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QUANTITIES AND UNITS OF MAGNETIC FIELDS

Especially in the measurement of radio propagation and of
radio interference, magnetic field measurements with loop an-
tennas have traditionally been used to determine the received
field intensity which was quantified in units of the electric

– field strength, i.e. in �V/m, respectively, in dB(�V/m). For
radio propagation this can be justified for far field conditions
where electric field strength E and magnetic field strength H
are related via the impedance Z0 of the free space; E � HZ0

(see also antenna factor definition). Commercial EMC stan-
dards (1) and (2) specify radiated disturbance measurements
below 30 MHz with a loop antenna; however, until 1990 mea-
surement results and limits were expressed in dB(�V/m).
Since this measurement is done at less than the far field dis-
tance from the equipment under test (EUT) over a wide fre-
quency range, the use of units of the electric field strength
was difficult to justify. Therefore, the CISPR (the Interna-
tional Special Committee on Radio Interference) decided in
1990 to use units of the magnetic field strength �A/m, respec-
tively, dB(�A/m).

Guidelines and standards for human exposure to em fields
specify the limits of electric and magnetic fields. In the low
frequency range [i.e., below 1 MHz (3)], limits of the electric
field strength are not proportional to limits of the magnetic
field strength. Magnetic field limits in frequency ranges below
10 kHz are frequently expressed in units (T and G, for Tesla
and Gauss) of the magnetic flux density B despite the absence
of magnetic material in human tissue. Some standards spec-
ify magnetic field limits in A/m instead of T (see (4) in con-
trast to (5)). For easier comparison with other applications we
therefore convert limits of the magnetic flux density to limits
of the magnetic field strength using H � B/�0 or 1 T �
107/4� A/m � 0.796 � 106 A/m and 1 G � 79.6 A/m. At higher
frequency ranges all standards specify limits of the magnetic
field strength in A/m. Above 1 MHz the limits of the magnetic
field strength are related to limits of the electric field strength
via the impedance of the free space. Nevertheless both quanti-
ties, electric and magnetic fields, have to be measured, since
in the near field the exposition to either magnetic or electric
field may be dangerous.

RANGE OF MAGNETIC FIELD LEVELS
TO BE CONSIDERED FOR MEASUREMENT

MAGNETIC FIELD MEASUREMENT
In order to show the extremely wide range of magnetic field

RELEVANCE OF ELECTROMAGNETIC FIELD MEASUREMENTS levels to be measured, we give limits of some national or re-
gional standards. In different frequency ranges and applica-

The measurement of electromagnetic (em) fields is relevant tions magnetic field strength limits vary from as much as 10
for various purposes: for scientific and technical applications, MA/m down to less than 1 nA/m (i.e. over 16 decades). This
for radio propagation, for Electromagnetic Compatibility wide range of field-strength levels will normally not be cov-
(EMC) tests (i.e. testing of the immunity of electronic equip- ered by one magnetic field meter. Different applications re-
ment to electromagnetic fields and the measurement of radi- quire either broadband or narrowband equipment.
ated electromagnetic emissions aiming at the protection of ra- On the high level end there are safety levels and limits of
dio reception from radio interference), and for safety reasons the magnetic field strength for the protection of persons which
(i.e. the protection of persons from excessive field strengths). vary from as much as 4 MA/m (i.e. 4 � 106 A/m corresponding
For radio propagation and EMC measurements, below about to the specified magnetic flux density of 5 T in nonferrous
30 MHz a distinction is made between electric and magnetic material) at frequencies below 0.1 Hz, to less than 0.1 A/m at
components of the em field to be measured. In the area of frequencies above 10 MHz (see Fig. 1) (3–6). These limits of
human safety, this distinction is continued to even higher fre- the magnetic field strength are derived from basic limits of

the induced body current density (up to 10 MHz), respec-quencies.
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Figure 3. Narrowband emission limits of the magnetic field strength
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derived from the German military standard VG 95343 Part 22 (8).

