5. AMPLITUDE PROBABILITY DISTRIBUTION ANALY SIS

The effect of man-made noise, in the 136 to 138-MHz VHF meteorological satellite band, on radio
links can be evaluated through smulation. 1n this section we describe how we used the noise power
measurements to model man-made noise for radio link simulation.

5.1 Middleton Noise Mode

To smulateman-made noise, it isdesirable to first model the noise with analytical representations of
the APD using as few statistical parameters as possible (e.g., moments and various measures of
“impulsiveness’). To this end, Middleton [15-18] has published a detailed analysis of tatistical-
physical models of man-made and natural radio noise. Thiswork islengthy and detailed, consisting
of four parts published over a period of more than 4 years.

Middleton’s analysis of non-Gaussian noise is based on the assumption that the noise sources are
Poisson distributed in space and time and that “source waveforms’ can have random amplitudes,
durations, and frequencies. In thiswork, noiseisdivided into classes based on the interaction of the
time-varying noisevoltage and thereceiver. Class A noise, composed of Gaussian noise and random
pulses, isdefined as having abandwidth that is significantly smaller than the receiver filter of interest
(thefind I Ffilter for our purposes). With thisassumption, the APD of received instantaneous power
wis.

AI(W)z e—yTZ (YT') e—w/(2o2+mp2) (5.1)
m=0 m!

where (isthe mean pulse arrival rate, T is the mean pulse duration, D? is the average pulse power,
and 2F? isthe average Gaussian noise power. In this equation the APD depends on the “impulse
index” (T and not explicitly on ( or T. Thus, only three parameters are required to model the ADP
of ClassA noise. Furthermore, the average received power isroughly proportional to (T; hence, the
I F filter should not affect the shape of the APD aslong asits bandwidth is large when compared to
the random pulse bandwidth.

Class B noiseis defined as having a bandwidth that is larger than the receiver filter of interest. The
resultant APD as calculated by Middleton consists of three components. a Gaussian component, a
rare event component, and an intermediate event component. The Gaussian and rare event
components have the same functional form as Equation (5.1). Theintermediate component is much
more complicated and includes an infinite series of confluent hypergeometric functions (M):

A,(w) = wg (_In# I'a-+ %) M(1 + %,2,— w) (5.2)

whereA g isan“intermediate event impulseindex”, and $ isknown as a“ spatial density-propagation
parameter” withthe restriction 0 # $ < 2. In addition to the three parameters required for A, and the

36



two parameters required for A,, another parameter specifying the intersection point for the two
functions must be used.

Clearly, the implementation of Equation (5.2) in practica simulations is likely to be onerous. In
addition, the determination and implementation of the required six parameters appears to be quite
tedious and as noted by Hagn [19], practical parameter estimation techniques deserve considerable
additional attention.

Our data represent the noise statistics after the final IF filter in the measurement system. Since the
actual receiver bandwidth may differ from the measurement system, it is desirable to smulate the
noise processprior to thefina IFfilter. Determining the parametersthat fit Equations (5.1) and (5.2)
to our data does not achieve this end. We are able, however, to use these results as a guide in
devel oping noise simulation models from our measurements as described below.

5.2 Simplified Noise Model

Asindicated above, we wereinterested in devel oping acomplex baseband, time seriesrepresentation
of the noise process prior to thefinal | F filter of our measurement system. Following Middleton, we
assumed that as observed by thereceiver, Class A and Class B noise have anon-Gaussian component
with a randomly distributed time of arrival and a Gaussian component that is dways present. The
Gaussian component is modeled as
Jjo

g.e ° (5.3)
whereg, isthe Rayleigh-distributed amplitude, 2, isthe uniformly distributed phase, and kisthetime
index.

The non-Gaussian pulse time of arrival was assumed to be Poisson distributed with pulse arrival rate
(. The probability that one pulse will arrivein )t secondsis (), therefore, the presence of apulse
is determined by

(5.4)

X {1 with probability y At
k

~ |0 with probability 1-yAt

Representations of pulse duration and pulse amplitude differed between Class A and Class B noise.
Prior to receiver filtering, the Class A noise was represented by rectangular pulses, p, , whose
duration corresponded to a bandwidth less than the receiver filter bandwidth. In contrast, prior to
receiver filtering, the Class B noisewas represented by pul seswhose bandwidth exceeded thereceiver
filter bandwidth.

