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DESIGN AND CALIBRATION OF THE 
NBS ISOTROPIC ELECTRIC-FIELD MONITOR (EFM-5), 

0.2 to 1000 MHZ 

E. B. Larsen and F. X. Ries 
Electromagnetic Fields Division 
National Bureau of Standards 
Boulder, Colorado  80303 

A broadband rf radiation monitor was developed at NBS for the 
frequency range of 200 kHz to 1000 MHz.  The Isotropie antenna 
unit consists of three mutually-orthogop.il dipoles, each 5 cm long 

o by 2 mm wide.  The receiver described in this paper has an 
£ accurate measurement range of 1 to 1000 V/m.  The readout 
0 Indication is in terms of the Hermitlan or "total" magnitude of 
§ the electric (E) field strength, which is equal to the root-sum- 

square value of three perpendicular E-field components at the 
measurement point.  Previous radiation monitors designed at NBS 

+> have demonstrated the accuracy of a crossed-dipole sensor for 
*   I measuring  the  total  E-field  magnitude  of  complicated 
"g   I electromagnetic fields.  Several prototype units of an advanced 
«- instrument have been fabricated and tested. This instrument, the 

EFM-5 Electric Field Monitor, has nearly perfect Isotropy over a 
60 dB dynamic range.  The dial readout units art  dB above 1 V/m 

tn (dBV/m) and V/m.  Three ranges cover 0 to 60 dBV/m (1 to 
1000 V/m). 

The electronic circuitry of the EFM-5 obtains the total 
magnitude of all field polarizations and all signals in the entire 
frequency band. The sensor response is isotropic; that is, there 
is no preferred field polarization or preferred direction of 
arrival of the incoming wave. Therefore this probe is well suited 

x: for measuring the near field of an emitter, Including regions of 
g- multiple reflection, standing waves, etc. The EFM-5 can be used 
»- to monitor either the weak plane-wave fields in the 'ar zone of a 
p transmitting antenna, or the complicated fields only 5 cm from an 

rf leakage source. The special features, electronic design, 
physical construction, and calibration are described in this 
paper. 

m Key words:  Electromagnetic field; electronic instrument design; 
u field intensity meter; field strength measurement; isotropic 

o 
u. 

antenna; radio frequency radiation; receiver calibration. 

1.  INTRODUCTION 

1.1 Background to KF Probe Development at NBS 

(his National Bureau of Standards (NBS) project deals with the theory and measurement 
of electromagnetic (EM) fields over the 100 kHz to 4 GHz frequency range. Our initial work 
involved a theoretical determination of the most suitable field parameters for quantifying 
EM fields. Th* next phase was the design and fabrication of various competing types of 
measuring instruments. The EFM-5 monitor described here is a third-generation prototype 
meter which is proving to be a useful addition to those already available for measuring 
either weak or intense radio frequency (rf) fields. A photograph of the instrument is shown 
in the frontispiece. Other radiation monitors designed previously at NBS include the XD-1, 



EDM-1, EDM-2, EDM-3 and EDM-15. One of the Intentions of the NBS project was to develop an 

Instrument design that could be produced by commercial manufacturers; experience showed that 

the EDM series of meters could not be commercialized readily. 

The overall and continuing objective of this project 1s to design and fabricate 

portable, Isotropie monitors for making accurate field Intensity surveys of rf radiation. 

To satisfy this objective 1t was decided to first check the adequacy and accuracy of 

existing field Intensity meters (FIM's) Including conventional radio receivers and the newer 

rf radiation hazard meters. The next step was to develop satisfactory procedures for 

measuring the relatively strong fields near various types of transmitting antennas, over a 

wide frequency range. The frequency range of greatest concern In this project is 500 kHz to 

1 GHz, which covers the majority of high-power emitters such as AM, FM, VHF and UHF 

television, communications, and other transmitters used for broadcasting. The usable 

frequency range of the EFM-5 monitor extends from 100 kHz to 4 GHz but the response Is not 

uniform (flat) over this large a frequency range. 

The rf probe program at NBS has dealt with both the theoretical and experimental 

aspects of quantifying fields, Including the design and fabrication of prototype 

Instruments. The EFM-5 described here is a useful radiation monitor fcr measuring ambient 

fields in the environment and also for checking rf leakag.- radiation In the vicinity of 

industrial and consumer devices. The types of instrumentation used in the past to measure 

these two different situations can be summarized as follows: 

(1) A tunable field strength meter or scanning spectrum analyzer, using an antanna 

which must be oriented for the local field polarization. These receivers 

generally have high sensitivity and are not designed as portable Instruments for 

making quick surveys. For example, they are unsuitable for checking the leakage 

rf field of industrial sources and most other near-zone situations. 

(2) A microwave "hazard meter" which is designed to test the high level fields close 

to radar antennas and similar emitters, or to test for leakage fields as mentioned 

above. The frequency of Interest is generally above 300 MHz and the measurable 

levels generally exceed 20uW/cm2, which is equivalent to a free-space electric 

field strength of about 9 V/m. This type of instrument is useful near a radiating 

source but has been used for other apr cations due mainly to the lack of more 

suitable instrumentation. 

As background infornwtion, a brief discussion is given here of the design philosophy 

and use of a "conventional" field intensity meter (F1M). A single component of electrical 

field strength is measured by attaching some sort of electrical dipole antenna to a tunable 

radio receiver. The receiver acts as a frequency-selective voltmeter and the antenna is 

generally calibrated separately. That is, it is necessary to apply a multiplying factor to 

the receiver dial indication. The required conversion factor between the antenna pickup 

(volts) and the electric field strength (V/m) is known as the "antenna factor." It must be 

determined experimentally for each antenna used, at each orientation angle and signal 
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frequency, by 1rrrners1ng the antenna 1n a known (standard) ffeld. Figure 1 1s a functional 
block diagram of a typical FIM, con'Sf!lting basically of a ~uperheterodyne conmunfcatfons 
receiver with certaf n added features. Thf s type of field measurement system 1s 

ch~ractcrized by high sensitivity and sharp selectivity. The measurements arc made as a 
function of signal frequency, for eac~ field polarization desir·ed. 

By contrast, a different approach fs used for m~asurfng electric ffeld intensity wfth a 
so-called "hazard meter." This type of non-tunable rf meter is character1 zed by low 
sensitivity and the use of broadband antennas having a "flat" response over a w1de frequency 
range. Also, the "wide-open" measurement system generally employs an fsctrop1c or non­
directional type of pickup antenr.a [1]. 

The first technical phase in the NBS program was a study of the near-zone measurem~nt 
problem in order to devise instruments which could furnish repeatable, accurate and 
convenient measurements near sources of leakage radi~tion. It fs desired to quantify rl 

fields without distorting them, while providing adequate shielding to the measuring devfce 
and telemetering link (or transmission cable). As a result, breadboard models of several 
types of rf monitors were built and tested. Improved receiving antennas were designed to 
make meaningful measurements without requiring time-consuming multiple orientation of the 
pickup antenna. The advent of an isotropic rf probe invented at NBS made it possible to 
perform rapid field surveying [2]. 

An investigation was performed at NBS to find a device or phenomenon that could provide 
a useful sensor of EM fields of complicated structure. Most of the early attempts revealed 
severe limitations for designing a general-purpose probe. For example, thermal rf sensors 
based on absorbed heat energy or temperature rise in a lossy material could not be made 
sufficiently rugged and stable unless the response time was excessive. It was concluded 
early in the program that the preferred type of rf sensor consists of a short dipole antenna 
and semiconductor detector, which has a fast response time and good sensitivity. 

As explained later, the EFM-5 isotropic probe is based on the use of three orthogonal 
dipoles, three diode detector:, and special signal processing to obtain the "total 
magnitude~ of the electric field at the measurement point. However, it is advantageous to 
first review some of the early probe development work at NBS. Brief descriptions are given 
here of five types of rf probes which were evaluated in addition to the preferred choice 
using short dipoles and miniature diodes. The five types are as follows: 

(1) Color change in liquid crystals: These probes relied on observing the change in 
color of liquid crystal material, caused by temperature rise from absorption of rf 
energy. The probes were found to have a· slow reaction time to changes in field 
level and were difficult to correct for variations in ambient temperature. They 
also had low sensitivity with only a small dynamic range, and the calibration was 
not stable over a long period of time. 

(2) Resistance change of a lossy dielectric: This type of sensor also operates on the 
basis of temperature rise due to absorption of rf energy. The lossy material 
tested was plastic impregnated with carbon, using resistance change as an 

3 
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Indicator of temperature. However, similar to number (1) above, the sensitivity was 

Inadequate and the time constant was excessive. 

(3) Glowing gas probe: Research was done at NBS on a "crossed dipole" probe with a 

gas tube at the center gap of the dipole antennas. Strong rf fields produced 

emission of light or change of resistance In noble gases. Progress toward 

realizing a useful measuring Instrument was disappointing, due mainly to lack of 

stability and repeatiblllty, but also to lack of sensitivity and difficulty in 

handling the radioactive materials required for generating free electrons in the 

gas tubes. The sensors tested at NBS consisted of neon (Ne) gas inside a 

miniature glass bulb located at the center of a set of short dipoles. The metal 

dipole wires had sharp points at the center gap to enhance the E field. Light 

from the glowing gas was observed visually, but could have been guided by a fiber- 

optic bundle to a photodetector. Tests with a 5 cm dipole Indicated that the Ne 

gas would not ignite until the rf power density was nearly 100 mW/cm . After 

ignition, the glow disappeared when the field was reduced to about 10 mW/cm . 

Thus the sensitivity was too low, although means could probably be provided for 

pre-ignition of the gas, such as with a separate RC oscillator. In one such 

device a high-resistance transmission line was used, and the Ne tube was caused to 

flash at a low frequency rate 1n the absence of an rf field. The frequency of 

oscillation could then be calibrated as a function of rf field level. 

(4) Incandescent bulb probe: Another type of rf sensor functions in terms of the 

short-circuit current developed at the center of a receiving dipole. In tests at 

NBS, the dipole was center-loaded with a miniature incandescent bulb having 

approximate dimensions 2 mm long by 1 inn diameter. The response time of such a 

sensor was found to be about 1 millisecond. The cold resistance of the filament 

was about 75 u,  with a white-hot resistance of about 400 a. The intensity of 

infrared and visible radiation increased as a function of the rf-induced dipole 

current. The radiation was guided through a glass fiber-optic bundle to a solid- 

state photodetector. The phototransistor output voltage, after subtracting the 

"dark" value, was found to increase approximately in proportion to the fourth 

power of the incident electric field value. The glass bulb had a lens-style 

envelope for better transfer of radiation into the fiber light guide. Tests 

indicated that the usable dynamic r*nge was very small. Tlve range achieved, 

between "dark" curre : and full brilliance of the bulb, was only about one decade 

(20 dB) in E field. It wuld thus he difficult to provide any burnout protection 

for the sensor bulb. 

(5) Thermocouple sensor probe: Several versions of rf probes using short dipoies 

center-loaded with thermocouple heaters were evaluated at NBS. In these probes 

the heater element and "hot" thermocouple junction were encased in a miniature 

glass bead, which in turn was enclosed 1n an evacuated glass bulb. The dc output 

of each thermocouple was proportional to (E) , although over only a limited range 



In field strength. The total dynamic range between minimum-discernible field 
strength and burnout level was about 30 dB. In addition, the probes were 

susceptible to changes in ambient temperature and the sensor response time was 
quite slow. 

The radiation protection'guide recommended by the American National Standards Institute 

(ANSI) for exposure to rf radiation is 10 mW/cm2, in the 10 MHz to 100 GHz frequency range 

[3]. This corresponds to free-space equivalent electric (E) and magnetic (H) field 

strengths of approximately 200 V/m and 0.5 A/m, respectively. Higher levels are permitted 

for short time durations if the power density averaged over a six-minute period does not 

exceed 10 mW/cm' (100 W/n/). According to the ANSI C95.1 standard, "Radiation characterized 

by a power level tenfold smaller will not result in any noticeable effect on mankind. 

Radiation levels which are tenfold larger than recommended are certainly dangerous" [3]. 

General purpose instrumentation for monitoring exposure to rf radiation should also be 

capable of measuring weak fields [4]. The EFH-5 monitor measures accurately from a level of 

only 1 V/m up to 1000 V/m (0 to 60 dBV/m). This is equivalent to a plane-wave power density 

ran* of 0.000265 to 265 mW/cm2. Recently, instruments employing Isotropie probes have 

become available commercially which permit practical measurement of either plane waves or 

complex fields, including the near zone of large antenna arrays. Most conventional FIM's 

wUh directive antennas cannot reliably measure EM fields with reactive near-field 

components, multipath reflections, unknown field polarization, complicated modulations, and 

large field gradients. The EFM-5 monitor was developed by NBS for measuring these 
complicated E fields at frequencies from 200 kHz to 1000 MHz. 

1.2 Definitions of Field Intensity Units 

The mathematical relationships between the field intensity units of a plane-wave field, 
using RMS values for E and H, are given by 

»•£■<.«■. :n 
where 

In 

S * magnitude of the power density in the radiated field, V/m2, 
I    * .magnitude of the electric field, V/m, 

Z0 = intrinsic free-space wave impedance = 376.7 ... and 

H » rugnitude of the magnetic field, A/m. 

Plane-wave conditions generally exist in the far zone of a transmitting antenna 

this case, the E and H field vectors are  orthogonal to each other, and both are 

perpendicular to the direction of propagation. |„ addition, the ratio of the magnitudes 

E/H. is a constant, given by the free-space wave impedance ZQ. In this plane-wave case.'s 
and H have the definite relation to average power density given by eq (1). 

For an Isotropie E-field radiation monitor, the total magnitude of the electric field 

is defined by (and measured in terms of) the root-sun-of-squares (RSS) value of three 
mutually-orthogonal E-field components, as follows: 



r 
<eS   t 

(Total E) = E » /E 2 + E 2 + E 2. 
x   y   z (2) 

Mathematically, this quantity is known as the Hermitian magnitude of the vector E field. 

The electronic circuitry of the EFM-5 radiation monitor has been designed to produce a meter 

readout in terms of the above RSS value of E. 

For an H-field isotropic probe, a similar expression can be given for the total 

magnitude, as follows: 

(Total H) i H = /H 2 + H 2 + H 2. (3) \ x   y   z 

A knowledge of the transmitter power and antenna gain is useful for estimating the 

field intensity produced by a radiating antenna. The following formula can be used for 

large distances from the antenna: 

.   PG 
b = 4.d2* (4) 

where   P = 

G = 

power delivered to the transmitting antenna, W, 

far-zone gain of the transmitting antenna with respect 

to an isotropic radiator, and 

distance from the antenna to the field point, m. 

For calculating the power density at points closer to the antenna, within the near 

field, more complicated techniques are required. These generally involve expressions for 

the near-zone, antenna-gain reduction. As a first approximation for determining the 

possible existence of an rf hazard, the i:i*ensity calculated from eq (4) may be considered 

as a worst-case value, since the "effective' antenna gain is generally less at distances 

within 2a /A. Here "a" is the aperture or largest dimension of the antenna and A is the 

wavelength. It may be noted that a system of "mixed" units, involving mW/cm , is generally 

used to express power density for rf hazards work, where 10 mW/cnr = 100 W/nr. The 

equivalent plane-wave field strength is 194.1 V/m. 

1.3 Discussio.) of Near-Zone Effects ar>    Measurements 
If electromagnetic fields always had a plane-wave configuration, the choice of which 

physical quantity to measure and how to relate it to biological effects would be 

simplified. The regions close to radiating sources are most likely to have high 

intensity. Unfortunately, such locations are generally characterized by complicated field 

structure, including reactive (stored) and real (propagated) energies, standing and 

traveling waves, irregular phase surfaces, and unknown field polarization. The most 

practical approach to accomplish field intensity surveys under these conditions is to use rf 

probes that are independent of orientation in the field and the direction of energy 

propagation. It is also important that the probe be small and thus able to resolve the 

fine-structure spatial variations in field intensity. Further, it is important that the 
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field 1s not perturbed by the operator or equipment associated with the measurement, such as 

antenna, cables, meter case, etc. 

It Is generally assumed that the potential for rf Interference and the susceptibility 

of electronic equipment to rf fields are proportional to the field strength. On the other 

hand, the heating of a lossy dielectric material (such as human tissue) is proportional to 

the time-average value of (total E)* as defined by eq (2). This Is related mathematically 

to the available electric field energy density, another scalar quantity which Involves E 

and the complex permittivity of the medium. Similarly, the heating of a partially 

conducting material is proportional to the time-average value of (tütal H) . The familiar 

power density or Poynting vector is not directly relat-ule to the electric or magnetic field 

magnitude, except when the field structure is quite simple, as with a single plane wave. 

It is possible to convert a measured field in E or H to an "equivalent" plane-wave 

power density, but this common practice Is not necessarily valid. That 1s, it is often 

convenient (for comparison purposes only) to express field intensity in terms of power 

density, even for a nonplane-wave situation. However, no commercially available instrument 

is designed to measure true power density, which is a vector quantity involving direction of 

power flow as well as amplitude. This is especially important when surveying reactive near- 

zone fields. In some cases the net power flow through a region may be zero, at a point 

where the E field intensity is high, that is, where a hazard may exist. Consequently the 

chosen readout unit of the EFM-5 meter is 1n terms of the total electric field magnitude in 

V/m, rather than "power density" in mW/cm . 

Two antenna developments now permit more accurate measurement of field strength of 

arbitrary rf sources. The first development is an "isolated" antenna system, that is, one 

which has electrical isolation between a small antenna and the receiver. The second 

development is that of an rf sensor having isotropic response [2], in which the rf pickup is 

independent of field polarization and arrival direction for the incoming EM wave. Thus it 

is not necessary to determine experimentally the antenna orientation giving maximum 

response, or map an elliptically polarized field, or make separate measurements of three 

orthogonal field components. 