Figure 1. Safety limits of the magnetic field strength derived from This standard gives the limits of H � Z0 in dB(�V/m) of four equipment
the European Prestandard ENV 50166 Parts 1 and 2: 120 dB(A/m) classes, the emissions have to be measured with a loop antenna cali-
are equivalent to 1 MA/m corresponding to 1.25 T, 0 dB(A/m) are brated in dB(�V/m) in the near field of the equipment under test
equivalent to 1 A/m. (EUT). Therefore, the limits have been converted into dB(�A/m). The

lower limit is Class 1, the upper is Class 4.

tively, basic limits of the specific absorption rate (SAR, above
10 MHz). There are also derived limits of the electric field measurement of low-level magnetic fields down to the order
strength which are however not of concern here. of �30 dB(�A/m): see also subsequent discussions and refs.

By using an approach different from the one of the safety 7–9. For the protection of radio reception, international, re-
standards, the Swedish standard MPR II, which has become gional (e.g. European) and national radiated emission limits
an international de-facto standard for video display units and measurement procedures have been standardized for in-
(VDU) without scientific proof, specifies limits of the magnetic dustrial, scientific, medical (ISM) and other equipment
flux density in two frequency ranges, which are bounded by (1,2,10–12). An example is given in Fig. 4.
filters: a limit of 40 nT (�0.032 A/m) in the range 5 Hz to Radiated emission limits of fluorescent lamps and lumi-
2 kHz and a limit of 5 nT (�0.004 A/m) in the range 2 kHz naires are specified in a dB(�A) using a large-loop-antenna
to 400 kHz. system (LAS) (10). For further information, see the text

On the low level end there are limits for the protection below.
of radio reception and electromagnetic compatibility in some
military standards (see Figs. 2 and 3).

EQUIPMENT FOR MAGNETIC FIELD MEASUREMENTSInternational and national monitoring of radio signals and
the measurement of propagation characteristics require the

Magnetic Field Sensors Other Than Loop Antennas

An excellent overview of magnetic field sensors other than
loop antennas is given in Ref. 13. Table 1 lists the different
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Figure 2. Magnetic field strength limits derived from US MIL-STD-
461D RE101 (Navy only) (7). These limits are originally given in
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dB(pT) (decibels above 1 pT). The measurement procedure requires a
36 turn shielded loop antenna with a diameter of 13.3 cm. Measure- Figure 4. Radiated emission limits for navigational receivers ac-

cording to draft revision IEC 945 (IEC 80/124/FDIS), originally givenment distance is 7 cm for the upper limit and 50 cm for the lower
limit. in dB(�V/m), for the purpose of this article converted into dB(�A/m).
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Table 1. Overview over Different Magnetic Field Sensors, their Underlying Physical Effects,
their Applicable Level, and Frequency Ranges from Ref. 73. For Easier Comparison with the
Rest of the Text, the Values of Ref. 73 Have Been Converted from G into A/m

Type Principle of Operation Level of Operation Frequency Range

Search-coil magnetometer Faraday’s law of induction 10�6 to 109 A/m 1 Hz to 1 MHz

Flux-gate magnetometer Induction law with hysteresis of 10�4 to 104 A/m dc to 10 kHz
magnetic material

Optically pumped magnetometer Zeeman effect: splitting of spectral 10�6 to 102 A/m dc
lines of atoms

Nuclear-precession magnetometer Response of nuclei of atoms to a 10�5 to 102 A/m dc (upper frequency limited by
magnetic field gating frequency of

hydrocarbon fluid)

SQUID magnetometer Superconducting quantum 10�8 to 10�2 A/m; dc
interference device speciality: differential

field measurements

Hall-effect sensor Hall effect 10�1 to 105 A/m dc to 1 MHz

Magnetoresistive magnetometer Magnetoresistive effect 10�4 to 104 A/m dc to 1 GHz

Magnetodiode Semiconductor diode with 10�2 to 103 A/m dc to 1 MHz
undoped silicon

