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I
Preface

This thesis is a closer look at an atmospheric radio noise

(MN) model proposed by Steven Hettinger , a former AFIT student.

Hettinger found that the existing models of ARN are not tractable

through existing receiver structure and that higher order statistics

are not available for these models. The proposed model is simp le

enough to be tractable and yet complex enough to model many types of

ARN. In this report, the statistics of the model are derived , an

optimal receiver for communication through this noise is computed , and

the accuracy of the model is examined by comparing the first order

F statistics of the model to measured first order statistics.

I would like to thank my advisor , Major Jose ph Carl for h i s

support and guidance throughout this research. I would also like to

thank Captain Stanley Ro bi nson for hi s adv ice in many areas and

Captain Pedro Rustan for his aid in understanding the nature of

lightning. I must also give special thanks to my wife Rosann for her

support throughout the project.
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- John F. Stach
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Abstract

An Inves ti ga ti on of low fre quency atmos pher ic radi o no ise

(ARN) indicates that the return stroke from lightning discharges is

the major source of the noise. A model of ARN is then presented which

is based on the return stroke.

The model consists of the sum of two marked Poisson processes.

The sum of marked Poisson processes can be thought of as a single

marked Poisson process with a transformed rate and a mixture density

on the marks. The complete statistical description of this process is

then derived and a minimum probability of error processor is designed

using the ARN model as the noise.

The theoretical amplitude probability distribution (APO) is

then derived for the output of a quadrature envelope detector using

the ARM model as an input. The theoretical APD curves were then com-

pared to a measured APD curve from CCIR report 322 and two measured

APO curves from an article by K. Furutsu and T. Ishida. The linear

mean square error (MSE) between the theoretical and measured curves

when plotted on Rayleigh paper is .018 and .015 for the Furutsu and

Ishida data, and .018 for the CCIR data.

Based on the first order statistics, the model is found to be

a good representation of low frequency ARM. It is therefore recom-

mended that the model be used to evaluate receiver performance in the

low frequency channel and that a more thorough validation study be(
done Inclu ding a validation of higher order statistics.
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VALIDATION AND RECEIVER DESIGN

FOR A RANDOM POINT PROCESS MODEL OF ATMOSPHERIC

RADIO NOISE

I. Introduction

The increas ing demand for commun ica ti ons has crea ted an

increasing demand for usable frequency bands. The low frequency

spectrum (D.C. to 30 MHz) is usable , but it has a type of noise that

is different than in the high frequency spectrum. In the low fre-

quenc y channel , atmospheric noise is frequently the limiting factor on

4!’ the performance of communication systems (Ref 15). It is necessary to

know detailed statistics of the noise tn order to calculate the chan-

nel capacity or error rate of a noisy channel. Also , receiver perfor-

mance can be analyzed if a model with accurate statistics can be

traced through a mathematical representation of the receiver.

Finally, an accura te model for wh i ch the com p lete stati s ti cs are known
w ill allow an optimal Bayes rece iver to be des igned for the channel.

In this report, a model of low frequency atmospheric noise (MN ) is

examined. The purposes of this report are to (1) determine the vail—

dity of the model , (2) to determine the possibility of using the model

to compute the performance of low frequency receivers and (3) to

determine the possibility of designing optimal receivers for the low

frequenc y channel 

1
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This report will be divided into four major sections. (1)

Fir st, the causes of ARM are examined. The main source of low fre-

quenc y ARN i s foun d to be the return s troke of cloud to groun d

li ghtning discharges . (2) Then, a sum of mar ked Po i sson processes is

used to model the ARN. It is found that the resulting process can be

written in terms of a sing le Po i sson process w ith a mix ture dens ity on

the marks. The minimum probability of error processor is then

derived. (3) A validation study is then done to determine the

accuracy of the model. Measured amplitude probability distributions

(APD) of the output of an envelope detector are then compared to the

theoretical APD curves of the model. The measured APO curves are

taken from CCIR Report 322 (Ref 22) and an article written by Furutsu

and Ishida from Japan (Ref 3). The mean square error between theore-

tical and measure d APO curves pl otted on Ray leigh paper is found to be

.018 and .015 for two typical curves from the Furutsu and Ishida

article , and .018 for a typical curve from CCIR Report 322. (4)

Finally, some conclus ions abou t the model w i ll be made along w ith the

recommendations that the model be more thoroughly validated and that

the model be used for perfor-mance analysis of receivers for the low

frequency channel.

The next section describes the physical processes involve d in

ARM and some of the properties of ARM that will affect the parameters

of an ARN model. 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~±~T~~J



II. Background

There are several types of noise than can interfere with low

frequency communications. In the low frequency spectrum, man-made,

galactic , and atmospheric noise are the typical types. Man—made noise

comes from power li nes , machinery , or transmitters. Propagation of

man-made noise other than transmitters is principally through power

lines and by ground wave (Ref 22:9). Galactic noise power figures are

available , and can also influence low frequenc y noi se depending on the

frequency and directional properties of the antenna (Ref 22:11). It

is important to mention man-made and galactic noise because of the

situational factors that could allow these types of noise to dominate

a received wavefortn. However, the articles used to verify the model

to be presented attempt to isolate the atmospheric noise and assume

that the atmospheric noise predominates at the frequencies of interest

(Refs 3, 22). Because of this , the model is designed to represent

only the atmospheric noise.

