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FOREWORD

The ELF electric-field probe described in this memorandum
was developed at the direction of the Sanguine Division of the
Naval Electronic Systems Command, which is responsible for the
management of the Sanguine Program,

The probe was designed by Mr. A, R. Valentino with aid from
Mr. J. Goode on the experimental work. The probe was fabricated
by Mr. R. Heidelmeier.

Respectfully submitted,
IIT RESEARCH INSTITUTE

O (bl

A, R. Valentino
Research Engineer

APPROVED BY:

0 |
\ \ _

. er
Program Manager

IIT RESEARCH INSTITUTE
ii



A SMALL ELF ELECTRIC FIELD PROBE

Abstract

The design and development of a probe for measuring electric
fields at extremely low frequencies is described. The probe is
spherically shaped and relatively small (6.3 cm in diameter) and
uses a fiber-optic readout so as not to unnecessarily disturb the
measured electric field. The probe is capable of measuring fields
between 10 mv/meter and 100 volts/meter. Problems encountered in
the design and packaging of the probe and operational data for
the probe are presented.
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1. INTRODUCTION

The objective of this memo is to describe the design and
development of a probe for measuring the electric field in air
at extremely low frequencies (20-200 Hz). The primary applica-
tion for this probe is that of mapping the electric field in
certain electric-field simulators used for biological research.
The fact that the probe is to be used to map the electric field
over small volumes (e.g., 2 x 2 x 2 meters and smaller) requires
that it be small by comparison.

A secondary application for the probe is that of measuring
and mapping the ambient 60-Hz electric field. The small size
of the probe will allow it to be used to seek out regions of
high electric field.

It is of interest to measure field levels as low as 10 mv/
meter and in order to properly map the field in an electric-
field simulator or other regions of interest, a dynamic range
of at least 40 dB is desired. Slnce certain of the simulators
are operated at 10 volts/meter, it was decided that a probe
which could measure fields between 10 mv/meter and 100 v/m was

what was desired.

IIT RESEARCH INSTITUTE
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2. SYSTEM DESIGN

Since it is required that extremely low frequencies
(20-200 Hz) be measured with a very small probe, the output
impedance of the probe can be expected to be very high and its
open-circuit voltage very low. Therefore, the plan must be to
follow the probe with a high-input impedance, voltage-amplifier
stage. This stage can also be used to provide the variable
gain necessary to achieve the desired dynamic range.

The electric field to be measured must not be perturbed
any more than is recessary. For this reason, the use of metal-
lic cable to carry the measured information from the probe to
the receiver is undesireable. A fiber-optic light-guide system
{s selected to provide this link. It {s anticipated that a
buffer, in the form of a power amplifier, will be required be-
tween the voltage-amplifier stage and the light source.

The receiver will consist of a light-sensitive diode fol-
lowed by an amplifier, the output of which may be monitored by
a laboratory oscilloscope or voltmeter.

A block diagram of this system is shown in Fig. 1.

I'T RESEARCH [INSTITUTE
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3. COMPONENT SELECTION OR DESIGN

3.1 Probe

The two primary requirements for the probe are conflicting.
First, it is important that the probe be small so that it can be
used to map electric fields. In this way the probe can be used
to evaluate the uniformity of the electric field in certain
simulators. Second, the sensitivity of the probe will increase
with its size and for this reason it is important that the probe
be as large as possible.

In order to avoid unnecessary distortion of the electric
field to be measured, it was decided to place the electronics
inside of the probe. Therefore, the probe should provide a
large internal vclume.

The shape chosen for the probe is that of 2 sphere for the
following reasons:

1) for a given maximum dimension the sphere provides
the largest internal volume, and

2) the behavicr of the spherical shape in an electric
field can be analyzed (see Appendix A) providing
thenretical understanding for the operation cf the
probe.

3.2 High-Input-Impedance Voltage Amplifier

The diagram and equations in Fig. 2 show how a high-gain
amplifier and a variable-feedback resistor might be employed to
provide the required variable voltage-amplification stage. How-
ever, since the source which will drive this stage is a small,
low-frequency electric field probe, the source impedance, Z_,
will be a very large, capacitive reactance (see Appendix A).