Magnetotransistor Hall and Suhl effects 10�3 to 103 A/m dc to 1 MHz

Fiberoptic magnetometer Mach–Zehnder interferometer 10�7 to 103 A/m dc to 60 kHz

Magnetooptical sensor Faraday polarization effect 102 to 109 A/m dc to 1 GHz

types of field sensors which are exploiting different physical Isotropic performance is however only a reality in broadband
principles of operation. magnetic field sensors, where each component is detected

with a square-law detector and combined subsequently. For
Magnetic Field-Strength Meters With Loop Antennas the measurement and detection of radio signals isotropic an-

tennas are not available. Hybrids may be used for limited fre-Especially for the measurement of radio wave propagation
and radiated electromagnetic disturbance pick-up devices, the
antennas become larger and therefore they are used separate
from the indicating instrument (see Fig. 5). The instrument
is a selective voltmeter, a measuring receiver or a spectrum
analyzer. The sensitivity pattern of a loop antenna can be rep-
resented by the surface of two spheres (see Figs. 6 and 7).
In order to determine the maximum field strength, the loop
antenna has to be turned into the direction of maximum sen-
sitivity.

To obtain an isotropic field sensor, three loops have to be
combined in such a way that the three orthogonal components
of the magnetic field Hx, Hy and Hz are combined to fulfill the
equation
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√
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Figure 6. Cross section of a loop antenna sensitivity pattern. The
arrow length H� shows the indicated field strength at an angle �Figure 5. Magnetic field strength measuring loop. The network may

consist of a passive or active circuit. which is a fraction of the original field strength H, with H� � H cos �.
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Concepts of Magnetic Field-Strength Meters. The loop an-
tenna of a magnetic field-strength meter may be mounted on
the measuring receiver or used as a separate unit, connected
to the measuring receiver with a coaxial cable. CISPR 16-1,
the basic standard for emission measurement instrumenta-
tion to commercial (i.e., nonmilitary) standards, requires a
loop antenna in the frequency range of 9 kHz to 30 MHz
which is completely enclosed by a square having sides 0.6 m
in length. For protection against stray pick-up of electric
fields, loop antennas employ a coaxial shielding structure. For
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optimum performance, the shielding structure may be ar-
Figure 7. Direction of the field vectors (H, E, and P) under far-field ranged symmetrically in two half-circles around a circular
conditions. loop with a slit between the two halves in order to avoid elec-

tric contact between the two shields.
For narrowband magnetic field measurements of radio dis-

quency ranges to achieve an omnidirectional azimuthal (not turbance, measuring receivers employ standardized band-
isotropic) pickup. widths and weighting detectors in order to produce standard-

ized measurement results for all types of perturbations
Antenna-Factor Definition. The output voltage V of a loop including impulsive signals. For comparison with the emis-

antenna is proportional to the average magnetic field strength sion limit, usually the quasi-peak (QP) detector is to be used.
H perpendicular to the loop area. If the antenna output is To understand the function of a weighting curve in mea-
connected to a measuring receiver or a spectrum analyzer, suring receivers, the following interpretation is given. The
the set consisting of antenna and receiver forms a selective test receiver has certain elements that determine a weighting
magnetometer. curve (e.g. for the QP detector): the measurement bandwidth,

The proportionality constant is the antenna factor KH for the charge and discharge times of the detector circuit, and the
the average magnetic field strength H: time constant of the meter. When measured with a QP detec-

tor, for the frequency range given in Fig. 8, an impulsive sig-
nal with a constant impulse strength and a pulse repetitionKH = H

V
in

A
m

1
V

= 1
�m

(1a)
frequency of 100 Hz will cause a meter indication 10 dB above
that of the indication when the pulse repetition frequency isFor the average magnetic flux density B the corresponding
10 Hz. Or, to produce the same indication on the meter as aproportionality constant is
signal with 100-Hz repetition frequency, the level of the 10-
Hz impulsive signal will have to be increased by an amount
of 10 dB.KB = B

V
= µ0H

V
= µ0KH in

Vs
Am

A
m

1
V

= Vs
m2

1
V

= T
V

(1b)
Earlier manually operated field-strength meters achieved

high sensitivity by operating the loop at resonance (14). TheIn the far field, where electric field and magnetic fields are
sensitivity was raised by the amount of the Q-factor of therelated via the free-space wave impedance Z0, the loop an-
resonating circuit. One of the latest models which was usedtenna can be used to determine the electric field strength E.
up to the 1980s, reached a sensitivity of �60 dB(�A/m) withFor this case the proportionality constant is:
a measurement bandwidth of 200 Hz in the frequency range
100 kHz to 30 MHz (15).