At any given time, there are many li ghtning storms around the

world. The total electromagnetic radiation that reaches a receiver

from these storms will be referred to as atmospheric noise. Lightning

Is the main source of atmospheric noise. Li ghtning can be defined as

a trans ient, high current discharge. Lightn ing occurs when some

region of the atmosphere attains an electric charge sufficiently lar ge
that the electric fields due to the charge cause electrical breakdown

3
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of the air. Uman (Ref 16) treats the subject of li ghtning thoroughly

in his book which is used as a reference in the following discussion.

Li ghtning can occur within a cloud (cloud discharges), between two

clouds (cloud to cloud discharges), between a cloud and the earth

(ground discharges), or between a cloud and the surrounding air (air

discharges). The type most people are familiar with are ground dis-

charges. A total ground discharge is called a flash. A ground flash

is composed of one or more separate strokes in the same or separate

ionized paths. Each stroke lasts for milliseconds and the time inter-

val between strokes is roughly 50 msec. The flash begins when the

regions between some of the positive and negatively charged areas of a

cloud achieve a potential greater than the ionization potential . A

cloud potential stepped leader then moves toward the ground in roughly

50 m steps with a pause time of about 50 usec between each step.

Several branches may propogate toward the ground until one or more

brings cloud potential near enough to the ground for a return stroke

to occur. When the stepped leader gets near the ground, the resulting

fiel d causes a column of ground potential charge to extend from the

ground to the leader tip. This column of charge, called a return

stroke , travels with a velocity from one-tenth to one—third the speed

of li ght up the ionized path that the leader created, reaching the

cloud base in about 70 usec. The return stroke current typical ly

reaches about 10 to 200 Kamps in a few micr osecon ds and falls to hal f

Its peak val ue in about 20 to 60 usec. Currents on the order of hun—

dreds of amperes may continue to flow for several milliseconds. If

( additional charge is available in the cloud after the return stroke,

4
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the flash may contain additional strokes. These strokes usually begin

with a dart leader propagating from the cloud to the earth along the

already ionized path at a speed of about 2xl06 ni/sec, which is a

magnitude faster than the stepped leader. The dart leader is then

followed by another return stroke. If the ionized path is weakened

after the return stroke by wind or a time lapse of more than 100 msec,

then a dart-stepped leader may occur which alternates between the

stepped and dart leader as it moves toward the earth.

Cloud discharges are the most frequently occuring form of

li ghtning. They generally neutralize about the same amount of charge

as a ground discharge , but are characterized by relatively smooth

field changes as opposed to the ground return stroke. Also , the paths

of cloud discharges are found to be more nearly horizontal than verti-

cal. Although these differences may alter their statistics, the model

of ARM will not distinguish between them for simplicity.

Propagation

Another important variable in the study of atmospherics is the

effect of propagating medium between the flashes and the receiver.

The charac ter isti cs of the medi um are a func tion of the fre quency of

the emitting source, the propagation distance, an d the~ reflective pro-

perties of the earth and ionosphere (Ref 12). The two common modes of

propagation of low frequency radiation are the groundwave and wave-

guide modes. The groundwave has little effect on the receiver

measurements because the antennas used to collect ARN data are placed

well above the ground to avoid groundwave effects. The waveguide mode
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results because of the complex conducting properties of the ionosphere

and the earth. The waveguide mode of propagation allows radiation

from distant storms to reach the receiver. The properties of atmos-

pheric waveguide propagation have been summarized by Uman (Ref 16),

Harth (Ref 5), and many others.

Power Spectrum

The leader and return stroke affect a different portion of the

low frequency spectrum. The peak amplitude for the frequency spectrum

of the return stroke generally occurs between 5 and 10 KHz. The peak

amplitude of the frequency spectrum for the leader stroke is typically

between 3 and 30 KHz. From about 10 KHz to 100 MHz, the peak electric

field intensity of vertical polarized radiation from lightning varies

approximately inversely with frequency (Ref 16).

In summary, the characteristics of ARN are sensitive to the

frequency of operation and the location of the receiver. Since the

sun affects the ionosphere , the charac ter i s ti cs of MN are also

affected by seasonal changes and the time of day. To represent ARM

with a model , the model must have sufficient parameters to account for

each of these factors. In the next chapter, a mo del w i ll be presen ted

which is based on the physical processes discussed in this chapter.

(
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III. Point Process Model

An accurate noise model with a compl ete statistical descri p-

tion is very useful in receiver design and evaluation as wel l as in

other aspects of electronic communication . Besides providing a complete

description , the model must also be simple enough so that it can be

traced through a mathematical representation of a receiver. Such a

model would be a use ful tool in the design and evalua tion of rece ive rs

that must operate in that channel . In addition , the model must be

validated to insure that the statistics of the model are in agreement

with the statistics of the actual measured noise process. In this

sec tion , a model is proposed for which the complete statistical des-
1 cription is derived and a minimum probability of error receiver

designed. The accuracy of the model will be investigated in the next

chap ter.