11T RESEARCH INSTITUTE
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Furthermore, the source voltage, Vi’ will be the probe's open
circuit voltage (Voc) which is given by definition as the pro-
duct of the electric field and the effective length (Leff) of

the probe. Since we expect L c¢ to be on the order of the

radius of the sphere, we do not expect a very large V.- It has,
in fact, been shown experimentally that the configuration presen=
ted and analyzed in Fig. 2 is inadequate.

The problem discussed above is circumvented by employing a
commercially available operational amplifier which provides two
separate inputs. The operation of such an amplifier is analyzed
in Fig. 3. Note that {f the input impedance, zip’ is of the
same order of magnitude as the source impedance, Zgs the ratio
of V  to V4 will be adequate. Note also, that this ratio may
be controlled by varying the feedback impedance, Ze The mag-
nitude of Z¢4 is limited by the oscillation problem. That is,
the negative feedback provides stability and prevents spurious

oscillation.

A copy of the specification sheet for the amplifier chosen
for this purpose is presented as Fig. 4. This amplifier was
chosen for its high input impedance and its low-power drain.

A difficulty which is encountered when feeding an amplifier
of this type from a capacitive source impedance 1is that no dc
path exists between the positive input lead and ground. Under
this condition the proper input bias current is not allowed to
flow and the amplifier does not function. This problem is solved
by providing a dc path from the input lead to ground. Of course,
the resistance of this path must be made as large as possible so
that the source is not loaded down unnecessarily. For the ampli-
fier used here, it was found that a 500MQ resistor was adequate.
Additional source loading due to stray capacitance internal to
the sphere will swamp this resistance.

IT RESEARCH INSTITUTE
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3.3 Light-Emitting Stage

In order to transmit the measured information from the
probe to the receiver without using metallic cable, a fiber-
optic light guide is used. The light-emitting source is a
Gallium Arsenide electroluminescent diode. A copy of the spe-
cification sheet for this diode is presented as Fig. 5. The
primary requirements for the drive circuit for this diode are
that:

1) it provide a buffer between the relatively high
output impedance operational amplifier, and

2) it provide adequate forward bias current for the
LED without undue battery drain.

The circuit design for the drive circuit is shown in Fig. 6.
3.4 Glass-Fiber Light Guide

Specifications for the light guide used in this system are
presented as Fig. 7. A six-foot length of light guide is used
in this system.

3,5 Receiver

The receiver portion of this system employs & 1ight sensi-
tive diode followed by a high-input-impedance amplifier. These
components were chosen rather arbitrarily and based on their
availability. The specifications of the LSD are presented as
Appendix B. Appendix C presents the specifications for the
amplifier.

3.6 Batteries

The minimum requirements for the electric-field-probe bat-

teries were determined as:

1) they deliver both positive and negative 5v t 10% at
4 ma for approximately four hours, and

[IT RESEARCH INSTITUTE
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The 5082-4403, -4415, -4440 and -4444 are rlastic
encapsulated Gallium Arsenide Phosphide Light Emit
ting Diodes. They radiate iight in the 055 nanometer
| (red light) region

The 5082-4403 and -4415 are LEDs with a red dif-
fused plastic lens, providing high visibility for circuit

. board or panel mounting with a clip.
\ Both LEDs are Jesigned for low power consumption,

| Fig. 5 LED SPECIFICATION SHEET
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l - — '
R U S ot
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l_—_—'" e e o T
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| Die 1
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| Viewing Angle ) . ‘ ooin Bl
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! of Handling ) . A y :
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| il s
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5082 3415
S082.4841

- O —— e e - e
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DC Power Dissipation 100 mW
DC Forward Current 50 mA '
Peak Forward Current 1 Amp

(1 .sec pulse width, 300 pps)