For automated field-strength measurement systems, tun-KE = E
V

= Z0H
V

= Z0KH in
V
A

A
m

1
V

= 1
m

(1c)

ing of the loop circuit could no longer be afforded. A broad-
In the area of radio wave propagation and radio disturbance
measurement, quantities are expressed in logarithmic units.
Therefore, the proportionality constants are converted into
logarithmic values too:

kH = 20 log(KH ) in dB
(

1
�m

)
(2a)

kB = 20 log(KB) in dB
(

T
V

)
(2b)

kE = 20 log(KE ) in dB
(

1
m

)
(2c)

By using logarithmic antenna factors, a field-strength level
20log(H) is obtained in dB(�A/m) from the measured output
voltage level 20log(V) in dB(�V) by applying the equation:
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dB20log(H) � 20log(V) � kH. The final section of this article de-
scribes a method to calibrate the antenna factors of circular Figure 8. Detector response of a test receiver for impulsive interfer-

ence as specified in Ref. 1.loop antennas.
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viate from horizontal if ground conductivity is poor. There-
fore, many organizations use vertical monopoles for signal
measurements but standardize results by means of calibra-
tion data involving comparisons for selected signals indicated
by field-strength meters incorporating loop-receiving anten-
nas. Accuracy requirements are given in Ref. 20, general in-
formation on equipment and methods of radio monitoring are
given in Ref. 21.

Solutions to Problems With Ambients in Commercial EMI Stan-
dards. CISPR Class B radiated emission limits in the fre-
quency range 9 kHz to 30 MHz have been at 34 dB(�V/m) at
a distance of 30 m from the EUT for a long time. Moreover,
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Frequency (Hz) the test setup with EUT and vertical loop antenna required
turning of both EUT and loop antenna in order to find theFigure 9. Sensitivity per hertz bandwidth of the active loop (16).
maximum emission. On most of the open area test sites the
ambient noise level makes compliance testing almost impossi-
ble. This is due to the fact that ambient noise itself is nearband active loop employs an output voltage proportional to
or above the emission limit. Two different approaches werethe short-circuited loop current thus achieving a flat response
proposed as a solution to that problem:of the antenna factor versus frequency (16).

(1) To reduce the measurement distance from 30 m to 10 mA flat response of the system is also achieved using a cur-
or even 3 m. A German group proposed frequency-dependentrent probe which measures the short-circuit current in the
conversion factors, justified by calculations and an extensivelarge-loop antenna system (LAS) described by Bergervoet and
amount of measurements. The conversion factors are given invan Veen (9). It is essentially a magnetic-field-induced cur-
Fig. 10. In Fig. 10 the slopes between 1.8 MHz and 16 MHzrent measurement (see subsequent explanations). The high-
show the transition region from near field, where H is in-est sensitivity described in the literature for a wideband sys-
versely proportional with r3 or r2.6, to far field, where H istem was achieved with a specially designed active loop. With
inversely proportional with r.additional frequency-dependant switching of elements (17)

(2) To reduce the measurement distance to zero. A Dutchsensitivity is even better than that of manually operated field-
group proposed the large-loop antenna system mentioned pre-strength meters with tuning of the loop circuit. Figure 9
viously (9). With this method the EUT is placed in the centershows the amplitude density of the minimum detectable mag-
of a loop antenna system, which consists of three mutuallynetic field strength HNeq in dB(�A/m�Hz) equivalent to the
perpendicular large loop antennas (Fig. 11). The magneticinternal electronic noise of the system consisting of antenna
field emitted by the EUT induces currents in the large loopand measuring receiver.
antennas. Since there are three orthogonal loops, there is no
need to rotate either the EUT or the loop antenna system.
The current induced in each loop is measured by means of a
current probe, which is connected to a CISPR measuring re-MAGNETIC-FIELD-STRENGTH MEASUREMENT METHODS

Measurement of Magnetic Fields With Regard
to Human Exposure to High em Fields

Usually, to measure magnetic fields with regard to human
exposure to high fields, magnetic field-strength meters are us-
ing broadband detectors and apply an isotropic response.
Modern concepts of low-frequency electric and magnetic field
strength meters apply fast Fourier transform (FFT) for proper
weighting of the total field with regard to frequency-depen-
dent limits (18,19).

