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WIDEBAND HF NOISE/INTERFERENCE MODELING
PART I: FIRST-ORDER STATISTICS

John J. Lemmon and Christopher J. Behm”

This report discusses the development of a wideband HF noise/interference
model. The model is based on measured data and is suitable for implementation in a
wideband HF channel simulator. The measured data are described and analyses
performed on the data are discussed. Then the proposed noise/interference model is
presented. Example results from the model are compared with measured data, and
aspects of the model development which require further investigation are discussed.

Key words: channel simulator; noise/interference; wideband HF

1. INTRODUCTION

1.1 Background

There is currently widespread interest in HF communications over large bandwidths
(on the order of 1 MHz or more), motivated by the application of spread spectrum
technology to HF systems. The advantages of spread spectrum technology for
communication systems are well known (Dixon, 1984), and include low-probability-of-
intercept (LPI) communications, noise/interference rejection, and simultaneous operation of
several transmitters in the same frequency band (code division multiple access). These
advantages, which depend on the process gain inherent in spread spectrum systems, require
use of the widest possible rf bandwidth.

On the other hand, there exist many uncertainties concerning the performance of HF
systems over wide bandwidths. Channel simulation enables one to evaluate the performance
of communication equipments without the cost of building hardware and running extensive
field tests. Other advantages of channel simulation include accuracy, repeatability,

stationarity, availability, and parameter variation (Hoffmeyer and Vogler, 1987). However,
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the design and implementation of a channel simulator requires a channel model which
accurately describes the real-world conditions encountered on communication links.

Motivated by the possibility of constructing a wideband HF channel simulator, an
investigation of channel models that represent the HF channel was conducted (Hoffmeyer
and Nesenbergs, 1987). One conclusion of the study was that no validated channel model
which accurately describes the wideband HF channel had been developed.

As a result, the Institute for Telecommunication Sciences has undertaken the
development of a wideband HF channel model. The objective of the modeling effort is to
develop a mathematical model of the HF channel which is accurate over wide bandwidths
(on the order of 1 MHz or more), which can be validated with measured data, and which is
suitable for implementation (in software and hardware) in a wideband HF channel simulator.
The model is to include wideband HF noise and interference, as well as a model of the
channel transfer function, describing the characteristics of ionospheric sky-wave
propagation.

The wideband propagation model which has been developed has been discussed in
detail elsewhere (Vogler et al., 1988; Vogler and Hoffmeyer, 1988 and 1990). The purpose

of this report is to discuss the development of a wideband HF noise/interference model.

1.2 Objectives

The noise/interference model presented in this report differs in one important
respect from previously developed models. In past developments noise/interference models
have consisted of descriptions of the statistical characteristics of the received
noise/interference at the output of a narrowband receiver. From this point of view
noise/interference processes can be classified as Class A or Class B, depending on whether
the bandwidth of the process is less than (Class A) or greater than (Class B) the bandwidth of
the receiver front end. Numerous models have been developed for Class A and Class B
processes, and can be grouped into two general categories: empirical models, which are
designed to fit certain measured statistics of the noise/interference, and physical models,
which attempt to take into account the physics of the noise/interference processes

themselves. Summaries of existing noise/interference models have been provided by



Spaulding (1977 and 1982), Hall (1966), Giordano (1970), Ibukun (1966), and Spaulding and
Middleton (1975).  Such models are useful for the theoretical determination of
communication system performance and for the design of systems with optimum
performance in the real world noise/interference environment.

This is not the objective of the present work, however. Instead, what is required is a
model which can be used to simulate the noise/interference over wide bandwidths in the
propagation channel, rather than describing statistical characteristics of the
noise/interference. Thus, the objective of the present work is to obtain a model of the
noise/interference processes themselves.

It is necessary that such a model have the attributes of simplicity and flexibility, and
that the model incorporate as many physical ideas as possible. The need for simplicity and
flexibility seems obvious, because it is intended to implement the model in a
noise/interference simulator with the capability to simulate any environment which could
conceivably be encountered on HF communications links. However, the development and
verification of any such model must be based on measured data, which is necessarily of
limited scope. For example, the model discussed in this report is based on data obtained
in Bedford, MA during March, 1989, whereas the model should have the capability to
describe other environments as well. If the parameters of the model relate to the physical
circumstances causing the noise/interference, it is possible to ascertain how to vary those
parameters in order to describe environments other than those upon which the model
development is based. To have this kind of predictive capability, the model must therefore be
a physical model, as opposed to an empirical model which simply attempts to fit certain
measured statistics of the noise/interference, and whose parameters do not relate to the

physics of the noise/interference processes.

1.3 Scope
The model development discussed in this report has primarily involved generating
probability distribution functions that describe various statistical characteristics of measured
noise/interference and developing a model which exhibits those same characteristics. Clearly,

many such characteristics could be examined. For example, noise models often



specify distributions of the received instantaneous voltage, amplitude, phase, and the average
level crossing rate of the noise envelope. Other quantities of interest include power spectra
and distributions of power in the frequency domain (spectral occupancy).

These quantities are useful for characterizing the time-averaged behavior of the
noise/interference. However, a complete description of the noise/interference process
requires higher-order statistics as well. These statistics are necessary to specify the
relationships between the noise/interference process at different instants in time. For
example, given the average number of level crossings of the noise envelope per unit time,
higher-order statistics are required to describe how the envelope crossings are distributed in
time (pulse width and pulse spacing distributions). In addition, measured noise/interference
is decidedly nonstationary, and knowledge of the time scales over which the characteristics
of the noise/interference vary is necessary for a complete specification of the
noise/interference process.

In this report, attention 1is restricted to the first-order statistics of the
noise/interference. Investigation of higher-order statistics, including pulse width and pulse
spacing distributions, as well as nonstationarity time scales, has been reserved for future

work.



2. ANALYSIS OF NOISE/INTERFERENCE DATA

2.1 Description of Data

As part of its experimental wideband HF communications program, the Mitre
Corporation has made recordings of wideband HF noise/interference. These data were
obtained using a wideband HF communications test facility, which includes a simplex link
from Homestead, FL to Bedford, MA.

The equipment used in the experiments is described by Perry and Rifkin (1989).
Briefly, the communications system uses a direct sequence spread spectrum signal with a
chipping rate of 512 kb/s. At the receive terminal a horizontally polarized log-periodic
antenna (H/LPA) was used when the data in this report were obtained. The H/LPA has a
directivity of about 10 dBi.