Two different techniques were considered at NBS for designing an isolated non- 

perturbing probe. Both types of probes are useful for mapping near-zone fields and for 

measuring far-zone electromagnetic interference (EMI). One of these techniques makes use of 

a fiber-optic transmission link between the active antenna and a conventional rf receiver 

[5]. However, another technique is covered in this report, in which the total antenna 

pickup, at all frequencies, is detected at the center of the dipole. It is then not 

possible to measure the amplitude as a function of signal frequency. No frequency or phase 

information can be recovered but the E field polarization can be determined, if desired, by 

taking separate measurements with various dipole orientations. This technique makes use of 

a high-resistance transmission line, such as carbon-impregnated plastic, to convey the 

detected antenna voltage to a high-impedance readout meter [6]. 

Several approaches for convenient measurement of the electric field magnitude of an EM 

field have thus been evaluated at N8S. The type of sensor found to be optimun for 
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constructing a portable rf probe employs three electrically-short dipole antennas, with a 

shunt diode detector connected across the center gap of each dipole. The dipoles are 

mounted in an orthogonal arrangement, that is, mutually perpendicular to each other, with 

approximately a common center. The first work phase of the present project was to modify 

and improve the previous NBS isotrqpic probes, for example to increase the measurement 

sensitivity. The second phase involved improvement of the instrument package and electronic 

circuitry. The earliest type of isotroplc probe bore the nomenclature XD-1 (for crossed 

dipole) and had readout units of mW/cnr. The next series of meters were called EDM-1, EP>- 
•) 

2, EDM-3, and EDM-15, standing for energy density meter, and had readout units of wJ/m 

[1]. The latest version is known as EFM-5, for electric field monitor using 5 cm dipoles, 

with readout units of V/m. 

2. GENERAL SPECIFICATIONS OF THE EFM-5 MONITOR 

2.1 Design Goals 

The portable rf "hazard" meters which are commercially available for measuring field 

strength at frequencies down to 100 kHz all appear to have one or more of the following 

deficiencies: 

on* 

ee 

(1) They are not sensitive enough to measure weak fields, down to 1 V/m, which are 

becoming of greater concern. 

(2) Some instruments respond only to magnetic fields at the lower frequencies, for 

example, below 300 MHz. 

(3) They do not offer a choice of measuring either a single field component or the 

total vector magnitude. 

(4) They ire not capable of measuring the peak value of modulated fields, with a 

choice of several tine constants, permitting measurement of either a cw or a 

modulated field. 

On the other hand, conventional FIM's also have deficiencies for most types of field 

strength measurements. They tend to be large, heavy, expensive, and difficult to operate in 

complex fields. To qualify as a good general-purpose monitor of EM fields, it is felt that 

the instrument should satisfy certain minimum characteristics. The main design goals which 

served as guidelines during development of the EFM-5 instrument are summarized in Table 1. 

2.2    Description of the Instrument 

The EFM-5 isotropic field strength monitor consists basically of three units. The 

first is the rf "probe." It includes three crossed-dipole antennas and three detectors 

imbedded in a 10-cm diameter polyfoam sphere. The probe unit also includes three high- 

resistance plastic twinleads inside a dielectric handle which is about 15 cm long. The 

overall probe length is about 21 cm, including the foam sphere. 
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TABLE 1.   DESIGN GOALS FOR THE EFM-5 RADIATION MONITOR 

(1)   Type of field to be measured: 

(2)   Field parameter to be measured: 

(3) Field perturbation by the 
■easuring antenna: 

(4) Probe proximity effect: 

(5) Field polarization capability: 

(6)   Antenna response pattern: 

(7) Measurement sensitivity: 

(8) Measuring range: 

(9)    Sensor size: 

(10) Frequency range and bandwidth: 

(11) Measurement accuracy: 

(12) Peak-average capability: 

(13) Pulse response capability: 

(14) Shielding of case: 

(15) Power supply: 

;i6) Size and weight: 

The instrument should measure the electric field 
strength of CW, AM, FM and TV signals, including 
those having more than one source or frequency. 

A single component of electric field strength, or 
the root-sum-square value of three orthogonal E- 
field components. 

The probe should be invisible to rf; that is, it 
should cause no scattering or perturbation of the 
field being measured. 

Small sensor, capable of measuring within 5 cm of 
an object without distorting the field. 

Provide accurate measurement of linear or 
elliptical polarization, either vertical or 
horizontal, or any other polarization angle. 

The probe response should be independent of its 
angular orientation in the field or the direction 
of the arriving signal. 

Capable of measuring fields as weak as 1 V/m at any 
frequency in the band. 

Dynamic range of 0 to 60 dBV/m (1 to 1000 V/m) 
without requiring any antenna change. 

The rf sensor in the probe should be small compared 
with the shortest wavelength of the field being 
measured. 

Should have broadband frequency coverage, with a 
response that is essentially independent of 
frequency, requiring no tuning or bandswitching. 

Within t 2  dB from 500 kHz to 1000 MHz, without use 
of correction curves. 

The instrument should be capable of reading either 
the peak or time-average value of modulated 
signals. 

Accurate measurement of time-modulated signals with 
pulse duration greater than 0.3 milliseconds. 

Adequate shielding for self protection and \>ruper 
operation for fields up to at least 1000 V/m. 

Should operate from rechargeable self-contained 
batteries for a period up to 8 hours. 

Must be strictly portable, for one-man field use. 

10 
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The second part of the EFM-5 is the "metering unit" or "electronic package." It 

contains the electronic circuitry, readout meter, front panel controls, batteries, etc. The 

third part of the overall instrument is a "shielded" six-conductor transmission line 

connecting the probe with the metering unit. The line is made entirely of partially- 

conducting plastic. The resistance per unit length of this flexible line is much less than 

that of the RC filter line inside the probe handle, but sufficiently high to be essentially 

transparent to rf fields. 

The EFM-5 monitor is a versatile instrument for determining the electric field 

magnitude of either a plane wave or a complex EM field. This portable meter provides 

accurate measurements in near or far field environments. The isotropic sensor employs three 

balanced, mutually-orthogonal dipoles to provide capability for measuring the "total" 

magnitude of a wave arriving from any direction. The instrument response is independent of 

field polarization and signal frequency within wide limits. 

The overall frequency range of 0.1 to 4000 MHz includes most of the higher power rf 

radiators now in use. For example, it covers the AM, FM and TV broadcast stations, plus the 

CB, HF and land mobile communications services. This frequency range also includes most of 

the navigation aids, and Industrial, Scientific and Medical (ISM) bands. The bands at 13.5, 

27. 41, and 75 MHz are used by industry for drying of plywood, curing plastics and for 

sealing operations [7], while the 915 and 2450 MHz bands are used primarily for microwave 

ovens. 

The amplitude measuring range of the EFM-5 has intentionally been limited to signal 

levels between 1 and 1000 V/m. The measurement accuracy and readout precision are constant 

over this entire range. It is seldom necessary to measure fields exceeding the upper value, 

•vhich is equivalent to a plane wave power density of 265 mW/cm. The lower field strength 

capability of 1 V/m is equivalent to 0.265 uW/cm , which is considered to have no biological 

consequence. The total dynamic range of 60 dB is greater than that of most commercially 

available radiation monitors. 

The crossed dipoles in the antenna system have a length of 5 cm each. The rf pickups 

on the three electrically-short dipoles ire  detected and processed electronically to produce 

a readout corresponding to the RSS value of the three orthogonal E-field components. The 

dial indication, dBV/m or V/m, is similar to that of conventional field strenyth n>eters. 

However, the EFM-5 indication includes the total effect of fields at all possible 

polarizations and arrival directions, and for all frequencies within the overall passband of 

the antenna and transmission line. 

2.3 Applications of the EFM-5 Monitor 

The EFM-5 portable monitor may be used to search for potential rf hazards from 

industrial high-power sources. However, it also has sufficient sensitivity to measure 

weaker fields which might produce interference or an undesirable rf "smog." The antenna can 

be switched to measure either a single far-zone field component (similar to a conventional 

field strength meter having a directional antenna) or a near-zone leakage field (similar to 

the usual isotropic hazard meter). The instrument has features similar to a microwave oven 

il 



probe for quick testing, but Is designed for the lower frequencies used by broadcasting 

stations and meäicsl or industrial heating.   These rf sources operate at frequencies down to 

200 kHz, and 1nc1»>Je diathermy equipment, plastic sealers, and chafers for drying and 

curing dielectric «aterials. 

As mentioned previously/the EFM-5 probe also provides higher sensitivity for measuring 

weak fields at greater distances from a transmitting antenna. These fields include AM and 

FM radio, VHF and UHF television, and other broadcasting services. The EFM-5 can be used to 

monitor the environment in rf sensitive areas containing electroexplosive devices, flammable 

fluids, etc. It can also be used for electromagnetic compatibility (EMC) tests and to check 

sites containing iensltive instruments that are susceptible to radio frequency interference 

(RFI) or suffer degraded operation when exposed to EM radiation. 

An example can be cited of recent susceptibility tests performed by NBS on a digital 

data acquisition system.   An EFM-5 was used to measure the field intensity in the vicinity 

of the magnetic tape drive, checking for data errors or spurious mechanical motion of the 

tape, caused by transmission from a nearby hand-held communications transceiver at a 

frequency of 162 MHz.   Quick tests with the EFM-5 revealed that these effects were caused by 

rf fields at the tape drive unit exceeding 4 V/m, produced when the transceiver was within 

10 ft of the digitizer rack. 

An Important application of the EFM-5 Isotropie probe is searching for locations of 

high field Intensity caused by reflecting objects and standing waves.    These localized 

regions of higher rf level are known as "hot spots."   Another application is to monitor the 

field level while tuning a transmitter or antenna for maximum radiated output.   Also, 

comparisons can be made of the gain and efficiency of various antenna types.    The monitor 

can even be used to make limited checks of field polarization and transmitting antenna 

pattern. 

The EFM-5 has a front panel  switch for selecting measurement of either the time- 

averayed field value or the peak value of a modulated field.    The RC time constant  is 

switch-selectable to several  values  fron 0.1 to 5 seconds.    Most commercially available 

hazard meters employ rf sensors    with a  long overall  response time.    Thus they cannot 

„»asure the  "momentary" high field of a scanning antenna nor the peak  value of rf ovens, 

which generally use unfiltered power supplies.    By contrast,  the EFM-5 meter has an 

electronic  peak-riding circuit with a response time as  short  as 0.1  second.    An example of 

a  special  situation benefiting from the short  peak-response time  is the checking of safety 

interlock  witches on  the doors of rf heating    chambers.    Improper design of the  interlock 

switch may permit a burst of rf energy to escape when the door is jerked open suddenly.    The 

field value of this rf pulse would not be indicated on an instrument with slow response 

time, but  it might  bear on the safety of persons wearing electronic heart  pacers.    A similar 

situation occurs   In testing rf fields near a rotating or scanning antenna of a transmitter. 

The biological   importance of measuring peak-burst  rf levels has not yet been 

established, mainly because the measuring instrumentation is not commercially available. 

However,  improved «eters similar to that of the EFM-5 design could  lead to future  limits on 

rf Durst  level.    It   is  thus considered advantageous to have the capability for observing the 
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modulation on a signal being measured. 

2.4   Electronic and Physical Specifications 

One Important characteristic of the EFM-5 instrument is Its relatively high sensitlritj 

(1 V/m) compared with most radiation hazard meters.   The rf sensor consists of three 

mutually orthogonal dipoles, each 5 cm long and 2 mm wide.   A diode detector 1s connected 

across the center gap of each dipole.   The type used for the EFM-5 probe is a 5082-2837 

beam-lead, Schottky diode.   These diodes will withstand a peak reverse voltage of 70 volts, 

which is about 17 dB above the voltage produced by a cw field of 1000 V/m.   The field 

sensors are thus virtually "burnout'* proof for high-level cw fields.   The overload level  for 

pulsed signals has not been determined, but such fields with a low duty factor may have a« 

extremely high level during each pulse on-time. 

The pattern response of the EFM-5 is Isotropie, within + 1 dB, except for radiation 

arriving at the sensor through the probe handle.   The meter dial has units of dBV/m 

(decibels above 1 V/m) and V/m.   The total dynamic range is 0 to 60 dBV/m (1 to 1000 ¥/■), 

in three switch-selectable ranges.   This is equivalent to a free-space power density range 

of 0.265 yW/cm2 to 265 mW/cm2.   Figure 2 shows the field strength range of the EFM-5 

radiation monitor.   This graph is also useful for comparing electric field units of V/« wit* 

free-space power density units of mW/cnr. 

The amplitude response of the rf sensor is flat, within + 2 dB, from 200 kHz to 

1000 MHz.   The response decreases at lower signal  frequencies, but begins increasing at 

frequencies above 1 GHz where each dipole is approaching self-resonance.   As shown 1n figure 

3, the sensitivity increases by about 15 dB at the resonant frequency near 2.45 GHz. 

The frontispiece is a photograph of the three major components of the measurement 

system.   The metering unit is in the metal case on the left.    The probe unit, including the 

antenna sphere and short handle, is on the right.    The resistance line used to convey the 

detected signals from the probe to the front panel of the metering unit is barely visible. 

Figure 4 is a sketch of the instrument giving the overall dimensions of the present 

prototype model.   The case size is approximately 21 cm wide x 17 cm high x 29 cm deep.    A 

summary of the pertinent specifications for the EFM-5 is given in table 2. 

3.    OVERALL  DESIGN AND OPERATION 

3.1    Functional  Block Diagram and Description of Operation 

Figure 4 is a sketch showing the general  appearance of the EFM-5 radiation monitor. 

Figure 5 is a simplified block diagram of the major components.    The probe unit consists  t* 

the crossed-dipole antenna system, the shunt diode detectors, and the high-resistance 

plastic twinleads.    These resistance lines not only convey the detected signal  through  th« 

handle but also serve as a balanced RC filter to attenuate rf signals on the line. 

The center portion of figure 5 shows the flexible plastic  lines of lower resistance 

which convey the signals to the metering unit.    These lines can be of any convenient  lengv 

since their resistance is low compared with that used for the RC filter in the probe 

13 
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Figure 2.   Graph of the EFM-5 field intensity range, 
comparing units of V/m and mW/cm . 
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Figure 3.    Typical  response of an EFM-5 monitor vs frequency, 
at a field strength of 20 dBV/m (10 V/m). 
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TABLE 2. SPECIFICATIONS OF THE EFM-5 RADIATION MONITOR 

(1) Field parameter measured: 

(2) Meter readout: 

(3) Monitor full-scale values: 

(*) Type of rf field sensor: 

(5) Dimensions of each dipole: 

(6) Type of detector diode: 

(7) Overall probe length: 

(8) Probe pattern response: 

(9) Probe Isotropy: 

(10) Probe 10-9OX response time: 

(11) Instrument time constant: 

(12) Total dynamic range: 

(13) Amplitude measuring range: 
Indicated equivalent 
Power density 

(14) Frequency range: 
f°r x 3 dB response 
for t  2 dB response 
for t  i dB response 

(15) Measurement uncertainty: 
without correction curve 
with correction curve from 
standard field calibration 

(16) Battery type: 

(17) Battery use time: 

(18) Metering unit dimensions: 

(1*) Instrument total weight: 

Hermltian magnitude of the electric field, or a 
single component of the E field. 

Analog indicator, dBV/m and V/m. 

20, 40 and 60 dBV/m; also 10, 100 and 1000 V/m. 

Three mutually orthogonal dipoles. 

5 cm long x 2 irm wide. 

No. 5082-2837 beam-lead Schottky diode. 

21 cm. 

Either single polarization or fully Isotropie. 

Within + 0.5 dB, except through the handle. 

0.3 milliseconds. 

0.1, 0.5, 1 or 5 seconds, peak or average. 

60 dB. 

0 to 60 dBV/m and I to 1000 V/m, 
0.000265 to 265 mW/cmz. 

0.15 to 1300 MHz. 
0.2 to 1000 MHz. 
0.3 to 900 MHz. 

i 2 dB from 0.2 to 1000 MHz. 
J 1 dB from 0.1 to 4000 MHz. 

Rechargeable Ni-Cd cells. 

7 hours. 

21 cm wide x 17 cm high x 29 cm deep. 

Approximately 5 kg. 
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!+»»*:*'- UMS are a1so essentially Invisible to EM fields, causing no 

handle«   f"""    »A-rtio*"  <* the field be1"9 "^ä5"1"611,   TJie third and largest component, the 

apprecl**'** «^t^1'1^ 1n a meta' case*    Jt cons*sts essentially of three balanced dc 
neteriW "*  "       ■^.♦^vni« circuitry which processes the voltages to produce the desired E- 

; ampllf»*" ^ 

field rttW'' ^ ^taWed block diagram of the rf monitor.   As shown, the isotropic 

Fl9"re  ' ,.( y. and z-component dipoles with their associated detectors, 

probe cc/p»"- ,ce^x^i lines.    It can be seen by examining the figure that the metering 
filter* *r'° fr _, vor functions, namely: 
unit ,«*»*> "" "" 

tj(y< ,  including differential pre-amplifiers of high input impedance. 

,,- -4  the detected signals to produce a voltage proportional to E   over 
^' .tr* ant*Htude range. 

, tA -choose a single field component or combine the three voltages from .,,    witching V) 

(3;    ^ C(yyrdlnate channels to obtain a single "total magnitude." 

