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Abstract - This paper presents a novel method for measuring true root-mean-square and peak
values of an electric field strength generated by a scanning radar antenna. The measuring
equipment is a new electric field meter with an isotropic probe based on a diode detector,
specifically designed for applications in pulsed environment. The idea of the method is a
compensation of detector’s inertia for measuring very short pulses with a very low duty cycle
ratio. Correction curves needed for such compensation are generated by simulating both:
characteristics of a detector and four parameters of a scanning radar antenna. The curves
provide a correction factor relating a peak and a displayed electric field value. Verification of
the simulated models has been performed by laboratory measurements for two different
probes (frequency range: 100 kHz — 3GHz and 10 MHz — 18 GHZz). The method has been
tested at on-site measurements of a typical airport surveillance radar. The presented method
represents an improved solution for pulsed fields measurements during normal operating
modes of radar transmitters to the raised issue of electromagnetic field " dosimetry".

I. INTRODUCTION

Measurement of high frequency pulsed dectromagnetic fields, as for instance sgnals generated by
scanning radar antennas has been for a long time reserved only for measurements performed by a
gpectrum andyzer and a wide frequency band antenna. The main disadvantage of this solution is its
inconvenience for the application in eectromagnetic fidd "dosmetry”. For a smdl, inexpensve
eectric fidd meter the pulsed environment of a scanning radar antenna has been an unsolved
measuring problem. This kind of measurement is of an especid interest in a raised problem of a
possible hedth risk from very high peak microwave power pulses of radar transmitters, even though
the proven effect "microwave hearing” has not been shown to be adverse [1]. Also, new guiddlines,
such as IRPA/ICNIRP [2] and the European prestandard ENV-50166-2 [3] ask for solving the
problem.

The term "dectric field meter” encompasses an dectricaly smal and thin dipole antenna, a detector
mounted across the gap of the dipole, dectric fidd non-perturbing high-resigtive lines, carrying the
detected sgnd to the instrument for further processng and the ingrument itself. An isotropic
reponse is achieved by three dipoles in proper space orientations. Nowadays existing
electromagnetic fields measuring equipment uses mostly two kinds of detectors. thermocoupler- and
diode-based. The both of them have advantages and disadvantages, as explained thoroughly in [4].

Insofar, measurements have been performed by aradar antenna standing still (“static case') usng an
advantage of thermocoupler detectors - power integration in time, giving true root-mean-square
(RMS) vaue. Unfortunately, thisis not dways possible, because very often aradar operation should
not be blocked (e.g. air traffic control). When the radar antenna is scanning, then the detectors

1



Smunic, Keller, Koren: Measurement of an Electric Field of a Scanning Radar Antenna

containing thermocouplers have severd main disadvantages - sengtivity to a short term or minor
overload; they are too dow to be gpplied in such measurements (response time typicaly 1.5 s [5],
while radar pulses could be much faster); too low sengtivity (typicaly 10 V/m) for measuring pulses
at distant locations [6].

Diode detectors have not been used in dectric field meters for measuring high-peak short pulses,

because the behavior of the diode changes with an input ectric fidd strength. But, diode as a
detector has also some advantages over a thermocoupler, i.e. it is much fagter, it has a much higher

dynamic range, necessary for handling peek dectric fidds (60 dB) and it can be protected from the

overload. In this paper it is proven that a knowledge of a behavior of components of the whole

measuring device with a diode detector to a pulsed dectromagnetic fidd can be used in making

correction curves, necessary for a compensation of the non-ideal physical response. The advantages
of diode detectors can now be combined with the knowledge of the sensor response to complex

signals. This opens the doors to many new applications, i.e. measurements at rotating radar systems.

1. IDEAL MEASURING INSTRUMENT FOR SHORT HIGH-PEAK MICROWAVE
PULSES

The first step to gart solving this problem is to describe microwave pulses which would further
enable defining an ided dectric fidld measuring equipment.