!
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ment. ‘a . "
e 5000-0000 and 4008 are cconomically priced  'eolation Voltage (between lsad and case) 0V |
LEDs with a red diffused plastic lens, providing 2 wide
viewing angle for circuit board or panel mountir 3 with Operating and Storage
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| O Thermal
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\ Ve Forward
l . Voltage 16 | 20 16 | 20 | v I - 20 mA
BV, Reverse Break-
| down Voltage 3 4 3 1 Vv le =10 KA
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This Light Guide is made of precision optical fibors .003" in
diameter. Foch fiber has a core of 1.62 indox glass end has
been coaiad or clod with a 1.52 index giass to scrve @t Op-
fical insvlation and thus protect the teflactive surface of the
core. This cum nation of indices provides a numorical aper-
ture (NLA.) of .25, The guide will accept 707, of the light in-
cident upon the input end. 50% of the light entering the fibers
will be absorbod for evary 7 fe.t of length. These fibers will
trensmit wavelengths from 4000 to 20,000 Angstroms.

Fer additional information on Fiber Optics please write te:

American Optical Co., Dopt. 4624
14 Mechanic Strest, Southbridae, Mass.

Fig. 7 LIGHT GUIDE SPECIFICATIONS
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2) they be small enough so as not to limit the utility
of the probe.

Specifications for the NiCad batteries chosen for the ap-
plication are presented as Fig. 8.

3.7 Summary

As a summary to this section and a prelude to the follow-
ing discussions of packaging and operation of the probe system,
Fig. 9 presents a schematic diagram of the system.

1T RESEARCH INSTITUTE
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4. PACKAGING

Since we require a small probe which must enclose electronics
and batteries, the internal layout and packaging becomes an impor-
tant and critical task. The probe package will be described here
through a series of photographs.

Figure 10 shows the complete system. That is, the spherical
probe, the light guide, and the receiver package. Figure 11
shows one view of the layout of the electronics internal to the
probe and identifies the visible components. Figure 12 is a
view of the other side. Figure 13 shows the inside of the re-
ceiver package and identifies some of the components.

As shown in Fig. 9, one probe hemisphere is connected to
circuit ground and the other to the positive input of the ampli-
fier. The hemisphere chosen to be connected to the positive in-
put is the one whicl covers the batteries; (i.e., that side shown
in Fig. 12). It was found that if the positive input were connec-
ted to the other hemisphere (i.e., that which covers the side
shown in Fig. 11), the circuit was unstable and oscillated. This
i{s due to the capacitive coupling between the output and the
positive input by the hemisphere. By connecting the hemisphere
which covers the batteries to the positive input, this problem
was avoided.

The problem of stability described above is critically de-
pendent on the physical layout of the circuit. Based on the
experience obtained in packaging this probe, it is recommended
that in the design of the physical circuit layout for a probe
of this type, care should be taken to separate the output cir-
cuit from the high-impedance input to the amplifier. A shield-
ing compartment enclosing the output circuitry would probably
increase the circuit stability.

I'T RESEARCH INSTITUTE
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Fig. 13 INTERNAL VIEW OF RECEIVER
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5. OPERATIONAL DATA

The voltage-amplifier stage has been provided with five dif-
ferent feedback resistors and, therefore, five different range
settings. In each range the minimum electric field which can
be measured is determined by the signal-to-noise ratio at the
input to the receiver. The maximum signal which can be handled
is determined by the linearity of the LED and therefore its bias
current., Figure 14 presents the calibration curves for each of
the five ranges at 60 Hz. The calibration was performed by
placing the probe in a known electric field established between
one-meter-by-one-meter parallel plates separated by 30 ¢m. Note
that the probe can measure electric fields as small as 10 mv/
meter and as large as 100 volts/meter. Of course, the probe
could be made to measure much larger fields simply by loading
it down at the input to he voltage-amplifier stage.

In Fig. 14, a reference voltage 1is given for each of the
five calibration curves. By applying the given input voltage
directly across the probe and then adjusting the receiver gain
to obtain the reference voltage at the receiver output, one can
be assured that the calibration curve 1is valid and that minor
drifting due, for example, to battery drain has been compensated.
A convenient jig has been fabricated so that the voltage may be
applied with ease.

5.1 Frequency Response

Figure 15 presents the frequency response for each of the
five ranges. The roll-off at the low end is due to the very
high, capacitive source impedance. For this 6.3-cm diameter
probe, the source capacitance is about 3 pf which represents a
900M . reactance at 60 Hz., The equivalent-source circuit for
this probe is derived in Appendix A. At the high end the roll-
off is due to the limited frequency response of the voltage am-
plifier as it is configured and packaged.