,„<•*• «fit4 and circuitry to obtain either the time-average or the peak 
(4' * a «plated signal, value of * "^ 

,-A.,;'ry to calculate and produce a meter indication in units of dB with 
(b) M    , wi y/«(«v/«). 

r«.<,p»-ct  '>» 

..n*/ to figure 6 but shows additional features of the metering unit. 
r1Uure      ,.« twitch has three amplitude positions which are  labeled 0 dB, + 20 dB, 

The front-pa      ,„,/*spond to the dB value which must be added to the dial indication in 

and ♦ 4° dh*    . r„i*ctor switch on the front panel has four positions, labeled X, Y, Z Thi- channel 5e' 

dBV/m. ""        reti/ond to meaurement of either a single E-field component or the RSS 
and TOTAL „rthogonal components. 

i    /ill    i *' 

magnltud«' o    ' nfled schematic diagram of the overall  instrument.   A brief 

■ 'yur ,„, ironic  functions  is given in this section.    The three 5-cm dipoles 
description   ' s)je 0f the figure.   After the rf signals have been detected and 

are dt«|•'cl , ,   type lines in the probe handle, the three dc components are passed 11/  i hi* S<""'WH 

filtern' i>y ..,„,.   linos to preamplifiers  (pre-amps)  in the metering unit.    As shown, 
through  '"•*"'' .      ,.,) jifferential  amplifier configured  from three  individual 

ciili i'"'-'""1 /,,.,-.unps).    The voltage gain  is about  12 for the two lower ranges (1- 

ojK-ttil Itn'.ii  •"' ^ unity on the upper range  (100-1000 V/m).    The mid-amp gains are 

10 V/i» •'"" ,,„i|'i<ts of the three channels can be equalized (in a 10 V/m E field) 

adjusta!"'1' s" „»«stall  gain which results  in optimum "shaping"  (square  law output) 
and also tu '" ilri„,i. 

fro»« the '4)    ' jiijnals are then summed in the "adder" of figure 8 to yield a dc 

The ,"'" , uinal  to the sum of squares of the three  induced fields at  the 

volU'.*' *   l ,*-i formed by the varistors  is described  in section 5.2.    The gain of , Ihr ,l,m' 
dipoles» »jlues corresponding to the range chosen bv  the front-panel   range 
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Figure 6. Functional block diagram of the EFM-5. 
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"* serial   number on the metering unit. 
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(2) If desired, a coax cable (or other dc line) may be used to connect an x-y recorder 

(or other voltage monitor) to the BNC OUTPUT jack, adjacent to the INPUT 

connector. 

(3) Turn the power switch (lower right corner of the front panel) to the ON 

position. A red light-emjtting diode (LED) located near this switch will light up 

if the battery voltage is low, indicating that the batteries should be 

recharged. (NOTE: If the batteries are nearly completely discharged, there may 

not be enough voltage to ignite the LED.) This warning light also glows when the 

switch is in the CHARGE position and a power cord is plugged into a 115 V outlet, 

to indicate that the batteries are being charged. 

(4) Rotate the ANTENNA channel selector switch to the TOTAL position. This switch is 

located on the left side of the panel. The TOTAL position is used for measuring 

the RSS value of three orthogonal E-field components. 

(5) Place the PEAK/AVE toggle switch to the desired position for measuring either the 

time-average value of field strength, or the maximum value of a modulated field. 

(6) Rotate the TIME CONSTANT switch to the desired RC weighting value in seconds. The 

variable decay time is operative (and useful) with either the peak or average 

position of the switch. 

(7) Before zeroing the instrument, rotate the RANGE selector switch to the most 

sensitive (0 dB) position. Check the meter zero by holding in the PUSH TO ZERO 

button. If necessary, turn the zeroing potentiometer with a small screwdriver 

until the indication is «at 0 dB or 1 V/m on the meter dial. This ZERO adjustment 

is accessible ön the front panel below the PUSH TO ZERO switch. 

(8) To measure field intensity, place the polyfoam sphere surrounding the probe tip at 

the desired measurement location, and read the meter. To measure a single x, y, 

or z field component, follow the above procedure and rotate the channel selector 

switch to the desired component position. If the meter has been zeroed for all- 

channel operation, it should be re-zeroed for single-channel operation, and vice 

versa; tnis is especially true for measurement of a very weak field on the most 

sensitive range. 

The Zcruiny operation of the EFM-5 is different from the rf radiation monitors 

previously designed at NBS; the minimum indication on the meter dial is 0 dBV/m (I V/m) 

rather than zero V/m. When the front-panel PUSH TO ZERO switch is held in, the logarithm 

circuit is disengaged and the ZERO control should then be adjusted for a 0 dBV/m dial 

indication. It is still necessary to place the probe in a shielded or zero-field 

environment during the zeroing process. 

Measurements of ambient fields are  generally made by using the instrument to find the 

higher t-field values present at any location within reach of the hand-held probe. For such 

measurements, a rigid plastic tube is connected between the ihort probe and the flexible 



line. This extension handle 1s usually 50 to 75 an long. During the field measurement 

process, the sensor end of the probe 1s moved from s1de-to-s1de by the operator, at several 

elevations. This tests a vertical plane region about 2x2 meters. The ambient field 

measurements reported then represent the highest levels found during the above scanning 

process. (See section 3.4 for a discussion of "hot spots." 

3.3 Possible Errors in Measurement of Multifrequency Fields 

The EFM-5 monitor has a fairly flat response over a wide frequency range of 0.2 to 

1000 MHz but responds to the sum of all fields present within a total frequency range of 0.1 

to 4000 MHz. Therefore, rf fields due to harmonics and other frequencies will contribute to 

the meter indication. A field strength reading may thus not agree with that measured on a 

frequency-selective FIM. Also, the measurement accuracy is reduced for pulsed fields that 

have pulse widths less than about 0.3 milliseconds, due to the limited charging time of the 

RC filter line in the probe. In addition, a possible erroneous increase In meter indication 

occurs when measuring multifrequency fields. The meter indication will generally be too 

high because the lightly loaded sensor tends to respond as a peak-reading device. The error 

may be as much as 3 dB when measuring a cw field having two frequency components of 

equal magnitude [8]. 

However, experimental results of a recent field intensity survey made by NBS were in 

reasonable agreement with the data reported by a private corporation using a tunable 

receiver. The fields were radiated mainly by several nearby broadcast band antennas. The 

NBS measurements with an EFM-5 monitor were taken at a height two meters above the roof of a 

building. The measured "total" field strength was 11 dBV/m, or approximately 3.5 V/m. 

After reducing the amplitude-vs-frequency data reported by the private corporation, using 

the RSS value of all their readings, the calculated total E field was 3 V/m at the same 

height above the roof. These two values (3.5 V/m and 3.0 V/m) agree well enough to indicate 

the usefulness of the EFM-5 probe for measuring the total electric field, in spite of the 

multifrequency type of field present. 

The technique mentioned in the previous paragraph involves measurement of many 

individual signals found during a frequency scan with a tunable receiver. A similar 

approach is used by the Environmental Protection Agency (EPA) for making su'-veys of ambient 

fields with an automated van system [9]. It uses three mutually orthogonal cipoles for 

frequencies below 1 GHz. The EPA computes a total integrated power densit» -in uW/cm' from a 

large number of electric field measurements in each frequency band. 

3.4 General Measurement Uncertainties and Precautions 

In addition to a possible error when measuring multifrequency fields, is discussed in 

the previous section, there is a perturbation error when the probe is hand *>eld. This is 

caused by the presence of the operator and/or cab7e between the probe and •ne-.ering unit. 

The error is generally less than +0.5 dB when taking measurements close tc « transmitting 

antenna where the field gradient is high and the operator can place himself -In a weaker 

field than that of the probe sensor. The perturbation due to the presence r* the operator 
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may be as great as 1 dB or more when measuring at a large distance from a transmitting 

antenna, where the probe and operator are in equal fields [10]. 

The method of field scanning described in section 3.2 is not greatly influenced by the 

presence of the operator. The field perturbation 1s greatly reduced If the short EFM-5 

probe Is mounted on a longer dielectric tube and extended a few feet away from the body. 

The EFM-5 has a relatively long non-perturbing transmission line which permits greater 

operator separation than most radiation monitors. This plastic line is one to three meters 

long and field distortion can thus be kept to a negligible value. It should be noted, 

however, that environmental parameters such as tree foliage, moisture, etc. can introduce rf 

absorption and other effects Into the measurement process. 

When using radiation monitors with isotropic probes, it is easy to search for and 

locate "hot spots." These are localized regions of higher field intensity or "fine 

structure" created by constructive interference. They are due to multiply reflected waves 

or a standing wave pattern of enhanced field strength from metal objects serving as 

reflectors or antennas. The true power density in a hot spot is not necessarily high, but a 

high E-field level is an indication of a potential rf hazard. 

The sensor of the EFM-5 probe is embedded in a styrofoam sphere 10 cm in diameter. The 

minimum distance for which field measurements are meaningful is thus 5 cm (2 inches). In 

addition to acting as a 5-cm spacer when measuring leakage fields, the foam sphere 

surrounding the probe tip serves to protect the internal dipole antennas and helps prevent 

electrical shock to the operator. However, it is advisable to ground the case of the 

metering unit when probing around unshielded high-voltage circuits and wiring. 

The PEAK/AVE switch on the front panel selects the waveform parameter desired for 

measurement. If the peak-to-average ratio of a modulated waveform being measured is too 

large, the average reading of the instrument may be in error. This problem exists for high 

level fields because the amplifiers in the metering unit become saturated when the 

instantaneous field level exceeds 100 V/m. That is, the signal peaks of a modulated wave 

form are "clipped" at this level, causing the average reading to be too low if the peak 

value exceeds 1000 V/m. 

For antennas which rotate through 360°, or oscillate in a sector scan, or in which the 

beam is scanned electronically, a special duty factor is sometimes defined which relates the 

"momentary" boresight value to the overall time-average value of field intensity. However, 

such a theoretical correction factor is not ^ery  useful or accurate unless the pulse 

response characteristics of the measuring instrument have been evaluated for the particular 

type of modulated signal being measured. 

4. DESIGN OF THE ELECTRICALLY-ISOLATED ANTENNA 

4.1 Characteristics of a Good Field Monitor 

Several characteristics of a good probe for surveying near-zone fields are described in 

this section. The first three characteristics given ärv  considered to be essential. The 
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renalnder are desirable and are listed somewhat In decreasing order of importance, as 

follows: 

(1) Isotropie sensor: The E-field response should be independent of probe 

orientation, requiring no knowledge of the field polarization. 

(2) Small sensor: The rf sensor should be small in order to minimize scattering; that 

is. It should not perturb the field being measured. If dipoles are used, they 

should be electr##lume. This is important for a non-uniform fringing field, such 

as that encountered near a narrow aperture or small source. 

(3) Isolated sensor: The antenna should not require a conducting transmission line. 

If a transmission line is used, it should be "transparent" to rf radiation so that 

it also does not perturb the field. (The NBS EFM-5 probe uses plastic twinleads 

to convey information from the antenna to the metering unit.) 

(4) Broad bandwidth: The sensor should be capable of measuring over a large frequency 

range, with no required tuning, in order to perform rapid field surveys. 

(5) Flat response: The meter indication should be independent of the frequency being 

monitored. It is desirable that the antenna have no resonant-frequency effects. 

(The EFM-5 response increases at frequencies above 1 GHz where the dipoles begin 

approaching a self-resonant length. However, the frequency response curve is 

quite flat over a wide range, being within + 2 dB from 0.2 to 1000 MHz.) 

(6) Large dynamic range: The instrument should have a wide range between the weakest 

measurable field and a field strong enough to cause overloading. (The EFM-5 is 

capable of measuring amplitudes from 1 to 1000 V/m, a 60 dB dynamic range, with 

the same readability precision across the entire range.) 

(7) Good sensitivity: The response should be adequate to measure fields as weak as 

1 V/m, which is equivalent to a free-space power density of about 1/4 yw/cm . 

(8) Burnout-proof sensor: Exposure of the probe to extremely intense radiation should 

not damage the instrument nor cause a change in the meter calibration. 

(9) Fast sensor response: The response time of the probe should be short, permitting 

rapid spatial probing and rapid frequency scanning. (The EFM-5 is limited by the 

0.3 millisecond response time of the resistance line filter used). 

(10) Selectable time constant: The overall response time of the instrument should be 

switch-selectable by the operator. (Four time constants an  available on  the EFM- 

5, from 0.1 to 5 seconds). 

(11) Peak/average capability: The instrument should have the capability for direct 

measurement of a peak field value, as well as the time-average value, for either 

cw or modulated fields. 

(12) Good stability: The measurement system should be stable with respect to both time 

and environmental conditions. 
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(13) Direct reading: The instrument should not require a calibration chart or 

auxiliary readout device. 
i 

(14) Other considerations:   The instrument should be rugged, lightweight, well shielded 

electrically, and be battery operated. 
• 

Existing radiation monitors do not possess all of the above desirable charac- 

teristics. Perhaps the most serious shortcoming is the long response time of most probes. 

The 90 percent response time of the EFM-5 to an instantaneous change in field level is about 

0.3 ms. The response time of monitors employing thermocouple sensors is generally much 

longer. For example, the specified response time of the sensing element in a well known 

commercial meter is approximately 35 ms. However, the overall response time for that 

instrument is about 750 ms with the time constant switch in the "fast" position. It would 

thus not be possible to measure directly the peak-to-average ratio of a modulated field, nor 

the "momentary" maximum-envelope intensity in the beam center of a scanning antenna. 

Some commercial "power density" meters utilize several separate antennas, each covering 

a restricted band of frequency or amplitude. To our knowledge, no commercially-available 

monitor offers the ability to measure the peak or average field level, with a choice of 

several time constants. In addition to the characteristics listed above, it is desirable 

that the sensor measure a scalar rather than a vector quantity. This is inherent in the 

concept of an isotropic probe. The meter indication of the EFM-5 is a quantity known as the 

Hermitian magnitude of the electric field, defined in section 1.2. 

4.2 Technical Approach of the EFM-5 Isotropic Antenna 

A brief description of the EFM-5 field intensity meter was given in section 3.1. The 

rf sensor consists of a set of three mutually-orthogonal dipoles, each 5 cm long x 2 mm 

wide. The dipoles are etched from copper-clad circuit-board material. Since each dipole is 

electrically short, the probe achieves a flat response over a large bandwidth. 

The crossed dipoles är^  arranged with approximately a common center and mounted 

symmetrically, that is with equal angles to the probe handle. The acute angle between each 

dipole element and the resistance-line bundle leaving the antenna unit (along the probe 

handle) is 54.74°. This angle results in orthogonality between the three dipoles. The 

three transmission lines are positioned to minimize any unbalance or interaction between the 

lines and dipoles. 

Lach dipole of the antenna unit responds to the electric field independently of the 

other two dipoles. This can be seen from the following argument: The net voltage induced 

across the center gap of one of the dipoles is the phasor sum of the voltage induced by the 

impressed field plus voltages induced by currents in the other two dipoles. However, 

because of the orthogonality of the three dipoles, current produced by an E field which is 

parallel to one of the dipoles cannot induce a potential across the center gaps of the other 

two dipoles. It is assumed here that the antennas are "thin" (high length-to-diameter 

ratio) so that the induced currents flow only in the lengthwise direction on the dipoles. 

Since a good E-field sensor must be able to measure close to a radiating source or 
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reflecting surface without perturbing the field, It 1s necessary that the scattering from 

the probe be small. This criterion 1s satisfied by an antenna made of electrically-short 

dipoles. It has been shown experimentally and theoretically [11] that the scattering cross 

section of a dipole decreases rabidly as the length decreases below 1/2 wavelength. A 5 cm 

dipole causes no appreciable scattering at frequencies below 1000 MHz. 

A Schottky beam-lead diode, type 5082-2837, is connected across the center gap of each 

dipole. As described by the manufacturer, this semiconductor diode offers the speed of a 

majority carrier device and low turn-on voltage of germanium, but with the high breakdown 

voltage and temperature-independent characteristics of silicon (Si). It has good 

rectification efficiency at low voltage combined with a high peak reverse voltge (PRV). The 

70 volt PRV results in an rf sensor which is virtually burnout proof. The very high 

resistance of the diode helps to match the Inherent source Impedance of the dipole, making 

possible a sensor with wide dynamic range. A 5 cm dipole 1s capable of producing stable, 

rectified outputs at field levels ranging from 1 V/m up to 1000 V/m. 

The type of detector used is somewhat sensitive to ambient light. Exposing an 

uncovered probe sensor to bright sunlight would cause a zero drift on the meter. That is, a 

change of indication due to varying ambient light would occur even for zero rf field 

conditions. It was found necessary to wrap the "inner" sensor sphere of the EFM-5 with a 

layer of opaque plastic tape. The type of diode chosen functions well in this application, 

but NBS has not made exhaustive tests to determine if it is an optimum choice. 

Beam-lead diodes are  silicon chips with gold plated tabs on two sides for the leads. 

The chip has dimensions of about 250 ym square by 10 pm thick. The tab leads extend 

approximately 200 ym beyond each edge of the chip and are mounted to the metal dipole by 

ultrasonic bonding. The resistance of the diode at 0 volts (no applied field) varies 

between 10 and 15 M ij. The shunt capacitance is quite low, resulting in a detector that is 

sensitive to weak rf fields. The capacitance at 0 volts has a specified maximum value of 

2 pF. 

Figure 9A is a sketch of one dipole and high-resistance carbon-loaded plastic line. 