Class A noise pulse amplitude was characterized by a sudden “step” at low APD exceedence
probabilities when plotted on Rayleigh paper. This suggested that a pulse or group of pulses with
a constant pulse amplitude was present. Class B noise was characterized by a distribution of
amplitudesat low APD exceedence probabilitiesindicating that agroup of pulseswith variable pulse
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amplitudes was present. When w >> 1, the asymptotic expansion of the confluent hypergeometric

function in Equation (5.2) yields[ 20]:

A ~ 1 \ (_ )nA"I'\Z . -Bn

(W) p e (Br)Prsin(w Pr)w : (5.5)
n= .

Setting $ << 1 and Ag << 1, so that only the first few terms of the series are important, A , can be
approximated using a Weibull APD [21,22]:

)l/u

-wh,,
A,w)=e (5.6)
where w,,, and ** are the Weibull parameters and
Ewt=w,_ T (a+l). (57)
In summary, our complete smplified Class A noise mode is
_ jd 70,
v, = Be ;szk-z + g.e (5.8)

where B and N are the pulse amplitude and phase. The complete smplified Class B noise mode! is

_ Jjo
V, = (bkxk+gk) e * > (5.9)
where b, isthe Weibull distributed amplitude of the non-Gaussian noise component.

The Weibull distributed amplitude is generated by
b,=Jw, (-log,u,)"?, (5.10)

where u, is a uniformly distributed random variable with arange from 0 to 1. In a Smilar way the
Rayleigh distributed amplitude was generated by

b, = [w,,(-log,u)"” , (5.12)

where w,, is the mean Gaussian power.
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A number of our measurementsshow that in additionto impulsive noise, therewere“constant” noise
sourceswithbandwidths narrower than our I Ffilter. The constant noise may originate from periodic,
pulsed emissionsfromnearby el ectrical and el ectronic equipment. The constant noi secomponent was
characterized by a decrease in the dope of the straight line at high APD exceedence probabilities.
These noise sources were modeled by adding a constant to the Gaussian noise component

z, = gt + ¢ (512)
where c isaconstant. The amplitude of the resulting variate is Nakagami-Rice distributed
p(2) = 2[(1 + Kyexp(- (1 + K] - K) I,(2[zlVKT1 + K]) (5.13)
where
B P
E{e-E{z}} Wy

isthe ratio of constant noise-power to Gaussian noise-power. When plotted on Rayleigh paper, the
Nakagami-Rice cumulative distribution function is approximately a straight line with a slope that
depends on the K (see e.g., Figure 2.6).

K = (5.14)

5.3 Extraction of Noise Model Parameters from Measurements

The APD’s used for smulation were composed of severa measured histograms from each
environment. Combining histograms was necessary to increase the accuracy of the low exceedence
probability estimates. For most of our measurementsw,,, was estimated readily fromthe APD’ s 37th
percentile amplitude. For Class A noise two additional parameters were extracted from the APD:
(T and B. For Class B noisg, three additional parameters were required for each Poisson/Weibull
process: (T, ", and w,,.

The product (T isestimated fromthe APD exceedence probability associated with a departure from
aRayleighdistribution. The parameter ( was calculated fromthe product (T after T was measured
or estimated. For Class A noise we assumed T was much greater than the receiver filter time
constant, therefore, the T before and after the receiver filter was the same. For Class B noise, prior
to filtering, the pulse was assumed to beanimpulse. After filtering, the pulse duration was estimated
to bethe duration of aunit amplitude, rectangular pulsewith approximately the same areaasthefilter
impul se response.

The constant amplitude of Class A noise wasread directly fromthe amplitude of the low exceedence
probabilities of the APD. The Weibull distribution parameters'* and w,,, of ClassB noiseareideally
estimated from the slope and amplitude of the lower exceedence probability events whose event
gpacing is much greater than the filter time constant. In practice, for many of the Class B
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APD’s, there was not sufficient datato measure **. In these cases, ** was adjusted empirically to
provide the best fit.

