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Summary

Typicaly the compliance with Standards for persona safety in eectromagnetic fields under complex
exposure dtuations was measured by experts with specific equipment. Recently, measuring
insruments became more sophisticated. This enables also less educated staff to carry out the
measurements. | nexperienced workers can be fitted with personal monitors.

Ease of use was improved in three points. The frequency response shaping according to the
Standards was integrated before the detector insde the probes. Electric and magnetic fields in the
range 1MHz up to 20GHz (and up to 1GHz, respectively) can be measured with the radiation
monitor ESM-20 smultaneoudy for the firg time. It has been established, that significant under-
esimation can be avoided, even when this monitor is carried close to the body. True r.m.s
measurement could practicaly be achieved employing diode detectors. Even direct evauation of
operating radars has become possible by using fast sgnal processng.

1 Personal safety standardsfor high-frequency eectromagnetic radiation

The rlevant protection guides for persond safety in RF and microwave dectromagnetic fields all
sets reference leves as limits for dectric and magnetic fidds derived from the badc limits. These
reference levels are frequency dependent. The possibility of ahigher specific absorption in the region
of the body resonance is thus taken into account by defining lower limit vaues for the dectric and
megnetic fidds in this frequency range. All rdlevant standards dictate to measure the dectric and
magnetic field components in the absence of persons. [7- 10]

The dectric field and the magnetic field can be measured one after the other, for example by
changing the appropriate field probes. In order to reduce interference in the e ectromagnetic field to a
minimum and to get reproducible results, it is a common way to mount the field strength sensor on a
wooden tripod at the measuring Ste and either store the measured valuesin an integrated data logger
or tranamit them via optical fibers. Often, however, the eectromagnetic field needs to be monitored
using measuring devices or persona monitors carried close to the body, particularly to protect
unexperienced persons adequately. Simultaneous measurements of the dectric fidd strength and the
magnetic fidd srength in the frequency range from 1 MHz to 40GHz (or 1GHZz) has became
possible for the firgt time with the integration of two isotropic sensors in the ESM-20 radiation
monitor.
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2 Shaped probes

It is only possible to measure field strength in order to monitor the derived persond protection limits
if the frequency of the radiation source is dready known. The frequency information is not necessary
if afrequency response shaping is integrated in front of the Sgna detection. This filter network must
have a frequency response inverse to the limit curve. Multiple-frequency sgnas can dso be
evauated correctly in thisway.

The basic principle of the sensors for dectric and magnetic fields have dready been described
elsawhere. [1, 2] Sensors for the eectric RF field consst of short, resstively damped dipoles with
detector diodes at the center. These sensors are usualy optimized for a flat frequency response and
the maximum possble bandwidth. A compensation network congsting of discrete components
utilizes to fit the magnitude frequency response to the limit curve in the low-frequency range. In the
high-frequency range however, the frequency response can be adjusted to the limit curve by
optimizing the resigtive coating of the dipole arms. Since an andyticd solution previoudy only existed
for flat frequency responses [5], a new approach had to be adopted here. Wandel & Goltermann
has developed a sraightforward functiond mode, for approximately determining the dimensions and
the damping of the dipole without numerical caculations. The frequency responses have been
optimized for vaious pesond safety o

standards using the FEKO software package s dsprrtr T T T
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Fig.1. Typical frequency response of EMR

to the reduced cdibration accuracy. A smilar measurement system with a shaped E-field
gpproach for optimizing the dipole damping probe (type 25) for the standard
numerically is described in [6]. FCC 96-326 occupational in position PH

Shaped E-sensors are available for the EMR system as interchangeable, isotropic probes and have
aso been integrated in the ESM-20 radiation monitor. Both variants are avallable for various
standards.

Magnetic fild sensors consst of small loops, loaded by a shunt resistor and detector diodes. [2]
Once again, the magnitude frequency response can be shaped to fit the andards by connecting
suitably dimensioned equdizer networks. Moreover, in the case of H-sensorsiit is beneficia to insart
multi-stage low-pass filters in front of the detector in order to suppress loop resonances, as well as
the hypersengtivity to dectric fields a the higher frequencies. As an example, fig. 2 shows the
frequency response shaping of the H-sensor integrated in the ESM-20 radiation monitor.
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Fig.2: Frequency response shaping of H-sensor in ESM-20
radiation monitor (DIN VDE 0848, Area 1)

3 Theinfluence of the human body

Extensve siudies have been carried out to determine the to what extent the presence of a human
body influences the individua eectric and magnetic field components. The numerica computations
were done using the FEKO program utilizing the surface-current method. FEKO is based on an
extended method of moments and was developed at the Ingtitute fir Hochfrequenztechnik at the
University of Stuttgart. [4]

Various scenarios were examined using a dielectric model of an upright human body (170 am tall)
and the results compared with a smplified modd with a conductive surface. This enabled the
memory and CPU-time requirements to remain within a tolerable limit, while producing more or less
the same results. The metallic model dightly overestimates the influence of the human body is dightly
overestimated. This represents the worst case, though the principle information is il retained.

