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1. INTRODUCTION

It is well-known that there are various kinds of random fluctuations
of non-Gaussian type, in the field of man-made and natural EM in-
terferences, due to diversified space and/or time causes of the fluctua-
tion. Accordingly, it is essential to find some unified statistical analysis
method for general EM environment which can evaluate and predict
EM interference caused by these non-Gaussian type noises. Nowadays,
many studies on such a man-made and natural noise can be found
from various viewpoints (e.g., see [1, 2]). In particular, D. Middle-
ton reported systematically series of valuable fundamental researches
(e.g., [3]) which should still now be referred to. However, in his theory,
the basic assumptions postulated mutually independent type Poisson
distributions of source location in space and emissions in time. Fur-
thermore, since a narrow band receiver with a mathematically defined
envelope of sinusoidal type has been employed, D. Middleton’s stochas-
tic envelope model is established only in a two-dimensional space.

However, he intuitively indicated, “No restriction on the specific
character of the statistics of the source parameters are as yet intro-
duced.” It seems natural that he got some restricted result, because
he started his research based on the physical structure or the physical
specialty (e.g., Poisson distribution, the statistical independency and
the envelope definition of sinusoidal type), only from a forward way
of view point in one way communication from source side to detector
side.

As we reported previously [4], the essential problem was focused on
how to analyze systematically an arbitrary EM fluctuation noise with
a finite arbitrary frequency bandwidth through the receiver with mean
square operation of analog memory type, especially not from the view-
point of ‘forward direction’ (i.e., from source to detector) but from the
viewpoint of ‘backward direction’ (i.e., from detector to source). This
is because of the fact that every type EM interferences are in reality
observed at the final stage of detection. So, the corresponding math-
ematical framework of unified analysis had to be first established, by
the detector characteristic without losing the generality of stochastic
EM input, based on the above forward way of viewpoint. It is notewor-
thy that the functional elements to dominantly generalize the above
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mathematical framework of pdf form were a non-linear part and a fre-
quency bandwidth of detector input. More concretely, in our previous
paper, some model of statistical interference fluctuating arbitrarily in
a time domain was theoretically constructed (in close connection with
D. Middleton’s great research) by considering a random walk problem
in an N-dimensional signal space related to Shannon’s sampling theo-
rem in a time domain. Specifically, a Hankel transform type charac-
teristic function of arbitrary order was newly introduced, because it is
suitable for consideration on the probability problem of N-dimensional
random walks in the analysis of stochastic EM environment. Finally,
the unified expression of probability distribution was explicitly derived
for the EM interference fluctuation of a power scaled variable (or an ef-
fective value) measured by a receiver with mean square operation, and
its validity is partly verified by showing the agreement with D. Mid-
dleton’s canonical formula of lower order Hankel transform type as a
special case. However, as a whole study style, the generality of analysis
in the previous paper was introduced as how to meet the arbitrariness
of input EM interference fluctuation in a time domain.

In this paper, for the purpose of finding a more unified research
method on the stochastic evaluation of EM environment, the arbitrari-
ness of correlative random fluctuations at many observation points in
a space domain is taken into consideration in addition to the arbitrari-
ness of random fluctuation in a time domain as reported in the previ-
ous paper. More concretely, a multivariate Hankel transform type joint
characteristic function of arbitrary order is first introduced, because it
is suitable for consideration in the stochastic analysis of correlative EM
fluctuation waves observed at many measuring points, once after newly
establishing the joint probability model for many series of correlative
multi-dimensional random walks in a space domain. Hereupon, each
time constant of mean squaring type detectors and each arbitrary fre-
quency bandwidth of EM input waves are reflected in the dimension
number of corresponding signal space. Furthermore, the space location
and time emission of many EM interference sources are reflected in the
form of stochastic property only in a time domain as the probability
distribution parameters.

Finally, the validity and effectiveness of the proposed theory are
experimentally confirmed through first an acoustic type simulation ex-
periment (taken as the same wave motion type environment as EM
interference) and then an actual application to an EM environment
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Figure 1. A functional sketch of K kinds of EM interference receivers.

leaked from a VDT of a personal computer and a television in the
actual working situation.