Usng the estimated parameters, the smulated time series was passed through a digita
implementation of our noise measurement receiver fina IF filter, and the resultant APD was
compared withthe measured APD. It wasfound that, except for w,, several iterationswererequired
to determine the optimum parameter values.

og’

5.4 Simulation Results

For our analysis, we selected measurementsthat covered avariety of man-made noise environments.
These APD’ srepresent typical examplesof first-order statisticsfor aparticular measurement location
or environment. From the representative noi se measurementsin Section 3 only therural environment
and computer APD’ s have been excluded. The rural environment was excluded because it was the
quietest environment. The computer APD was excluded because it was similar to the Nakagami-
Rice APD found in the office park. Asindicated above, these Class A and Class B noise parameters
characterize noise beforethe final | F filter of the measurement system. The simulated APD’ s shown
in Figures 5.1 through 5.18 were filtered by a six-pole Chebychev filter with a 34-kHz noise
equivalent bandwidth which approximated our noise measurement receiver filter. A 10-Istime
increment wasused. Inthefollowing discussionw, = E{w}, W, = 10l0g,4(W,), W,, = 10l0g;,(W,,) and
Wow = lOI OglO(Wow)'

Figure 5.1 shows an example of a Class A noise APD. For this smulation, the Class A noise pulse
durationis 1.0 ms, pulse arrival rateis 0.3 pulses/second, and the pulse amplitude is 67.0 dB above
KTyb. Class B noise also isincluded in this simulation. The Class B noise parametersare ' = 1.0,
(= 30.0 pulses/second, and W,,, = 7.3 dB, W, = 27.0dB, W, = 33.4 dB above kT, b. ClassA noise
with large amplitudes was observed at many of our measurement sites. The time between Class A
noise events, however, was on the order of hours, and the duration of the events was less than 100
ms. Since our measurements indicated that Class A events are rare and of short duration, the
remainder of our analysis focused on the simulation of the more common Class B noise.

In Table 2 we have tabulated the simulation parameters for Class B noise corresponding to several
man-made noiselocations and sources. Figures 5.2 through 5.16 show the comparison between the
measured and smulated APDsfor each entry in Table 2. Note that in some cases, two non-Gaussian
noise componentsare required to obtain a suitable APD. This may be the case, for example, when
both strong power line and automotive noise sources are present.

Figures 5.17 and 5.18 show Nakagami-Rice distributed APD’ s from the office park measurements.
Electrical or electronics equipment with periodic, pulsed emissions may be a source of constant
narrowband noise. The Class B and Nakagami-Rice parametersfor Figure5.17 areK =3.0dB, "' =
2.0, (= 0.8 pulses/second, and W,, = 11.0dB, W,,, = 32.0dB, W, = 14.5 dB above kT;b. The Class
B and Nakagami-Rice parameters for Figure 5.18 are K = 3.0dB, "* = 2.0, (= 10.0 pulses/second,
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and W, =11.0dB, W,,, = 32.5dB, W, = 14.7 dB above kTgb. Figure 3.3b showsthe median, mean,
and peak power for this time and location.

5.5 Change of Smulation Time Increment

When performing Class B noise simulations, the average power of the non-Gaussian component
depends on the time increment as follows:

<W, (dBIKT )> = W, (dB/KT,)+10log,(y A1) . (5.15)

where )tisthe simulationtime increment. Thetacit assumption in our model isthat prior to thefinal
|Ffilter, Class B noise can be treated as a series of pulses having aduration lessthan )t. The )t for
aparticular receiver anaysis would, of course, be based on the bandwidth of the receiver IF filter.

To determine W, for a different time increment the average powers of the non-Gaussian processes
are equated at the two time increments, and therefore

W, (dBIKT,)) = W, (dB/kT,)+ 10log,,(Az/ At') (5.16)

where the prime denotes )t and W, values at the new time increment.
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Table 2 Simulation Parameters for Various Noise Environments

Related L ocation Environment Date Time ( " Wo,dB | Wy, dB W,dB
Figures or Source mm/dd/yy hh:mm pulses/s relative |relative | relative
tokTy* | tokT, tokT,

52 L akewood, Residential 11/10/96 12:00 am. 220.0 05 310 4.6 6.9
3.1la Colorado 12:40 am.

53 L akewood, Residential 11/10/96 3:30 p.m. 220.0 05 23.0 51 15.0
31la Colorado 4:00 p.m. 2.0 05 62.0

54 L akewood, Residential 11/11/96 12:16 p.m. 15 30 43.0 4.6 5.6
3.1b Colorado 12:46 p.m.

55 Boulder, Residential 11/16/96 12:00 am. 30.0 30 18.0 32 34
3.2a Colorado 12:30 am.

5.6 Boulder, Residential 11/17/96 9:00 am. 1500.0 | 0.75 320 5.0 135
3.2b Colorado 9:30 am. 30 1.0 43.0

5.7 Office park Light Urban 11/25/96 12:00 am. 220.0 0.5 19.0 6.2 6.4
3.3a near highway 1:00 am. 45 35 20.0

5.8 Office Park Light Urban 11/25/96 12:00 p.m. 30.0 35 19.0 8.3 8.6
3.3a near highway 12:30 p.m.

59 Office park Light Urban 11/30/96 12:00 am. 2.0 50 25.0 57 58
3.3c near 1:00 am.

residential
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Table 2, cont., Simulation Parameters for Various Noise Environments