The most important parameter of microwave pulses generated by aradar transmitter is a duty cycle
or duty factor. Duty cycle is aratio of a pulse duration (PD) to a pulse repetition time (PRT). The
duty cycle of ar traffic control radar transmitters has typicdly ratio of 1:1000. Fig. 1 shows a
normalized amplitude spectrum for a pulse train with PD = 3.3 s and pulse repetition frequency of
340 Hz
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Fig.1 Frequency spectrum of a radar pulse train

The most important property of the equipment should be an immediate response (~1 s or less),
because of the short duration of scanning radar pulses. Then, the antenna system should consst of
three dipoles, S0 that the measured field does not depend on a receiving polarization



Smunic, Keller, Koren: Measurement of an Electric Field of a Scanning Radar Antenna

(afidd isotropy). The next requirement for applying the measuring device in ‘tosmetric' purposes
gems from guidelines and standards. The new European prestandard ENV 50166-2: "Human
exposure to eectromagnetic fidds - High frequency (10 kHz to 300 GHz)" [3] gives limit vadue for
pulsed fidds as a pesk vaue of an dectric field srength [V/m]. The IRPA/INIRC guiddines,
chapter 5 "Guiddines on limits of exposure to radiofrequency dectromagnetic fields in the frequency
range from 100 kHz to 300 GHz" [2] give a vaue for a pesk dectric fidd as an equivdent plane
wave field strength as averaged over the pulse width which should not exceed 32 times the fidd
drength limits for continuos wave case. Therefore, according to the mentioned guiddines for the
pulsed field the ided device should show a pesk dectric field vaue on the display. The lat, fourth
property is optiona and it depends on a distance from a source. If a measuring position isin a near
fidd, then the both fidds, i.e. dectric and magnetic fidd, should be measured isotropicdly and
smultaneoudy. This idea has been described theoreticaly and verified experimentaly in [7] for a
gngle sensor. The Imultaneous measurement is necessary, because a smple relation between
electric field, power dengity and free space impedance does not hold any longer.

I1l. CHARACTERISTICS OF THE REAL DIODE DETECTOR

According to [8] the output DC voltage V,, isfor the smdl induced steady-Sate voltage Vi:

L2
v,=-2& Y0 @
° =" 4&1+C,/C.0

and for the large induced voltage V, is

V.
- 2
Vo= T3, IC, @)

In the above equations C4 is a combinaion of a diode paradsitic capacitance and a junction
capacitance; C, is adipole capacitance; a = q/ nkT, where k is Boltzmann's congtant, q is electron
charge, T istemperaturein °K and n is diode idedlity factor.

The two equations indicate that at lower steady-state Sgnd levels the diode detector acts following a
square-law and at higher levels it acts as a linear detector: the output voltage is proportiona to the
input voltage. Therefore, if the dectric fiddld meter conssts of three probes, as an isotropic

measurement system, then it is possible to compensate the property of a diode detector for a steady-

date. Compensation has to be done before summing: this means that a sgnd of each sensor is
corrected to give an overdl quadratic value; then the sSgnals are summed; finaly we use the root to
cdculate the E-fiedd. The problems begin to occur when measuring pulsed fidds, because the
indruments are typicaly cdibrated usng singlefrequency, sngle-source standard fidds. The
theoretical analysis of multiple-source, multiple-frequency error for a single antenna with a diode
detector has been eaborated in [9]. Since pulsed fields are not monochromatic (Fig. 1), an error can
occur in displayed vaue, which is different from the true RMS and the true peak value. According to
[9], diodes are pesk detectors for high fied strengths. For the multiple-frequency sgnds this is true
only for a high modulation frequency. At low modulation frequencies the detector can show results
that are even less than a RMS detector would show. The intention of the work has been fixing a
difference between displayed and true RM S and peak values and correcting the error.



Smunic, Keller, Koren: Measurement of an Electric Field of a Scanning Radar Antenna

IV. MATERIALSAND METHOD

The described dectric field meter is represented by aW& G EMR-300 with two broadband probes
(probe 1 with afrequency range: 100 kHz-3 GHz and probe 2 with a frequency range from 10 MHz
to 18 GHz). The equivdent circuit of the measuring W& G EMR-300 (Fig. 2) has been smulated
trangently by PSPICE. A dipoleis represented by a resistance RO and a capacitor CO. Capacitance
CP represents a paraditic capacitance. A beam lead Schottky diode is represented by a junction
capacitance CJ, dependent on an induced voltage. The symbol of a diode stands for a nonlinear
diode resistance RD, characterized by the u-i characteristic:

Vd

)
i(t) =1.e" - 1+ (3)
e @
where [s is a saturation current, V4 is a voltage across the intringc diode only, N is an emisson

coefficient (» 1) and V, isatherma voltage (= kT/g-the parameters same as above).