The plastic material is Polytetrafluorethylene (PTFE) to which carbon granules have been 

added. A stainless steel ferrule is crimped on each end of the line to serve as a 

compression contact to the partially-conducting plastic. These ferrules have been cut from 

the tips of hypodermic needles. The tiny steel ferrules are  then bonded to the metal dipole 

arms with conducting (gold-loaded) epoxy adhesive. The two resistance lines connected to 

each dipole are  equal in length (about 1 cm) and brought symmetrically away from the 

junction point. 

The specially fabricated sandwich line shown in figure 9B consists of two layers of 

carbon-loaded PTFE separated by a  spacer of non-conducting PTFE [12]. This high-resistance 

twinlead forms a distributed RC filter, removing the rf but passing the dc signal to the 

metering unit. The three resistive twinleads from the three dipoles are spaced away from 

each other throughout the 15 cm length of the probe handle. Tests at NBS indicate that 

these transmission lines are  essentially transparent to rf radiation. They produce little 

interaction with the dipoles and little distortion of the field. The two resistances in 
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each two-i^. 

mlnlmltt v„^ ' "**r ^ center of each dipole, have been matched In order to 

°»de volu^. ^      ' ; Uü{"   6reat care ts taken In antenna construction to prevent common- 

espectali, ^     J*    "* fro" causing an rf signal across the detector diode.   This Is 

(capacltu if'*"*' **" freQ-uenc1es below 500 kHz where the dipole source impedance 
Tn* \ '*,'*'*"*' 5*cowes extremely high. 

However, tJ4     /*'' 'Uf<* <* each filament in the filter line is about 80,000 a/cm. 

unit (20 K .   '* *"** °" the Une is small because the Input resistance to the metering 

Since the „,J   "* C/*Wred with the total loop resistance of the line (about 2.6 M a). 

field-1r>duu/ ..     '*r*t*s 1n nearly ai open-circuit mode, there is little scattering by the 

voltage of >,4   **'* '-"''r*nts.   Also, the use of Si diodes and the fairly large detected 

Weaker rf « .    ' K-'es, result in a sensor which is not highly temperature dependent, 

difficult »,, , "' "* detected with higher-sensitivity germanium diodes, but it would be 

detector 1«^      C(** ^lems caused by changes in ambient temperature and by the low 
F19"'i ,/    .   '-/'*tJr^ with the high antenna source impedance. 

dl'pole, div^     X**'' * *PProximate equivalent circuit of each rf sensor, consisting of a 

essential]/ ^ llt*f'   ^ electrical equivalent circuit of each dipole antenna is 

as unbalan««,,, f     "' 
l*** SOurce in series with a small capacitance.    The diagram is shown 

balanced.    Iu  ' V"'*'- although the actual dipole circuit is (or should be) electrically 

to-width r,i)/(    ' "'""' v>urce impedance depends on frequency, dipole length, and the length- 

Si nee the „,,   '      * "c* d1P°le of figure 9A has a source capacitance of roughly 0.25 pF. 

*1th it, C   ...       r*fUt ^sistance is low compared with its reactance, and in quadrature 

network whiij, ,   % 9ure 10 (cs " Cg + cd * cin) form a capacitive voltage-divider 

the EFM-5 i((,fc)     "indent of signal frequency over a wide band.    The source impedance of 

is about (o ,    '     '* *llentially capacitive at all frequencies below 1 GHz.    The impedance 
1 GH* the rq„N'fJ00,r/yüi onms at 0-2 Wz and about (4-j 600) ohms at 1 GHz.    Thus, even at 

to 600.01 „,        °n r*;1stance of 4 a increases the antenna impedance by only 0.002 percent, 

""icn in tui„ ,, * V* u* of shunt capacitance, Cs, depends on the detected bias voltage, 

about 0.5 pi       ',*rKh Wl the rf field level.    It  is about 1.5 pF at 0 volts, decreasing to 
The 0|t*,H| -   b1as of 10 volts  is produced by a strong field. 

When the di,„,l( ^r,nr-iple of a shunt diode detector can be seen by examining figure 10. 

back resisi.1|(li ' ww'rsed in an rf field, the diode forward resistance decreases and the 

[13].    Me.i^(|)( 
r""'''--*.. producing a net dc output voltage across the shunt capacitance 

generally yi| t)    * 
u*'* of the detector dynamic resistance vary with field level  but are 

2837 diode  i>   .        "" ' M u for the type of diode used.    The measured dc resistance a 5082- 
to Is u 

of only o.ft  .   ,        *» " u at  zero volts,  increasing to greater than 100 M a for a back bias 

voltage, prkM((( (   "    ,r"? shu"t capacitance. Cs, becomes charged to nearly the peak rf 

In adoi|,i,
,"g Ut* dc 0utPut signal. 

frequency „„,,   (      °     
eld 'evel, the value of detected voltage depends somewhat on the 

v
oc.  inducf.i  ,i( 

of probe loading.    The theoretical  value of open-circuit  rf voltage, 

strength.  I,  4 '    e 4ntenna is approximately equal  to the product of the field 

-dipole length.    In other words, at  frequencies up to 1000 MHz, 
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oc E L eff ■■W- (5) 

where   Le^f * effective length of each dipole, and 

La  ■ physical length of each dipole. 

The actual rf input level, V^n, to the diode detector is reduced by a capacitive 

voltage-divider effect, as shown in figure 10, and is given by the equation 

'in oc ^sj' 
(6) 

where Ca 

C„ 

'in 

effective antenna source capacitance ■ 0.25 pF, 
stray capacitance at the center gap of the dipole, 

capacitance of the detector diode = 1 pF, 

input capacitance of the RC filter line, and 

total shunt capacitance cg + cd + cin * 2 Pp- 

The induced voltages developed across the center gaps of the individual dipoles are given by 

ExLeff    Vy EyLeff   and   Vz Ez Leff (7) 

where Ex, Ey, and E2 are the amplitudes of the E-field components along the three orthogonal 

dipoles.   An effective field strength magnitude can be defined as the root-sum-square (RSS) 

value of the three electric field components according to eq (2), which is repeated here. 

(Total  E) • E 2 ♦ E 2 ♦ E 2. 
x y z (2) 

The scalar quantity (total E) is also known as the Hermitian magnitude of the electric 

field [14]. The square of this quantity is proportional to the available electric-field 

energy density at the measurement point. Each dipole of the isotropic probe must be 

calibrated in a known "standard" field. The detected voltages from the three dipoles are 

then processed electronically according to equation (2). 

4.3 Description of the Semiconducting Transmission Line 

In the past it has be*»n difficult to design an electrically isolated probe for 

measuring near-zone electromagnetic fields, which tend to have a complex spatial 

distribution. It is even more difficult to make an isotropic probe requiring three antennas 

ami three transmission lines. One method of avoiding the difficulty is to use some sort of 

optical, radio or acoustical telemetering in place of metal transmission lines. However, 

the N8S EFM-5 monitor avoids the complexity of telemetering by using non-metallic 

transmission lines between the antenna and receiver. Such lines trt  semiconducting in the 

sense that the resistance has the same order of magnitude as that of solid-state 

semiconductors. The transmission lines are "transparent" to an  rf field in the sense that 

they cause no scattering or perturbation of the field being measured. 

As mentioned previously, the EFM-5 instrument makes use of special plastic transmission 
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Ines.   Ever w,^ tM 1jne has extremely M& sr^ernvf-ion for rf energy, the detected de 

and low fr^^n/ «relation can be passed without *wec1able loss to a high impedance 

rea out ciru ..   ^ detector diode of the «it««»* fs connected to one Input channel of 

t e metering r<« ^ a Mgh res1stance tw1nle*J.    T*-s*e lines are fabricated of 
Polytetraflu^^/1frre {PTFE) p]ast1c ^ch ^ ^  rWHiered sljgntly ^^ ^ ^^ 

a ln9'    T* < fferwt types <Sf plastic line ar* ^A if  the EFM-5 instrument.   The fw 
tVDG   Of   lint      * I"bl nnt, t.side ^ prQbe handle> 1s about  15 £, 1or.s.    jne other ^ ^s ^ 

res stivity *r ^ UMjJ if) thfi flex1b1e extens1<yf  e*ile between the probe and «.»„„•„ 
unit      Thi« *■ "tiering 

•    '"is ^»/lile line can be of any desired ttngth, generally between 1 ami i n»f« 
Both ti/-^- TOiers. 

***** * ^«stic resistance line were developed at NBS [6,12].   Finely diwiw^ 
particles of / " uiviaeu 

^'Vyr' ** Powdered PTFE are slntersrf t« for« a homogeneous mixture. 

ec ncal cc^,:..lvity results from physical cor-t#ct between the particles of carbon.   The 

w^lT^r''1*' U$rt f0P thC tWln1ead 1n tHe Pr0t* haßdle haS ab°Ut 3 V™1 "rbon by" 
by 111     n"* Wr r6StStanCe 11n6S ^ the ntXlb1e "b1e h3Ve ab°Ut » *"» carbon 
'       a        Th* »^stance of each filament In th* probe handle Is about 80 000 n/™,   ^n, 

the resi^tanc^   * »www u/un, wniie 
dnc* «* Mch filament 1n the extension line  is about 700 H/cm. 

As shown jfl fjgüre 9j a sandw1ch ]ine 1$ u$e<j for eacn twinlead in the probe handle. 

ype of cc^^ruct1on produces a transmission line capacitance of about 0 ? nr/^m     ■Iv 
line provides n *«i.    • ,     ,       > ,      * , P /Cm'    The 

" filtering, permitting only dc and low frequencies to be conducted to the 
r ng unit.   The leads inside the probe handle are about 15 cm long by 0.25 m „jde 

*     m     'Ck.   The three plastic ribbons In each parallel-conductor line are held togeth 

with non-conduct1v« adhesive [12].    The long flexible extension line between the probe and"" 

»Bering unit ut« nylon-jacketed PTFE filaments.    Each 0.75 m diameter «nonofil*«»«» «. 
COVCrcd   with ' iflnnrnt   15 

1 "/ion film approximately 0.13 nm thick.    The nylon jacketing improves the 
wchanical strt,,glh ind electrical stability [6]. 

re uc* tf* "electrometer effect" of the sensor wand, caused by dc field* »*A 1 
frequency fid*. , 0w 

e"3-. * slightly-conducting, heat-shrlnkable tubing is placed around th« ,< 
conductor rest.» *" 

"'.unce line.    This carbon-loaded polyolefln tubing is connected tn fh» ,,■ 
ground of the .». e C1rc"'t ,r ,»-'.*ring unit.    There is a "flexural" noise which causes fluctuation«  i„ ^ 
meter indicate ouun5  m the 

at!-"> whenever the resistance line Is bent or flexed.    This type of noise is 

y cau-.M by eiectrostatk/capacitlve currents between the carbon oranul»« „* ft 
resistance  lir* , «"uies or the 

"-• <'"J can thus be eliminated by keeping the  line stationary. 

n-rtM- ukases on the flexible resistance  line may cause detected sion;.i«- K   ... 
diodes  if the Hi    1 »'ynais oy the 

"pole and twin-conductor lines an- not  well  balanced.    Such cormon-mode 

re di..0 «ilntmi/ed by using well  balanced  Instrumentation preamplifier*  in n. 
"«tering unit. 

5.    CESIGN OF THE ELECTRONIC PACKAGE 

5.1   ^LMlSLj^UhLl 
eclw1 °"tput from each of the three sensors In the antenna is filtered by 
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high-resistance sandwich line inside the probe handle. The three filtered voltages are 

conveyed through flexible resistance lines into the metal case of the metering unit. 

Figure 11 is a sketch of the controls and front panel layout, showing the INPUT terminal for 

the resistance line. The instrument case is portable and normally held by the operator. 

Each of the three dc signals Is applied to the Input of an integrated-circult (IC) 

preamplifier in the metering unit. * 

As shown in figure 8, each preamplifier is configured from three op-amps to form an 

extremely high impedance differential amplifier. The high input impedance prevents an 

excessive voltage drop on the plastic resistance line. If the PREAMP circuit board becomes 

contaminated, it may permit leakage current, making it difficult to zero the instrument. 

The actual loading of each short dipole antennna is 20 M n , set by the two resistors at the 

input of each pre-amp. The balanced input of the pre-amp helps to prevent common-mode 

pickup on the transmission line from being detected by the diode in the probe. Great care 

is exercised in the construction and circuitry of the EFM-5 to achieve a high common-mode 

rejection ratio (CMRR). That is, the differential mode pickup of the 5 cm dipole is large 

compared with any signal resulting from common-mode voltage on the line. 

Since the antenna source impedance, Za in figure 10, is proportional to the reciprocal 

of frequency, the differential mode V^n decreases at very low signal frequencies where Za 

becomes larger than R^. The EFM-5 probe has acceptable V^n compared with common-mode 

effects down to a frequency of about 100 kHz. Because the instrument has individual 

channel-selector switches, it is easy to compare the unwanted common-mode response with the 

desired dipole response. This test is done by placing the antenna in a strong field and 

aligning the probe so that one dipole is parallel to the E field while the other two dipoles 

3rt  perpendicular to the field. Any response or meter indication from a dipole which is 

oriented perpendicular to the E field is an indication of poor CMRR. This test is described 

in section 6.2. 

The gain control potentiometers shown in the feedback circuit of the mid-amp buffers in 

figure 8 are used to obtain equal sensitivity in the three channels. That is, during the 

instrument calibration in a standard field, each dipole is aligned parallel to the E field 

and the variable resistor is adjusted to obtain the correct indication. This adjustment 

compensates for slight differences in dipole length, diode sensitivity, dipole shunt 

capacitance, etc. The three-position channel selector switch permits two antennas at a tine 

to be disconnected when siaking this adjustment in a field of known magnitude. 

As described in se^uon 6.2, the overall gain of the EfM-5 is adjusted for correct 

indication of each channel at a field level of 1Ü V/m and frequency uf 100 MHz. Most of tne 

circuitry required for this gain adjustment, and to obtain electrical zeroing of all the op- 

amps, has been omitted from figure  r r purposes of simplicity. The X, Y, Z and TOTAL 

rotary switch is useful for several    ses. In addition to channel selection, it Is used 

when setting the gain control and c .etking the conwon mode rejection. The channel selector 

switch is also useful during trouble shooting and checking the general operation of the 

antenna. 

The semiconductor diodes in the antenna ire  somewhat temperature sensitive. The 

sensors are relatively independent of ambient temperature in high level fieids, where the 
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dynamic source Impedance of the detectors is low.   However, there is some •easure*H* 

and zero drift on the lower 1-10 V/m range.   Additional evaluations are planned tc ***** 

the exact amount of this temperature effect. 
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5.2 Non-linear Adder and Scaling Circuitry 

Figure 12 gives the detected dc output voltage produced by a typical EFN-5 s***^*» 

function of field strength, from 1 to 1000 V/m. Several close-spaced curves are u*<* 

show the amplitude response at several signal frequencies between 0.5 and 1000 UN*. 

response is "flat" or independent of frequency between 0.5 and 50 MHz, but increases 

slightly for frequencies above 50 MHz. As shown 1n figure 3, the response is less *» 

frequencies below 0.5 MHz and more at frequencies above 1 GHz. 

It can be seen 1n figure 12 that the detected voltage for weak fields has a» *CvW 

square-law response. The lower range covering 1 to 10 V/m requires hardly «Ay *tW 

before being applied to the adder circuit. The lower dashed line in the figure has * " 

of two, corresponding to exact square-law response. When the field strength is b** 

and 1000 V/m, however, the detected output departs from square law, approaching « 

response at the upper end. The upper dashed line in the figure has a slope of on*» l 

linear response, corresponding to a detected output which is proportional to t.    ' 

of the adder must therefore be tailored to produce the required square-law output 

entire amplitude range. 

The output signal of each of the three mid-amp buffers in figure 8 is appli*" * 

special non-linear summing amplifier. The op-amp used for the adder has a fiel" ♦ 
transistor (FET) input stage. The overall purpose of the circuit is to produce « * 

voltage which is proportional to the sum of the squares of the three separate E»" 

components incident on the three orthogonal dipoles. Before adding the signals *'"* 
in* 

to 
three channels (x, y and z), it is necessary to process or "shape" each detect«! v0    ^ 

make the amplitude proportional to the square of the field component. This is *(ilM 

by using a special non-linear resistor (varistor) at the input circuit of each «>" 

channel, as shown in figure 8. , 

The varistor (VAR) in figure 8 is a component made of silicon carbide (Si U > 

in a ceramic matrix.  It is commonly used for lightning or surge protection of <" 

circuit. Electrically it is a voltage-dependent resistor (VDR). That is. ahnvr t" 
... .,i i'i 

voltage the resistance decreases a* the voltage increases, but acts as a <I*«
MI
 " 

all lower voltage values. Figure 13 gives the measured resistance vs volta',!'' '"' 

type 432BNR-101 varistor. The theoretical gain for each channel of the adiU-f 

the op-amp feedback resistance divided by the input resistance (VAR and fixed rr* 

series). The varistor is used to achieve higher gain when the voltage across t f 

increases above 0.1 volts. It provides a smooth transition in gain value which c 

matched experimentally to obtain the required shaping. One value of series re* 

,,., noitlt 

i HI «i "" 

i 

„ ,.,,„.11   " 
.!»«'»• In 

I* 

switched into the adder input circuit for the two lower field strength ranges 

series resistor  is connected for the upper  (100 to  1000 V/m)  range. 

