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INTRODUCTION

Electrostatic intrusion detection techniques have been util-

ized in the past for a variety of applications, both military and• civ-

tlian. The basis for these techniques has been essentially tne meas-
urement of the distortion of an electric field due to the presence
and/or motion of an object. An equivalent point of view results from
analyzing the electric field perturbations in terms of the self and
mutual capacitances or the detecitor probe and the object, and the
variations of these capacitances with changes in the relative loca-
tion of the detector and object.

A passive electrostatic detection system is one in which the
electric field is generated external to the detector or sensor. If,

however, the sensor itself generates the electric field which is per-I turbed by the object,the system is known as an active electrostatic
detector. In this paper we deal with a passive detection system in
which the earth's electric field, which is normally directed verti-
cally to the earth's surface,is perturbed or distorted by the pres-

" I ence of an intruder.

The magnitude of the distortion depends on the relative po-
sition of the intruder and sensor and the configuration and dimensions
of both. Fig. la shows the undisturbed field with the sensor depicted
as a probe or antenna of arbitrary shape connected to a meter. It is
assumed that probe size and shape are such that it does not disturb
the field being measured. Fig. lb shows the field distorted by the
presence of an intruder modelled in this case as a grounded conductor.
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The entire intrusion detection system is shown in block dLigram form
in Fig. 2.

The above model represents an oversimplification of the ef- 1-"
fect of a walking intruder on the earth's electric field. Such an in-
truder cannot be represanted simply as a moving grounded conductor.
A person walking or scuffing may develop potentials of over 1000 volts

.iepending on shoe sole thickness and resistance and on the nature of
the ground surface and material. Moreover, as he raises one foot at

each step his body capacitance to ground reaches a minimum and this in
.I • turn cauies his potential to rise to a maxiimm. When both feet are

momentarily making ground contact, the charge potential is lowest,
and, thus, there results a characteristic rise and fall in potential
due to walking. This in turn introduces a similar disturbance in the
earth's field in the vicinity of the moving person. This phenomenon
is readily observed experimentally and it can be shown that the
charge-discharge phenomena of a walking person will produce signifi-
"cant signals at useful ranges.

This paper is based on the results of an initial study to de-
termine the feasibility of a reliable, reasonably inexpensive electro-
static intrusion detection system for field use., This initial effort
has been concerned mainly with carrying out an analytic program
through modelling and computer studies together with a preliminary ex- J

perimental program based on these studies. In subsequent effort it is
intended to expand tiese studies to include signal processing techni-
ques required for the optimization of the detection and identification
performance of the system and, in addition, breadboard components
suitable for application of this detection technique to scatterable
mine systems.

MODEL STUDIES

In this section we will first consider distortions in the
earth's electrostatic field due to grounded and charged intruders.
We will next introduce a time dependence due to motion toward the sen-
sor as well as the charge/discharge phenomena ýttributable to tho
raising and lowering of the intruder's feet. We then outline a system
capable of detecting these distortions through atmospheric coupling.
The effects of finite input resistance and non-zero input capacitance
of the detector are also accounted for.

To determine the distortion, which we define as the differ-
ence in the field due to the presence of an intruder after subtracting
out the naturally ocrurring earth's field, it is necessary to solve
Laplace's equation in a geometry appropriate to that of the intruder.
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If the intruder is modelled 4s a conducting surface of constant vftlue
in sow orthogonal coordfmate, system in which the Laplacian operator
&oeprates into ordinary differential operators, then it is not too
difficult to obtain a closed form analytL; solution.

We firt consider analytic solutions for some simple geov-
tries which approximate the intruder. The simplest of all is the
grounded hemisphere (Fig. 3). it is well known that the potential out-
side and above a grounded hemispherical boass infinite grounded
plant in a uniform electric field is given by~L

V(pjz) - K4 zfl op+a)aA a - radius of boas (1)

whene E0 is the cconstant, undisturbed earth's electric field, 100 v/m A
in this calculation.