Development of the Proposed Model

Atmospheric noise consists ofahigh ly impulsive component

due to nearby return s tro kes dur ing storm ac tiv ity and a background no ise

that strongly resembles white Gaussian noise (Ref 15). The Gaussian

noise i s due to the lar ge number of storms loca ted far from the rece iver
plus the thermal and front end noise of the receiver. In the low

frequency channel , the thermal and front end noise is usuall y negligi-

ble but it is important to note that the model can represent either

type of noise. The highly impulsive noise component is assumed to

be made up of l ightning flashes as explained in Chapter II. Since

~ 
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( the l ightning di schar ges are d iscre te even ts of a shor t time durat ion ,

it is reasonable to use a discrete time process to model them. Al so,

al thoug h mul ti ple s trokes dur ing a flash may be cor rela ted , the model

will be designed under the assumption of uncorrelated strokes. This

is done to preserve s impl ic ity in the mod el and also because the

correlation will have littl e effect on the first order distribution of

the noise. The assumption of uncorrelated strokes indicates that a

Poisson process may be a good model of the noise.

Another important characteristics of lightning that will

affect the model is that the ampl i ti.de of the field at the receiver

is different for each stroke. This can be model ed by defining a

random mark for eac h Po i sson arr ival time. The random ampl itude

will be modeled as a zero mean Gaussian random variable.
F

The background Gauss ian noise can be modeled by a similar

process. This is so because when the rate of the Poisson process is

high relative to the bandwidth of the receiver , the process observe d

at the output of the receiver will be indistinguishable from a

Gaussian process (Ref 13).

There fore , the proposed model of ARN consists of two separate

marked Poisson processes. One process has a hig h rate and a low

variance on the Gaussian marks to model the white Gaussian background

noise. The other process has a low rate and a relatively high

variance on the Gaussian marks to model the nearby highl y impuls ive

ARN . The actual variance and rates of the two processes are parameters

to be calcula ted for each specific situation to be modeled. The

details of the parameters choise will be discussed in the validation

study.

8 
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The resulting noise process is given below.

n(t) = ~~ a16(t-t1) + 
k~

_co
~~~~~~~~ 

(1)

where

n(t ) i s the ARN mod el

are the independent idnetically distributed Gaussian marks

on the backgroun d process ,

are the Poisson event times for the background process,

are the independent identically distributed Gaussian marks

on the impuls ive p roc ess ,
F t. 

~k 
are the Poi sson event times for the impuls ive process ,

and

~5(.) is the Dirac del ta function .

In the next section section, this process will be used to derive

the minimum probability of error processor for the channel .

Optimal Receiver Structure

The Bayes optimal processor for a gi ven set of measuremen ts i s

the processor that minimizes the expected cost associated with making a

decision given the measurements. In this report, the op timal rece iver

will be a Bayes optima l binary hypothesis receiver with a symmetric cost

function that is zero for a correct decision and some positive constant

( 
for an error. This minimum probability of error receiveris developed j

• 9
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( 
• 

in many texts (Ref 17). Given a set of measurements in the form of

a random vector, Eq. (2) expresses the decision rule that will mini-

mize the probability of error.

• 
~R(RJH 1) H1
.. > 0

~1
H0

where

P0 is the probability of hypothesis H0
P1 is the probability of hypothesis H1

is the ran dom measure d vec tor ,
( and

is the conditional joint density of the measurement

vector given that signal S.~ is sent for i=(Ol) .

This expression is called the likelihood ratio test. The joint

densities of the random measurement vector indicate the necessity

for higher order stati sti cs of the channel process to des ign the

optimal receiver. For white Gaussian noise , the statistics are

known from the first order density. This is not true for most other

processes. Specifically, in the case of atmos pher ic radio no i se ,
the jo int dens ity of a set of measuremen ts i s unsolved for the

empirical model s and compl ex for the proposed poisson process 4
model.

(
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t In the following development , a minimum probability of

error receiver for the low frequency channel is derived. The ARN

model will be used to represent the noise in.the channel .

The two signal hypotheses that the receiver must decide

between are:

H0: r( t) = S0( t) + n( t) (3)

H1 : r(t) 
= S1 (t) + n( t) (4)

where

n(t) is the ARM model

r( t) is the measuremen t wave form

and

S0(t) and S1(t) are marked Poisson processes with known rate

A (t) and known mark density f (M).
S
i

In the fol l ow ing di scuss ion , an op timal b inery rece iver us ing the

decision rule in Eq. (2) will be derived.

The joint density of the marks , even t times and the number of

events is necessary for both hypotheses to impl ement the optimal

decision rule. The joint density can be found by combining the

individual Poisson processes into a sing le Poisson process. This is

so because no two events can occur simultaneously in a Poisson process

(Ref 13). The resulting density of a mark for the single Poisson pro—

cess will be a mixture density. For hypothesis H0, the mixture den-

sity can be written as,

‘H
11 
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.- . .

fM.(M i It i , Ho) = P[M~ came from the back groun d proc ess
~
ti]fa (Mi)

= PEM~ came from the impulsive processIt1]f~(M~)
= P[M1 came from the signal process1t1]f~ 

(M1)-.0

It is implied by the subscript on the mark that the mark is

associated with a Poisson event time . The probability that the mark

came from a particular process is then determined by the relative rates

of the processes at the event time associated wi th the mark.

Aa(ti )fa (Mi )+Ab(tI )fb (Mi ~~~ 
(t~ )f5 (t~)

fM (Mi lt i* HJ) 
= Aa(ti +Ab(ti )+Xs Ct (5)

The marks are independent of each other so the joint density on the marks

over an interval of T gi ven that N eve tns occur i s the produc t of the
individual makr densities. The event time statistics for a Poisson

process is given by Synder (Ref 13).

ft N M (
~~

N
~~tHj) = 