The wideband receiver converts the signal from rf to baseband where the complex
(in-phase and quadrature) components are low-pass filtered (bandwidth = 400 kHz) and
digitized at a sampling rate of 1.024 MHz. These filters truncate the received signal
spectrum to an equivalent rf bandwidth of 800 kHz. Eight-bit analog to digital converters
were used. In addition, a variable attenuator (0-31 dB) was used at the receiver front-end
to avoid saturating the receiver.

An important part of Mitre's wideband HF test facility is a frequency-domain
interference suppressor which excises narrowband interference above a chosen threshold.
However, the data discussed in this report are raw data that were obtained prior to
interference excision.

The data consist of 42 one-second records of the digitized, baseband in-phase (1) and
quadrature (Q) components of the received noise/interference. The data were collected
during experiments performed in March, 1989 in Bedford, MA at various times of day and
at various frequencies in the HF band (3-30 MHz). The times, dates, and center frequencies
of the data, and the values of the variable attenuation that were used are listed in Table 1
of the Appendix. Also shown in the Appendix are example plots of the raw data (both | and

Q). Each plot shows the first 4 ms (4096 samples) of a one-second noise/interference record.



The fact that the noise/interference is characterized by baseband | and Q
components, whose bandwidth is less than the carrier frequency, implies that the
noise/interference can be viewed as a narrowband process with a well-defined envelope and
phase. However, the noise/interference is referred to as "wideband" in the sense that one
is dealing with bandwidths on the order of 1 MHz as opposed to bandwidths on the order of
several kHz.

2.2 Analysis Tools
To analyze the noise/interference data, software has been developed to generate the

following quantities:

. plots of raw data (I and Q)
o probability density function (pdf) of raw data
. pdf of voltage envelope V (I + Q?)

. pdf of power envelope (1? + Q%)

. pdf of phase (tan” Q/I)

o cumulative distribution function (cdf) of power envelope

. distribution of average level crossing rate of the voltage envelope

. autocorrelation function of raw data

. power spectrum

o cdf of power in the frequency domain (sum of the squares of the real and

imaginary parts of the complex Fourier transform of the raw data)
o pdf of phase in the frequency domain (phase of the complex Fourier

transform of the raw data)

In addition, software has been developed to perform the following functions:

. frequency domain excision of narrowband interference
. simulations of noise/interference
The purpose of generating the rather large number of quantities listed above is to

examine the noise/interference from many points of view simultaneously. This is necessary,



because, as discussed above, the objective of the present effort is not simply to model certain
statistical characteristics of the noise/interference, but to obtain a model of the
noise/interference process itself. Nevertheless, it may be noted that taken together, these
quantities contain some redundancy. For example, the cdf of the power envelope is the
integral of the pdf of the power envelope, and the latter quantity is related to the pdf of the
voltage envelope through a simple transformation of variables. However, as will be seen in
the examples below, certain characteristics of the noise/interference are sometimes more
readily apparent in one quantity than in another which, in principle, contains the same
information.

On the other hand, these quantities do not provide a complete characterization of the
noise/interference. As was pointed out above, the higher-order statistics have not been

examined in the present effort, although we intend to do so in future work.

2.3 Case Studies

The general strategy which has been used to analyze the noise/interference data is as
follows. First, plots of the raw data, examples of which appear in the Appendix, were
examined qualitatively to identify data which seemed typical of the total data set. Next, the
data so identified was analyzed in detail with the intent of developing a simple physical
model of the noise/interference capable of describing the data. Then the raw data was
reexamined for examples which seemed qualitatively different from the typical case. Finally,
these examples were analyzed to determine whether the tentative model could also describe
these cases, and, if not, to determine how the model could be modified and/or extended to

include these cases. Thus, a variety of case studies were conducted.

2.3.1 Case Study 1.

The data analyzed in this case study are typical of the wideband noise/interference
records which have been examined. These data were obtained on 10 March 1989 at 9:58:10
UT at a center frequency of 5.936 MHz.

A plot of the first 4 ms of the I-channel data is shown in Figure 1. The pdf of these
data is shown in Figure 2 in the form of a histogram, which resembles a Gaussian



distribution. This is not surprising, because over an 800 kHz bandwidth one expects
contributions to the noise/interference from many independent sources, which, by the
central limit theorem, may be expected to approximate a Gaussian process. If the
noise/interference is a complex, zero-mean Gaussian process, the voltage envelope is
Rayleigh distributed. Figure 3 shows the pdf of the voltage envelope, which does indeed
resemble a Rayleigh distribution. The pdf of the phase is shown in Figure 4, and is
approximately a uniform distribution, which again is expected if the | and Q data correspond
to independent, identically distributed zero-mean Gaussian processes.

However, Figure 5, which shows the pdf of the power envelope, indicates that the
noise/interference cannot adequately be described by a Gaussian process alone. Whereas
the power envelope for a Gaussian process is exponentially distributed, the pdf in Figure 5
shows a pronounced dip for small values of power. In fact, the distribution resembles a
Rician power distribution, which arises from one or more sine waves in the presence of
Gaussian noise. Thus, it appears that the noise/interference can be described by a
combination of Gaussian noise and narrowband interference (sine waves).

The cdf of the power envelope, plotted as the logarithm of the probability that the
power exceeds some threshold as a function of the logarithm of that threshold, is shown in
Figure 6. Although this function in principle contains the same information as the power
pdf in Figure 5, log-log plots reveal the tails of probability distributions more clearly than
linear plots. Examples of this effect can be seen in some of the case studies discussed
below.

The level crossing distribution of the voltage envelope is shown in Figure 7. Plotted
is the number of upgoing crossings (in a time interval of 4 ms) of the voltage envelope
across a given threshold as a function of that threshold. Thus, the number of crossings
divided by 4 ms gives the average level crossing rate in crossings per second. It can be
shown that the average level crossing rate of the voltage envelope is proportional to the pdf
of the voltage envelope for a Gaussian process (Rice, 1944 and 1945), but not for random

processes in general (see, for example, Hall, 1966). However, comparing Figure 7 with
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Figure 3 (voltage envelope pdf) shows that the crossing rate is approximately proportional to
the envelope pdf in this case.

The analyses discussed so far provide a description of the first-order statistics
(average behavior of the envelope and phase) of the noise/interference in time. However, it
remains to investigate the spectral properties of the process.