Howver, the hemisphere is a rather poor model since it im-
plies that the intruder is as wide as he in tall. A much better model
is a grounded hemiprolate-apheroidal (half watermelon) boss on the in-
finite plate (Fig. 4). By witching to the prolate spheroidal coordi-
Date system ~,11 defined by the transformations.

+z~~- (2)
+ -a (3)

whee C isdetrmied romthesem-major axis C, and semi-minor
axis, b, of the heroid by Ca F- -b
it can be shovnd tat V is nov given by

V Eoz - 1 n(r~)(h) (4)

where-16 C/C2. In these models we used b - 0.15 mn and C -2.0 mn
which apprwimate the dimensions of a man.

There are other modols which may represent limiting values
for the intruder. For example, we considered the grounded, half-
elliptic cylinder of semL-major axis C and semi-minor axis b, shown ini
Fig. 5. The polution of Laplace's equation for this geometry can be

V o ( 1 -~ {L) (5)

where fl aud T6 are the same as in the above prolsti spheroid (Eqns. 2
and 3).

We can also consider the gg ralized alljipoid with no axial
ynU~stry (Fig. 6), Follow~ing Jeans ý, i n a h lisi
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•'3e UP, + yR/bP + za le (6) -

then the conicoid
X2 (a* + W, + YP (bp + O)-1+ to (c2 + G)-I (7)

.•ll be confocal to the ellipsoid for all values of e. A

Solving the cubic equation for 0 gives the three values X, P,

,0 . ~ each cartesian point x, y, h where bolcost. is a family of
•.:•-. -- •_a hyperboloid of •vo sheets. If we require a > b > c, and assume the

-" ifield is in the x direction, it can be shown that
VVnL1 xVkdX

- Fa ,> - (aTPA ( )x (8)
where ko is the coordinate of the intruding ellipsoid of height a,
length b, and breadth c, and

A , ___-_._-_._

Thus, the integrals in Eqn. (8) are of the form

I -f T r[d) (a )(b +X )(cL0 +X (9)

which can be evaluated in terms of appropriate elliptic integrals of
the first and second kinds( 4 ).

adelpie have plotted the field distortions of the prolate spheroid
and elliptic cylinder geometries in Fig. 7. The field distortion was
obtained directly from the potential distribution matrix V(iJ), where
V(i,j) represents the potential at the point Z(i) and p(j) and then
using a central difference formula to approximate the gradient opera-
Stor:
tor..Ez(ij) - (Az)'••(i+lj) - V(i-lj) F -F (lOa)Ep(i,J) = (•p)'" v(i,J+l) - V(i,J-1) 0 (lOb)

where Az = [z(i+l) - z(i-l)l and Apo=p(j+l) - p(J-1)].

It is noted that the horizontal components of the field dis- 4i
tortion are much smaller than the vertical components, except perhaps
at points very close to the intruder. Furthermore, at horizontal dis-
tances from the intruder greater than 3 m , Ehor is proportional to
the height off the ground, while Evert is almost height independent.
It would then seem desirable to detect the vertical component, taking
advantage of these two important features.

Note further that the distortions for the elliptic cylinder
are much stronger and fall off slowly as a function of p. Thus, we
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put this as a miaima upper bound for the distortion due to a grounded
object of elliptical cross section.