1T RESEARCH INSTITUTE

21



JANND NOILVHEITVI 3808d 01314-3 ¥l 614

(J2IN/SHOA) PIatd 143213

o 0] Ol | 100
Tvi11 1V L) —¢-_-- ] Trvr vy 1 1 _
20¢ 202 S
i €9 G 12 v ._ i
1 44 S9'v € —
' 16 os'€ 2 . i
e Bl 2Ll | -
" inding induj sbuoy
- [aw) saboiloA (LT N R
. o =
[, J
[g]
(L J N
< ™
=
<
e
o
[~}
[, ]
£
ool =
<
e
J
000!




3SNOdS3¥ AON3NO3Y3 W3LSAS Gl

(ZH) Aduanba. 4

:01

"B g

Ol

[ NN | L [ L

| 2€ ¢ ¢ abuoy

a % i w»
L B I N |

|

[ =]
(21}

o
<

o
w

o8

(#ndinQ Kouenbdae. 4 -pipy 10 1Udiag ) Inding Jeneday

23



5.2 Battery Life

The probe may be operated for approximately four hours with-
out need for a change in batteries. Periodic spot checks of the
reference voltage using the calibrator are required.

11T RESEARCH INSTITUTE
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6. CONCLUSIONS AND RECOMMENDATIONS

Details in the design of a small ELF probe have been pre-
sented. The probe can measure electric fields from 10 mv/meter
to 100 volts/meter in the 20-1000 Hz range. It has been used
successfully to survey the electric field environment in and
near a private dwelling and to measure the electric field near
small electrical appliances. A memo describing a survey of this
type is presented as Appendix D.

Based on the experience gained in the design and packaging
of this probe, it is recommended that the following be considered
in any probe design of this type.

1) Provision should be made for additional battery
and/or electronic :ircuitry to provide a constant
LED bias current over a longer time period.

2) The positive input to the operational amplifier
must be carefully isolated from the output cir-
cuitry to provide stable operation. A shielding
compartment for the output circuitry is recommended.

3) A smaller switch should be used. Five operating
ranges are not necessary, and a smaller switch
would probably reduce the input-to-output coupling.

I'T RESEARCH INSTITUTE
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APPENDIX A
ANALYSIS OF SMALL SPHERICAL PROBE
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APPENDIX A
ANALYSIS OF SMALL SPHERICAL PROBE

Two equivalent circuit representations for a small (largest
dimension much less than one-tenth of a wavelength) antenna are
shown in Fig. A-1. For our case, that of a small spherical probe,
the short-circuit current, Isc’ may be determined by considering
@ solid metallic sphere immersed in a uniform electric field and
computing the total current passing through a plane perpendicular
to the field and cutting the equator of the sphere. This is done
by solving the static-field problem for the total charge, Q, in-
duced on the surface of the sphere and taking the current for low
frequencies to be juQ (quasi-static solution). The result of
this calculation is:

1 = jo (3wa2) eoE

sc
where
I,c = the short circuit current
w = 27f
f = frequency
€, = Vvacuum permittivity

E = the electric field
a = radius of the sphere.

The probe capacitance, Ca' is found by computing the total
charge, Q, on one hemisphere using the model shown in Fig. A-2,
The result is

C, = Treoa?—:l Pn+1(0) [Pn+1(x)-Pn_l(x)}
Modd

11T RESEARCH !NSTITUTE
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AIR
GAP

Vo = applied voltage difference

Q = {induced voltage

Capacitance = él
o

Fig. A-2 MODEL FOR CALCULATING EXTERNAL
CAPACITANCE OF SPHERE
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where PN 1s the Legendre Function of the first kind,

Po(x) = 1]

Pl(x) = x

Pn+1(x) = %ﬁﬁ% X Pn(x) - E%T Ph-1(¥)
and

X = gin 90.