«ml *•"' ihr i 
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Figure ir. T>ncil detected output of an EFM-5 dipole as a w,,- 
of field strength, at several  frequencies. on 
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WS purchase , gro     of 100 var1stors and the resistances of these mrt me***** as * 

'"•ctlon of volUi» and temperature. It was found that the resistance values for * <p«„ 

»tage «nd t«^ure are not un1form. „owever. the percentage change of resists* w 

*>'*»* (Hop, * 1$        • un1fonD#   Tne 100 var1stors were thus grouped fntc sets of 

lhree "COrd1"9 U the measured resistance at 1 volt.   One matched set was then used for 

"Ch EFM-5 U"H <*,tructed.   It is not known whether the above selection process Is 

»"ntlar for .*., shaping curves.   „owever, little difficulty was experienced m 

Gaining .„„.„.^ ^ ^ ^ ent1re 60 dB dynam1c range.    The maxi— shaping 

7 Pern,Uted *' *n> field strength level was 0.5 dB.    It could be mentioned that a 
1 ap1nfl Clrc"H <Mch«, on a steady (cw) signal also functions properly for pulse-adulated 

) 71$-   TM, 1, >rue up t0 the ^ ^e either the average field value or the pulse 

,elValUe tK«+ 1000 V/m. 
»««use many ,(0n_linear circuit elements are temperature sensitive, some difficulty was 

^erlenced at Nfc, ,„ choQsing an QpUsam type of VDR.   The shaping circuits chosen for the 

FM-5 meter' "hie), use Si C varistors for the non-linear element, appear to be relatively 
temperature inse„Mllve>   Jhe si c material has a temperature coefficient that is nearly an 

°rder 0f ,IM,»"Hud. 1ess than that of si, and Si 1s better than Ge by about an order of 

7n1tude-   T"e d„8 of figure 13 ^ taken at a temperature of 25'C   Higher or lower 
temperatur" -"I displace the entire curve vertically compared with that given. 

The 0utput of lhe adder covers , two-decade voltage range for each single decade of 

<1d "rength.    |hat 1s> the voltage varies as the square of the field level.   As shown in 

9-e 8. the add»,  output „oU       extends from about 0.01 to 1 volt for each position of 
the "TM.po.1tiu,, r§       switch.   Also shown in the figure is the circuit for the adder oP- 

"» *"o1n9.    Thb (pmain. mps also require zeroing, but only one zeroing circuit  is 
Sh0- on the s1u,MlfJed scnematic diagram because it is the only one *1ch 1s adjustable by 
6 front-^^l a vU    TMs zeroing control shoUld be set with the three-position range 

SWUCh ön  U*  »   sensitive range (1-10 V/m) and with the PEW A« switch in the AVE 
Position. 

^•3    Ti 
——-lons<>»"»   ,,nd Peak/Average Circuitry  ,>,-,"\   and Peak/Average Circuitry 
Ihr KM-'. ,,„ u f mltl,.i„„ pi'-e-- t*e : •■v-.*»e,"jg<? field value or •   i!K    -tor provides a choice of measuring ei. e 

the t»ulvi'-,.,.,L   , ,  „tlKlo B- .,-»> c-"<:-"'-    »*«"1 the  pEA|t:/AVE '     -niity, with four s-uch-selectable R.   - ■"* c> 
twitch on ti„-  t, ' nr... „.„    ;.   u [.«tihij :.   wvc j.vroximate 

""   -   panel   is set to the PEAK mode,  u  is ^SJIC.« 

measurement* .,♦     v ^ i,.~« ,i^u     howe»er. :***"«  ,$ an additional v     *V  peak value of pulse-modulated signals.    rw«e»c 
uncertainty  f.„. . ,»„»»,. «,i»Mvel* sic» -js.v-se time of the ■>  'w   **s type of measurement due to the relate.) s *•• 
instrument of  JS Tt   ^„^ ^..rfr« if the rf «-s:-s have a fast . J^   t  0.3 millisecond.   The diode detectors  ... *ne 
r«set1mc, but  t* . ■ . 4, liminw- bv the h-c^-ss*stance line (RC Ul   ***   oxerall meter response time is limiteC t>  .ne   '■> 
filter)  bet»»>.>„  • . Ät"   -S- detectors and the netermg unit. 

In* »vJk o,-.,vtor circuit is an adaptation of -hat is ,s-*^ a"« - *«i-peak 
"«tor.    fou.   s>.,ues Qf d.scharge tim can ^ chose, M :he f.«:^V switch,  na,nely 

u«1*. O.v,  l K ..     „o   th. ^w.r.- -•-;.: .v°<-sts of a diode 
, ^    v seconds.   As shew, in figure 8. the ;*..«.■ - > 

'   ^unt RC combination.    The charging time  .     -^ 
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compared with the RC discharge times. The capacitor thus becomes charged quickly to nearly 

the peak voltage. 

The longest time constant in the EFM-5 1s (4.75 M a x 1 pF) or approximately 5 

seconds. The available time constants permit an operator to follow modulated signals on the 

output meter or at the OUTPUT jack whenever desired. The type of diode chosen for the 

peaking circuit, 5082-2800, provides a very  high reverse resistance and a relatively low 

turn-on voltage. Measurements indicate that the back resistance is greater than 100 M a 

when the back bias exceeds 0.25 volt. Circuitry for obtaining the average signal value is 

also given in figure 8. It develops an output voltage proportional to the time-average 

value of either a cw signal or a train of pulses. 

5.4 Logarithm and Metering Circuitry 

The output of the peak or average circuit 1s a voltage that increases from about 0.01 

to 1 volt over each of the three available one-decade ranges in field strength. The output 

in each range is proportional to the square of the measured E-field value. The next stage 

of the tFM-5 is an op-amp buffer with a gain of ten, producing a voltage which varies from 

0.1 to 10 volts across each decade range in field strength. This voltage is, of course, 

also proportional to E^. Following this is the logarithm circuitry required to produce a 

voltage proportional to dBV/m at the OUTPUT jack. This circuitry is shown as a single block 

in the simplified schematic of figure 8. 

The complete logarithm circuit is given in section 7, figure 27. It consists basically 

of an integrated-circuit logarithmic amplifier, two op-amps, and two potentiometer 

adjustments. One potentiometer (LOG ZERO) sets a regulated voltage to obtain zero volts 

output for a 0.1 volt input. Any rf field which has a magnitude less than 1 V/m will cause 

a negative deflection on the output meter. The type 4357 module produces an output which 

varies in direct proportion to the logarithm of the input voltage. Another potentiometer 

(LOG SLOPE) sets the gain of the logarithm module to obtain 2 volts output for 10 volts 

input. The voltage at the OUTPUT jack of figure 8 thus varies linearly across »ach range in 

direct proportion to the E field expressed in dB above 1 V/m, which is the desired answer. 

An op-amp is used to drive the low-impedance panel meter. The analog indicator used in 

the EFM-5 is a D' Arsonval type microammeter with a full scale value of 200 uA. The dial 

has a linear scale marked from 0 to 20 dBV/m, and a non-linear scale marked from 1 to 

10 V/m. 

S.b Power Supply, Operating Controls and Special Features 

Power to operate the EFM-5 electric field monitor is furnished by a series string of 32 

rechargeable nickel cadmium (Ni Cd) cells. The individual cells are size AA, which have a 

nominal 1.3 volts and 450 mA hour capacity. The battery voltage is about + 21 volts. 

Electronic regulators are used to supply regulated ♦ 15 volts for the EFM-5 circuitry and 

♦ 5 volts for the FET switches. The battery drain is about 80 mA from the positive side and 

about 70 mA from the negative side. The bat ery life is about seven hours for continuous 

operation of the field strength meter, and the time required for recharging the batteries is 
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about 10 hours. To recharge the batteries after use, a power cord Is connected to the back 

panel of the metering unit, plugged Into a 115 V AC outlet, and the three-position power 

switch on the front panel 1s turned to the CHARGE position. 

The field strength meter does not operate with the three-position power switch turned 

to the CHARGE position. Also, the battery charging circuit Is not operative with the power 

switch in the ON position, even if a power cord is plugged into a 115 V outlet. An LED 

located above the power switch glows whenever the batteries are being charged. The same LED 

glows if the instrument is turned ON and the battery voltage Is low, indicating that the 

batteries should be recharged (NOTE: It is possible that the batteries may be so 

completely discharged that the voltage is insufficient for lighting the LED.) 

The battery charging circuit consists of a commercially available power supply and two 

constant-current sources, each supplying 40 mA of current. Diodes are used at the charger 

output terminals to prevent the batteries from discharging back into the charger when the 

power switch is on CHARGE but no power cord is plugged into the metering unit. Diodes also 

prevent the LED from glowing unless the batteries are actually being recharged. Schematic 

diagrams of the battery charger and other power supply circuitry are given in section 7, 

figure 29. 

Several self-checking features have been built into the EFM-5 circuitry, such as the 

LED located above the power switch. Another LED labeled OVER RANGE can be seen in the 

center of the front panel in figure 11. This warning "light indicates that the output meter 

is pegged full scale, on any of the three ranges. A voltage comparator circuit was included 

for automatic range switching on later models of this instrument. The present EFM-5 model 

is a portable, analog version of a future model which will permit auto-ranging and computer 

control. 

Three removable "cards" in the metering unit contain most of the electronic 

circuitry. These may be connected on extender boards to the back plane for calibration, 

adjustment and trouble shooting. The power supply, charger and batteries are mounted 

directly on the main chassis. Connections between the front panel, back plane, etc. are 

made with flat cables of multiconductor wire. 

As shown in figure 11, the EFM-5 monitor has a four-position ANTENNA switch on the 

front panel for selecting the measurement mode. Either a single field component or  the RSS 

value of three orthogonal components (TOTAL) may be measured. The TIME CONSTANT switch and 

PEAK/AVE switch are also visible in figure 11. The other switches, controls, jacks etc. in 

the figure have been described previously. 

6. CALIBRATION AND PERFORMANCE TESTS OF THE EFM-5 

6.1 Description of NBS Standard-Field Calibrations 

The EFM-5 monitor is normally calibrated with respect to the following parameters: (1) 

dial indication vs field level, (2) response vs frequency, and (3) probe isotropy, that is, 

antenna directivity and field polarization sensitivity. The calibration provides data for 
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corrections which may be applied to the dial Indication to obtain more accurate measurements 

of field strength. 

It is assumed here that the original alignment and adjustments of the EFM-5 Instrument 

have been completed. The initial "shaping" or linearizing procedure 1s described 1n section 

8; in general it is required only once, as part of the instrument manufacturing process. A 

calibration as described in this section is done more routinely, perhaps once a year for 

each radiation monitor. Such a "routine" calibration determines the extent to which the 

monitor does not indicate the true or correct value at a given field intensity and EFM-5 

range, at a given frequency, for a given field polarization. 

Theoretically it would be possible to calibrate rf radiation monitors in far-zone, 

plane-wave fields at all frequencies and levels; however, the transmitter power required to 

produce intense fields (up to 200 V/m and higher) would generally exceed 1 kW. An 

alternative approach is used at NBS in which lower-power rf sources of 20 to 200 W are 

adequate. It involves calculation of the field intensity within a transmission line or in 

the near zone of a transmitting antenna. The probe to be calibrated is inserted in this 

field of known magnitude. The optimum instrumentation for generating a standard 

(calculable) field depend on the frequency, intensity and required accuracy. Some 

techniques being used at NBS are described briefly in this report for three different 

(overlapping) frequency ranges. 

(a) TEM Cells, 100 kHz to 450 HHz. 

At frequencies up to about 450 MHz, a transverse electromagnetic (TEM) cell is a 

convenient device for calibrating a radiation monitor. This type of calibrating 

chamber consists of a large 'coaxial" 50 ß transmission line in which the center 

conductor is a flat metal strip and the outer (grounded) conductor has a rectangular 

cross section [15,16,17,18,19], At frequencies sufficiently low so that only the 

principal wave (TEM mode) will propagate through the cell, it produces a fairly uniform 

EM field which can be calculated easily and quite accurately. Both the E and H field 

magnitudes are given in terms of the plate spacing and measured voltage or throughput 

power. The standard field is then used to calibrate a radiation monitor directly, or 

to calibrate a small dipole probe for use as a transfer standard. 

A block diagram of the instrumentation used to produce a standard field in a TEM 

cell is given in figure 14. The electric field strength at the calibrating point shown 

(midway between the center conductor and bottom of the cell, and midway between the 

input and output connectors) is given by the equation 

1     D  HP [  ' 

where  E - electric field strength, V/m, 

V = voltage between the center conductor and outer walls of the TEM cell, V, 

D ■ distance between the center conductor and bottom of the cell, <n, 

P - ^ower conveyed through the eel 1, W, and 
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50 « characteristic Impedance of the transmission cell and resistance tf •* 

cell termination, ohms. 

Two TEM cells are used at NBS to cover the lower frequency bands. The lirop* ■»** 
has a 0.6 m x 1 m cross section and a length of 2 meters. The value for D in «* v$ ts 

thus 0.3 meters. This cell is accurate for frequencies up to about 150 MHz, bvt <*** 

this frequency higher-order waveguide modes may cause errors. This is si«ilar ** ** 

unwanted resonances which occur at higher frequencies in shielded rooms. A SAT'*1
* 

cell with a 0.2 x 0.3 m cross section can be used in the 150 to 450 MHz band, b*C »* 

EFM-5 probe causes some field enhancement in such a small cell. Appropriate 

corrections should be made in this case, as explained later. 

(b) Waveguide Cells, 300 to 1100 MHz. 

In this frequency range, rectangular-waveguide transmission cells are convene* 

for use as calibrating chambers. The E and H magnitudes can be calculated 

approximately in terms of the guide dimensions, frequency and power flow 

[15,17,20,21]. NBS makes use of three waveguide cells to cover the 300 to HOC *^ 

range. Each cell has a rectangular cross section with a width-to-height (aspect Tl*;,° 

of two-to-one. A block diagram of the instrumentation is given in figure 15. ^* 

upper frequency in each guide is limited to that in which the operation is in t** 

dominant TEJQ mode. In this case the direction of the E-field vector is across X** 

narrow face of the guide, and the magnitude at the guide center is given by the 

following two equations: 

w 

2 = 

E -| m, & 

377 

/ "(f): 

where   E = electric field strength, V/m, 

w « width (larger side) of the 2-to-l waveguide, m, 

P ■ power conveyed through the cell, W, 

Z - wave impedance in the cell, ,., and 

F = frequency, MHz. 

for a given transmitter power, a higher field intensity will De proüuced >" ■' 
waveyuide cell than in a 50 u  TEM cell or by a radiating horn, because the wave 

impedance is higher than 377 u.    However, the uncertainty of the calculated field "' 

waveguide is rather large, up to 2 dB at certain frequencies. It is thus neces^"? l0 

check the field strength with a short dipole probe which is known to be flat over ,he 

frequency band in use [15,17]. By this procedure the magnitude of the calibrating 

field can be established with an  uncertainty of ♦ 0.5 dB. 
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(c) Anecholc Chamber, 200 to 4000 MHz. 

The main approach used at NBS to generate a standard field at frequencies above 

200 MHz Is to calculate the radiated Intensity In the near zone of standard-gain 

antennas, within a small anecholc chamber. A set of two rectangular open-end-guides 

(OEG's) is available to cover the 200 to 500 MHz range, and a series of five 

rectangular pyramidal horns is«used from 450 to 4000 MHz. To calibrate an EFM-5 

monitor, the probe sensor is placed in the beam center of the radiating 0EG or horn, at 

a measured distance from the antenna aperture to the center of the EFM-5 sensor. The 

on-axis field Intensity is calculated in terms of the net power delivered to the 

transmitting antenna and the calibrated gain of the pyramidal horn or OEG "launcher" 

[15,17,22,23,24,£5,26]. 

Figure 16 is a sketch of the Instrumentation used to calibrate a radiation 

monitor, or to plot the pattern response of a probe. The field intensity in the center 

of the beam is calculated, at each frequency, using power equation techniques. Figure 

16 does not designate any specific brand of equipment; however, all of the 

instrumentation is readily available commercially except for the large OEG launchers. 

The value of standard field is given by the equation 

I * 5.475 M 
(11) 

where     E »     on-axis magnitude of the radiated f^eld, V/m, 

P *     net power delivered to the transmuting horn or OEG, W, 

G -     caliurated gain of the transmitting antenna, including appropriate near- 

zcne correction factors, and 

d *     distance from the horn or OEG aperture to the calibrating field point 

(center of probe sensor), m. 

Accurate standard fields of high intensity can be produced near a transmitting 

antenna, even w"'th low power,  if the near-zone gain cf the antenna is known 

accurately.    Simple algebraic equations are given later for calculating the near-zone 

'Uin,  inducing trie restriction on minimum distance for which eq (11)  is accurate. 

However, an explanation  is given here of a  "bootstrapping" technique to achieve a more 

intense  field at  distances which are so clase that  the value of borr, gain, G in eq 

(11),   is not known accurately.    When using  this  approach,  the [f'M-5 probe being 

calibrated  is used as a tewpoiary transfer device to achieve a "boost" of  10 tc 20 dB 

in field strength. 

The bootstrapping method can be describee: as  follows.    A strong stradard field is 

produced by using the naxi<a«a transmit!ir pewer available and the closest distance for 

which the horn gain is known accurately.    The probe response for this field intensity 

is noteo.    The transmitter power  is theft reduced by exactly  10 d8  (1/10 of  its previous 

valus) and the distance between the transmitting antenna, and probe is decreased until 

the probe response returns to its previous  (noted)  value.    The?' the transmitter power 

is increased 10 dB to its original  value, producing * known field intensity which is 
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10 dB greater than that obtainable by the use of eq (11) alone. 

The effects of multipath reflections 1n the NBS anecholc chamber have been 

analyzed and are taken Into account for each experimental setup and frequency. 