Use of Loop Antennas for Radio Wave Field-Strength
Measurements Up to 30 MHz

ITU-R Recommendation PI.845-1 Annex 1 gives guidance to
accurate measurement of radio wave field strengths. Rod an-
tennas are the preferred receiving antennas since they pro-
vide omnidirectional azimuthal pickup. The positioning of
vertical rod antennas is however important, since the result
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is very sensitive to field distortions by obstacles and sensitive Figure 10. Conversion factors �H for the limit of the magnetic field
to the effects of ground conductivity. It is a well-known fact strength from 30-m measurement distance to 10-m and 3-m measure-
that measurements with loop antennas are less sensitive to ment distances above a conducting ground plane according to Ref. 26.
these effects and their calibration is not affected by ground The upper curve is for 30 to 3 m, the lower curve is for 30 to

10 m distances.conductivity apart from the fact that the polarization may de-
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P(r, �, 
) is described by the following three relations (see Fig.
12):

Hr = jk
2π

mH cos θ

r2

(
1 + 1

jkr

)
e−jkr (3a)

Hθ = −k2

4π

mH sin θ

r

(
1 + 1

jkr
− 1

(kr)2

)
e−jkr (3b)

Eϕ = Z0k2

4π

mH sin θ

r

(
1 + 1

jkr

)
e−jkr (3c)

where k � 2�/�, and mH � �R2
0I0 is the magnetic dipole mo-

ment, a vector perpendicular to the plane of the dipole. Equa-
tions (3a–3c) completely describe the electromagnetic field of
the magnetic dipole.

Two situations are further discussed: (1) the near field,

Coaxial-
switch

To test
receiver

Ferrite
absorbers

EUT

Current
probe

where r is much smaller than � but larger than the maximumFigure 11. Simplified drawing of a large loop antenna system with
dimension of the source (i.e. kr � 1), and (2) the far field,position of the EUT.
where r is much larger than � and much larger than the max-
imum dimension of the source (i.e. kr � 1).

For the near field case, where kr � 1 and using e�jkr �
cos(kr) � jsin(kr), Eqs. (3a–3c) are simplified toceiver. Since the current is measured, emission limits are

given in dB(�A) instead of dB(�A/m). Each loop antenna is
constructed of a coaxial cable which contains two slits, posi-
tioned symmetrically with respect to the position of the cur- Hr = 2mH cos θ

4πr3
(4a)

rent probe. Each slit is loaded by resistors in order to achieve
a frequency response flat to within �2 dB in the frequency Hθ = mH sin θ

4πr3 (4b)
range from 9 kHz to 30 MHz (9,10). In order to verify and
validate the function of each large loop, a specially designed
folded dipole has been developed (9,10). It produces both a

Eϕ = kZ0mH sin θ

4πr2
(4c)

magnetic dipole moment mH and an electric dipole moment
mE, when a signal is connected to the folded dipole. The folded From Eqs. (4a–4c) we can see that Hr and H� are inversely
dipole serves to test the large loop antenna for its sensitivity proportional to r3, whereas E
 is inversely proportional to r2.
in 8 positions. For the far-field case where kr � 1, Eqs. (3a–3c) are re-

duced to
Problems in the Near Field to Far Field Transition Zone.

Problems with magnetic field strength measurements in the
transition region between near field and far field are dis- Hr = jkmH cos θ

2πr2
e−jkr ⇒ 0 (5a)

cussed in detail in Ref. 22. When a small magnetic dipole is
located in the free space, the electromagnetic field in a point Hθ = −k2mH sin θ

4πr
e−jkr (5b)

Eϕ = k2Z0mH sin θ

4πr
e−ikr (5c)

From Eqs. (5a–5c) one can see that in the far field Hr van-
ishes in comparison to H� and that H� and E
 are inversely
proportional to r.