Sample numerical results are:

X C‘/weoa

0.01 | 3.6

0.025]| 3.0 (x = 0.025 for the probe described
8 in this memo)
.1

Note that, given Isc and C‘, we may compute Leff as follows:

ij.E Leff - 1

8C
JoC4E toee = jwdrale E
. . 31razeG
eff C.

The capacitance, Cs’ is the shunt capacitance. Cs is de-
termined by the packaging of the electronics internal to the
sphere and must be obtained experimertally.

11T RESEARCH INSTITUTE
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APPENDIX B
SPECIFICATIONS FOR THE LIGHT SENSITIVE DIODE
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APPENDIX C
SPECIFICATIONS FOR THE R%C™IVER AMPLIFIER
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PHILBRICK/NEXUS MODEL 1006

OPERATION

CONSTHUCTION

Type 1006 is fully encapsulated

as a solid epoxy block, for complete
mechanical protection under the
most adverse conditions of
vibration, acceleration, and other
environmental hazards. This also
insures almost completely
isothermal operation of the

internal components, as a turther
aid toward superior stability.
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\J VIEW TOWARD PINS (GRID SPACING 0 1)

S S T
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CONNECTIONS

Pin spacing is laid out for standard
0.1 printed circuit board hole
spacing. Pin connections are as
shown above, looking toward the

pins.

8115 CURNENT

The low 50 pA max bias current
rating makes bias current correction
unnecessary for most practical
applications. Use of a FET trans-
istor input circuit not only provides
a low bias current, but also
contributes a high input im-
pedance, rated at 10" " € for both
common-mode and differential
INput circuits.,

O SET OLTAGE

Oftset voltage s rated at | mV
max, with a temperature co-
etficient of 50 uV/OC max. This
voltage may be nulled with an
external 1.000 §2 potentiometer
connected to trim terminals pro-
vided on the amplitier.

This potentiometer trim is optional
tor many apphications. when the
smail oftset voltage may be neglected.
No external short s required when
omitting the external trim circuit,

SUPPLY POWER

Type 1006 will operate normally
at any supply voltage in the range
from + 2V 1o + 16V, A power
supply of + 2.7V is recommended
for micropower applications. At
this supply voltage, the no-signal
current is not more than 200 uA.
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The curves shown on these pages
Hlustiate the performance of lype
1006 over the supply voltage
range. These curves show the
vanation in five important para-
mcters as the supply voltage vanes
from + 2o + 16 Volts
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SPEC!FICATIONS
©® e A
Qi Typical Guaranteed
Full Load Output Voltage m ¥ 2V 1.5V min
Output current = 2.5mA 1 mA min
Maximum Capacitive Load (2) — 0.005 uF max
Output Impedance Open Loop 1k 1.5 kS2 min
INPL .
Common Mode Rejection Ratio(1) 66 dB 60 dB min
Common Mode Voltage Range — + 0.5 Vmin
Input Impedance, Common Mode 10'!' Q
Input Impedance, Differential 10'' Q
Voltage Offset 300 uV 1 mV max
Voltage offset vs supply volts 400 uV/V
Voltage offset vs Common Mode 500 uV/V
Voltage offset vs temperature 15 uv/°C 50 uV/°C max
Bias Current 10 pA 50 pA max
OPL RATION
Gain, full load (1) 15,000 10,000 min
Frequency for unity gain (! ) 0.6 MHz
Maximum full-output ire & ency (1) 75 kHz 50 kHz min
Slewing Rate, Full Load 0.7 V/ usec 0.5 V{usec min
Overload Recoveyy Time — 15 psec max
Wideband Noise - 1.3 uV rms 2 uV rims max
Operating Temperature — —259C to +85°C
Storage Temperature — 559C to + 125°C
POWER
Supply Voltage _ +2Vto t 16V
No-load current 150 uA 200 A max
Full-output current —_— 1.2 mA max
* At +259C, + 2.7V supply, except where indicated
(1) 1.5k load, including feedback resistance
(2) Without instability; (3) 0.16 kHz to 1.0 kHz; (4) -25°C to +85°C
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APPENDIX D

SURVEY OF ELECTRIC FIELDS
IN AND NEAR A PRIVATE DWELLING
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DATE: 6 March 1972

TO: PME 117-21

FROM: A. R. Valentino JLE Vit

SUBJECT: Survey of Electric Fields In and Near a private Dwelling

REFERENCES: (a) I1ITRI Memorandum to PME 117-21, "A Comparison
of SANGUINE Electric and Magnetic Fields to Those

nue to an Electric Blanket," 9 February 1972.