Figure 8 shows the power spectrum, obtained by computing the sum of the squares of
the real and imaginary parts of the complex Fourier transform of the raw data. Because the
transform is a discrete transform of a 4 ms record sampled at 1.024 MHz, the power
spectrum spans a bandwidth of 1.024 MHz with a spectral resolution of 250 Hz. The
spectrum has been folded so that the zero frequency at baseband (center frequency at rf)
appears at the far left and right ends of the frequency scale. Also note that the power spectral
density is plotted on a logarithmic (dB) scale.

The power spectrum clearly reveals the presence of many narrowband interferers.
The absence of these interferers from the center of the plot is due to the fact that this part
of the spectrum is outside the bandpass of the lowpass filter in the wideband receiver.

To characterize the amplitude distribution of the narrowband interferers, the cdf of
the power envelope (sum of the squares of the real and imaginary parts) of the Fourier
transform has been computed and is shown in Figure 9. As was done for the power cdf in
the time domain (Figure 6), the logarithm of the probability that the power exceeds a
threshold is plotted as a function of that threshold in dB. The form of the cdf in Figure 9
closely resembles analogous results obtained independently by Perry and Abraham (1988)
and shown by Lemmon (1989) to be well described by a combination of a Gaussian process
and an impulsive process defined by a model developed by Hall (1966). This observation
has proved to be of considerable practical value in developing a noise/interference model
because the Hall model involves simple analytical expressions.

Finally, the pdf of the phase of the Fourier transform is shown in Figure 10. Unlike
the phase distribution in the time domain, the distribution in Figure 10 is clearly
nonuniform.

To summarize, the results obtained thus far suggest that the noise/interference can be

viewed as a combination of a Gaussian process and many narrowband interferers.
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2.3.2 Case Study 2.

This case study involves data that were obtained at 22:10:39 UT on 28 March 1989
at a center frequency of 19.29 MHz. A plot of the first 4 ms of the I-channel data is shown
in Figure 11. This case was selected because the raw data shows a characteristic envelope
modulation that is not present in most of the raw data records.

The pdf and the cdf of the power envelope in the time domain are shown in Figures
12 and 13, respectively. These distributions are qualitatively similar to the corresponding
distributions in the previous case study, except that the pdf in the present case shows a more
pronounced dip at small power levels. In terms of a Rician model (Gaussian noise
combined with cw interferers), this simply means that the ratio of cw power to Gaussian
power is greater in the present case.

It remains to explain the envelope modulation in the raw data. At first glance the
modulation appears similar to the beating pattern resulting from the sum of two sine waves
closely spaced in frequency, that is, a carrier at the average frequency, amplitude modulated
by a sine wave of half the difference frequency. Note that modulation by a sine wave of half
the difference frequency results in a beat frequency (number maxima of the envelope per
unit time) equal to the frequency difference.

The power spectrum, shown in Figure 14, clearly reveals the presence of two strong
narrowband interferers closely spaced in frequency, as well as a third, stronger interferer.
However, the frequency difference between the two closely spaced interferers is
approximately 8 kHz, whereas the beat frequency in the raw data is approximately 4 kHz.
Moreover, a careful examination of the raw data shows that the positive voltage envelope
does not coincide (in time) with the negative voltage envelope (as it does for the sum of two
sine waves), but is displaced by one half cycle.

It can be shown, however, that the presence of a third sine wave, at the appropriate
frequency, can indeed result in this type of pattern. To show that this is the case, one
component of the spectral doublet was excised from the Fourier transform of the raw data,
and the result was inverse Fourier transformed. The I-component of the resulting

noise/interference is shown in Figure 15; the envelope modulation is clearly absent.
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It is also of interest to compare the pdf of the power envelope in the time domain
after excision, shown in Figure 16, with the corresponding pdf before excision (Figure 12).
The change in the shape of the pdf due to excision can be understood in terms of a Rician
power distribution with a smaller ratio of cw power to Gaussian power.

We conclude that the envelope modulation in the raw data is a variation of the
standard beating pattern of two closely spaced narrowband interferers, and that the variation
is caused by the presence of additional narrowband interferers. Thus, a model consisting
of narrowband interferers and Gaussian noise can account for the envelope modulation seen
in these data. The cdf of the power envelope in the frequency domain (before excision) is
shown in Figure 17, and is qualitatively similar to that in the previous case study (Figure 9),

which implies that the power distribution of the narrowband interferers is also similar.

2.3.3 Case Study 3.

The data used in this case study were obtained at 10:26:47 UT on 28 March 1989,
at a center frequency of 13.666 MHz. A plot of the first 4 ms of the I-channel data is shown
in Figure 18. This case, like the previous case, was selected because of the interesting
envelope modulation in the raw data.

Based upon experience gained from the previous case study, it seems likely that the
modulation can be understood in terms of two narrowband interferers beating against one
another. In fact, the envelope modulation in the present case resembles the beating pattern
of two sine waves much more closely than does the modulation in the previous case. Thus,
the power spectrum is expected to show two dominant narrowband interferers of
approximately equal power, separated by the beat frequency in the raw data, which is
approximately 3 kHz.

That this is indeed the case can be seen in Figure 19, which shows the power
spectrum. Of course, many other interferers are also present in the spectrum, but these are
down by approximately 10 dB or more in power relative to the dominant interferers.

The pdfs of the I-channel data and the power envelope are shown in Figures 20 and
21, respectively. These distributions resemble inverse power laws more closely than the

corresponding pdfs in the previous case studies (the tails of Gaussian and Rician

26



000ST

*(z Apnys 95BD) I9IOJIOIUI PUBGMOLIBU J[IUIS € JO UOISIOXI
1917 urewop swm oy} ur odojeaus ramod dy3 Jo uonduny Aisudp Kiqeqoid

£6rel 98611
| ]

6/¥01
|

NOISIOXH YIALJAY Add dHMOd

sibg-jo-uing

L68
|

S9¥L
|

8S6S
I

1844

¥r6l

LEVI

'91 2an3r g

0<-

O U [d

— 02

— 0

— 09

— 08

— 001

— 0¢1

— 0PI

— 091

— 081

00¢

uno)

27



Kouonbaxy o) ur odofoaus 1omod 9y} JO uUONOUN UONNQUISIP dANE[NWIND

SZ6°011 ¥22° 101 €L¥'16 22/.'18

I

l

1

*(z Apmis 9sBI) UOISIIX 2I0J9q UTBLIOP

WARCIUIE |

NIVWOd ADNHNOMMA - J0O ¥EIMOd

(ap) progsaayL
1/6'1Z 2279 69¥ZS 8IZ

1

1

|

kA4 n@m.mm 912'€Z SOF’El
1

vl

~9°€-

— 2'€-

L g2-

- $72-

I-N.