~~~~~~~~~~~~~~~~~~

N
.“ a(ti )~~b

(ti) s.~ti)] (6) 

- .-~~~~ 

1
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• T
( exp[-f Aa(t)+Xb(t)+A s (t)dt)0 j

• 
~ 

Xa(ti )fa(Mi )+A b(ti )fb(M i )+Xsj
(ti )fsj

(Mi)

i 1  Aa(ti) b(ti )+•Xsj
(ti)

By writing the product of a ratio by the ratio of products the denomin-

ator will cancel and yield

f t N M ,N
~~~~ 

H~~~) 
= 

j~1 a(t i ) M i )~~b
(t i ) M i~~~sj

(t i~~sj
(M i fl

1’
T

• exp[f xa(t)+xb(t)+A s (t)dt] (8)

The resulting likel ihood ratio after taking the natural log of both

sides to change the products to sums, is given by,

j~1
{lflEXa(ti)fa(Mi )+Ab(ti )fb(Mi )+A s1

(t i )fs~
(M i fl

— tXa(ti a (M i) b(ti~~b
(M i) s0

(ti)fs0
(MO 11

13

~
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~ 
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ln(~—) + f  [ x ~ (t)—A 5 (t)]dt (9)

0

The processor therefore turns out to be nonlinear. This means that

there is no linear correlation receiver that can implement the

processor.

To determine if this processor is optimal for the low fre—

quency channel , the ARN model must be checked for its representation
of the noise. In the next chapter, a validation study will confirm

the accura cy of the ARN mo del.

t
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IV. Verifi cation of ARN Model

A no ise model mus t be proven accura te in order to be used

with confi dence. In this chapter, the first order statistics of

the proposed model will be compared to those of measured data.

The measured data is in the form of the amplitude probability

distribution (APD) of the envelope of ARN detected by a finite

bandwidth receiver. APD curves measured by this type of receiver

are presented in two articles that will be addressed in this

chapter. They are (1) K. Furutsu and 1. Ishida (Ref 3), and

(2) CCIR repor t 322 (Re f 22) . I f , through a choice of parameters

for the model , the mean square error (MSE ) i s smal l between the

theore tical APD cu rve gi ven by Eq . (39) and a measure d APD curve ,

then the mo del w i ll be assume d to be a goo d rep resen tation of ARM.

In other wor ds , if the first order statisti cs of the model are

close to those of ARN, then the higher order statistics will be

assume d to be close al so. Th is i s a reasonable assum pti on because

the process model is based on the physics of the noise process

as was discussed earlier.

This chapter consists of four sections. First, (1) the

noi se model w i ll be used as an input to a mathematical represen tation

of a finite bandwidth envelope detector. The resulting APD of the

envelope at the output of the receiver will be used for validation .

Next, (2) the MSE cri terion for measuring the error between the .;

( measured and theoretical APD curves will be discussed . Then (3)

15
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the Furutsu and Ishida data will be compared to the theoretical

APO curves . Th i s sec tion w i ll inclu de a su mmary of the Furu tsu

and Ishida article plus a discussion of the pararneter values and

their relation to the parameters discussed in the article. Finally,

(4) the data will be compared to the data contained in CCIR report

322. This section will also incl ude a brief discussion of para-

meter choice. A summary of CCIR report 322 is included in

Appendix A (Ref 6).

In tie next section , the APD of the output of a quadrature

receiver is derived for the ARN model.

Verification of the Point Process
Model

To ver ify the point process model , i t w i ll be use d as

an input to a representation of the receiver used in the CCIR

report 322 and the K. Furutsu and T. Ishida article. Both

receivers are envelope detectors wi th a finite bandwidth. A

representation of this type of receiver is shown in Figure 1.

The representation will be referred to as the receiver in the

following developments. The receiver consists of quadrature

mul tipliers followed by integrators to represent the bandpass

fil ter (Ref 13). The envelope of the quadrature components , n1
and n2, is then detected by the square root of the sum of squares

of the quadrature components. In this section , the proposed pro- 4

cess is used as an input to the quadrature receiver described.

The resulting statisti cs of the envelope at the output will then

~
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be compared to those of the CCIR report 322 and the Furutsu article

after choosing the appropriate parameters . If. through a choice of

parameters, the first order statistics of the model are close to

those of the measured data, the higher order statistics will be

assumed to be close also. The measure of closeness or fit of

the data will be discussed later in this section.

The input process to the receiver is defi ned in Eq. (1).

The output of the integrators of Figure 2 is then ,

I
n1 

= J n(t) cos ~0t dt (10)
— 0~~

I
n2 

= f n( t) s in w0t dt 
(11)

— 
0~~

Substituting for n(t) in Eq. (16),

T O D
= 5 ~~a~o(t-t~) cos w0t dt

+ 
~ ~~~~~~~~~~~~~~~~~ 

cos c~ t dt (12)

I

- 
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By intercahnging summation and i ntegration and using the sifting
4

property of the delta function ,

n = a. cos w T. + ~ b cos w 
~k 

(13)

Where

and Nb are the number of events which occur in time T

for the a and b processes respectively. Also ,

• ~a
= a. sin w T .  + ~ b sin w 

- 
(14)

The problem is to find the envelope density of the Il l an d n2 qua dra ture

components. The 
~k 

and are ordered event times distributed uni-

forml y on (O ,T). Usuall y, T>>l/w0. If this is not true then it

must be assumed that and are uniforml y distributed on

(0,2nn) for integer n>0. Also , from the definition of the marks,

each corresponding pair of terms in and 22 are independent

of all other pairs of terms. Defining X and V to represent a

typical pair of terms in the summati ons for and 22’

X = a c o s w0r (15)

19 
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and

= a s in (16)

The joint density of X and can be wri tten as,

fx y (X ,YIa) = 

~
‘k (R- Ia I )  (Ref 9:174) (17)

where

R + V 2

and

6 (R- Ia I)  represents the probability line mass fx y (X ,Y)

located on the circle X2+Y2=a2.

The characteristics function of thejoint density on X and can
now be wri tten as,

2ir ~

* (p ,~~~~~J 
= 

~~
— f f 

~ 
,~,(R,0~a)

X V  11 0 0 ,  -.

• exp [jRp cos (0—q))RdRdo (18)

~ where

20
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0 = tan~~(~)

This is the joint characteristic function for the random variables

X and Y , even though this integra l is evaluated in polar coordinates.

By the sifting property of the delta function ,

1 211
‘~

j x = ~j~f exp[jap cos (o—~)] do
— ‘-5. 0

= J0(ap) (19)

where J0(.) is the zero order Bessel function of the first kind.

Each corresponding pair of terms in fl-1 and 22 will be independent

of all other pai rs of terms in the summati ons. This allows the

joint density on and 22 to be written as the N-fold convolu-

tion of the joint density on each pair. In the characteristi c

function domain , this convolution can be written as a product.

Wri ting the joint characteristic function of and 22 as the

product of the joint characteristic function of each sycceeedi ng

pair of random variabl es in the summation yields ,

Na Nb
= 

l~l
JO (a i P)k~l

JO(b kP) (20)

I
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To remove the conditioning on 
~~ ~k’ ~a’ 

and 
~b’ 

the charac-

teristics function can be averaged over the statistics of a~, bk,

N , and 
~b 

respectively. Since each term in the first and second

products is independent of all other terms, the avera ges can be
done for each term individually.