Briefly, this Involves an envelope-averaging process, making use of a movable cart on 

rails In the anechoic chamber [23,24,26,27], An X-Y plot of the probe response vs 

distance is made at each calibration frequency, using the instrumentation of 

figure 16. Because of near-zone variations in horn gain and rf reflections within the 

imperfect anechoic chamber, the probe response curve has a small "sinusoidal" variation 

in amplitude superimposed on the (E vs 1/d) response. Increased probe response occurs 

when the direct and reflected rays arrive 1n phase, and decreased response when they 

are out of phase. The true, corrected response corresponds to the smoothed curve 

obtained by averaging the lower and higher points on the X-Y plot of measured E vs 

1/d. It could be mentioned that the small "invisible" probe of the EFM-5 experiences 

very little multipath interference with the transmitting horn. This can be seen by 

examining figure 20, in which the "sinusoidal" amplitude variation Is greater at larger 

distances from the horn aperture. By contrast, larger variations in response usually 

occur at very close distances when measuring the gain of two horns, caused to a great 

extent by horn-to-horn interactions and reflections. 

(1) Gain of Open-End-Guide Launchers, 200 to 500 MHz. 

Early work to determine the field pattern and gain of large OEG radiators, both 

theoretically and experimentally, is described in reference [22]. An equation giving 

the gain of open-ended waveguides as a function of frequency and aperture dimensions 

has been determined experimentally at NBS. The original data for this equation comes 

from a two-antenna calibration using two "identical" opsn-end guides [25]. Later 

calibrations have been made with two specially-fabricated OEG's, each having a length 

of about 2 m. The larger OEG has an aperture of 91.44 x 45.72 cm (36 x lr inches) and 

the smaller is 53.34 x 26.67 cm (21 x 10.5 inches). All the OEG's used at NBS have a 

2-to-l aspect ratio. In this case, the equation for calculating the antenna gain is 

GAIN = 21.6 Fw, or (12a) 

GAIN, dB • 10 log (rw) + 13.34, (12b) 

where  F • frequency, GHz, and 

w » width (larger side) of the 2-to-l OEG, m. 

Equation (12) is accurate to t 0.5 dB if the distance, d, from the OEG aperture to 

the field point is greater than double the width, w. It could be noted that the 

near-zone corrections for an OEG are much less than those of a pyramidal horn, for a 

yiven distance and frequency. However, an OEG generally has a higher voltage-standing- 

wave-ratio (VSWR) than a horn and the sinusoidal ripple on the X-Y recording, caused by 

chamber wall reflections, is generally greater at the lower frequencies used for an OEG 

antenna. Figure 17 is a plot of measured gain values as a function of distance in the 
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Figure 17.   Graph of WR-2100 OEG gain vs distance at 500 mz. 

Figure 13.    Sketch of a pyramidal  horn showing the pertinent dimensions. 

48 



:.';' i 

anecholc chamber.   For purposes of comparison with pyramidal horns, Hie crra*» set* 

Is the same as that of later figures 19 and 20. 

(2)   Gain of Pyramidal Horns, 450 to 4000 MHz 

Calibrating fields above 450 MHz are produced In an anecholc chamber fe * scries 

of standard-gain pyramidal horns.   A complication known as near-zone gal« reaact«« 

applies to calculation of field strength very close to a transmitting anteau.   »»'** 

a far-zone field or a field traveling In a waveguide, the EM field across a I*»"» 

aperture has a somewhat spherical  (rather than planar) wavefront.   The plus« as t*t «• 

of the horn lags that at the center, causing a non-equlphase front across the aftrf*» 

which reduces the effective gain In the near-field (Fresnel) region.   A further 

reduction occurs, even for an equlphase aperture, due to the difference i« rfistamc» 

between the various elements In the radiating aperture and the on-axis field ■•'■* '■ 

question.   Both of these "defects" reduce the field Intensity to less than that 

predicted by the simple Inverse-distance relation of a far-zone source. 

The authors have generated simple polynomial expressions to determine the «*r- 

zone gain-reduction factors, RH and R£, for pyramidal horns [15].   The pertinent horn 

dimensions used in the equations are shown in figure 18.   The procedure invol*« a 

computation of the intensity produced by an 1n-phase aperture and then applyins ** 

near-zone correction factors.   The values of these gain-reduction factors depend o* 

frequency, horn dimensions and distance to the on-axis field point.   The two gai»- 

reductlon factors, RH and R^, are given by 

RH ■ (0.01a )  (1 ♦ 10.19a ♦ 0.51a2 - 0.097a3), 

,2s 

where 

RE ■ (O.lu') (2.31 ♦ 0.0536), 

m h • i] -. • (s) 

(13a) 

(1») 

H 
a,b,lH and 1E » horn dimensions of figure 18, m, 

F « frequency, GHz, and 

d * distance from the horn aperture to the field point.m. 

The theoretical gain of the horn, near zone or far zone, is *.¥er.  given b> 

<-p, - V" GAIN =  (113.3 a b F*) 10 .  or 

GAIN, dB * 10 log (ab) ♦ 20 log F ♦ 20.54 -RK -R£. 

v:4a) 

(14b) 

The above equations have been checked experimentally using several different standard- 

gain horns covering the frequency range of 450 to 4000 MHz.    The horns were also calibrated 

at NBS by the well-known, three-antenna method [23,24,26] and these gains compared with that 

given by eq (14).   for distances greater than 0.5 m, the difference between the 
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experimentally calibrated gain and the value calculated from eq (14) was less than 0.5 dB. 

Plots of horn gain vs distance are shown 1n figures 19 and 20, comparing the theoretical 

curve with measurements made in the NBS anecholc chamber. The SGH-0.5 standard gain horn 

used for figure 19 has the following measured dimensions: a = 122.5 cm, b = 90.75 cm. 1H - 

142.0 cm and 1£- 121.3 cm. Tile SGH-0.75 horn used for figure 20 has the following 

dimensions: a = 82.78 cm. b = 61.18 cm, and 1H = 94.3 cm and 1£ = 81.2 cm. 

6,2 Calibration of the EFM-5 Response as a Function of Fr^encv and Field Tensity 

The calibration of a radiation monitor consists of comparing the field intensity 

indicated on the dial with the correct value, at each desired signal frequency and field 

level. To accomplish this, the probe is Wsed in the standard field (known level) of a 

calibrating chamber, as described in section 6.1. A 0.6 x 1 m TEH cell is generally used 

for frequencies up to 150 MHz. Radiated fields in an anechoic chamber are generally used 

for calibrating at frequencies from 200 to 4000 MHz. 

During a calibration the EFM-5 probe is mounted with dielectric supports on an antenna 

rotator/positioner. The polyfoam sphere of the probe is located at the point indicated In 

f,gure 14 for a TEM cell, or on the boresight of the transmitting antenna in figure 16. The 

field strength in a TEM cell is calculated from eq (8); the intensity of the transmitted 

beam 1n the anecholc chamber is calculated, at each frequency, from eq (11). The proper 

gain value to use for the latter equation, at any distance, is obtained from eq (12) or 

(14). For a routine calibration of an EFM-5. the response is measured at the desired 

frequencies, checking several levels at each frequency. For example, if 10 and 100 V/m 

levels (20 and 40 dBV/m) are requested, the EFM-5 RANGE switch would be in its most 

sensitive position (1-10 V/m) for the lower level and in the middle position (10-100 V/m) 
for the higher value. 

The EFM-5 probe is generally mounted in the TEM cell or anechoic chamber with the probe 

handle aligned at the "analytic angle." The analytic angle is defined as the angle which 

the diagonal of a cube makes with the three intersecting edges at one corner of the cube. 

It ,s also the angle at which the probe handle makes equal angles with the E-field vector. H 

vector, and Poynting vector. For each calibration point (given frequency and intensity) the 

probe ,s held at the analytic angle and rotated 360« on an axis through the probe handle. 

An X-Y recording is made of the probe response vs rotation angle. A separate plot is «de 

for each individual channel of the probe (X. Y or Z) and a fourth plot is ,nade with the 

ANTENNA selector switch in the TOTAL position. The latter recording corresponds to the 
usual Isotropie response of the probe. 

One critical test of probe isotropy (non-directivity) is to record, separately, the 

response of each of the three dipoles as a function of field orientation. For this test, 

the probe handle is set at the analytic angle and the probe is rotated axially in the test 

field. At 120* intervals in the rotation, one dipole of the probe will be parallel to the E 

vector (maximum response) and the other two dipoles wi11 be perpendicular to it (minimum 

response). For example, a calibration curve is given in figure 21 for a frequency of 

100 MHz and field intensity of 10 V/m. The curves show the separate dipole responses, each 
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Figure 19. 

I t • 4 

DISTANCE FROM HORN APERTURE. METERS 
Graph of SGH-0.5 horn gain vs distance at 500 MHz. 

Fi 
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gure 20.  Graph of SGH-0.75 horn gain vs distance at 1000 MHz. 
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but should tqu«' ltP0 when the 

of which should Ideally peak at the standard field wl» ^ |fcJ RS$ output for 
dlpole Is oriented orthogonally to the E field.   The JUf» ^ |§#n fB f1gurt 21, the 

total E (upper line) for normal operation of the EFM-5 "J     *     thf T0TAL poiWon, was 
MXIMI response for a 10 V/m field, «1th the ANTENNA I»» lMft d„v/(n at a rotat1on 

20.25 dBV/m at a rotation angfe of 340°.   The minimum »«■•"■ 

angle of 240». rlH»«M*i c»rVf 1n "*"" "'   " 1S 

The following procedure was used to obtain thf ^ Mfj| ,,rKtd1ng each probe 

recorded that this type of »checkout" calibration I» »» 

calibration. ,. 
u mOmtM Nfort il«rllng the 

(1) Turn the EFM-5 power switch ON at least IB W»«1 

calibration. ^ tl«ir«ite package of the 

(2) Note:    It Is recommended that all the Of-*»» *        ^rr|) |prü(flg of the 
EFM-5 be zeroed.   Otherwise 1t 1s possible IM^ ^ fri)f)t ^ 

instrument has drifted outside the rang* of *T   ^ ^ ^ t|w lhrff electronic 

control.   The necessary procedure for «rol*   ^^ ^ 

circuit cards of the metering unit 1s give"   " ^ ^^ ^ J(X) MH2 fn 

(3) Set up the Instrumentation of figure 14 to oM«<» • 

the 0.6 xlmTEM cell. ^ tn, „nalyMc angle. 

(4) Mount the probe In the TEM cell with thf h«m1 • ^ ^^ ^ ^ x_ 

(5) With no power Into the TEM cell, rotate II» *»*■ ** ( (hp j|R0 control for 

channel position, depress the PUSH TO WW »«*• 

no indication of the meter. , f4Hbrat ing level.   For 

(6) Adjust the intensity of the standard field to i» * ^ ^ ,r*,»mlttfr |>ower 

the initial check point at F - 100 MH; *•*' ' *        ^,'„„.,1*1 voll «rU'r. 

should be adjusted to obtain a true 3 volt* ««    " '  ^ ^ 

(7) Rotate the probe axially (manually) until 

corresponds with 0° on the X-Y record.'- . rotation 
..   ...!».   I'»»'1 k     ,( 

(8) Recoil the pattern response of the X on.'"- ■  ' .,.,. ,,,-Ki witm- .««  i1" 

angle.    The response should ide.'.'h  I*'-,V '"   '' ,   ,.:l .„ .,(   .mole* of  120c 

rotation angle.    The indication >>v..l>' 

H .   j>;\   .,1   .(!    ,tMOt«*> 

. ,.    ,.-   |t«'   I     ",'1''   (Hlt 

and 2*0°.    At  120° the X Channe'  Ji»vl«-  ^  •"" •''   ^ ^    ^   ,,v, |V,,.,,..!u „lar to 

parallel  to the N field.    At 2*C the v «".»-*<•   ^''s 

the E field but parallel to the pr*Watu«< ^,,>''      ^ ^   #   ^^ aJow> 

(9) Repeat the response recordings for the » *'"*"      My ^h mv»V"N. 

leroing the meter with the frort panel «V*t»V. ' «qnltude of 
v. to oM-"'' l> 

(10) Rotate the ANTENNA switch to the TOTAl  (V° ^ ^   ^^, ,hf IKvr*jl 

all free channels.   Re-jero thf «ter i» **yvX' 

isotrope response pattern. 
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Figure 21. Response pattern of an EFM-5 antenna at 100 MHz and 10 V/m, 
with the probe handle at the analytic angle. 
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Figure 22. Instrumentation for measuring various response 
patterns of an rf radiation monitor. 
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This completes the Initial calibration check point. The remainder of the calibration 

points are obtained In a similar manner. Selection of the proper calibrating chamber Is 

determined mainly by the frequency, as explained In section 6.1. The desired calibration 

data generally consist of the maximum and minimum values from the X-Y recording. In some 

cases the average value of meter indication as a function of probe rotation angle is 

requested. It is then necessary to digitize the recorded curve and calculate the average. 

The instrumentation for the 0.6 x 1 m TEM cell at NBS makes use of a 200 W linear 

amplifier, so it is possible to obtain field levels up to 50 dB V/m (about 300 V/m). A 1 kW 

rf amplifier is also available to generate fields exceeding 300 V/m. However, this large 

water-cooled amplifier is seldom used because it is not portable and operates only over the 

frequency range of 100 kHz to 200 MHz. 

If higher field intensities are required at frequencies above 150 MHz, the smaller 

0.2 x 0.3 m cell can be used. In this case the maximun achievable intensity with the 200 W 

amplifier is 60 dBV/m (1000 V/m). It could be noted that the small TEM cell has greater 

uncertainty in its calculated field values than the larger cell. However, a decrease in 

uncertainty can be achieved by using the EFM-5 as a transfer probe. The procedure is 

described as follows. The indication on the EFM-5 dial at a calculated field level of 

40 dBV/m in the large cell is noted. The probe is then "transferred" to the small cell and 

the transmitter power is decreased and adjusted to obtain the same "noted" response. In 

this manner a more accurate field intensity is obtained than that produced by relying only 

on the voltmeter setting, because the 0.2 x 0.3 m cell is physically so small that the 

presence of the probe dipoles causes a slight enhancement of the electric field. 

Calibrations at frequencies above 200 MHz are  generally made in the anecholc chamber. 

Producing any desired intensity up to about 200 V/m (10 mW/cm2) at any given frequency is 

described in section 6.i c. The accuracy of the standard field at any location in the 

anechoic chamber can be verified, at each frequency used, by means of a small transfer probe 

which is flat vs frequency across the band being checked. A probe used for this purpose at 

NBS consists of a calibrated dipole of 2-cm length. For each check of the standard field 

value, the EFM-5 probe is removed from the field point and the transfer probe is placed at 

the same location in the chamber. 

An estimate of the overall calibration uncertainty is given as follows: 

(1) The largest source of error in an EFM-5 calibration is uncertainty of the standard 

field value in the TEM cell or anechoic chamber. The greatest uncertainty in the 

TEM cell is due to field enhancement caused by the probe, especially when using 

the 0.2 x 0.3 m cell. The greatest possible error in the anechoic chamber is due 

to uncertainty in gain value of the various transmitting antennas. The estimated 

maximum error is i 0.5 dB, which occurs at the close distances required to produce 

a strong radiated field (200 V/m or higher) in the anechoic chamber. 

(2) Other sources of calibration error are uncertainty in the magnitude of multipath 

reflections within the anechoic chamber, or perturbation of the field in the TEM 

cell by the probe leads, etc. These possible e-rors are  estimated to be less than 
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t 0.2 dB. 

(3) Other sources of calibration uncertainty are associated with antenna alignment, 

measurement of antenna separation distance or TEM cell plate spacing, and NBS 

calibrations of the various Instruments used. These include voltmeters, 

directional couplers, and incident and reflected power monitors. The overall 

error due to these latter sources is estimated to be less than ± 0.3 dB. 

(4) Ä possible source of calibration error is drift from "zero" indication of the 

meter, especially if the ambient temperature is changing or if the meter has not 

been turned on for a sufficient length of time. 

The overall worst-case uncertainty of the calibration is the simple sum of those listed 

above, or + 1 dB. 

6.3 Measurement of Antenna Isotropy and Other Performance Tests 

Figure 22 is a sketch of the instrumentation used to produce an EM field in the 

anechoic chamber for evaluating various response patterns of an rf monitor. Such patterns 

of an isotropic probe may be measured for several angular configurations [28,29]. For 

example, six types of amplitude-vs-angle patterns can be identified, as follows: 

(1) E-plane response pattern, -90° to 90°. This pattern is obtained if the rotation 

angle of the probe handle is fixed (no axial rotation) and the horn is oriented as 

shown in figure 22. The probe handle and dielectric support are rotated around 

the semicircle from -90° to + 90°, as indicated, while the probe sensor remains at 

a fixed location and distance with respect to the radiating horn. 

(2) H-plane response pattern, -90° to + 90°. This pattern is obtained in the same 

manner as the E-plane pattern except that the transmitting horn has been rotated 

90° around its propagation axis. In other words, the E and H vectors have been 

interchanged. 

(3) Axial rotation of the probe on an axis through the center of the handle, 0° to 

360°. 

(a) Probe handle oriented parallel to the direction of energy propagation, S, 

where 5 = £ x H = Poynting vector. In this case the probe sensor is pointing 

toward the center of the radiating aperture during the axial rotation of the 

probe. 

(b) Probe handle oriented parallel to the E vector. In this case the probe 

handle is oriented at either +90" or -90°in figure 22, during the axial 

rotation. 