- 91-

M CAlLty

f w.o..

L b0-

ploqsaiyL
papa?3x3
IdqunN

28



960%

¢L0gE

‘(¢ Apmys 9sed) ZHIA 999°€T 18 BIEp [QUURYD-]

ZHW 999°€T - VLVd MW

mno)

wwoN «.No_
| |

"1 21031

59-
AN
— 9'6€E-

- 692-

v1-
ST-
1
| L1 __ ”_ [~ 6€C
- 9'9¢

— £'6¥

29

29



(¢ Apmys ased) ZH $20°T JO YIPIMpPUR( © I9A0 wniads 1omod 6] 21n3i

WLOHS HHamMOd

1uano)
060¥ 189 2/t  £982 PSHe S¥Y0Z  9£91 Leel 818 60% 0
| | | | | 1 l ] | .
S11°¢

RicAN!

— €2E°02

— 20562

Wi~ [£9°8E

9.’y 4PSOS

688°9S

— 81099

— LV 1'SL

—922'%8

Sov'E6

30



*(¢ Apmis 9sBO) BIEp [SUURBYD-] dY} JO uonouny Ajsusp ANIqeqory ‘0z 2InSiy

YILYd My J0 J4dd

wauoduio) |

29 g'ov 99¢ 6'€e 1l S'l- rvI- 692- 96E £7S- S9-
| | I | | l | I

— G<

— 0S

g — 001
| |

= — SZI jano)

— 0S1

— SL1

B — 00Z

= — SZ¢

— 0S¢

31



‘(¢ Apmys ased)
urewop own 9y} ur adopeaus romod oy jo wonouny Aysusp AIqeqoig

Jad ¥Imod
sabg-jo-wing

268y 8'99¢v 9'188E P96EE 21162 9ZFZ 80¥61 9'SSHI
] | | | | | | l

¥'0.6
]

'S8

"1 2Ingrg

0

Loty

— SP

— 06

— SEI

— 081

Sce ano)

— 0.2

— SIE

—09¢€

— SOF

— 0S¥

32



distributions fall off exponentially). The existence of long tails is suggestive of an impulsive
phenomenon; examples of this are discussed below. However, the cdf of the power
envelope in the present case, shown in Figure 22, appears qualitatively similar to those of
the previous cases. Thus, the appearance of the distributions in Figures 20 and 21 is
presumably due to the strong envelope modulation in the raw data, and is not due to a truly
impulsive process.

The cdf of the power envelope in the frequency domain is shown in Figure 23, and
is also similar to those of previous cases, although the tail of the distribution is somewhat
more pronounced. However, it will be shown in Section 3 that a combination of Gaussian
noise and cw interferers whose amplitudes are distributed according to the Hall model can
generate frequency domain cdfs which are quite similar to that in Figure 23, as well as
those in the previous cases, depending on the values of the model parameters.

We conclude that once again the noise/interference can be viewed as a combination of

a Gaussian process and many narrowband interferers.

2.3.4 Case Study 4.

The data in this case study were obtained at 02:31:33 UT on 29 March 1989, at a
center frequency of 13.666 MHz. A plot of the first 4 ms of the I-channel data is shown in
Figure 24. This case was selected because of the periodic oscillations in the data, which
suggest that the noise/interference is dominated by a single strong narrowband interferer.

The pdf of the I-channel data is shown in Figure 25, and does indeed resemble the
pdf for a single sine wave (recall that the pdf for the process x=A sin(wt) is
p(x) = 1/mV (A*-X?). The power spectrum is shown in Figure 26, and does reveal the
presence of a single strong narrowband interferer whose power is more than 10 dB greater
than that of any of the other interferers.

Nevertheless, it would be incorrect to conclude that the statistics of the
noise/interference can be described by those of a single narrowband interferer. The power
pdf's in both time and frequency for a single sine wave consist of delta functions, and the

cdf's therefore consist of step functions. On the other hand, the cdf's of the power envelope
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of the noise/interference in the time and frequency domains are shown in
Figures 27 and 28, respectively. These cdf's are clearly not step functions, and in fact
resemble the cdf's of the previous case studies. In modeling the noise/interference it is
therefore important to take into account the presence of the many narrowband interferers
and the Gaussian noise even though the noise/interference power is dominated by a single

interferer.

2.3.5 Case Study 5.

The data in this case study were obtained at 19:22:31 UT on 15 March 1989 at a
center frequency of 23.862 MHz. A plot of the first 4 ms of the I-channel data is shown in
Figure 29. This case was selected because of the impulsive nature of the noise. Of the 42
noise records examined in this study, this noise record is the only one that clearly exhibits
impulsive noise in the raw data. The origin of the noise pulses is unknown, but is almost
certainly not atmospheric noise. The reason is because the noise pulses do not occur
randomly in time, but appear to occur in a quasi-periodic fashion. For example, Figure 30
shows 4 ms of the I-channel data from another part of the I-second noise record (not the
first 4 ms shown in Figure 29). The noise pulses are not precisely periodic in time, but tend
to be separated by approximately .5 ms; thus, the source of the impulses has been assumed
to be of manmade origin.

In this particular noise record the quantization of the noise samples is apparent from
inspection of Figures 29 and 30. The reason is presumably because the gain of the HF
receiver was decreased to prevent the noise impulses from saturating the system, so that the
voltage level of the noise floor was comparable to the resolution of the A/D converters.

The pdf's of the I-channel data and the power envelope for the first 4 ms of the noise
record are shown in Figures 31 and 32, respectively. These results appear qualitatively
similar to those of the previous case studies, except for the appearance of long tails in the
distributions at high voltage (power) levels, which are the hallmark of an impulsive process.
The tail in the power distribution is more readily apparent in the power cdf plotted on

logarithmic scales, shown in Figure 33.
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The level crossing distribution of the voltage envelope is shown in Figure 34. Again,
this distribution is similar to those of previous cases (see, for example, Figure 7), except for
the long tail at high voltage levels.

The presence of impulsive noise is also apparent in the power spectrum, shown in
Figure 35. The fact that the noise floor within the 400 kHz bandpass of the filters in the
HF receiver is greater (by approximately 20 dB) than the noise floor outside the bandpass
of the filters indicates that a broadband process (impulsive noise) is contributing to the
power spectral density within the band.

The power spectrum also reveals the presence of numerous narrowband interferers,
as in previous cases. The power distribution of these interferers can be obtained from the
power cdf in the frequency domain, plotted in Figure 36, which is again similar to those of
previous cases.