~~~~ 
fa (a) da

2
= f J0(ap) ~ exp [~~

.] da
2°a

~2~ 2 ~2~ 2

4 = exp [ 4
a] t ci (Ref 7:313) (21)

where jo is the zero order modified Bessel function. Performing the

same average over the statistics on eack term leads to the following

result.

2 2  2 2
= [exp (

P a) (P ~a)] a

2 2  2 2-p a  p a  N
• [exp (—4.---—)10(--4-—)] (22)
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The aver age over the stati s ti cs of Na and !~b can be done next.

(p,~ ) = 
~ ~ ~n n ~~~~~~~~~~~~ =iflp(Nb=i)i 1  j=1 .1’ ..2 — —a —

(23)

where

(A I)3exp(-A I)
= a a 

(24)

(A bT) 1ex p (
~
Ab

T)
P(
~b

j) = n (25)

and

I is the integration time of the receiver.

Performing the required average uields ,

2 2  2 2r p a  - p a
( ) = I ~ aTI0~~~~)~~P( a))Jex p ( A T )

i=o[i~0

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2 2  2 2p a  -p a
= exptXal ‘o~

—4 )ex p ( 4—~
5))exp(_X

aT)

2 2  2 2
• expfA bT 10(—4----)exp(---—4-- )]exp(_AbT)

p2a2
= exPfl (Aa+Ab)+T[A I O( 

a )ex p ( a)

2 2  2 2
+ AbIO(-_.4__)exp(_4 )] (26 )

The unconditional joint density on and 22 can be found from the
unconditional characteristic function through the transform defined
below.

~ 2ir
n (R,o) = 2 f f exp~-j Rp cos (~-o)) (27)(2n) 0 0

• (p, q) p dp d ~“i “2

C 
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( where

1 2 2R is now deflned as ~ n1+fl2

and

i n20 = t a n
1

= ~~ f0
J0(pR)~p~~~~(p)pdp 

(28)

because 
~
p1, ~ 

(p,q) is independent of 4.