Five different incident directions of a planar wave in the front hemisphere of the body modd were
andyzed in the frequency range from 100kHz to 3GHz. . For each direction both horizontal and
vertical polarization was examined, i.e. a totd of 10 different Stuations were covered. The field
components were evaluated close to the chest a 3 cm in front of the body surface, snce thisis the
preferred position, where radiation monitors are usudly carried. The most important results of this
work are summarized below [3]. The various graphs show the normaized field strength curves close
to the body. All values are normdized to the resultant field strength, that would be present without
the body model. The 0dB line means 'ho influence of the body". Pogtive and negetive vaues imply
thet the fidld is ather increased or attenuated by the body. All three spatiad components of the
electric and magnetic fields were evaluated in each case and a combination presented on a graph.
The E and H components without an index represent the effective eectric and magnetic fied
srength. In other words, these curves show the response of an ided isotropic E or H-field sensor
carried on the body. The norma component E,, corresponds to the part of the dectric field which is
perpendicular to the bodies surface. H; represents a combination of the two tangential components of
the magnetic fidd on the body. In accordance with the boundary conditions the fidd components E,
and H, do not disappear on the surface of the model.
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Hg. 3illugrates the expogtion from the front with vertical polarization Thereisclear evidence of the
body resonance around 70MHz It is griking to note that this resonance occurs in both the eectric
field and the magnetic field. Thisincrease in the dectromagnetic fidd is unavoidable when a radiaion
monitor is carried. As a result the measured fidd strength is consderably overestimated. Further
measurements reveaed, however, that in practice the increase due to body resonance is dways less
than 10 dB.
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From the point of view of persond safety, the scenario with incidence of a horizontaly polarized
wave from the front is far more critica (see fig. 4). Measuring the dectric fidd done for such a
exposition results in a sgnificant underestimation by goproximady 6.5dB over a wide frequency
range.

The third example shows an even more extreme case of underestimating the dectric fied, with
exposgtion from the front spatid diagond (i.e. incident angle 45 degrees to the top) with vertica
polarization (see fig. 5). Other scenarios, such as a verticdly polarized wave incident lateraly from
the sde of the body modd, dso results in a Sgnificant underesimation of the magnetic fied in various
frequency ranges (seefig. 6).
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If these results are summarized, the conclusion to be drawn is thet it is not sufficient to measure only
the eectric field or only the magnetic field on the body when monitoring the maximum exposure leve
of eectromagnetic radiation. The dectric fidd is in some cases completely suppressed if only the
norma component E, is measured, and the tangentid magnetic field components H; may aso be
suppressed by up to 17dB. Even if isotropic sensors are used close to the body, underestimation of
the dectric fidd strength by more than 20dB and of the magnetic field strength by more than 10dB
mugt ill be considered. It is however unlikely that both the dectric fidd and the magnetic field will
be suppressed & the same time. If, therefore, the resulting dectric and magnetic fidds on the body
are measured smultaneoudy and the maximum vaue determined for each, the risk of underestimetion
canin dl probability be avoided in the event of exposition from the front hemisphere.

Overegtimation cannot be entirely prevented, however, if fidd strength measurements are used to
monitor exposure in the immediate vicinity of the human body.

FHg. 7 summarizes the ten different scenarios. The top curve (max.) is the maximum reading of an
ided persond safety monitor, that works according to this principle above, for al ten exposure
gtuations. The broken line (min.) shows the minimum reading of an ideal monitor for seven out of the
ten gtuaions, while the remaining three curves represent the minimum readings for the other three
stuaions. The results were confirmed by 15 0
practicd measurements under near-fied 0 /
condiions, whereby other  incident ML
directions were examined additionally. °
These experiments did not reved any
shadowing in the frequency range up to
300MHz, even with expostion from the
rear hemisphere. The theoretical extreme i
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Above 1GHz, it is only necessay to situations (summary)

measure the dectric fidld. The influence

of the standing waves that form in front of a person when the monitor is carried close to the body can
be diminished by positioning an absorber between the eectric fidld sensor and the reflective body
surface. The shadowing effect of the human body at high frequencies can be avoided - if it is of any
concern a dl - by usng two monitors.

The overdl influence of the body can be significantly moderated if the radiation monitor is held with
the hand stretched out. Furthermore, a diglectric extension rod is recommended to obtain a closer
gpproximation of the result when no persons are present.

NIR 99 Annual Conference 27.9.-1.10.1999 in Cologne
Improved Technique for Simplifying Standards-Compliant Tests of Non-lonizing Electromagnetic Radiation
Page 5



4 M easurements of moder ately modulated signals

The waveform of the field source may lead to further measurement problems, because a diode
detector leaves the square-law region when driven a higher sgnd levels and no longer operates as a
true r.m.s. rectifier. This issue has been festured prominently in severd earlier publications. A nove
sensor design keeps the signd leve a the diode low in the rdlevant dynamic range. In this way the
influence of non idedl r.m.s. detection will be minima with moderatdly modulated sgnds, such as
those that occur in radio broadcast and communication systems.