2. A CORRELATIVE SERIES MODEL OF RANDOM
WALKS IN MULTI-DIMENSIONAL SIGNAL SPACE FOR
EM INTERFERENCE

Let us first consider a more generalized case with correlative many EM
noises or interferences environment than that in the previous study.
That is, we consider a general case when K kinds of EM noise waves
fn(t) (h=1,2,---,K) with each arbitrary frequency bandwidth Wj
are observed on a power scale, after passing through K kinds of square
law detectors with each averaging time T}, (see Fig. 1).

Here, the above incident EM noise wave fp(t) can be expressed es-
pecially based on the time sampling, following to the Shannon’s sam-
pling theorem [5] in an information theory as follows:

2Thwh . . .
i sin(2r Wt —im)
t) = g i h=1,2,---,K). (1
flt) rar f(zm) 2 Wit — i ( ) )

Accordingly, the observed power fluctuation after passing through each
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Figure 2. K series of random walks in N -dimensional signal space
(maX[Nl,NQ,"‘,NK] <N<N;+Ny+---+ Ng).

square law detector can be explicitly expressed as follows:

1 T , 2T Wi 1 2T Wi
?ho/fh(t) dt(Z Eh) = ; ( %QThth (2Wh>> Z Xi;
(2)

. o 1 i
with Xp; = —ZThth (QWh)
In the problem of multi-dimensional random walks, as shown in
Ny,
Fig. 2, from the fundamental relationship rp; = ) e;xp;; (where e;
i=1
is a unit vector of x; axis in the N}, -dimensional vector space), a
composition of Sj, random vectors:

Sh

Ry, = Z Thj (3)

J=1

can be reduced to a spherical sum in an N-dimensional vector space
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with Ny = Ny =--- = Ng(=N) as:
N Sh
R = Z x3, (with 2 = Z Thji)- (4)
i=1 j=1

Therefore, in a special case when all of Tj, and W} have equal val-
ues of T' and W, (2) corresponds to (4) with N = 2TW + 1 (for
the large number of 7' and/or W, N = 2T'W). In (1), since the
randomness of fy () is reflected in each f(i/2W},) of time sampling,
our present problem can be also recognized as a problem to derive the
probability distribution of the composition Rj, (= |Ryl|, or Ej = Rj :
non-negative random variable) by use of the statistical property of each
xpi (or f(i/2Wp) ), in the Shannon’s multi-dimensional signal space.

3. DERIVATION OF HANKEL TRANSFORM TYPE
JOINT CHARACTERISTIC FUNCTION IN A
MULTI-DIMENSIONAL SIGNAL SPACE

The present problem is: what is the postern for the probability calcu-
lation in an Nj-dimensional vector space?

[I] First, with no use of detailed information on the internal mechanism
of (2) and/or (4) in each Njp-dimensional signal space, let us introduce
a joint characteristic function F'(A1, Ao, -+, Ag) in the form of Han-
kel transform of arbitrary order applicable to respective probability
problem of K correlative physical quantities Rp’s (h =1,2,---,K)
fluctuating only in a non-negative region, and derive the joint pdf
P(R1,Rs,- - Ry).

In general, the joint K variates cumulative distribution function

(abbr., cdf):
Q(Rla R27 :

R1 R2 Rx (5)
/ / P(Ry, Ry, - ,Rk) dR1dRy - - - dRk

can be expressed by

Q(Ri0, R20,- -+, R

KO
/ / / R17R27"'7R

Dy(Ry,) dRy,

N—
>
—=
—_
—~
(=2}
~
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oum) ={o (3 R @

By using, instead of Dy (R},), the discontinuous integral due to Weber-
Schafheitlin [6]:

we can directly obtain:

Q(R17R27 7RK) ==

x// /{ﬁxmh—ljmh(xh}zh)}

h=
)\11)\27 K d)\ld)\Q d)\Ky (9)
th—K K R
(R11R2> 7RK):< ) F(h )
he1 -\
L e o)
F(, A, -- )\K) dhdda - - dAge, (10)

with

K
_ Jmn—1(AnRp)
F(\, M, -, Ai) = omn—ip Zmn AR R 11
( 1, N2, 5 K) <]};[1 (mh) ()\th)mh—l ( )

and my > 1/2(h=1,2,---, K) or more explicitly:

Q(R1,R2, -, Rk) = (ﬁ RZ”) /OOO/DO?“/OOO{}E[IJm;L()\th)}

K
<H Ry~ Jmh—l()\th)> dA\idAg - - dAg,
h=1

(12)
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K o o o K
P(Ri, Ry, -+, Rg) = (,ER;‘%)/O /O /0 {gAthh_l(/\th)}

K
<H Ry Ty (/\th)> dA1dAg - - dAg.

h=1
(13)
K
However, F()\la)‘Qv"'v)\K) = H F()\h) when P(RlaRQa"'vRK) =
h=1

K

II P(Rp), ie., Ri,Ra,---, Rk are statistically independent of each
h=1

other.

[II] On the contrary, especially by use of detailed information on the
internal mechanism of (2) and/or (4) in each Nj-dimensional signal
space, let us derive a joint characteristic function F'(A1,Ag,--+, A\k)
in the form of Hankel transform applicable to respective probability
problems of K correlative physical quantities Ry’s (h =1,2,---, K),
and express the joint pdf P(Ri, Ra, -, Rk).

Through the same complicated calculation process based on the
transformation to Np-dimensional polar coordinates as in the previous
paper, as the result, we can derive the following expression:

K
1
F()\l’)\Z’...,)\K):i/ / / /H dS(N;L)
Sivy Sy IS Y R
(Nn)

S,
1

=

h
X [F(M11,M127"',M1N1;"';

9

(th Mgy eosbihpy, ) — (/\h,sahl PR, 1 ) (Vh)
(14)

My Mrgy - 7/1’KNK):|

F(un,un,---,uuvl;--~;uK1,MK2,~--,uKNK) =

K M (15)
—<eXp i ZZthmhj >,

h=1 j=1
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where
Ni, Np—1
T Ny, . 1
SNy = 7(\/:\,)}1 and dS(y,) = H (sin gohj)Nh 1= dpn;
I (5 +1) e}
‘]7
(h=1,2,---,K)

(16)
mean respectively a surface area and a surface element of an Np-dimen-
sional unit hypersphere, and (,uhl,uhz, e 7NhNh) — ()\h, Chyyt s

gthh_l) denotes the transformation to NNp-dimensional polar coor-

dinates. After a further troublesome calculation, we can find that
(14) agrees with F(A1, Ag, -+, A\x) in (11), by use of an inversion for-
mula of Hankel transformation, and also P(Ri, Ra,---,Rk) in (10)
can be derived from (14) by application of the transformation to N, -

dimensional polar coordinates, (zp1,xp2, """ ,thh> — (Rh,th,th,

Cy GhNh,1> with mp = Nh/Q
In a special case with K =1, we easily have:

P(R) = meiﬁ(m) / F)A™ Ty 1(AR) dA, (17)
0
F()\) — <2m—1 F( )t;le()‘R)> (18)
- n Qn n n
Z 2”n'an+n) N (Qn:<R2 >)7
e
Sy
--/[F(ul,m,---,mv)] ‘(MMV_’“N)H(WI7.__’¢N71) ds(n)
with

Fp, pi2, - fi) —<exp< Zxxux>> - (20)

Here, the above expressions agree completely with the result reported
in the previous study for a simplified special case with h =1, N = N
and m; = N/2.
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713

Figure 3. Two correlative series of random walks in the same N-
dimensional signal space.

4. EXPLICIT EXPRESSIONS OF JOINT PDF FOR
CORRELATIVE SERIES OF EM FLUCTUATION WAVE

Let use consider a special case with very large value of S; in two

Sh
correlative series of such random walks: Ry = > rp; (h =1,2) in the

J=1
same N-dimensional signal space as shown in Fig. 3. As a result, under

Sh
the particular conditions: €, = %Qho = % 231<r%m> (h = 1,2)
]:

and N1 = Nog = N = 2m, we can asymptotically derive an explicit
expression of joint pdf as follows:

4(R1R2)N/2 { 1 }(N/Q)—l
r (%) Q0901 = pr) Lo 200e

1 R} | Rj
e_1pr {TN_FTQO}I(N/Q)_I 2\/ pr R1R
(1- Pr)V Q080

P(R1, R2) =

(21-A)
= P(R1)P(Ry) 1+i 5(5
= 1 2 PeN 2 ) T
n=1
2 2
LV/2)-1 (5_/1) LN/2)-1 (5_/2>} (R, Ry > 0),
10 20
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=0 (R1, Ry < O) (21—B)
with a Beta function: B(m,n) =TI'(m)['(n)/T'(m +n) and
N _ —
P(5) 272000 2 g o]