Since the env elope statistics are requi red, it is necessary

to convert the joint density on n1 and 22 to a joint density on R

and 6 where, 
S

R 
~‘~2~ ’2~ (29)

and

I fl-
0 = tan~~(~~)

1
C 

— .5.1
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( S

~R (R ,o) = Rf (R cos 0, R sin 0)

= -
~~ 1 ~~~~~~~~~~~~~~ (30)

The cumulative distribution on the envelope is then given by,

R

FR (R o ) =

R
~ 0

= f [ f  RJ~(pR)dR]pip n (p) dp
0 0

~ R J (pR )
= 0 1 0 p’~’ (p) dp (Ref 7)

o p

= I R0J1(~R0)~p2~~~(~ ) dp (31)

The amplitude probability distribution (APD) is then defined by
l_F

R
(R

o
) wh ich i s,

(

26
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2 2

1 - F
R

(R
o

) = i_J
U

ROJ1(pgO )exp[..T(A a+Xb)+T(A aIa ( 4
a )

2 2  2 2  2 2-p a p a b _ p a b
• exp( 

~ 
a) + A bIO( 

~ 
)exp( 

~ 
)]dp (27)

Th i s ex press ion can be numer i cal ly integra ted for values of to

plot the APD curve for a set of given parameter values. The method

of integration is discussed in Appendix B.

This APD will be compared to measured APD curves for different

parameter values. The comparison will be based on a Mean Square

Error (MSE) distance between the curves. This distance is discussed

in the next section .

MSE Criterion

A quantitative measurement of error between APD curves. must

be es tabl ished to compare the theore tical and measured APD curves . The

APD curv e i s a plot of threshol d value versus the probability that the

envelope of the noise exceeds the threshold value . This is plotted

on Rayleigh paper whichforces the Rayleigh distribution to plot as

a straight line. The criterion to be used to measure the MSE between

curves Is defined below.

C
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N

•~~~~d 1
2

MSE = i — i  
N (28)

Where

MSE i s the sampl e mean square error between the APD curves ,

d. is the linear distance between the curves on Rayleigh
1

paper for a given threshold value as given by Eq. (29).

l n ( P  .)
d. = LOG1Q[1 

Ml ] (29)1 n
~~Ti

is the probability that a measured value exceeds the

threshold

• P.~.1 is the probabiliy that a theoretical value exceeds the

threshold

and

N is the number of samples to be taken from the curves.

In the follow ing sec tion , the Furu tsu and Ish ida ar ticle i s

discussed and two measured APD curves are compared to theoretical

APD curves of the ARN model .

Summary of K. Furutsu and T. Ishida Article

K. Furutsu and T. Ishida have developed a model of atmospheric

( noise which consists of a Poison-Poison process (Ref 3). A

28
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Poison-Poison process is a Poisson process that is amplitude modulated

by a function that occurs according to the event times a Poisson pro-

cess of another rate. They based this model on the natural processes

involved in lightning, the major source of atmospheric noise. The pre—

discharge (stepped leader) consists of many random impulses of the

or der of dura ti on of 1 usec , eac h of whi ch occur success ivel y in the
- time interval of 25 to 100 usec. This indicates that the pre-

discharge, which would occur in time according to a Poisson distribu-

tion, forms a wave packet of Poisson noise. In the paper, these

packets have an envelope of a growing exponential which reaches a

finite value and then returns to zero.

The process is then validated by comparing the theoretical

first order density to the measured first order density of the output

of an envelope detector with a finite bandwidth. The receiver detects

the amplitude waveform with a bandpass filter and then measures the

amplitude distribution of the envelope.

Two cases are used for the validation study. One case assumes

that the noise is created by a strong local source at a short distance

and that other sources are continuously distributed far distant so

that the noise strength is much lower for the distant sources starting

at some distance from the receiver and extending to infinity . The

amplitude of the noise varies inversely with the distance from the

• receiver. It is clear from their study that there is strong correla-

tion between their model and the measured ARN.
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( Comparison to Furutsu
and Ishida Data

To begin the comparison , the parameters of the theoretical

model developed in Chapter III must be chosen. Since the model that

Furutsu and Ishida developed is related to the Poisson process, the

parameters that they specify for the measured APD curves are directly

applicable to the model of Chapter III. The parameters of the two APD

curves in F igs. 2 and 3 are given in Table I. The only parameter that

had to be experimentally determined was the rate of the background

process. It was found that a rate of about 1.5 to 1.8 times the band-

width of the filter was sufficient to produce good agreement. In the

Furutsu and Ishida curves the envelope threshold (plotted vertically

for the two plots) was in terms of a ratio of the envelope threshold

to the standard deviation of the background noise. Therefore, the

background noise for the point process model is chosen to be 1. This

allows both curves to be easily plotted on the same scale. The other

parameters are defined in terms of two other ratios. The ratios are

(1) the rate of th•e impulsive process divided by the bandwidth of the

IF filter and (2) the standard deviation of the impulsiv e noise

divided by the standard deviation of the background noise. The second

ratio is ex presse d in terms of dec ibels where,

value in Db = 20 log10 (ratio)

In addition to these parameters, the integration time was chosen by

assuming that the integrator is approximatel y an ideal bandpass filter

and that the double sided bandwidth Is 2/T. I is the integration
(• time. Actually, the integrators have a sinc shaped respone In the
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frequency domain but close agreement was found using this approxima-

tion.