It is an oversimplification, however, to assume that the in-
truder remains at ground potential. For example, an initially grounded,
conducting intruder has a charge distribution induced on his surface by
the external field to enable him to remain at ground potential. Should
the intruder break the connection to ground by lifting his feet, he re-
duces his capacity to ground which increases his potential. A similar
if weaker effect occurs when the intruder picks each leg up, especially
if his resistance to ground is not particularly high. Furthermore,
scuffiag shoes on the ground can lead to static charge being accumu-
lated on the body, Vaich must leak away in a finite time. The amount
of ch ing is not i.considerable. Over 20 years ago the Bureau of
Mine••) investigaud the hazard of static electricity in operating
theaters where there was danger of igniting explosive anesthetics. In
a very comprehensive study it was shown that, depending upon the nature
of the clothes, linens, furniture surfaces, shoes, and humidity in the
room, potentials of 500-18000 volts could be generated on human beings.
This charge leaked away through shoes with resistance of 105-101 ohms
depending on the shoe material, which varies from partially conducting
"leather to highly insulating rubber. The time dependence of the poten-
tials was also considered in that report. Thus, it becomes very neces-
sary to obtain the field distortion due to a charged body. For this
calculation we assume that the charged body is sitting on a thin insu-
lating pad just above the ground.

Since the ground plane is at zero potential, one may resort
to the theory of images to solve this problem. The appiication of
this method to a charged conducting hemisphere on a %ro,4nd plane leads
to the well known exterior solution

V(r,8)VOL3I2(F)P (cos6)-7/8(r)4P, (cose)+(11/16)(a)OP (cose)--] (11)

where Pi (cose) is the Legendre polyaomial of the first kind. Again
while the sphere is not a good t,-. ion to the man, we can still
use the same technique to solve the problem of the charged conducting
prolate ellipsoid.

The general solution of the Laplacian in prolate spheroidal
coordinates with azimuthal symmutry is 3)

V(Cgfl) (C) + BO, (C)f {A, Pi rI) + B IQ iml) (12)

where Qi is the ith Legendre polynomial of the second kind. We impose
the boundary requirements:

3T.
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j sary to obtain the field distortion due to a charged body. For this
calculation we assume that the charged body is sitting on a thin insu-
lating pad just above the ground.

Since the ground plane is at zero potential, one may resort

to the theory of images to solve this problem. The application of
this method to a charged conducting hemisphere on a ground plane leads
to the well known exterior solution

V(re)=Vo[3/2i(!)2P (cose)-7/8( .)'P 3 (cose)+(ll/16)(r4)6Ps (cosO)--] (11)
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while the sphere is not a good approximation to the man, we can still
use the same technique to solve the problem of the charged conducting
prolate ellipsoid.
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V (Cj gjAP, (C + BQI(C)}'{A' Pi Q) + B'Q QT)J (12)
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V(C.Thl) 0; V(C,Tlo) o0

Outside the spheroid only Pj(C)Qi(•) is finite as 1-, so Eqn. 12 re-
duces to v( D A"i Pi(C) Qi(J) (13)

where the Fourier coefficients are determined by

A, - (2i+1) Vo[Qi(T6)j oPi(C)dC (14)

v{3/2P, (C~Q~I 3 1)Q(IV(C,))- 7/8P3 (C)-Q- +ll/16 Ps • --,(5

If the charged body is in a uniform externally applied field we simply
superimpose the solutions of Eqn. 4 and Eqn. 15. We have numerically
evaluated the potential distribution for several values of Vo both in

and out of the earth's field. The vertical distortions are shown in
Fig. 8. It may be seen that if the charge on the body is appreciable,
then the distortion due to the earth's field is rather negligible com-
pared to the distortion due to the charged body itself.

Time dependence may be included in the calculation in a
"straightforward way by considering the two effects described above.
First, as the intruder approaches the sensor, the field distortion at
the sensor will increase due to his increasing proximity. Second, as
the intruder lifts his foot to walk, his potential will rise causing a
change in field distortion at the sensor. The combination of these
two effects produces a fluctuating field distortion at the sensor,
which is considered to be the sensor input signal.

A model for the potential profile of the intruder was obtain-
ed in the following manner. Several people, each in turn holding a
wire connected to an electrometer, walked slowly across the laboratory.
Each person's potential profile was recorded. One of these profiles,
shown in Fig. 9, was selected as the basis for the walking model.

Note that the subject carries a negative potential due to his retention
of electrons as he lifts his feet. Also, the large potential rise is
due to the capacitance change as the subject lifts his foot. Smaller
changes are attributed to the heel and toe motion as the subject shifts
his weight.