(b) TIITRI Memorandum to PME 117-21, "Estimate of
3ody Current Flow Due to Exposire to SANGUINE
Electric Field,'" 8 February 1972.

A survey was made of the 60-Hz electric field in and ncar a private
dwelling. This survey was made to provide some indication of the elec-
tric field environment which exists in the average home for comparison
with the electric field which would be due to & SANGUINE system. A
small, spherical (6 cm diameter) probe which is isolated from ground
was used to make these measurements. The probe uses 4 fiber optic 1i{ght
guide to carry the measured signal so that the measured field is not
distorted by metallic cables.

The data obtained is separated into three categorics. The first
i{s a collection of measurements of the electric field near appliances
and directly attributed to their operation. The second is an indication
of the ambient electric field level in a home as represented bv the
field measured at the center of rooms in the home and remote for opera-
ting electrical appliances. The third is a set of measurements made un-
der power lines.
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6 March 1972
To: PME 117-21

Table 1 presents the measurements made near appliances. The elec-
tric field in the vicinity of an electrical appliance depends upon a
aumber of factors. Among them are: the size and shape of the appliance,
the manner in which it is wired, the metallic structures surrounding it,
which of the two possible ways the plug is inserted into the power out-
let, and whether the appliance is switched on or off. The measurements
were made with the appliance in its normal operating location and, when
appropriate, measurements were made for the four combinations of on-off
switch and plug reversal. The numbers presented in Table | represent
the maximum measurement made for these four conditions. Table 1 presents
a measurement of the electric fleld at a distance of 130 cm from the

appliance.

The electric field was measured at the center of each room in
the home and remote from electric appliances to provide a measure of
the ambient field. The results are listed in Table 2.

Measurements of the vertical electric fields under power lines
are listed in Table 3.

There is an important difference between the high impedance elec-
tric fields measured in this survey and that which would be produced by
a SANGUINE system. That is, the SANGUINE field (0.07 volts/meter
nominal maximum) will exist within the conductive earth. A person
making good contact with the earth could experience more body current
flow, for a given electric field, in the case where the field exists
in the earth and provides a potential difference between his two feet.
Discussions of this effect may be found in References (a) and (b). How-
ever, it has been estimated (Ref. (a) and (b)) that the body currents
for a person in a high impedance electric field of about 100 volt./meter
may be comparable to or even greater than those for a person standing
near a SANGUINE antenna installation.

DISTRIBUTION: DAMiller
MMAbromavage
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Table 1 60-Hz Electric Fields in the Vicinity of Electrical Appliances

(The measurements were made at a distance of 30 cm
from the appliance)

ELECTRIC FIELD

APPLIANCE “(volts/meter)
Electric Range 4
Toaster 40
Electric Blanket 250
Iron 60
Broiler 130
Hair Dryer 40
Vaporizer 40
Refrigerator 60
Color TV 30
Stereo 90
Coffee Pot 30
Vacuum Cleaner 16
Clock Radio 15
Hand Mixer 50
Incandescent Light Bulb 2
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Table 2 60-Hz Electric Fields at the Center of Various Rooms in a

Typical Home
ROOM E-FIELD (volts/meter)
Living Room 3.3
Kitchen 2.6
Bedroom 7.8
Bedroom 5.5
Bedroom 2.4
Dining Room 2.9
Bathroom 1.5
Bathroom 1.2
Laundry Room 0.8
Hallway 13.0
43



N

emniiy = GESEE—y

Table 3 60-Hz Vertical Electric Fields under Power Lines
(Fields measured four feet from ground level)

POWER LINE ELECTRIC FIELD
volts/meter

33 kv high-voltage line 140

7.2 kv single-phase distribution line 80

7.2 kv two-phase distribution line 21

Home service drop 11
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