TABLE I

PAR AMETERS FOR THE ARN MODEL

Figure Aa ~‘ . 
Ab °a ab I

3 2500.0 30.4 1.0 158.5 .00132

4 2000.0 72.0 1.0 63.0 .00167

5 350.0 20.0 .11 2.0 .01

It is found that the theoretical curves from the point process

developed in Chapter, III are a very close fit to those of the measured

data in the Furutsu and Ishida report. This is significant because the

data was taken in the daytime with nearby storms. This indicates that

the known cor rel ati on between stro kes for near by storms is adequately

represented in the, first order statistics derived from the model.

Nex t, a similar comparison to the CCIR report 322 data will be made.

Comparison to CCIR Report 322 Data

in CCIR Repor t 322, measured ARN data from 16 receiving sta-

tions located around the world is collected and averaged. A summary

of the report is given by Hettinger (Ref 6) in Appendix A. Several

APD curves are given in the report and each is specified by only a

Vd ratio which is a measure of the impulsiveness of the noise. The

( definition of this ratio is given in Eq. (A4). To relate the param—

eters of the point process model to this ratio would require

- -___  -
~ 

_ _ _

_____ - -‘ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

‘

~~~~
‘ - 

~~~
- -‘ ‘



computations of ensemble averages. The averages were not computed due

to the time constraints of this project (they require numerical

integrations). Since the parameters of the model could not be

directly related to the Vd ratio, eac h parame ter w as determ ined by

the param eter ’s effect on the resulting theoretical APD curve. The

rate of the background proces was set to 1.75 times the ’bandwidth ,

which was determined in the Furutsu and Ishida comparison. Also , an

article by Spauling et al. (Ref 15) indicated that the lower portion

of the curve is determined by the background noise and the upper por-

tion is determine by the impulsive noise. Therfore, a change in the

var iance of the bac kground process marks produce d a fit to the lower

portion of the curve. The upper portion of the curve was then matched

by a variation of both the rate and variance of the impulsive process.

Although this may seem arbitrary, for given ARN the rate of the

impulsive process can be determined by observing the number of large

fluctuations in the envelope of the noise in a given time. The

variance can then be used to adjust the power of the model so that it

matches the noise power.

The plot shown in Figure 4 shows that for the chosen param-

eter values the model acurately represents the first order statistics

of MN as given for Vä=8 in the CCIR report.

The po int process mo del i s therefore foun d to be versa ti le in

its ability to represent the first order statistics of MN. The para-

meters of the model can be chosen to represent a variety of situa-

t ions , of which three are shown here.

( It is interesting to note that if other types of noise that

are not correlated with the MN or each other are significant , the
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( model allows as many marked point processes as are necessary to be
added wthout increas ing the comp lex ity of the analysis done in this
report. This is another useful feature of the model . In the next
chapter, some suggestions will be made for further studies along with
some conclus ions about the point process model .

(

(
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V. Conclus ions and Rcommendations

In conclus ion, a sum of marked Poisson processes is a good

representation of ARN. The MN model developed in this report was the

sum of two marked po int processes , each with zero mean Gaussian marks.

Even with this simplified structure, the model was found to be in good

agreement with the measured first order distribution of MN. The

simplified structure constitutes a tractable model that can be traced

through a quadrature receiver, and results in the design of a Bayes

optimal binary receiver for the channel.

It is recomended that further studies of this model be

directed to two areas. These are (1) a more thorough validation

should be done with raw data. This validation should involve hi gher

order statistics of the process and should determine the useful range

of the model. (2) Performance evaluations should be done for both

optimal receivers designed for the low frequency channel and the

suboptimal receivers presently being used in the low frequency channel.

These performance evaluations should be done using the marked Poisson

process model as the input noise to the receivers. This will allow

bounds on the performance of the receivers to be determined along with

a comparison of receivers presently In use.
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Appendix A: Sumary of CCIR ReLp~~t 322
~~ Hettinger (Ref 51

A large quantity of ARN data has been gathered by the National

Bureau of Standards. This data incl udes worl dwide time avera ged noise

power measuremen ts , and amplitude probability distribution curves for

the time varying noise envelope . This work is presented in condensed

form in CCIR Report 322 (Ref 22). The bl ock diagram of the receiver

used in these measurements is presented in Figure Al.

The worldwide measurements of ARN power are derived from mea-

surements made by sixteen receiving stations throughout the world.

Figure A2 shows the location of these stations. The average noise

power available at the antenna is relatively constant for observa-

tion interval s up to four hours. The measurements made during these

four-hour periods are relatively constant from day-to-day for periods

up to three months. Therefore, the noi se powe r measuremen ts i n CCIR

Report 322 are plotted for the four seas ons of the year , and each

seasonal section contains six plots of the four hour time bl ocks in

a day (Ref 22). Figure A3 shows a typical average noise power plot

from CCIR Report 322. The average noise figure , Fa~ 
shown in Figure

A3 is computed from Eq (Al).

f E (t)dtj
Fa 

= 10 Log10 2irK T0B 
(Al)

(

r
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Fa 
= the average noise figure in db

K = Bol tamn ’s constant

T
0 

= Standard temperature of 2800 Kelvin

E(t) = The time varying envelope waveform

T = The observa tion time i n sec

B = the receiver bandwidth in Hertz

All of the noise power measurements in CCIR Report 322 are

made by receivers with a 200 Hz effective bandwidth . Figure A4

shows an example of an empirically derived plot for converting the

noise power measured at 1 MHz to the average noise powerat a dif-

ferent frequency . A different noise powerconversion plot is required

for each worl dwide plot of noise power.