Since dipoles of the both examined probes are ectricaly short at frequency of 1 GHz (I, = 30 mm
for probe 1 and I, = 0.8 mm for probe 2), they are represented only by the capacitance CO.

RO CO RA RB

UOeff\I/ CPTI cId CAT RADC \LUADC

ZL

Fig. 2 Equivalent circuit of W&G EMR-300 for a transient analysis

Discrete circuit dement CA is chosen large enough to serve as a short circuit for the high frequency
current in order to prevent picking up a high frequency signd by the high resstive leads (represented
by RB). The resstance RADC is a high resstive input to the device. The source UQeff is a voltage
steady-state source.

Probe 1 has a frequency range from 100 kHz to 3GHz. Its typicd frequency behavior is given in
[11] and alinearity deviation at reference frequency 27.12 MHz in [12]. Probe 2 covers a frequency
range from 3MHz to 18 GHz and its frequency behavior could be seen in [13]. However, a
dynamic behavior of the probes has not been measured in a pulsed environment. Therefore, the
results of the smulaion have been compared to the results of measurements performed in the
[aboratory.
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The measurements have been performed with a generator (HP 8350A), broadband amplifier
(Amplifier Research Modd 4W1000), log-periodic antenna (Rohde & Schwarz HL025,
1...18 GHz) and the dectric fidld meter Wandd & Goltermann, EMR-300 with the probes 1 and 2
on awooden tripod [10].

| AR W&G
HP 8350 AN EMR 300
ANTENNA
RS HL 025

HP 8116A

Fig. 3 The measurement set-up

The measurements have been performed in a near field zone, because the both probes are
eectricaly smdl a 1 GHz. To the measurement set-up a pulse-function generator (HP 8116 A) has
been added. Pulses from the pulse generator have modulated a high-frequency output. The chosen
duty cycle was 1.122¥10° with pulse duration of 3.3 s and pulse repetition frequency being
340 Hz.

The dectric fidd has been measured with continuous wave sgna and afterwards with the pulsed
fidd.
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Fig.4 Ratio of continuous wave and pulsed field displayed by the meter, by the
power meter and theoretically calculated values for probe 1

Hg. 4 depicts a difference between vaues digplayed on the eectric fidd meter W& G EMR-300
with the probe 1, vaues measured by power meter and the theoreticaly caculated difference
(29.5 dB). At lower dectric fidds the meter shows smdler vaues than the red vaues (~1.5 dB); at
higher levels it shows a0 less than it should and the difference to the theoretica vaue becomes
higher (~3.05 dB). Obvioudy, for this duty cycle the correction of the displayed eectric field vaues
isneeded a dl dectric fidd levels

Fg. 5 shows the results of the same kind of measurements and theoretical vaues for probe 2. It is
seen that the behavior is smilar to probe 1, dthough the difference to the theoreticdl vdue is
somewhat smdler: a lower dectric fiddsleve it isnegligible, at higher levesitis~0.4 dB.
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Fig.5 Ratio of continuous wave and pulsed field displayed by the meter, by the
power meter and theoretically calculated values for probe 2
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In order to smulate pulsed fieds and to get the needed correction factors, the smulation model from
FHg. 2 has been extended by introducing the second source V,, defining duty cycle. This has been
done for the ingrument with the both probes. The chosen parameters for the pulse duration (3.3 ns)
and pulse repetition frequency (340 Hz) are taken the same as for the performed measurements. The
results of the smulation, giving correction factors in terms of Emy/Edispiay, @€ shown in FHg. 6 for
probe 1 and in Fg. 7 for probe 2. The correction factor EnmdEgispiay 1S Called the "Static” correction
factor, becauseit is gpplied when aradar antennaiis standing ill.
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Fig.6 "Static" correction curve for probe 1 (simulation)
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Fig.7 "Static" correction curve for probe 2 (simulation)
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After obtaining the curves, the "gatic" correction factor has been gpplied to the displayed measured
vauesin the laboratory.