Because the data in this case study clearly reveal the presence of impulsive noise,
which is not apparent in the previous cases, it is of interest to see what effect, if any, the
impulsive noise has on the phase distributions. The pdf's of the phase in both the time and
frequency domains are shown in Figures 37 and 38, respectively. Unlike the previous time
domain phase distributions, which are uniform, the distribution in Figure 37 is clearly
nonuniform, with spikes occurring at discrete values of phase. On the other hand, the
frequency domain phase distribution in Figure 38 is qualitatively similar to those of the
previous cases.

The peculiar spikes in the time domain phase distribution can be understood as an
artifact which arises due to the aforementioned quantization of the raw data. Because the
I- and Q-channel voltages are integral multiples of a fundamental voltage (the resolution
of the A/D converters), it follows that the phase is discretized at values equal to the
arctangent of the ratio of two integers. Thus, one expects peaks in the phase distribution
at arctan(0/1)=0, arctan(1/0)=n/2, arctan(1/1) =n/4, arctan(1/2)=0.46, etc., and peaks at
precisely these values of phase can be seen in Figure 37.

To summarize, it appears that the noise/interference in this case study can be

described by a combination of Gaussian noise, narrowband interferers, and impulsive noise.
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The Gaussian noise and narrowband interferers have statistical properties similar to those of
the previous cases. The impulsive noise must be modeled by a process which yields the
aforementioned tails in the amplitude and crossing rate distributions, but not the spikes in the

time domain phase distribution, which are an artifact of the A/D conversion.
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3. NOISE/INTERFERENCE MODEL

3.1 Description of Model
Based on the case studies, a simple model of wideband HF noise/interference has
been developed. The model is capable of describing the first-order statistics of all the

aforementioned noise/interference data, and consists of three components:

e Gaussian noise
e Narrowband interferers (sine waves)

e Impulsive noise (filtered delta functions)

The presence of these three components is not unexpected, and is in accord with intuition.
Within a bandwidth on the order of 1 MHz one expects contributions to the
noise/interference from many independent sources, and hence, via the central limit theorem,
a Gaussian component. On the other hand, one also expects many narrowband interferers,
and if one or a few of these interferers are dominant, the central limit theorem no longer
holds, so that these interferers must be included as a separate component of the model.
Finally, it is well known that HF noise can be impulsive, due to atmospheric noise and other
broadband manmade noise which is neither narrowband nor Gaussian, and must therefore be
included as a third component of the model.

To make this precise, let x(t) denote the noise/interference signal at rf, and let the in-
phase and quadrature components of the baseband signal be denoted by I(t) and Q(t),

respectively. Then x(t) can be written as

X(t) = 1 (t)cos w,t + Q(t) sin a,t (1)
where o, 1s the carrier frequency. The measured data correspond to I(t) and Q(t), which are
the quantities we wish to model.

A sine wave of frequency ® can be written in the form of (1) by using the

identity
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cos(at + ¢) = cos w,t cos(Awt + ¢)—sin w,t sin(At + @) (2)

where Ao = w-®, and ¢ is an arbitrary phase. The baseband components I and Q are the
coefficients of cos wot and sin wot, respectively.

Similarly, the baseband components of an impulse which arrives at time t = t, can be
obtained by applying (2) to the Fourier integral representation of a delta function and
transforming the variable of integration from o to Aw:

S(t—t,)= jw cosa(t—t,)dw

—00

= cos w, (t -1, )J._Z cosAalt —t, )dAw (3)

= —sinw, (t —t, ).[_OO sin Aot —t, JdAw

Since we wish to model measured I and Q components which have been low-pass filtered,
the upper and lower limits of the integrals in (3) should be replaced by +2n B, where B is the
band-pass in Hz. The last integral in (3) vanishes because the sin Aw(t-ty) is an odd function
of Aw; evaluating the integral of cos Aw(t-ty) and expanding cos wy(t-t;) enables one to

express a filtered impulse d4(t-ty) as

sin27B(t —t,) (

5f(t_to): t_t
0

cos w,t, cos @,t + sin ,t, sin w,t) 4)

Again, the I and Q components correspond to the coefficients of cos wyt and sin wt,
respectively. Combining results, the baseband components of the noise/interference model
can be written as

3, sin27B(t—t;)

I(t)=g|(t)+iAi cos(Aawit + ¢, +ZBJ P_— cos @t ; (%)
= i=l i

QM) = gQ(t)_iAi sin(Aa;t + ¢, +Zj:Bj %sinwotj (6)

where g;(t) and gq(t) are independent, identically distributed zero-mean Gaussian processes,

N; is the number of narrowband interferers in the frequency band of interest, and N; is the
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number of impulses which occur during the time interval over which the noise/interference is
being modeled.

Still to be specified are what fraction of the total noise/interference power is
associated with each of the three components, how the narrowband interferers are
distributed in amplitude, phase, and frequency, and how the noise impulses are distributed
in amplitude and time. To do so, the results of the various case studies discussed above
were examined.

It was concluded that the frequency and phase distributions of the narrowband
interferers are uniform. As discussed in Section 2.3.1, the amplitude distribution of the
narrowband interferers can be obtained from the cdf of the power envelope in the frequency
domain. This has been shown by Lemmon (1989) to be well described by a combination
of a Gaussian process and an impulsive process defined by a model developed by Hall
(1966). It may seem inappropriate to use a model of impulsive phenomena to describe
narrowband interferers; however, narrowband interferers are impulsive in the frequency
domain, and it is the amplitude distribution of these frequency domain impulses that must be
described. Thus, it was concluded that the pdf for the amplitudes A; can be modeled by the
amplitude pdf of the Hall model:

(@-1)y""'A
A2 4 }/2 )(9+1)/2 (7)

P(A) = (

The model has two free parameters, 6 and y. Roughly speaking, the value of 6 determines
the slope of the power cdf at high power levels, where the cdf is approximately linear (on
log-log scales), and the value of y determines the overall power scale.

A possible objection to modeling the amplitude distribution as a pure "Hall" process
is that although the power cdf in the frequency domain is well described by a combination of
Gaussian and Hall processes, and although the noise/interference in the time domain is
assumed to consist of a combination of a Gaussian process and narrowband interferers (in the
absence of impulsive noise), it has not been shown that the Gaussian process in the time
domain corresponds to a Gaussian process in the frequency domain. Thus, it has not been
shown that the narrowband interferers in the time domain correspond to a Hall process in the

frequency domain.
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That this is indeed the case, however, can be seen by the following argument. The
Rice representation for zero-mean Gaussian noise (Rice, 1944 and 1945) in a time interval of

length T and in a frequency band from -B to B can be written as

BT,
g(t) = Z(an cos@ +b, sin 27_|z_nt) (8)
n=l1

where the Fourier coefficients a, and b, are independent random variables which are
Gaussian distributed with zero means. Here the distribution of a given coefficient (fixed
value of n) refers to the distribution of values of that coefficient obtained from an ensemble
of noise records. Note that a, and b, correspond to the real and imaginary parts,
respectively, of the Fourier transform of g(t).