For ease in calculation we simplified the profile of Fig. 9
by taking the profile to be periodic once walking comenced, and that
local maxima and minima could be connected by straight lines. Vertical
field distortion curves were plotted for the six intruder potentials
corresponding to the local extrema. Using a measured velocity of .83
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meter/Isee, a period of 1.6 seconds, and an initial displacement of ten
meters from the sensor, the person's displacement from the sensor at
each potential maximum or minimum was calculated and marked on the
appropriate distortion curve. Connecting these points with straight
"lines yielded the idealized triangular wave taken as the walking in- . '.
truder sensor input model (Fig. 10).

The coupling of the field distortions through the atmosphere
to the sensor is a complex process. An isolated electrically neutral
wire placed in a potential gradient will distort the field such that it
averages the field along its length. If the wire be connected to an
electrometer, however, the small input capacitance to ground, leads to
additional charge redistribution. Furthermore, the electrometer input
resistance is not infinite so some leakage to ground will occur. The A

result of these phenomena is that the potential on the wire is lowered,
or the effective height of the antenna is reduced.

in addition, there is a general atmospheric relaxation time
for electrical phenomena due to the low but non-vanishing atmospheric
conductivity. In a discussion given by Chalmers( 6 ), it is shown that
if a conductor of area A carries a charge Q and is exposed to the at-
mosphere, it leaks charge.as given by Ohm's law_4 = XEA. Close to the

surface E Q/Ao; thus, Q = 16Qlo and Q = Qoe't/T where T = eo/X is
the atmospheric relaxation time and X is the atmospheric conductivity.

This relaxation time suggests as a model for the atmospheric
coupling a parallel resistance capacitance combination which is con--
nected to the electrometer. Thus, a reasonable candidate for an equi-
valent circuit is given in Fig. 11. For the output of the circuit to
reflect the input with little lag, the time constant of the probe re-
sistance and electrometer capacitance, rC, should be reasonably small.
In addition, to reduce the voltage drop across the probe resistance,
it should be small with respect to the detector resistance, R. Since
R is specified to be 101' ohms for state-of-the-art solid state
(MOS/FET) electrometers, these conditions can be met by use of a
radioactive probe which will reduce the probe resistance to 1O-10ol-
ohm.

To obtain a value for the resistance of an ionization en-
hanced probe, an experimental sensor consisting of a state-of-the-art
lab type electrometer with an enhanced wire probe was placed in a
Faraday cage, and its response to a unit step change in electric field
strength was recorded. The resulting curve was similar to that
associated with the voltage rise across a capacitor placed in a series
with a resistor and the input voltage. The electrometer is specified
to have a capacitance of under five picofarads shunted by a very high

39
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but finite (1014 ohr) resistance. Using these values and the experi-
mentally measured response time, the probe resistance was calculated
to be about 103L ohms. The same experiment was simulated on the corn-
puter using the above values of the model parameters in the limit of
the probe capacitance approaching zero. The results were quite com-
parable.

Sensor response to the input signal shown in Fig. 10 has been 1
calculated for various values of the three sensor. parameters. The
output for two combinations of these is shown in Fig. 12. The smooth-
ing effect of the larger electrometer input capacitance is evident.
It is possible that under favorable ionization conditions, the probe
resistance would fall to 2x10 1 0 ohms. A model calculation using this
value was made. The results, plotted in Fig. 13, clearly show the
enhancement of structure in the sensor output signal.

EXF•EIRMNTAL STUDIES

To evaluate the feasibility of employing electrostatic means
as an intrusion detection method, various state-of-the-art electro-
meters were considered with respect to their input resistance, capaci-
tance and input offset current. When run open circuit, offset current
will charge the probe and quickly saturate the electrometer. Due to
"its high input impedance and its particularly low offset current j.
(less than 3x10" 5 amp), the Princeton Applied Research Corp. PAR-135
electrometer was selected for further experimental work.