107'1
(N/2)—1
(\/ PEQQOQQ())
1
I(ny2)—1 (5\/,%9/109'20 )\1)\2> ; (22)

after employing the same troublesome calculation process based on
the well-known saddle point method as in the previous paper. Here,
P(e)’s express respectively:

F(M, o) =

2(H)" (VR /2200)

P(Rp) = —25—— R e WHL20m0) - (h = 1,2), (23)
T (%) 2

P(Ep) = - Nl 75 B len VB2 (B = R (24)
I'(3) Qg

and py denotes the correlation coefficient between R? and R3. In
the above derivation, we have used the following integrals [6]:

/ e N (%Am) Jm—1(AR1) dA\;

0
2 1/C. \? C
= 5 exXp {5 <§)\2> — R% } Jmfl <§A2R1>

/ ze A7 Jy(Bz)J,(Rx) dx
0

_ el Lprype L
—2Aexp{ 4A(B —|—R)} IV(ZABR>.

Thus, we can directly obtain the joint pdf P(Ej, Eq) of two series of
detector output fluctuations on a power scale, as follows:

m—1
1 E1FE5
P(Eq, Ey) =
(B, £2) I'(m)S152(1 — pi) <\/ S1S2PE>

(25)

and

(26)
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1 Ey B 2 peEr1Eo
- =+ )t Im- \/
exp{ 1pE<Sl+52>} 1<1pE 5155

(27-A)
E E
_ n Lm0 (E1) pom-n (22
P(Ey)P {1+an B(m,n)L <Sl)Ln (Sz)}
(27-B)
with ]
P(Ep) = Enle En/Sn (b =1,2), (27-C)

T'(m)Sy

By=R}, o2 = <(Eh - (Eh>)2>, Sh = m/Qo = Qo /o2,
m:N/2(: TW), QhOZ <Eh> (h=1,2)

(28)

Thus, we can easily have:

m—1
B 1 SoFEy
P(E1|E) = S1(1 = pr) (\/ peS1E> )
oxc _ 1 & + @ I 2 pEE1E2
P171- pe \ 51 pe E,q T VSIS,

(20)
In the parameters of this conditional pdf expression, the equivalent
bandwidth W of the input noise and the time constant 1" of receiver
(or detector) with mean squaring operation are reflected in m with
the spatial correlation py between two observation points. As a result,
regardless of the engineering implications of each parameter, its repre-
sentation form coincides with the Bessel distribution already found in
the other areas of interest.

With a view to study hierarchically the mutual spatial correlation
effect in the form of linear, second, third, ..., orders instead of a total
viewpoint, the statistical Laguerre series expansion expressions of the
Bessel distribution can be found:

E'{n_l e—El/m
I(m)ST

P(E1|Es) =

{l—l—annB m,n) LMY (By ) Sy) LM~ 1)<E1/51)}
(30)
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This expression can also be written in the following form:

m—1
El —Ei/m

P(E\|E;) = We
(31)
Z ZAML””‘ D (B pm-n (B2
1n2 Sl na SQ
ni= OTLQ 0
with
2
_ ni! T(m) 1y (Ei
A = <131 T(m +ng) ™ S;
_z:l L'(m + n;)
/ / L{m=1 ) L{m=1 ] P(Ey, Ey) dEy\dE;
o Jo ! S : Sa
(32-A)
=npyB(m,n) , (32-B)

where some complicated calculation on a modified Bessel function of
the 1st order has been employed by using (27-A) as P(E1, E2) in (32-
A).