(c) Probe handle oriented parallel to the H vector. This pattern is obtained in 

the same manner as (3b) above except that the transmitting horn has been 

rotated 90° around itr propagation axis. 
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(d) Probe handle oriented at the analytic angle, as defined and discussed ir th 

previous section. e 

Response patterns have been recorded for the EFM-5 probe for several of the above 

configurations, over the frequency range of 100 kHz to 4 GHz. The pattern obtained with 

probe handle fixed at the analytic angle is the most critical test of probe Isotropy. if * 

rf monitor has switches for reading the three field sensors Individually, the test can be 

used to analyze the overall probe quality, as discussed 1n section 6.2. This 1s the orlgi 

of the term "analytic angle." The pattern obtained In (3d) above 1s the easiest method to 

demonstrate experimentally whether a probe Is truly Isotropie. From past experience in 

evaluating the response vs orientation angle of rf radiation monitors, It is known that an 

Isotropie response will be achieved If: (a) the three dlpoles have separate "maximum" 

responses which are equal in amplitude but displaced 120° from each other on the X-Y 

recording, and (b) the three "minimum" responses In the recording have zero amplitude, or 

are at least 30 dB below the maximum value. Note that the three dlpoles in each EFM-5 

prototype antenna have been adjusted for equal response at a frequency of 100 MHz and a 

field level of 10 V/m. It is assumea here that accurate signal processing has been achieved 

1n obtaining the Hermitian magnitude of the three orthogonal signal components. 

The electronic circuitry of NBS radiation monitors has been Improved and the newer EFM- 

5 has a more balanced input. This was done to provide as much rejection to the common-mode 

input signals as possible. A common-mode rejection ratio (CMRR) of 50 dB or better is 

obtained for common-mode frequencies up to 1 kHz. The susceptibility of the measuring 

dipoles to common-mode voltage on the transmission line Is a function of the electrical 

symmetry or balance of the dipole with respect to the transmission line or any nearby 

ground plane. If perfect symmetry exists, there will be complete common-mode rejection. 

One method to obtain an indication of dipole unbalance Is to place the probe in a 

vertical electric field produced above a large metal ground plane at an outdoor field 

site. The probe handle is mounted on an antenna rotator/positioner and oriented at the 

analytic angle. A given dipole is aligned vertically to measure the vertical field 

component. If an antenna unbalance exists, the rf voltage appearing across the dipole gap 

will be the vector sum of the desired (differential) field-induced voltage and any common- 

mode voltge caused by the transmission line. If the probe is then rotated axially through 

120° from its previous position, the dipole will be orthogonal to the E field but the 

common-mode voltage will remain the same. This prevents the meter indication from dropping 

to zero,  indicating poor CMRR. Performance tests have been conducted on two EFM-5 monitors 

at a few frequencies, but additional systematic tests are  planned to check antenr.a balance 
and CMRR. 

Any electrical coupling between the plastic transmission line and a measuring dipole 

can be demonstrated by a method similar to that described in the previous paragraph for 

checking dipole unbalance. For this test the dipole 1s aligned parallel to the vertical 

field vector and the EFM-5 meter indication is noted. The position occupied by the 

transmission line is then changed radically. Any change in indicated field strength is due 
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to Interaction of the line with the EM field being measured. 

It is planned to make further performance tests at NBS of the EFM-5 Instrument, for 

example to determine the magnitude of the CMRR at several frequencies and to measure the 

effects of ambient temperature, especially over the range of 15° to 25°C. The latter tests 

will be made at various frequencies and probe orientations with respect to the E field. 

Another planned test is to determine the amount of case leakage vs signal level and 

frequency. These tests will include the effect of ambient temperature on the sensitivity of 

the detector diodes in the probe and on the varistor shaping curve. However, sufficient 

field tests have already been made to ensure adequate performance of the radiation monitor. 

7. PARTS LISTS AND COMPLETE SCHEMATIC DIAGRAMS 

) 
/ 

TABLE 3 
PARTS LIST FOR THE PREAMPLIFIER BOARD 

Description Quantity 

Resistor, 9.09 to 3 

Resistor, 22.1 to 6 
Resistor, 51.1 to 6 

Resistor, 100 to 3 
Resistor, 10 Mn 6 

Potentiometer, 500 to 3 
Capacitor, 10 uF, 25 V, Tant. 2 

Diode, type 1N4143 15 
Amplifier, IC, type 3527 BM      6 

Amplifier, IC, type 3627 BM      3 
Switch, type HI 201 1 

Socket, PTFE, 8-pin 9 
Socket, DIP, 16-pin 1 

Circuit board, two-sided 1 
Test point terminals 4 

TABLE 4 
PARTS LIST FOR THE SHAPING BOARD 

Description Quantity 

Resistor,  10 to 12 
Resistor, 20 to 3 
Resistor,  100 to 5 
Resistor 10 Mn 4 
Resistor 22.1 Mn 1 
Potentiometer, one turn, 1 to 1 
Potentiometer, one-turn, 10 to 1 
Potentiometer, one-turn, 100 kn 6 
Potentiometer, one-turn, 1 Mo 1 
Potentiometer 20-turn, 20 kn 3 
Potentiometer, 20-turn,  100 kn 4 
Varistor, type 432BNR-101 3 
Capacitor, 39 pF 1 
Capacitor, 10 pF 2 
Diode,  type 1N4153 10 
Amplifier,  IC, type 0P20 3 
Amplifier,   IC,  type 3527BM 1 
Switch,  type AD 7502 3 
Socket,  PTFE,  8-pin 4 
Socket,  DIP.   16-pin 3 
Pluy, DIP,  8-pin 6 
Connector terminal 7 
Circuit board,  two-sided 1 
Test point  terminals 5 
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Description 

Resistor, 132 n 

Resistor, 511 a 

Resistor, 1.82 kß 

Resistor, 2 kß 

Resistor, 6.19 k a 

Resistor, 20 ka 

Resistor, 43.2 ka 

Resistor, 51.1 ka 

Resistor, 56.2 kß 

Resistor, 90.9 kß 

Resistor, 100 kw 

Resistor, 200 Icß 

Resistor, 1 Hi 

Resistor, 2.21 Hi 

Resistor, 4.75 Hi 

Resistor, 10 Hi 

Resistor, 15 Hi 

Resistor, 22.1 Hi 

Potentiometer, one-turn, 1«) ka 

Potentiometer, 20-turn, 500 a 

Potentiometer, 20-turn, 10 ka 

Potentiometer, 20-turn, 20 kw 

Potentiometer, 20-turn, 1 Hi 

PARTS LIST 

jantltj 

2 

2 

1 

1 

TABLE 5 
FOR THE LOGARITHM BOARD 

Description                           Quantity 

Capacitor, 500 pF 2 
Capacitor, 0.01 uF 1 
Capacitor, 0.033 yF 1 
Capacitor, 0.1 pF 2 
Capacitor, 0.33 uF 1 
Capacitor, 1 pF 2 
Capacitor, 10 uF 1 
Diode, type HP 2800 2 
Diode, type 1N4153 4 
Amplifier, IC, type TL061 2 
Amplifier, IC, type TL084 2 
Transistor, type 2N3904 1 
Transistor, type 2N5245 1 
Logarithm module, type TP4357 1 
Switch, type HI5042 1 
Switch, type HI201 1 
Socket, DIP, 8-pin 2 
Socket, DIP, 14-pin 2 
Socket, DIP, 16-pin 2 
Socket,  for logarithm module 1 
Circuit board, two-sided 1 
Test point terminals 3 
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TABLE 6 
PARTS LIST FOR THE POWER SUPPLY 

AND ON/OFF/CHARGE SWITCH 

Description 

Resistor, 100 a 

Resistor, 1 ka 

Resistor, 2.2 kfl 

Resistor, 4.7 ka 

Resistor, 1 ku 

Potentiometer, 1 Hi 

Capacitor, 0.01 uF 

Capacitor, 1 pF 

Diode, type 1N4004 

Diode, type 1N4153 

Diode, Zener, type 1N5232 

Diode, light emitting, 
type HP 5082-4484 

Transistor, type 2N4919 

Transistor, type 2N4922 

Operational  amplifier,  IC, type 741 

Voltage regulator, ♦ 15 volt, 

TABLE 7 
ADDITIONAL PARTS FOR THE EFM-5 

RADIATION MONITOR 

Quantity 

2 

type 7815 

Voltage regulator, 
type 7915 

15 volt, 

Voltage regulator, ♦ 5 volt, 
type 7805 

Power supply module, jlS volt DC, 
150 mA 

Power cord,  U5V AC 

Chassis plug,  115V AC 

Fuse holder and fuse, 3/4 amp 

Switch, wafer, 6 pole-triple throw 

Circuit board 

Battery, Ni Cd,  rechargeable, 
sue AA 

Description 

Probe unit (see section 4.2) 

Resistive transmission line 
(see section 4.3) 

Case, metal 

Front panel 

Resistor, 511 a 

Resistor, 500 ka 

Potentiometer, 100 ka 

Meter, 200 uA, with modified dial 

Switch, wafer, triple pole- 4 throw 

Switch, wafer, triple pole- 
triple throw 

Switch, wafer, 4 pole - 4 throw 

Switch, toggle, single pole- 
double throw 

Switch, push type, double pole- 
double throw 

Socket, chassis type, 9 pin 

Quantity 
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Flqure ?3.  Schematic diagram of the preamplifier hoard. 
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«.   ALIGNMENT AND ADJUSTMENT PROCEDURE 

This section descMhar »i^ 

internal potentiated T^ f0r mak1ng thC (1"1t1al) adJustments of the 

setting control,, and lol^T ^^ ""*'    & add1t1°n t0 op-"p 2er0in9* Sa1n" 
order to produce the <T~ adjustments, a «shaping- operation Is performed in 

Unear processing „ ZZtT'.lT'"™ " * fUnCtl0" °f f1eld 1ntCnSit^   Th1s no"- 

at NBS to perfo« t\JT?   °7    ' ^"^ ^ ab°V6 10 ^   The fre"uenc> chose" 
field setup is aceIJZ ' * 10° "^   "S mentj°ned previously, the standard 

essentially flat     i„ C°nVCn1ent * ^ ^"'^ "" the EFM"5 response curve '« 

nonlinear adder'c^Z"^' ^ ShaP1"9 Pr°CedUre 1nV0lV6S a" 1terat1ve ad^tment of the 

accuracy.   That 1,   M     \        **** Cha"ne1, t0 dCh1eve an optlmi,n overa11 ^out 
strength over the L.i""   °*t'P$ are set to achieve ""'nimum error in indicated field 

The first 7 *eaSurement "nge of 1 to 1000 V/m. 

-nonitor) Jto W^L^"9 Pr°CedUre ^ d1S° ln a ca1ibrat1on °f the radiation 

zero-field (shielded» , °P"an,PS *" ^ meter1n9 MBtt"   The probe antenna must be in a 
chamber.    The bask     'n¥1r0nB,ent for th1s steP. for example within a TEH cell or anechoic 

controls and sh.pl ,     IT ^^ **" ,W0,m adJUStTOnt of the reiving gain 

for each of ÄTT    ?" "* "" *"'"* ** ""^ fWd «™^ "'«■ 
with the EFM-5 „roh. i '** 1SOtrop1c antenna-    The shaping adjustments are made 

instrumentation shoirr " "" "^ e1eCtHC f1eld °f a TEM ce" • us1"9 the 
a 0-6 x 1 - TEM cell J, " ^ deSCHbed 1n SeCtl0" 6-K    For an rf P°"r * 200 W. 
0.2 x 0.3 m eel, Julj" "'" ^^ Up t0 about 5° ™<<« (316 V/m). and a 

There are th * "P t0 M dBV/m (10°° V/m)' 

teen designated    "IT"'"' ^^^ ^^ *""* '" the meter1n9 un1t'    Tne* have 

logarithm board.    Figures T*"''    ^ Preampl1fier board' <b> shaP1n9 board, and (c) 
the internal  align™, „ ,    \     ** * 9lVe phot°9raphs of these three main boards showing 

used to make the amp, tl " ^ ^^ "" P°1ntS-    The f°Uo^ proced^ ^ 
indication which  U „       ^P'"9 adJ"Stments within the metering unit, producing a meter 

above 1 v/m.    NOTE-     T      "" t0 "" *" V',Ue °f the WaSured E field as "pressed in dB •    «e'er to figure U  for a skelch of the ^ frQf)t ^^ 

Ä^;eroh,lf IT 0FF/CHARÜL/0N ^ —h '" '* ™ P-^tion. check 

on the „*ter fc """ WVe"*nU    " ^""^ ddJUSl  the Stre"  ,ocated 
,tler h0us,na 'o obtain a  ;ero dBV/n, indication. 

littery check      u<tt, .k 

«ntr^T" >>0Wer SWUCh 1n thC °N P0SU<0n and no 11S V cord plugged 
C       :"' Ch^ «« bat-- »'t-.     I' the earning lED ,0Cated abo!e 

s«ffkl.n»T ^ 9,0W'  U  <ndkateS that  the batter> voU49e is 
PO-r swi c hi P

f
r
h

0Pe^Perati0n °f ^ »»■> -Nation monitor.    Do not  leave the 

batter, ,    ! I °" P°S,ti0n Whe" lhe inStrument  is ~t  in use because the 

' not be enough potential  to light the LED.) 

(a) 

(b) 
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(c) Preliminary setting of the front panel switches and controls. 

(1) Power switch In the OFF position. 

(2) Field Intensity RANGE selector switch In the + 0 dBV/m step, corresponding 

to the maximum sensitivity range of 0 to 20 <1BV/m (1 to 10 V/m). 

(3) PEAK/AVE switch 1n the AVE position. 

(4) ANTENNA channel-selector switch in the TOTAL position. 

(5) TIME CONSTANT switch in the 0.1 SEC position. 

(d) TEH cell setup for zeroing the EFM-5 and producing standard fields. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Mount the EFM-5 probe 1n the 0.6 x 1 m TEM cell at the analytic angle, with 

the sensor sphere located as shown in figure 14. Connect the probe to the 

metering unit via the flexible resistance line. 

Insert a low-pass filter having a cutoff frequency between 100 and 175 MHz 

between the rf source and the TEM eel 1. 

Turn the EFM-5 power switch to the ON position. 

Turn on the rf source at a frequency of 100 MHz. Increase the cell voltage 

to obtain an indication on the EFM-5, recalling that 3 volts corresponds to 

a field strength of 10 V/m « 20 dBV/m. Note: if this metering unit has not 

been aligned previously, it may be necessary to do steps (e) and (f) before 

completing step (d). 

Turn the ANTENNA switch to the X-channel position. 

Set the antenna rotator and X-Y plotter to an angle of 0°. 

Rotate the probe axially to align the X-channel dipole parallel to the E 

field, that is, to obtain a maximum EFM-5 indication. 

Set the field strength to zero (TEM cell voltage * zero) and turn off the 

EFM-5. 

(e)    Zeroing the op-amps on the preamplifier board.    (See figures 23 and 24). 

(1) Connect an external  high-impedance dc voltmeter between test point number 1 

(TP-1) on the pre-amp board and circuit ground.    This permits measurement of 

the X-channel  pre-amp output. 

(2) Turn the ANTENNA switch to the X position. 

(3) Turn the power switch to the ON position. 

NOTE:    for accurate zeroing, the  instrument should be turned ON for at  least  15 

minutes before final  adjustment of the zeroing potentiometers. 

(4) Adjust the X-ZERG potentiometer on the pre-amp board for minimum indication 

on the voltmeter.    The  indication  should be within j 1 mV of  zero 

(0 j 1 rt). 

(5) Turn the ANTENNA switch to the Y position. 

(6) Connect the external   voltmeter to TP-2 for measurement of the Y-channel   pre- 

amp output. 

(7) Adjust the Y-ZERO potentiometer to obtain a voltmeter indication of 

0 l 1 mV. 
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(8) Turn the ANTENNA switch to the Z position. 

(9) Connect the voltmeter to TP-3 for measurement of the Z-channel pre-amp 

output, and adjust the Z-ZERO potentiometer to obtain 0 ±  1 mV. 

(0 Zeroing the op-amps on the shaping board. (See figures 25 and 26). 

(1) If this metering unit has not been aligned previously, Insert an extender 

board between the shaping board and back plane of the metering unit. Set 

all six varlstor potentiometers to approximately their center positions. 

These are the 100 kn potentiometers (Rl through R6) shosm near the center of 

each figure. 

(2) Connect the voltmeter to TP-4 (X-channel mid-amp output). 

(3) Adjust the X-ZERO potentiometer to obtain a voltmeter Indication of 0 

t 1 mV. 

(4) Connect the voltmeter to TP-5 (Y-channel output) and adjust the Y-ZERO 

potentiometer for 0 t 1 mV. 

(5) Connect the voltmeter to TP-6 (Z-channel output) and adjust the Z-ZERO 

potentiometer for 0 ♦ 1 mV. 

(6) Turn the front panel ANTENNA switch to the TOTAL position. 

(7) Connect the voltmeter to TP-7 (adder output). Adjust the front panel ZERO 

control with a screwdriver for 0 + 1 mV on the voltmeter. 

(9) Alignment of the shaping board. (See figures 25 and 26). 

(1) Turn the ANTENNA switch to the X position. 

(2) Connect the voltmeter to TP-7 and adjust the front panel ZERO control for 0 

± 1 mV on the voltmeter. 

(3) At a frequency of 100 MHz, set the field strength in the TEM cell to 20 

dBV/m. 

(4) Check to insure that the probe is positioned at the analytic angle and 

rotated axially for maximum response at a rotator angle of 0°. 

(5) Connect the voltmeter to TP-4 and adjust the X-GAIN potentiometer for 

approximately -300 mV indication. 

(6) Set the field strength to 10 dBV/m. 

(7) Connect the voltmeter to TP-7 and ad; st the adder LO-RANGE gain 

potentiometer for 100 t 5 mV. 

(8) Turn the RANGE switch to the 20  dBV/.7i step. 

