e., 0.533 MHz. Although this feature is evident in the 1-MHz RBW, the
more prominent feature is the cyclic variation of all peak statistics. Interestingly, the nulls in the
cyclic variation correspond to center frequencies of the data and pilot tones.
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(@) dp01: RF VSA measurements (RBW = 1 MHz)
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Figure B-63. RF spectral analyses of DP-01 (7. = 10,000 ns, w = 0.094 ns, f, = 0.5).
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(a) dp02: RF VSA measurements (RBW = 1 MHz)
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Figure B-64. RF spectral analyses of DP-02 (7. = 1000 ns, w = 0.094 ns, f, = 0.5).
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(@) dp03: RF VSA measurements (RBW = 1 MHz)
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Figure B-65. RF spectral analyses of DP-03 (7. = 100 ns, w = 0.094 ns, f, = 0.5).
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(a) dp04: RF VSA measurements (RBW = 1 MHz)
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(b) dp04: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-66. RF spectral analyses of DP-04 (7. = 10 ns, w = 0.094 ns, f, = 0.5).
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Figure B-67. REF spectral analyses of DS-01 (L =1).
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(a) ds02: RF VSA measurements (RBW = 1 MHz)
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Figure B-68. RF spectral analyses of DS-02 (L = 3, sparse code).
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(a) ds03: RF VSA measurements (RBW = 1 MHz)
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(b) ds03: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-69. REF spectral analyses of DS-03 (L = 6, sparse code).
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(b) dp04: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-70. RF spectral analyses of DS-04 (L =12, DS code).
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Figure B-71. RF spectral analyses of DS-05 (L = 12, sparse code).
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(a) ds06: RF VSA measurements (RBW = 1 MHz)
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Figure B-72. RF spectral analyses of DS-06 (L = 24, DS code).
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(a) mb01: RF VSA measurements (RBW = 1 MHz)
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Figure B-73. REF spectral analyses of MB-01 (b =1).
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(a) mb02: RF VSA measurements (RBW = 1 MHz)
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(b) mb02: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-74. REF spectral analyses of MB-02 (b=3,d=1).
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(a) mb03: RF VSA measurements (RBW = 1 MHz)
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(b) mb03: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-75. REF spectral analyses of MB-03 (b =3, d = 2).
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Figure B-76. RF spectral analyses of MB-04 (b=7,d=1).
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(a) mb04: RF VSA measurements (RBW = 1 MHz)
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(b) mb04: RF VSA measurements (RBW = 0.1 MHz)
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(a) mb05: RF VSA measurements (RBW = 1 MHz)
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(b) mb05: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-77. REF spectral analyses of MB-05 (b =7, d = 2).
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(a) mb06: RF VSA measurements (RBW = 1 MHz)
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(b) mb06: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-78. RF spectral analyses of MB-06 (b =7, d = 6).
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(a) mb07: RF VSA measurements (RBW = 1 MHz)
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(b) mb07: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-79. RF spectral analyses of MB-07 (b=13,d =1).
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Figure B-80. RF spectral analyses of MB-08 (b =13, d = 2).

(a) mb08: RF VSA measurements (RBW = 1 MHz)
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(a) mb09: RF VSA measurements (RBW = 1 MHz)
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(b) mb09: RF VSA measurements (RBW = 0.1 MHz)
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Figure B-81. REF spectral analyses of MB-09 (b =13, d =12).
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