Now consider a single noise record and the distribution p(a) of the set of values of
a, for n= 1,2,...,.BT. We wish to determine under what circumstances p(a) is a Gaussian.
Note that p(a) can be viewed as the probability that a given a, is.sampled, times the pdf of
a, for that value of n, summed over n. The probability that a given a, is sampled is 1/BT.

Thus, p(a) can be written as

BT ~-a°/0>(a,)

p(@) = éBT 3¢ )

n=1 O-(an )

where o(a,) is the standard deviation of the pdf of a,. Since Gaussians with different
standard deviations are linearly independent, and since (9) is a sum of Gaussians, it is easy
to see that p(a) is a Gaussian if and only if the o(a,) are equal to one another for all n. A
similar argument holds for the b,. Therefore, the Fourier transform of a (real) Gaussian
process g(t) is a (complex) Gaussian process in the frequency domain if and only if g(t) is
white Gaussian noise, that is, Gaussian noise whose spectral properties (i.e., the a, and b,)
are independent of frequency.

The argument can be generalized to include the case of a complex Gaussian process
g(t). Thus, the Fourier transform of a complex Gaussian process is a complex Gaussian

process in the frequency domain if and only if g(t) is white. Although we have no proof that
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the Gaussian component of actual noise/interference is white, the power spectra shown in the
previous examples strongly suggest this to be the case.

It is of interest to see that modeling the noise/interference as a combination of
Gaussian and "Hall" processes in the frequency domain leads to a nonuniform phase
distribution in the. frequency domain, even though the Gaussian and Hall processes
individually have uniform phase distributions. Let G(w) and H(w) denote the in-phase
components. of a complex Gaussian and a complex "Hall" process, respectively, in the
frequency domain, and let their corresponding quadrature components be denoted by G (o)

and H (®). Then the joint pdf p,;(x,X) for the combined process X = G + H,

X =G + H can be written as a double convolution integral:
P (6N = [ [ p,qx=2.X-2)p, (2,7)dzd? (10)

where p, . and pg s denote the joint pdfs for the Hall and Gaussian processes,

respectively. An expression for p,, , has been derived by Hall (1966):

1

(x2 +X2 47

H.H (X Y) * )(9+1)/2 (11)
Since G and G are independent, identically distributed Gaussian processes, P, s can be

written as

pG,G (X, X) oc e*(xzﬁz)/zo—? (12)

Substituting (11) and (12) into (10) gives

o © e—(22+72 )/20‘2

P [ ]

" (13)
S [(x 2 +(X-2) + 72](9 V" tzdz
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Making a transformation of variables from (x,X) to (V,p) via

X2+ X2 =V? (14)
X2+ X2 =V? (15)
X2+ X2 =V? (16)

results in the joint pdf p, , in amplitude V and phase ¢ for the combined process:

o o +72)125?

e
(S

=Vp,; oC v 5 dzdZ (17)
S[o _'[o B/z ~22V cos¢p—2ZVsing+2° +7° +}/2](6 v

Finally, the phase distribution p,, is obtained from the joint distribution p,, by integrating

over V,
b, = [ PV (18)
0
so that
2 2o verkeor)ar
Py -([dV J;dZ[OdZ B/ > —22Vcosgp—27ZVsing+2> +7° +y° ](M)/Z ()

Although no attempt has been made to evaluate the triple integral in (19), it is clear that
P, 1s not uniform, but is @-dependent, and has a period of 2.

Turning now to the impulsive noise, it was concluded from examination of the power
cdf’s in the time domain that the amplitude distribution of the impulses can also be
described by that of the Hall model for amplitudes B; which are less than some maximum
value B,... At larger values of amplitude, the distribution appears to be cut off (relative
to that of the Hall model). Whether this is due to some intrinsic property of the noise
pulses or is due to the limited dynamic range of the receiving and data acquisition systems

remains unclear at this time; the resolution of this question will require additional data
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obtained with a system that has greater dynamic range. In any case, based upon these
observations, it is proposed that the amplitude distribution p(B) of the impulses in the time

domain be modeled by that of a cutoff Hall model:

1-60 B
B2 +7/2)1—9)/2_7/2(1—5)/2 - (Bz+72)(6’+1)/2’

max max

p(B) = 0( 0<B<B_, (20)
The expression in the first line of (20) differs from that in (7) because cutting off the
distribution results in a different normalization constant.

As discussed in Section 2.3.5, in the one noise record which clearly exhibits impul-
sive noise, the noise impulses do not occur randomly in time, but tend to occur in a quasi-
periodic fashion. However, quantitatively modeling the arrival time distribution requires
investigation of the noise pulse spacing distribution, and this, as well as investigation of the
other higher-order statistics, is beyond the scope of the present work, and will not be further
discussed in this report. For the present purposes of modeling the first-order statistics, the

pulse arrival distribution will therefore be assumed to be uniform.

3.2 Comparisons of Model with Measurements

To demonstrate the usefulness of the model for simulation purposes,
noise/interference has been simulated, analyzed, and compared to the corresponding
analyses of measured data for two particular noise/interference environments: the case
study discussed in Section 2.3.1, which is typical of the data examined in the 42 noise
records, and the case study discussed in Section 2.3.5, which exhibits impulsive noise, in
addition to the Gaussian and narrowband components. The purpose of these comparisons is
not to exhibit simulated results which are identical to the corresponding measured results, but
rather to demonstrate that the model generates noise/interference with the same statistical
characteristics as the measured data.

In the first case, the simulated noise/interference consists of a combination of
Gaussian noise and 40 sine waves. Each sample of the Gaussian noise was generated by
summing 12 random variables, uniformly distributed between -0.5 and 0.5. Since the mean
and variance of each of the random variables are 0 and 1/12, respectively, the mean and

variance of the composite process are 0 and 1, respectively. The central limit theorem
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implies that the composite process is (approximately) Gaussian, as discussed, for example,
by Mihram (1972). Moreover, because each sample was generated independently of the
others, the autocorrelation function of the process is impulsive; thus, its Fourier transform
(the power spectrum) is flat, and the noise is therefore white.