CCIR Report 322 also contains a plot of the amplitude-proba-

bility distribution (APD) of the ARN . The APD curve is a plot showing

the percenage of the time that the time varying envelope vol tage,

at the output of an envelope detector, exceeds some thres hold. The

curve is plotted parametrically wi th which is defined by Eqs (A2),

(A3), and (A4). The Vd ra tio i s a rough measure of the impuls iveness

of the no i se; the mo re impuls ive, the lar ger the Vd ratio.

= [4r fE 2(t)dt]~ - (A2 )
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T
Eav = [4 f E( t )d t ]  (A3 )

0

V
d 

= 20 LOG10 (A4)

The sh apes of the APD curves depend onl y on the Vd ratio ,

rather than the absolu te value of E rms or Eav (Ref 1:1). Thus, all

of the APD curves with a given Vd ratio can be collapsed into a sngle

curve by normalizing the incoming waveform by Erm5~ 
such that the

resulting waveforms all have power equal to 1 watt (Ref 22:8-9).

Since the waveforms have been normalized by Erms~ the envelope vol-

tage thresho l d ET must also be normalized . Therefore the ordinate

of the APD pl ots is presented in terms of a threshol d , ~, wh ich i s

defined in Eq (15).

E
= 20 LOG10 E 

T (A5)
rms

5~ where

= envelo pe vol tage threshold.

The APO plot shown in Figure A5 represents the amount of time the

envelope waveform exceeds a threshold for a given V
(- 

a

I
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Both the no ise f igure , Fa~ and the APD curves are dependent

on the receiver bandwidth (Ref 15). The receiver used by the National

Bureau of Standards has an effective noise power bandwidth of 200 Hz.

The APD curves in Figure A5 can be modified to appl y to receivers of

bandwidth other than 200 Hz. This can be done by selecting a curve with

-a different Vd. Figures A6 and A7 can be used to convert a Vd ratio

measured by a receiver of one bandwidth to that of a different band-

width (Ref 15).

The APD curves in CCIR Report 322 are composed from measurements

made in different seasons of the year and times of the day. Due to

the long-term variations that occur with time , the curves can only be

considered an approximation to an APD curve that might be measured over

any short period of time . Crichlow does not bel ieve this introduces

an appreciable error in computations us in g the APD curves (Ref 1:10).

All of the measur emen ts made in CCIR Repor t 322 rela te to the

statistics of the time varying envelope waveform of the noise. If

the envel ope no ise process i s modeled as a stochas tic process that i s

ergodic in both the mean , and autocorrelation , then the measure-

ments of average no i se power an d the avera ge envelo pe ampl itude from CCIR

Report 322 are representative of the second and first moments of

the first order probability density function of the no ise process.

If the process is ergodi c in the mean , then it is also ergodic in dis-

tribution (Ref 9:328-332). Therefore, the measured APD curves can

be related to the first order cumulative distribution functionof the

envelope noise process. The assumption of ergodicity over at least

four-hour periods of time is required to make the noise measurements

48
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1 
from CCIR Report 322 a meaningful measure of the statistical propert i es

of the random process.

~

‘
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~ppendix 8: Numerical Integration of
Equation 38

The purpose of this appendix is to discuss the numerical
integrat ion of FR (R O ) given at the end of Chapter IV . This equa-
tion is

FR (R
~
) = exp

R0
• R0 f J i (P R 0 )exp [T(A a 10 (Za ) exp( _ z a )

Sf.

+ AbIO (Z b)exp(_Zb)J dp (B.1)

where

2 2p a
a 4

and

2 2
p a

b 4

a ~~~

-
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(5 

The exponential form of 10(Z) given in Eq. (B.2) shows that

for large p, the exponent will approach zero . S

I0 (Z)  e (l+~~) (Re f 17) (B.2)

for Z>>l .

It then follows that the exponential term approaches the

value 1 and eventually has little effect on the integral as p gets

large . Therefore , the integra l is done in two sections.

The first section of theintegral was done using the tra-

pezoidal rule. This section is ended when the exponent becomes

less than a set threshold value . Since for small X , exp(X)=l+X

so the threshol d is directly related to the error in the approxi-

mation that exp (X)=l. The threshold value used for the gi ven

curves was .0001 which allowed the integral to be evaluated in a

reasonable amount of time . The bessel functions were evaluated

using a routein supplied by the computer.

The final section is then

5 R0J1 (pR0)dpp1

where p1, Is the last value of the first integration. By letting

upR0, dp=du/R0 so that the integral Is reduced to
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pf ,J1 (u)du =

p
1
,0

Therefore , the integral can be defined as ,

FR (R o ) = ex p[_ T( x d+xb)J[ROEl~
s
~JO(5

~
.!-)J (B.3)

where is the integral to p1.

(
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