Figs. 8a and 8b show the comparison of the measurement results corrected with the "static” factor
from the smulation (Fgs. 6 and 7) and the measured vaues with power meter for the both probes.
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Fig.8a Ratio of continuous wave and pulsed field displayed by the meter and
corrected according to the simulated curvs (Fig. 6) and the measured values
with power meter for the probe 1
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Fig.8b Ratio of continuous wave and pulsed field displayed by the meter and
corrected according to the simulated curve (Fig. 7) and the measured values
with power meter for the probe 2
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V. SCANNING RADAR MEASUREMENTS RESULTS

The find am of this work has been to measure pulsed fidds generated by the scanning radar. We
choe a typicd representative of the arport survellance radar family, having the following
characteristics. a L-band radar (operating frequency 1.3 GHz), PD = 3.3 ns, PRF = 340 Hz, aerid
rotation speed = 5 rpm and antenna beam width= 1.2°. At one position 13.6 pulses during 40 ms
areto be received.

As mentioned before, the guidelines [2] and the prestandard [3] require a peak vaue to be
measured. Therefore, a curve giving a relaion between the vaue displayed on the instrument and the
same vaue (Epes/32) divided by Egispiay [(Epead 32)/ Edispiay] has been needed to be smulated.
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Fig.9 "Dynamic" corrective curve (probe 1) for the air surveillance radar
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Fig. 10 "Dynamic" corrective curve (probe 2) for the air surveillance radar



Smunic, Keller, Koren: Measurement of an Electric Field of a Scanning Radar Antenna

The displayed vaue at 500 m from the radar has been 2.35 VV/m (probe 1), which gives a "dynamic"
correction factor of 5.257 according to the curve in Fig. 9. Thefina Ey/32 value of 12.35 V/m has
been cdculated by multiplying the "dynamic" correction factor with the digplayed vadue. The pesk
vaueis obtained by multiplying Exes/32 with 32, i.e. Epex 1S 395.3 V/m. According to the theory the
peek vaue in the direction of maximum radiation should be 913.7 V/m at 500 m digance. The
difference appeared because the radar transmitter is inddled at the height of 20m, and the
measurements have been performed on the ground, i.w. not in the direction of the maximum
radiation. The displayed value at the same distance for the probe 2 has been 3.15 V/m. With a
"dynamic" correction factor of 3.98 (Fig. 10) this gives a Euwd/32 of 12.54 V/Im and Epes Of
401.3 V/Im. As expected, the different probes gave different displayed vaues in the pulsed fidd, but
after correcting them by the transently smulated "dynamic" correction factors the difference in Epes
vaues has been 1%, which is negligible. Therefore, the conclusion is thet the both smulation modes
are very well established.

VI. CONCLUSION

The dectric fidd meter W& G EMR-300 [10] with the two broadband probes has been transently
smulated in order to redize and compensate errors occurring due to the non-idea behavior of the
instrument in the short high peak pulsed eectric fields. The probes are based on a diode detector
and the indrument has afterwards integrating circuits. In order to measure pesk values of pulsed
fidds, the vaues displayed on the insrument have to be compensated. This is done by applying
corrective curves, established by smulaing the whole insrument and the pulsed source. Two
different kinds of corrective curves have been established: "datic' and "dynamic". "Static’ curve gives
arelaionship between the Ems and the displayed dectric fidd vaue, whereas the "dynamic" curve
takes into account the aerid rotation speed, as well as the antenna beam width of the scanning radar
antenna and gives a relationship between B, /32 and the displayed eectric field value. The "datic”
correction curves have been checked by the performed laboratory measurements for the both
probes. The bass for the curves are, except for knowing the characterigtics of the device, an
additiond knowledge of four parameters of a scanning radar: pulse width, pulse repetition frequency,
aerid rotation speed and antenna beam width. If the mentioned parameters are known, it is possible
to relate a vaue displayed on the ingrument to the peek dectric fidd vaue, irradiated by the
scanning radar antenna. It should be taken into account that here presented results are vaid only for
the very specific indrument (Wandd & Goltermann EMR-300 with the probes type 8 and 9) and for
the scanning radar.

In conclusion, it seems that one more very complex problem of measuring peek eectric fields
generated by a scanning radar antenna has been solved, representing thus the best available solution
for an inexpensve dectric fiddld meter. Of course, more complex Stuations with two radar
transmittersin the close environment or when radar transmitter parameters are not known need to be
researched and characterized in the future work.
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