Another conditional pdf expression identical to the Bessel distribu-
tion in (30) but with a different representation is the following well-
known noncentral x? distribution:

n E?+mfle—E1/sl(1—PE)

e
P(E1|Esy) =e nz:;) n! I'(n+m){S1(1— PE)}ner’

(33)

where ¢ (= ppFEa/S2(1 — pg)) is the noncentrality parameter. Hence,
the convergence of this expansion is extremely good and only an em-
ployment of the first few expansion terms are sufficient in practice.
These three types of probability distribution expressions are mathe-
matically equivalent although their representation styles are different.
Hence, depending on the research object or engineering requirement,
an appropriate one can be chosen among these three type expressions
on P(E;|E;) — a closed explicit representation, an orthogonal repre-
sentation without hierarchical redundancy and a non-orthogonal but
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quickly converging expansion representation. As a specialized limiting
case with p; — 0, the above three expressions, (29), (30), and (33),
on pdf tend to:

Em—l B
P(El‘EQ) = P(El) = We E1/S: . (34)
1

This implies that if the fluctuations at two observation points are
mutually uncorrelated, this ensures independence property of fluctu-
ations, and the corresponding distribution representation is a well-
known Gamma pdf at only one observation point. As another special-
ized limiting case with p, — 1, (two observation points approach),
(29), (30), and (33) become

P(Eq1|Ez) = 6(Ey — E) (35)

and express a delta function type pdf which has a value only when the
intensity is equal to the conditioned level.

5. EXPERIMENTAL CONSIDERATION

5.1 Acoustic Type Simulation Experiment

In this paper, owing to the page limitation, we have placed emphasis
on a new methodological trial of systematic EM evaluation mainly from
the theoretical research viewpoint. Accordingly, in the corresponding
experimental consideration, we have made only an abstract of principle
statement for partly confirming first the validity and then the actual
effectiveness of the proposed theory.

First, for the purpose of partly confirming the validity of (Bessel or
related types) three conditional pdfs in (29), (30), and (33) by using
a simulation technique, the proposed method is applied to the ac-
tual acoustic wave experiment with joint space-time non-Poisson type
arbitrary interference process in the same field of wave motion type
environment as EM interference, since the usual computer simulation
is nothing but an artificial confirmation of consistency of the theory.
The white noise of 1/3 octave band at the center frequency 200 Hz
has been excited in a reverberation room having many image sources
(simulating a joint space-time non-Poisson type arbitrary location of
many image sources) as shown in Fig. 4. So, the noise data after a
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Reverberation room

PN

a speaker
p b Microphone a-e : Observation
. point
Amp : Amplifier

1
Amp Amp

Amp
[Fiter | [ Filer | [ Filter |
. 1
— T F
Potse Level Level
at
s recorder recorder | | .. ¢
I

Data recorder ]

Figure 4. A block diagram of the experimental arrangement in an
acoustic reverberation room.

large number of sound reflections with many image sources have been
measured by a sound level meter with an averaging time T = (0.125
sec of standard type (i.e., Fast). This is quite similar to the measuring
situation of EM environment under consideration (notice 7' = 6 min-
utes or 1 sec in EM interference detector measurement). Then, as a
trial, the nominal bandwidth of 1/3 octave band has been employed as
an equivalent bandwidth W. The microphones have been placed at a
height of 1.2 m (according to Japanese Industrial Standard) from the
floor with a separation of 0.2 m each at five locations. The noise level
was sampled at every 0.2 sec in consideration of time constant of 0.125
sec of the sound level meter.

The conditioned level has been varied and the experimental results
are shown in Fig. 5. Here, the measured F data at five measuring
points, a,b,c,d and e are defined respectively as F,, By, E., B4, and
FE.. Although a number of conditioned levels are arbitrarily employed,
the theoretically estimated cdf Q(FE1|E2) explains the measured re-
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Figure 5. A comparison between the experimentally sampled points
and the theoretically predicted curves for the conditional cdf of sound
intensity fluctuation. Distance between observation: points: (a) 0.2 m

and (b) 0.8 m.
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Figure 6. A schematic drawing of the EM experiment.

sults well. In this case, the correlation is strong as the distance be-
tween two microphones is very small. Hence, the pdf approaches the
delta distribution which has a sharp rise cdf as shown in Fig. 5(a).

Next, to study the effect of the distance between observation points,
the experiment for the distances, 0.4, 0.6 and 0.8 m between micro-
phones is employed. As the distance increases, the theoretical prob-
ability distribution exhibits a smaller correlation. Hence, the mutual
correlation of the fluctuations between two points decreases. In line
with the theoretical representation in (34), the results in Fig. 5(b)
approach that of the one (i.e., Gamma pdf) measured with only one
microphone regardless of the conditioned level. At any rate, it must
be noticed that regardless of the distance between microphones, the
theoretical curves always explain the measured data.