In the frequency range of 9 kHz to 30 MHz, where emis-
sion limits have been set, the corresponding wavelength is 33
km to 10 m. Since for compliance testing, ambient emissions
on an open area test site require a reduction of the measure-
ment distance to 10 m or even 3m, measurements are carried
out in the near field zone over a wide frequency range. At the
higher frequency range the transition zone and the beginning
far field zone are reached. Goedbloed (22) investigated the
transition zone and identified the critical condition where Hr

and H� are equal in magnitude. It occurs where
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Figure 12. Field components Hr, H�, and E
 in P at a distance rfrom
the center of the magnetic dipole in the xy-plane.
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√
1 + k2r2 = mH

4πr3

√
1 − k2r2 + k4r4 (6)
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Figure 13. Basic CISPR setup for magnetic field measurements.
Both EUT and loop antennas have to be turned round until the maxi- Figure 15. (a) Receiving conditions for a magnetic dipole with a ver-
mum indication on the receiver has been found. tical dipole moment, and the receiving loop-antenna in the vertical

position as specified by the standard; (b) Vectors of the indirect radi-
ated H-field components (no reception of direct radiation).

or where

f r = 112.3 in MHz · m (7)
oriented perpendicular to the EUT. In addition to these direct
components, the indirect radial and tangential componentsFor r � 10 m, H�max � Hrmax at frequencies greater than 11
Hi,r and Hi,� are superpositioned in the loop antenna. Assum-MHz.
ing near-field conditions it follows from Eqs. (4), that the mag-The CISPR magnetic field measurement method is illus-
nitude of the magnetic field Hm is given bytrated by Fig. 13, with the test setup on a metallic ground

plane and the receiving antenna in the vertical plane. In Figs.
14 and 15, two different cases of radiating electrically small
magnetic dipoles are illustrated: the first one with the dipole
moment parallel to the ground plane and the second one with
the dipole moment perpendicular to the ground plane. Be-

Hm = Hd,r + Hi,r cos θi − Hi,θ sin θi

= mH

4πd3

(
2 + d3

d3
i

(2 cos2 θi − sin2
θi )

)
(8)

cause of the reflecting ground plane two sources are responsi-
ble for the field at the location of the receiving antenna: the where di � �(2h)2 � d2 is the distance between the mirror
original source and the mirror source. The points and crosses dipole and the loop antenna.
drawn in both sources show the direction of the current. In Goedbloed gives a numerical example with mH � 4�103

Fig. 14, the currents are equally oriented. In this case the �Am2 (e.g. 100 mA through a circular loop with a diameter of
loop antenna detects the radial component Hd,r and the direct 0.40 m). Using Eq. (8) with d � 3 m and h � 1.3 m will give
tangential component Hd,� � 0 since �d � 0. Therefore, direct Hm � 38.6 dB(�A/m) with the mirror source and 37.4 dB(�A/
radiation will only contribute if fd � 112 MHz � m, see Eq. (7). m) without the mirror source, which shows that in this case
In the case of fd � 112 MHz � m, the loop antenna will receive the reflecting ground plane has little influence. The influence
direct radiation if it is rotated by 90	. This may be observed of the ground plane is quite different in the case of a vertical
frequently in practical measurements: at low frequencies the dipole moment, i.e. a dipole moment perpendicular to the
maximum radiation is found with the loop antenna in parallel ground plane as illustrated in Fig. 15. In the case of Fig. 15
to the EUT and at high frequencies with the loop antenna the loop antenna does not receive direct radiation at all, as