The model specifies that the amplitudes A; of the sine waves are distributed
according to (7). A set of amplitudes so distributed can be generated by integrating (7) to
obtain the cumulative probability P(A),

0-1
Y
P(A)=1- (A2 N 7/2 )(3—1)/2 (21)

inverting the result to obtain A(P),
1 1/2
G =] )

and viewing the cumulative probability P as a random variable uniformly distributed
between 0 and 1. Thus, random values of P, uniformly distributed between 0 and 1, were
generated and substituted into (22) to obtain values of A;. The values of the parameters vy
and 0 were chosen to be y = 0.3 and 6 = 2.0.

The phases @; of the sine waves are uniformly distributed between 0 and 2x, and the
baseband frequencies Aw; are uniformly distributed between -400 kHz and +400 kHz.

Plots of the I-channel data, both measured and simulated, over an interval of 4 ms,
are shown in Figure 39. Although the measured and simulated data are qualitatively similar,
the simulated data appears to have more high frequency noise than the measured data.
However, this is due to the fact that the frequency of the dominant narrowband interferer
in the simulated data happens to be higher than that in the measured data in this particular
case. Because the frequencies and amplitudes of the narrowband interferers are treated as
random variables in the simulation, it is unlikely that the measured and simulated data will
exhibit identical sets of narrowband interferers. Nevertheless, the statistical properties of
the measured and simulated data are quite similar, as can be seen by comparing the
measured and simulated pdf’s of the I-channel data, the power envelope, and the phase,

which are shown in Figures 40, 41, and 42, respectively.
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Figure 39.  Comparison of (a) simulated and (b) measured (case study 1)
noise/interference in the I-channel data.
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Figure 40.  Comparison of (a) simulated and (b) measured (case study 1) probability
density functions of the I-channel data.
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Figure 41.  Comparison of (a) simulated and (b) measured (case study 1) probability
density functions of the power envelope in the time domain.
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The level crossing distributions of the voltage envelope are shown in Figure 43.
Again, the measured and simulated distributions are qualitatively similar, although the scale
of the simulated distribution is nearly three times larger than that of the measured
distribution. This is to be expected if the frequency of the dominant narrowband interferer in
the simulated data is several times greater than that in the measured data.

That this is indeed the case can be seen by comparing the measured and simulated
power spectra, shown in Figure 44. Whereas the frequency of the dominant interferer in
the simulated data is approximately 350 kHz, the frequencies of the dominant interferers
in the measured data tend to cluster around -125 kHz. Also note that the spectral lines
corresponding to the dominant interferers have a finite width, even though they have been
modeled by zero bandwidth sine and cosine waves. The reason is because the power
spectrum is the square of the Fourier transform of a noise record of finite length (4 ms)

iAwt

and the Fourier transform of a complex exponential e of finite time duration is a linear

combination of a filtered impulse and its Hilbert transform:

e—iAa)teiwt dt —

{sin (@ — A@)T =i [cos (0 — Aw)T —1]} (23)

S ey —

o—-—Aow

Thus, the structure of the spectral lines in the power spectrum corresponds to the logarithm
of the envelope 1/(0-Aw).

The cdf’s of the power envelope in the frequency domain and the pdf’s of the phase
in the frequency domain are shown in Figures 45 and 46, respectively. The similarity of the
measured and simulated power envelope cdf’s is to be expected, because the amplitude
distribution of the sine waves in the simulation was chosen to reproduce the measured
distribution. The simulated phase distribution is nonuniform, as expected based on the
discussion in Section 3.1, and also is qualitatively similar to the measured distribution,
although shifted in phase. However, a relative phase shift in the frequency domain
corresponds to a relative time shift of the noise record, which is of no physical significance.

The noise/interference discussed in Section 2.3.5 was simulated by combining

Gaussian noise, 40 sine waves, and 50 impulses. The Gaussian noise and sine waves were
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Figure 43.  Comparison of (a) simulated and (b) measured (case Study 1) level crossing
distributions of the voltage envelope.
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Figure 44.  Comparison of (a) simulated and (b) measured (case study 1) power spectra.
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generated by the techniques discussed in the previous example, except that the Gaussian
noise samples were multiplied by a factor of 0.12, so that g;(t) and go(t) each have a variance
6°=0.0144, and the parameters y and 0 in the amplitude distribution of the sine waves were
chosen to be y=0.2 and 6 = 2.0.

The amplitudes B; of the impulses are distributed according to (20) and were
generated by a technique analogous to that used to generate the A;. Integrating (20) to obtain
the cumulative distribution P(B),

(Bz Ly )(1—9)/2 -0

P(B) =
(B) (Bz +72)(1—9)/2 _]/2(179)/2

(24)

max

and inverting to obtain B(P),

1/2

87 (1-6)/2 2/(1-6)
B(P)=y [Pl[%ﬂj —1} +1] -1 (25)
v

values of B; were obtained by generating random values of P, uniformly distributed between
0 and 1, and substituting into (25). The parameters were chosen to be B,...=2x107,
y=1.0x10", and 6 = 1.2.

The arrival times t; of the impulses are uniformly distributed between 0 and 4 ms.

Plots of the I-channel data and pdf’s of these data are shown in Figures 47 and 48,
respectively. The presence of impulses in the raw data results in the long tails in the pdf’s,
which otherwise are typical of those of previous case studies.

The pdf’s of the power envelope, which are shown in Figure 49, also exhibit long
tails, which are more readily apparent in the cdf of the power envelope plotted on log-log
scales, as shown in Figure 50.

The pdf’s of the phase in the time domain are shown in Figure 51. As discussed
above, the spikes in the measured distribution are an artifact of the A/D conversion, and are

intentionally not being simulated.
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Figure 47.  Comparison of (a) simulated and (b) measured (case study 5) I-channel data.
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The level crossing distributions of the voltage envelope are shown in Figure 52, and
again resemble those of previous case studies, except for the long tails in the distributions.

The power spectra, power cdf’s in the frequency domain, and phase pdf’s in the
frequency domain are shown in Figures 53, 54, and 55, respectively. These quantities
resemble those of previous cases, except for the difference of approximately 20 dB in the
noise floor of the power spectra between the portions of the band which are inside and
outside the bandpass of the filters in the HF receiver. As pointed out above, this difference
can be attributed to the presence of a filtered, broadband process (filtered impulses).