Related L ocation Environment Date Time ( ' WowdB | Wy, dB W,dB
Figures or Source mm/dd/yy hh:mm pulses/s relative |relative | relative
tokTy* | tokT, tokT,

5.10 Office park Business 11/30/96 1:00 p.m. 25.0 4.0 22.0 6.6 7.2
3.3c near 1:30 p.m.

residential
511 Downtown Business 11/20/96 1:00 p.m. 150.0 25 30.0 18.0 185
3.4a Boulder, 1:30 p.m.

Colorado
512 Downtown Business 12/03/96 11:00 am. 25.0 3.0 34.0 19.0 19.1
3.4b Denver, 11:30 am.

Colorado
513 Downtown Business 12/03/96 11:20 am. 60.0 25 35.0 19.0 194
3.4b Denver, 11:50 am.

Colorado
5.14 Clear Creek Automotive 12/21/96 1:00 p.m. 25.0 3.0 15.0 55 55
3.6 Canyon, 1:30 p.m.

Colorado
5.15 Clear Creek Automotive 12/21/96 2:00 p.m. 15.0 6.0 16.0 53 6.3
3.6 Canyon, 2:30 p.m.

Colorado
5.16 Leyden, Electrical 11/12/96 2:02 p.m. 495.0 0.5 46.0 5.0 22.6
3.7 Colorado Network

* depends on the time increment of the simulation (see equation 5.15).
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Figure 5.1 Class A noise from measurements at Plainview Open Space site near Boulder,
Colorado, on November 7, 1996, at 3:11 p.m.
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Figure 5.2 Class B noise from measurements at L akewood, Colorado, residence on November 10,
1996, from 12:00 to 12:40 am.

45



[o]

dB above kT b

MEINE NI
001 1 1 510 2035 50 70 80 90 95

99
Percent exceeding ordinate

Figure 5.3 Class B noise from measurements at L akewood, Colorado, residence on November 10,
1996, from 3:30 to 4:00 p.m.
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Figure 5.4 Class B noise from measurements at L akewood, Colorado, residence on November 11,
1996, from 12:16 to 12:46 p.m.
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Figure 5.5 Class B noise from measurements at Boulder, Colorado, residence on November 16,
1996, from 12:00 to 12:30 am.
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Figure 5.6 Class B noise from measurements at Boulder, Colorado, residence on November 17,
1996, from 9:00 to 9:30 am.

49



[o]

dB above kT b

b b

001 1 1 510 2035 50 70 80 9% 9

99
Percent exceeding ordinate

Figure 5.7 Class B noise from measurements in office park on November 25, 1996, from 12:00 to
1:00 am.
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Figure 5.8 Class B noise from measurements in office park on November 25, 1996, from 12:00 to
12:30 p.m.
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Figure 5.9 Class B noise from measurements in office park on November 30, 1996, from 12:00 to
1:00 am.
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Figure 5.10 Class B noise from measurements in office park on November 30, 1996, from 1:00 to
1:30 p.m.
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Figure 5.11 Class B noise from measurements in downtown Boulder on November 20, 1996,
from 1:00 to 1:30 p.m.
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Figure 5.12 Class B noise from measurements in downtown Denver on December 3, 1996, from
11:00 to 11:30 am.
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Figure 5.13 Class B noise from measurements in downtown Denver on December 3, 1996, from
11:20 to 11:50 am.
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Figure 5.14 Class B noise from automobiles measured in Clear Creek Canyon, Colorado, on
December 21, 1996, from 1:00 to 1:30 p.m.
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Figure 5.15 Class B noise from automobiles measured in Clear Creek Canyon, Colorado, on

December 21, 1996, from 2:00 to 2:30 p.m.
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Figure 5.16 Class B noise from electrical network measured near Leyden, Colorado, on

November 12, 1996, at 2:02p.m.
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Figure 5.17 Class B noise from measurements in office park on November 27, 1996, from 12:20
to 12:50 am.
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Figure 5.18 Class B noise from measurements in office park on November 27, 1996, from 11:15
to 11:45 am.
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