Wandel & Goltermann defines the effective dynamic range for true r.m.s. measurements as follows:
the waveform dependent deviation of the digplay vaue from the true r.m.s. vaue should remain less
than 0.5dB for a 2-tone sgnd and less than 1 dB for an 8-tone sgnd. The term 'h-tone sgnd”
indicates n sine carrier frequencies, spaced in Df = 10 MHz, each of representing the same exposure
leve.

The 8-tone sgnd shown here is an
extreme example. A smdler number of
carriers or moderately modulated signas
(eg. AM) will produce smaler r.ms.
deviations. Fg. 8 shows the measured
result as a true r.m.s. devidion for a
shaped E-field probe. On the whole a
dight overestimation occurs below the
limit values (100%). The true r.ms. N
range defined above covers up to 600% —=* 2-tonesignal |

of the standard in this case. e e,

The ESM-20 monitor has an integrated o 1% 100% 1000%
E-snsor with an identica  design. Relative Sendard Limit

Measurement evaudion applies here

only up to the limit vaue for exposure Fig.8: r.ms. deviation with n-tone signals (Df= 10 MHZ)
area 1 in accordance with VDE 0848 for shaped E-field probe (type 25)

(100% verticd linein fig. 8). Asaresult,

the r.m.s. deviation is negligible in practice (<0.15dB) and the standard-compliant estimation of the
r.m.s. vaueisamog ided for communication sgnas.
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5 Characteristicswith radar signals

While the innovative design of the E-sensors ensures thet the true r.m.s. vaue is detected sufficiently
accurately for moderately modulated sgnds, a rdevant r.m.s. deviation is likey for pulsed radar
sgnds with ther signigicantly higher crest factors. Extensve measurements with numerous radar
sgnal parameters were carried out to qudify the various sensors. The net of parameters, conssting
of the pulse width, the pulse repetition frequency and the duty cyde, was chosen to cover dl
practically relevant radar applications.
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6 Standards-compliant measurementson radars

Knowledge about r.m.s. characteridtics is directly useful for the evduation of MPE in many radar
goplications. Controlling standing radars or searching for radiaion leakage in the waveguide based
high-power RF or microwave sysems are typica gpplications.

For pulsed sgnals with duty cycles up to 1:1000 the r.m.s. limit vaue is rdevant in dl RF protection
guide standards. ICNIRP [7] and DIN VDE 0848 Part 2 [9] set additiond peak limit vdues for
pulsed sgnds. In addition to the r.m.s. value averaged over six minutes, the peak power dengty is
not alowed to exceed 1000 times the power dengty limit vaue. In other words, the peak vaue of
the field strength divided by 32 is not dlowed to exceed the derived fidd srength limit. These peak
limits become relevant if the duty cycle is less than 1:1000. This means for a duty cycle of 1:3162
that the set of curves in fig. 11 must be shifted upwards by 5dB, in order to refer the display
devidion to the permissble limit vaue, i.e. signds with a duty cycle of 1:3162 are dightly
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underestimated. The underesimation of the andyzed Sgnas does not exceed 3.8dB a the limit
vaue.

When measurements are carried out on scanning radars, the illumingtion from the pulsed sgnds is
only present for a fraction of the time. According to the standards, the pesk vaue is aso relevant
hereif the duty cyde is greater than 1:1000. In order to evaluate the exposure, the set of curves for a
duty cycle of 1:316 (see fig. 9) must be shifted downwards by 5dB. In other words, these sgnds
may be overestimated by up to 8dB. For aduty cycle of 1:1000 fig. 10 is ill vaid, while for a duty
cycle of 1:3162 the curves shown in fig. 11 must again be shifted upwards by 5dB.

In practice, moreover, theillumingtion time (time on target) of the Sgnd has to be considered. If the
time on target is Sgnificantly longer than the integration time of the measuring device, no additiond
deviation occurs. If, on the other hand, the time on target is much shorter than the system integration
time, thiswill lead to a further underestimation, caused by the inertia of the measuring device. In this
case, an additiona display correction factor for the power dendty can be derived from the ratio of
equivaent integration time to equivaent time on target. The time on target of a typicd radar sgnd
(rotation time 5s, angle of radiation 1.8°) is 25ms, which in conjunction with the equivaent
integration time of the ESM-20 monitor (30ms) yields a correction value of 1.9dB.

The exposure at al operating radars that are relevant in practice can be estimated with the ESM-20
radiation monitor correctly within the range -3.8dB to +8dB, even if the messurement devigtion is
not compensated. The measurement deviation can aso be corrected if the Sgnd parameters are
known or gpproximated. Radars can thus now be measured more precisdy, particularly when
employing the shaped E-fidd probe.

Conclusion

This paper has demondrated how standards-compliant tests of non-ionizing eectromagnetic
radiation can be carried out both smply and rdliably with improved measurement technique.
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