5.2 Actual Application to EM Environment

Next, for the purpose of partly confirming the actual effectiveness
of three conditional pdfs in (29), (30) and (33), the proposed method
is applied to an evaluation problem of a probability distribution of
electric and magnetic fields leaked from a VDT and a television under
the actual situation of playing television games in the room. Figure 6
shows a schematic drawing of this EM experiment carried out in our
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laboratory. The rms values of electric and magnetic field fluctuation ra-
diated have been measured coincidentally by use of a Holaday’s electric
field survey meter and a Narda’s gaussmeter. The slowly fluctuating
720 data of nonstationary type for each stochastic variable have been
sampled with a sampling interval of 5 sec. The measured data up to
500 has been first used for finding the conditional pdf P(E;|E;) after
regarding respectively the magnetic field on a power scale as F; and
the electric field on a power scale as FEs. Then, the remaining non-
stationary new data of E5 have been used for predicting the response
frequency distribution of P(Fj) by theoretically finding many sample
data of F; after substituting these FEs data into the above-learned
conditional expression (Fi|Es), as follows:

(Eq|Es) (z /OO E\P(E,|E?) dE1>

(36)
N Z ZC Amn m: F(m2) L’Egnz—l) (@)
m=0n=0 m2 +m) 52
with
A, = (] Dlmamt Lim==1 (@) Llmy)n! Lim=b <&> .
F(mg + ’ITL) So F(m1 + n) S
(37)

n (36), each coefficient C,, (i.e., Cy and () is in advance given by
the orthogonal expansion of arbitrary functions of F; based on the

associated Laguerre polynomial L(m1 b (%) , as follows:

C() = mlSl, Cl = — m151 (38)

with m; = p?/0? and S; = 0%/, (i = 1,2). Here, pp, and o2,
denote respectlvely the mean value and the variance with respect to
each stochastic variable E;(i = 1,2).
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power scale.

Figure 7 shows a comparison between the theoretically predicted
curve (i.e., the second approximation of the expansion series) by use
of the proposed method and the experimentally sampled points for the
cdf of magnetic field strength on a power scale. It is obvious that the
theoretical curve is in good agreement with the experimental values.

On the other hand, as mentioned in the theoretical consideration,
the theoretical result for one dimensional expression agrees completely
with the result reported in the previous paper. In this case, the esti-
mated results (i.e., the first term of the expansion series) for the cdfs
of electric and magnetic field strengths on a power scale are respec-
tively shown in Figs. 8 and 9. From these figures, it is obvious that the
theoretical curves are also in good agreement with the experimental
values.

6. CONCLUSION

For the purpose of finding a more unified research method on the
stochastic evaluation of EM environment, in this paper, the arbitrari-
ness of correlative random fluctuations at many observation points in
a space domain has been taken into consideration in addition to the
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arbitrariness of random fluctuation in a time domain as reported in the
previous paper. First, a multivariate Hankel transform type joint char-
acteristic function of arbitrary order has been first introduced, because
it is suitable for consideration in the stochastic analysis of correlative
EM fluctuation waves observed at many measuring points, once after
newly establishing the join probability model for many series of correl-
ative multi-dimensional random walks. Hereupon, each time constant
of mean squaring type detectors and each arbitrary frequency band-
width of EM input waves have been reflected in the dimension number
of corresponding signal space related to Shannon’s information theory.
Furthermore, the space location and time emission of many EM inter-
ference sources have been reflected in the form of stochastic property
as the probability distribution parameters.

Finally, the validity and effectiveness of the proposed theory have
been experimentally confirmed through first an acoustic type (stimu-
lation) experiment (which is the same wave motion type environment
as EM interference) and then an actual application to an EM environ-
ment leaked from a VDT of a personal computer and a television in
the actual working situation.

This research is obviously at an early stage of development. There
still remain many future problems to be solved, such as:

1) applying this unified fundamental theory to many other actual EM
environments,

2) finding some simplified expression through the approximation of this
theory,

3) finding an appropriate way to determine the optimal order of the
proposed series expansion.
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