(9) Set the field strength to 30 dBV/m. 

(10) Adjust the adder KID-RANGE gain potentiometer for 100 1 S mV. 

(11) Set the field strength to 40 d8V/m 

(12) Adjust the Rl potentiometer for 1 volt ♦ 50 mV. 
(13) Repeat steps (6) through (12), if required, until the voltmeter readings ire 

within the specified values. 

NOTE: this completes the X-channel shaping and alignnent for the lower two field- 

strength ranges. 
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(14) Set the field strength to zero. 

(15) Turn the RANGE switch to the 0 dBV/m step. 

(16) Turn the ANTENNA switch to the Y position. 

(17) With the voltmeter connected to TP-7, adjust the front panel ZERO control 

for 0 i 1 mV Indication. 

(18) Set the field strength to 20 dBV/m. 

(19) Rotate the probe axially to align the Y-axis dipole with the E field, that 

Is, to produce a maximum indication on the voltmeter. This should occur at 

an angle of 120° on the antenna rotator. 

(20) Set the field strength to 10 dBV/m. 

(21) Adjust the Y-GAIN potentiometer for 100 + 5 mV. 

(22) Turn the RANGE switch to the 20 dBV/m step. 

(23) Set the field strength to 40 dBV/m. 

(24) Adjust the R2 potentiometer for IV + 50 mV. 

(25) Set the field strength to 10 dBV/m and turn the RANGE switch to the 0 dBV/m 

step. 

(26) Repeat steps (21) through (24) until the voltmeter readings are within the 

above specified values. 

NOTE: this completes the Y-channel shaping and alignment for the lower two 

ranges. 

(27) Set the field strength to zero. 

(28) Turn the RANGE switch to the 0 dBV/m step. 

Turn the ANTENNA switch to the Z position. 

Adjust the front panel ZERO control for 0 + 1 mV. 

Set the field strength to 20 dBV/m. 

Rotate the probe axially to align the Z-axis dipole with the E field. The 

maximum voltmeter indication should occur at an angle of 240° on the antenna 

rotator. 

Set the field strength to 10 dBV/m. 

Adjust the Z-GAIN potentiometer for 100+5 mV. 

Turn the RAN"" switch to the 20 dBV/m step. 

Set the field strength to 40 dBV/m. 

Adjust the R3 potentiometer for 1 V t 50 mV. 

Set the field strength to 10 dBV/m and turn the RANGE switch to the 0 dBV/m 

step. 

Repeat steps (34) through (37) until the voltmeter readings in  within the 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

above specified values. 

NOTE: this completes the shaping and alignment of all three channels for the 

lower two ranges. 

(40) Set the field strength to zero. 

(41) Turn the RANGE switch to the 0 dBV/m step. 

(42) Turn the ANTENNA switch to the X position. 
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«    *t the ff,M „^ „ a dBV/<_ 
1**1   Rotate the Drob* **i»i.u * 

0-«, th. ,ZL * ■""*" ""t"ter ««"«M« near an «.git of 

W    Set th, „«„ „rewh „ w ^     *• 
iw;   Adjust the adder Hi PIUCT - J 

(49)   Set th. fi VT ga1" "*"•"«*» for 10 i 1 mV. 
In     Ü! Str*n9th * M dBV/»' 

Adjust the R4 gain potentiometer for 1 y t » mV 

^:^::;ii
47!a;u

h;::9h (M) unt11 the voitret<r ™din9s - ^ *< 

M ^^zt^tir^:alignTOnt for the upper rangc- 
(53)    Turn the probe «m*iiu « 

««.«« rot.tor        ' "","" '""",,et,"' ,n'""«'»'. "»r '2»' « «- 

»  «J«t th. RS „1„ potentlonettr for 1 » ♦ SO «V 

f,n, T 
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Set the field strength to 60 dBV/m 

Adjust the R6 potentiometer for 1 y . 50 ,v 

Set the field strength to 40 dBV/T, 

Check the voltmeter indicator  if , 
for 10 t  i mV necessary, readjust the R6 potentiometer 

(«) «epeat steps (61) throuah (fin imM1 .h.  ., f 

above specified values  read,"gS "* WUh1" the 

I'UJ Remove the extender ^ 

of  the metering unit    "" ^^ ^ ^^ *"«  f"t0 ^ *"* ^ 

(61) 

(62) 

(63) 

(64) 



NOTE:   This completes the shaping and alignment of the three channels for the 

three field strength ranges.   The procedure should result in the following 

Indications on the external voltmeter: 

i 
1 ; 

' 

Electric field strength 
1ZÜL     TOT 

1 0 

3.16 10 

10 20 

10 20 

31.6 30 

100 40 

100 40 

316 50 

1000 60 

EFM-5 range 
dBV/m 

0 

0 

0 

20 

20 

20 

40 

40 

40 

Voltage 
TP-7 

at 

10 i 1 mV 

100 i 5 mV 

IV t 50 mV 

10 t 1 mV 

100 t 5 mV 

IV t 50 mV 

10 1 1 mV 

100 ± 5 mV 

IV t 50 mV 

(h) Adjustment of the logarithm board. (See figures 27 and 28). 

(1) With the power switch 1n the OFF position, insert an extender board between 

the logarithm board and the back plane of the metering unit. 

(2) Turn the RANGE switch to the 0 dBV/m step. 

(3) Connect the voltmeter between the output of the buffer amplifier (TP-8) and 

circuit ground on the logarithm board. 

(4) With the field strength set to zero, turn the power switch to the OH 

position. 

(5) With the PEAK/AVE switch in the AVE position, adjust the AVE-ZERO 

potentiometer for 0+30 mV. 

(6) Set the PEAK/AVE switch to the PEAK position. 

(7) Adjust the PEAK-ZERO potentiometer for 20 i 10 snVb that is, +10 to +30 mV. 

(8) Set the PEAK/AVE switch to the AVE position. 

(9) Connect the voltmeter to TP-9. 

(10) Set the field strength to 0 dBV/m (1 V/m). 

(11) Adjust the LOG-ZERO potentiometer for 0 + 1 »V. 

(12) Set the field strength to 20 dBV/m. 

(13) Adjust the LOG-SLOPE potentiometer for 2V + I mV. 

(14) Repeat steps (10) to (13) until the voltmeter readings are within the above 

specified values. 

(15) Set the field strength to 20 dBV/m. 

(16) Adjust the KETER-CAL potentiometer for a ?0 dBV/m indication on the front 

panel meter. 

(17) Set the fvald strength to zero. 

(18) Depress the PUSH TO ZERO button on the front panel and adjust the ZERO 

control for 0 dBV/m indication on the front panel meter. 
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weak lower-frequency fields normally measured with large self-resonant dlpoles and tunable 

receivers.   Thus the capabilities of the NBS and commercial Instruments are somewhat 

different.   For example» the commercial monitors are generally more useful for measuring th 

time-average level of high-power microwave radars, while the EFM-5 Is better suited to 

measure lower-frequency non-pulsed signals. 

The EFM-5 Incorporates other features not commercially available, such as a front pane 

switch to select measurement of either a single E-field component or the RSS value.   The 

EFM-5 also provides a choice of measuring either the time-average signal level or using a 

peaking circuit to measure the peak value, with four selectable time constants.   It Is thus 

possible to measure the peak amplitude of modulated signals - within the 0.3 millisecond 

risetime of the measurement system.   The NBS-designed probe uses Schottky beam-lead diodes 

as the rf detectors.   This type was chosen because they are small, stable, have a high back 

resistance, high breakdown voltage (70 V), high sensitivity, and low temperature 

dependence.   Many commercially available monitors employ thermocouple sensors with a long 

response time and therefore cannot display rapid variations in modulated fields. 

The EFM-5 field strength monitor consists of three units.   The first 1s the Isotropie 

probe having three dlpoles, three diode detectors, and three high-resistance plastic 

twinleads.   All are embedded In a 10 cm diameter sphere, which sets the minimum measurement 

distance at 5 cm (2 Inches).   The second part Is a six-conductor transmission line, also 

made of partially conducting plastic.   This flexible line 1s 1 to 3 m long.   Most commercial 

rf monitors use short-handled probes which make them more susceptible to perturbation by the 

operator when the probe is hand held.   The EFM-5 Includes an extension handle to further 

reduce the operator perturbation when desired.   The third part, the metering unit, contains 

the electronic circuitry, panel controls, batteries and readout meter.   The detected dc 

voltages from the dlpoles are conveyed to high-impedance instrumentation amplifiers.   The 

high input impedance prevents excessive voltage drop on the plastic transmission lines. 

The three detected voltages from the probe are processed eletronically (shaped) and 

summed to produce a single dc voltage which is proportional to the total magnitude of the 

electric field.   This is defined by the equation 

(TOTAL E) • E 2 ♦ E 2 ♦ E 2. 
x        y z (2) 

This is a scalar quantity which relates well to the potential for causing rf interference or 

possible hazard to personnel. Thus the EFM-5 readout indication includes the overall effect 

of al c-field components in the EM wave, of all possible polarizations and arrival 

directions, for all frequencies within the passband of the antenna/filter combination. The 

meter indication on the EFM-5 is linearly proportional to the field magnitude expressed in 

units of dB above 1 V/m (dbV/m). 

The heating of a lossy dielectric material is proportional to the square of the Total E 

as defined above. However, it is generally assumed that the potential for rf interference 

is proportional to the first power of Total E. The power density of an EM field, E x H, is 

a vector quantity relating to power flow in a given direction and it does not necessarily 
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late with the possibility of an rf hazard, especially for the type of reactive fields 
correlate with tne P» ^ ^ ^ ^^ 

usually encountered   n ^ by 1wners1ng the probe ,„ a standard field (known 

EaCAErihr
nN     laboratories.   These CW calibrations are described In section 6 of 

magnitude) In tne m ^^ ^ ^ calibrated over the frequency range of 100 kHz to 

this report.   A ra t 0 5 dB.   The calibrations are performed as a function 

*™m*£^*" -'»11t,,-,' <»larl2at1on'and or,entat1on angle of the probe w1th 

re-,pect to the EM «•"• agreefflef)t „mg scientists as to the optimum field parameter 

Tf   for      ntlfying the hazard potential of rf radiation.   To our knowledge, there 
to quantify for   **iW 9 ^^   ^^ ^ pre$ently aya„able 

1s no meter available ^ ^^ ^ ^^ fftW ^^    Jfl ^ flf ^ u 1$ 

instruments respond t ^ ^ ^ ^ ^ d1-1 if) ^2, , ^ «,„„„ unit. 

common practice                  radiat1on monitors employ Isotropie antennas, so the indication 1s 

However, most of tne g polarization, direction of power flow, or orientation angle 

essentially ^^° „1th ^ de„s1ty units 1s desired. It should be remembered 
of the probe. ]§ on1y 1f the f1eld being measured 1s planar In nature, 
that a correct co ver so ^^    „ far.f1eld condit1ons apply, the following 
such as the tar zone «■ 
relation may be used: 

,     metric Field 1n V/m)2 
Power Density 1n MW/CBI* - J 377T (15) 

At the present time there 1s no public health protection standard for the 
At the prts»t       gurMu ^ Rad1olog1cal ^uh of the Food and Drug 

radiofrequency spec  • forfflance $tandar<1 for microwave ovens. There Is also 
Administration maintains ^^ ^ ^ $afety Qf  „ ^2 that ws „^ by t,e 

a voluntary stan * ,fl$titute (ANSI); this standard is currently undergoing revision 
American National       ^ ^^ ^ ^^ Administration (OSHA) used the ANSI standard 
and reVle"' „TsHA^Tuplti^l regulation; this regulation is only advisory in nature. The 
in -ntmg an OW v ^^   $H) has # dfaft document fQf 

consideration as a  9  ^ ^ ^ ^ ^^ ^^ ^ j$ ^ ^.^ 

Hoover one .«anufacturer has begun production of this type of meter, and 
eo—rci.lly-      ^ t<) proyide suff.c.ent infonMtion so that further 
this document is       ^  ^ ^^ .$ capable of „„suring rf fields under more 
co-mer1c1a1ization is po» ^^ ^ ^ u hai greater senslt1vUy than the USuai 

general condition^ ^^ f<r tM$ type of wft)ttf ,re su«»ar1zed as follows: 

Mkl.g ambient field surveys of lower-level rf pollution caused by AM. FM. TV. CB 
(1) 

(2) 

and other broadcasting services. 

Heasuring possible hazards at frequencies between 100 kHz ;:d 4 GHz caused by 

diathermy equipne^t. 
industrial rf heaters, plastic sealers, and In the near zone 



I 

of transmitting antennas. 

(3) Checking the EM field environment 1n sensitive areas containing electroexploslve 

devices or flammable fluids. 

(4) Checking sites having Instruments which are susceptible to rf Interference or have 

degraded operation when exposed to EM radiation. 

(5) Plotting transmitter antenna patterns and monitoring the tuning to obtain maximum 

radiated power or optimum pattern. 

New technologies employing laser diodes, single-mode fiber-optic guides, and 

Integrated-clrcult optical components may eventually provide the answer to the search for an 

EMI antenna with huge bandwidth and good sensitivity [30]. Research Is now 1n progress at 

NBS with this aim. However, In the meantime the EFM-5 1s a convenient tool for measuring 

either hazards or the weaker fields which represent an rf "smog" that Is becoming of greater 

concern to health scientists and electronics users. It Is an example of the next generation 

of FIM's for searching and quantifying leakage fields or rf pollution. 

A prototype version of the EFM-5 has been suoplled to and tested by the EPA, NIOSH and 

other Interested agencies. Extensive field tests have demonstrated the measurement accuracy 

and simplicity of operation of this NBS meter, and the absence of perturbing effects from 

the transmission lines. It Is believed that this type of rf monitor will evolve, be 

recognized by Industry, and find widespread use In the future. 

10. RECOMMENDATIONS 

The results achieved In this NBS program for development of rf radiation monitors have 

been encouraging. Although the project resulted In a near-zone, Isotropie, electric-field 

monitor with significant improvements, there are still certain areas of investigation that 

would be beneficial to pursue. 

First, we recommend a follow-on program in which the existing EFM-5 instrument is more 

thoroughly evaluated. For example, the temperature characteristics of the rf sensor and 

varistor shaping circuit should be tested. As discussed in section 4 of this report, the SI 

detector diodes in the probe are somewhat sensitive to temperature changes, with increased 

response at higher temperature. To a lesser extent, the resistance of the Si C varistors in 

the metering unit is a function of temperature, with decreased resistance at higher 

temperature. Additional calibrations should therefore be performed tc measure the effect of 

ambient temperature on the indicated field strength, especially over the 15* to 35*C 

range. It would then be possible to design temperature compensation for the detector and 

adder circuitry, using thermistors or- other compensating components. 

It Is also recommended that the magnitude of the Instrument common-mode rejection be 

tested. Such performance checks have been conducted on two EFM-5 units at a few 

frequencies, but systematic measurements should be made to check the antenna balance and 
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throughout 

electronic 

.    lf/pr-Wip11f1er system.   Another recommended test 1s to determine 
CMRR °f    ' 1   the amount of case leakage vs field level at various frequencies tfi 
quantitative y ^ ^ ^^   ^^ f$ a ^„^^ „^ for spec1al m sh1eld1ng and 

the 100 e to prevent penetration of strong EM fields Into the elec 
gasketmg of the men 
Hrcultry of the metering unit. 

1 development work should be done to extend the frequency range of flat 
S     A imall Increase in usable frequency could be obtained by using shorter dlpoles 

response. d1poles, perhaps 3 em cr 2 cm long.   However, this approach would not 
<n olsce of tne o w" " ~ 

h   increased response at the natural resonant frequency of the dlpoles. 

°VerC it would be preferable to develop a reslstlvely loaded antenna In place of the 
Therefore, Results of probe research at NBS Indicate that dlpoles with a 
m»tal dlpolas now use«« 

It essentially independent of frequency, exhibiting very little Increase in 
pickup tha nef( coui<j be adapted for use with this rf monitor [31]. 

response ^ measuring the E-f1eld total magnitude with an Isotropie probe and 

mission 11nes has been verified.   In view of the advantages gained by using 
S * «j.Ai«t»dM sensor, 1t would be desirable to continue the research effort, 

this type of   ISOI«»>"M 

it   es of electronic components and circuitry should be tested, Including 

° cult memories or digital techniques to obtain a more repeatable design of the 
Integra „rocess.    It would than be possible to simplify the alignment procedure 
shaping (non line«-/ r 
.„rf some of the circuitry. 
*       «orthwhllt investigation would be to develop a radiation monitor for the 

f magnetic field Intensity. While the EFM-5 meter was designed solely for 
"*'lu H fields, the principles and much of the Instrumentation could be used 
m . . edifications) for the measurement of magnetic fields. It Is thus 
(with app     ^ H.fleld version of the present EFM-5 be fabricated and tested. The 
recora« ^ changed to that of three small orthogonal loops instead of short 
«ntennnj geometry "vu 

the amplifier 9a1n would ** 1ncre8sed to maintain an equivalent measurement 

sensi '      . , l0 make a more complete characterization of an EM field, means should jf   \\   1S oesirrn 
— .».nv both the E and H fields simultaneously.    If possible, the time-phase 

.   „,, ij should be determined with an electrically-isolated sensor.    This 
ä "■''"' ,M.si't to cover that investigation.    However, NBS personnel have analyzed 
•v ■ v"   .*U^O>   IV   ***»    • 
ts* M .h     jnj hjve nude preliminary evaluations of new types of antennas that 

fvss    •<■    " uujntify near-zone electromagnetic fields more completely than is 
promise to *?"« c 

possible *t the pr*se«t ti«e. 
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