Two probe types were tested. One was simply a straight
length of stainless steel tubing, 0.037 inch in diameter, projecting
10 cm from the input Jack of the PAR-135. The other type was made
from the same material projected 5 cm from the PAR-135, and had a
small amount of Polonium fastened to the end.

Polonium ionizes the air in its imnediate vicinity. The ion-
ization provides a relatively rapid means for the probe to come to the
same potential as the air around it, effectively decreasing the probe I
resistance. Decreased response time and increased sensitivity are the
principal benefits obtained by its use. The enhancement produced by
the Polonium is evident in the field test results discussed below.

Several field tests were made to determine the best sensor
configuration to utilize in recording the response of these senb.)rs to
the intrusion of a person. To minimize possible electrostatic inter-
ference, these tests were conducted in open country fields.

To obtain an estimate of local field variations, two sensors

4~o
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were placed on the ground. Sensor A was equipped with the 5 cm Polo-
nium enhanced probe; Sensor B, 18 m away, with the 10 cm wire p-obe.
Variations in the earth's electric field were monitored for twenty
minutes by both sensors. Such disturbances as did occur appeared on
both outputs, but more strongly on the output of the sensor with the
Polonium probe, and were probably due to small clouds of ionized gas

drifting over the field.
Sensor response to an intruder walking slowly toward it is

shown in Fig. 14 for the enhanced probe and in Fig. 15 for the plain
probe. The intruder's steps can be detected at about 8 meters with

the enhanced probe, and at about 6h meters with the plain probe. The

output signal is stronger also for the enhanced probe, having changed
by 170 mv at 3 m. while only by 100 mv at 3 m. for the plain probe.

In these measurements a bias was placed on the recorder in
order to suppress the constant earth's field. Therefore, the zero

volt reference line is not identified on these recordings, but it may

be taken to be the line generated before the intruder nears the sensor,
since only intruder induced distortions are of interest for couz••tison
with the model calculation.

3Plotting the computed sensor outputs on a linear scale, we
find good agreement with the measured response. One of these linear

plots, corresponding to an electrometer input capacitance of 1 pf is
shown in Fig. 16. Although there is a scale factor of tin between the

voltage scales of Figs. 16 and 14, there is good correlation in the

signature and rate of signal increase as the intruder approaches the

sensor. There are several reasons for the presence of the scale fac-

tor, the most important of which is the fact that the potential pro-

files generated in the laboratory did not match the one used in the
field.

Sensor response to the static presence of an intruder was

approximated by instructing the intruder to pause five seconds between

each step taken toward the sensor (See Fig. 17). Each step consists
of a small signal as the intruder flexes his legs in preparation for

the step, a large spike as he takes the step, and a second small sig-

nal as he relaxes. The signal is then fairly constant until the next

step, but offset from its previous value. T7 offset is due only to
the proximity of the intruder to the detector.

The last figure, Fig. 18, shows sensor response when the in-
truder was running in place at yaious distances from the sensor. It

was determined the person used as the intruder in these experiments T

had very low resistance to ground. Any static charge built up by
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walking would quickly leak off, leaving his body potential close to
zero. By running in place, he could increase his resistance to ground
and build up his potential, which would increase the effect on the
sensor. Detection is easier to recognize in this case also because o,
the periodicity of the signal. As shown in the figure, he was detect--
ed by this sensor at 16 meters.

CONCLUSIOJS

/The results of preliminary experimental tests appear to veri-
* '\' fy analytical studies indicating that the characteristic sig.ature of

walking persons can be detected by sensors utilizing standard portable
solid state electrometers equipped with simple 5 to 10 cm wire an-
tennas. Field test data show detectability to ranges of 8 meters and
more.

Future work will be directed toward further studies to estab-
lish the characteristics of background noise, optimum antenna config-
urations, and weather degradation. In addition, signal processing
techniques will be studied to optimize sensor performance.
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