It 1s of interest to compute the relative power of the Gaussian, narrowband, and
impulsive components of the noise/interference. Since the power is I + Q7, the average

power in the Gaussian component is

P = ot 30t =oi o (26)

where o, and o are the standard deviations of g; and g, respectively. The power in the

narrowband component is

P = %H[z A cos(Aat + o, )T + [Z A sin(Aayt + g, )T}dt
= ZAZ

(27)

where the integral over the cross-terms in (27) vanishes due to the orthogonality of sines

and cosines of different frequencies. The average power of the impulsive component is

P 31n27zB(t t) ? sm27zB(t t) ?

—cosa)o - ——~  Vsin ot
j _ — t, | +| DB, t | ldt
0

i j t—t;

=~

IMP =

(28)

z J-sm 7X @ZBJZ

]

where the cross-terms in (28) which arise from the products of two distinct impulses are
assumed to approximately vanish, and where the integral from 0 to T has been approximated

by the integral from -co to +oo.

77



1100

1000

900 H

800 —

700 —

Number of
Crossings
500 —

400 —

300 4

200 —

100 -

0

| L L L L L L L L I e I
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Threshold

950

855
760
665 —

570 <

Number of
P ings 475

380
285 —
190 <

95

. I I I 1 1 I I I 1
0 487 974 1461 1948 2435 2922 3409 3896 4383 487

Threshold

Figure 52. Comparison of (a) simulated and (b) measured (case study 5) level crossing
distributions of the voltage envelope.
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In the simulation of noise/interference containing impulsive noise, 6; = 6 = 0.12,
YA’=28.13, YB{*=1.26 x 107, B=2r x 400 kHz, and T=4 ms. Substituting these values into
(26)-(28), one finds that P5=0.0288, Pyp=28.13, and Ppp=2.52. Thus, relative to the
Gaussian noise power, the narrowband power is approximately 30 dB and the impulsive

power is approximately 19 dB.
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4. SUMMARY AND CONCLUSIONS

A simple physical model of wideband HF noise/interference has been developed,
based on analyses of measured data. Unlike previously developed models, which have
generally consisted of descriptions of the statistical characteristics of the received
noise/interference (for example, the amplitude probability distribution), the present model
provides a description of the received noise/interference waveform, and therefore can be
used to simulate the noise/interference process. The statistical characteristics of the process
have been investigated to guide the model development and to check the validity of the
proposed model. In particular, we have examined the raw data, pdf's of the raw data, pdf's
of the voltage and power envelopes, pdf's of the phase, and level crossing distributions of
the voltage envelope. In addition, we have examined characteristics of the
noise/interference in the frequency domain, including power spectra, cdf's of the power
envelope in the frequency domain, and pdf's of the phase in the frequency domain.

Every one of these quantities generated from the simulated data closely resembles the

corresponding measured quantity for a variety of measured data. However, the model

developed thus far is incomplete for several reasons.

First, in its present form the model provides no way of specifying values of the model
parameters. For the simulations discussed in this report, values of the parameters were
determined by examining the results of analyses of measured data. However, it would be
desirable to have the capability to specify values of the parameters which are appropriate
for a given environment (location, time of day, etc.) in the absence of measured data.
Empirical noise models have been developed, for example the model for atmospheric noise
specified by the CCIR (1986) and discussed by Spaulding and Washburn (1985), which
could be of use in determining parameter values. However, combining such models with the
present model to provide this capability has yet to be accomplished.

Second, the higher-order statistics, which describe the relationships between the
noise/interference process at different instants in time, need to be examined and modeled.
For example, distributions of pulse width and pulse spacing (essential for modeling the
arrival time distribution of noise impulses) and the nonstationarity of the noise/interference

need to be investigated.
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Finally, the measured data analyzed thus far comprise a limited data base obtained
during March 1989 at Bedford, MA. More data with impulsive noise, and atmospheric noise
in particular, need to be analyzed and modeled, as do data obtained at different receive
sites, at different times of year, with different antennas, and with appropriate dynamic range
(greater than eight bits). These investigations are currently under way and will be reported

elsewhere.
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Appendix

Table 1 displays the measurement parameters that were used to obtain the
noise/interference records discussed in this report. Listed are the times, dates, center
frequencies, and values of the variable attenuation that were used to record these data.
Each record is identified by a record number. The following plots display the first 4 ms of
both the Q- and I-channel data for each of the records.

Table A-1. Measurement Characteristics of Wideband HF Noise/Interference
Records
Record Date Time Center Variable
Number (1989) (UT) Frequency Attenuation

(MHz) (dB)

1 15 March 04:01:22 9.244 24

2 15 March 05:50:42 7.844 21

3 15 March 06:22:00 10.662 16

4 15 March 07:48:05 7.844 29

5 15 March 09:46:34 5.936 22

6 15 March 11:57:02 7.844 21

7 15 March 15:15:59 19.29 6

8 15 March 19:22:32 23.862 6

9 15 March 20:06:49 15.848 26

10 22 March 22:21:16 19.29 27

11 15 March 22:34:52 19.29 6

12 10 March 00:29:22 19.29 6

13 10 March 00:39:19 18.718 24

14 17 March 00:57:51 15.848 29

15 17 March 03:20:34 10.662 11

16 10 March 03:41:19 13.666 12

17 10 March 03:48:17 13.666 18

18 17 March 04:45:19 9.244 28

A-1
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Table A-1.(Cont.)

Record Date Time Center Variable
Number (1989) (UT) Frequency Attenuation
(MHz) (dB)

19 10 March 06:25:57 10.662 18
20 10 March 06:25:57 9.244 30
21 17 March 07:08:11 10.662 11
22 17 March 08:47:51 5.936 21
23 10 March 09:51:21 7.844 31
24 10 March 19:58:11 5.936 27
25 10 March 173732 23.862 6
26 27 March 23:37:48 19.29 12
27 28 March 02:05:34 15.848 25
28 28 March 03:27:56 13.666 25
29 28 March 05:59:35 15.848 6
30 28 March 08:13:01 15.848 29
31 28 March 10:26:48 13.666 20
32 28 March 12:07:27 187081 17
33 28 March 19:04:31 19.29 16
34 28 March 22:10:40 19.29 17
35 28 March 23:39:48 15.848 26
36 29 March 02:31:34 13.666 27
37 ~ 29 March 03:28:33 10.662 27
38 29 March 14:53:31 25.885 6
39 29 March 16:27:07 23.862

40 29 March 18:51:19 25.885 6
41 29 March 20:37:32 19.29 16
42 29 March 20:45:25 19.29 16

A-2
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