Hd,r (�d � �/2) � 0 and Hd,� is parallel to the loop antenna.
Hence, the received signal is completely determined by the
radiation coming from the mirror source, which also means
that the result is determined by the quality of the reflecting
ground plane. With the reflecting ground plane Hm � Hi,r

sin �i � Hi,� cos �i � 27.2 dB(�A/m), whereas without the re-
flecting ground plane no field strength will be measured. If
the loop antenna were positioned horizontally above the
ground plane at h � 1.3 m, Hm � Hd,� � Hi,r cos �i � Hi,�

sin �i � 32.4 dB(�A/m) and Hm � 31.4 dB(�A/m) without the
reflecting ground plane. Measurements in a shielded room
would even be less predictable, since the result would be de-
termined by mirror sources on each side including the ceiling
of the shielded room. Absorbers are not very helpful in the

mH
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di

d

h

h
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Hd,r

Hi,r 
LA

Ground plane

(a)

(b)

���

θ i

low frequency ranges. From these results, Goedbloed con-
cludes that in order to judge the interference capability of anFigure 14. (a) Receiving conditions for a magnetic dipole with a hori-
EUT, the method proposed by Bergervoet and Van Veen (9),zontal dipole moment; (b) Vectors of the direct and indirect radiated

H-field components. is an efficient method of magnetic field measurements.
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CALIBRATION OF A CIRCULAR LOOP ANTENNA

A time-varying magnetic field at a defined area S can be de-
termined with a calibrated circular loop. For narrow-band
magnetic field measurements, a measuring loop consists of an
output interface (point X on Fig. 5), which links the induced
current to a measuring receiver. It may have a passive or an
active network between loop terminals and output. The mea-
suring loop can also include a shielding over the loop circum-
ference against any perturbation of strong and unwanted
electric fields. The shielding should be interrupted at a point
on the loop circumference.

Generally in the far-field the streamlines of magnetic flux
are uniform, but in the near-field, i.e. in the vicinity of the
generator of a magnetic field, they depend on the source and
its periphery. Figure 19 shows the streamlines of the electro-
magnetic vectors generated by the transmitting loop L1. In
the near-field, the spatial distribution of the magnetic flux,
B � �0H, over the measuring loop area is not known. Only
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the closed-loop area, can induce a current through the loop
conductor.

The measuring loop must have a calibration (conversion)
of the two coaxial loop antennas in m, r1 and r2 are filamen-factor or set of factors, that, at each frequency, expresses the
tary loop radii of transmitting and receiving loops in m, re-relationship between the field strength impinging on the loop
spectively, � is wavelength constant, � � 2�/�, and � is wave-and the indication of the measuring receiver. The calibration
length in m.of a measuring loop requires the generation of a well-defined

Equations (9a) and (9b) can be determined by numericalstandard magnetic field on its effective receiving surface.
integration. To this end we separate the real and imaginarySuch a magnetic field is generated by a circular transmitting
parts of the integrand using Euler’s formula e�j
 � cos(
) � jloop when a defined root mean square (rms) current is passed
sin(
) and rewrite Eq. (9a) asthrough its conductor. The unit of the generated or measured

magnetic field Hav is A/m and therefore is also an rms value.
The subscript, av, strictly indicates the average value of the Hav = Ir1

πr2
(F − jG) (10a)

spatial distribution, not the average over a period of T of a
periodic function. This statement is important for near-field where
calibration and measuring purposes. For far-field measure-
ments the result indicates the rms value of the magnitude of
the uniform field. In the following we discuss the require- F =

∫ π

0

cos[βR(ϕ)]
R(ϕ)

cos(ϕ)dϕ (10b)
ments for the near-zone calibration of a measuring loop.

G =
∫ π

0

sin[βR(ϕ)]
R(ϕ)

cos(ϕ)dϕ (10c)

CALCULATION OF STANDARD
NEAR-ZONE MAGNETIC FIELDS and the magnitude of Hav is then obtained as

To generate a standard magnetic field, a transmitting loop
L1 is positioned coaxial and plane-parallel at a separation |Hav| = Ir1

πr2

√
F2 + G2 (10d)

distance d from the loop L2, like in Fig. 16. The analytical
formula for the calculation of the average magnetic field It is possible to evaluate the integrals in Eqs. (10) by numeri-
strength Hav in A/m generated by a circular filamentary loop cal integration with an appropriate mathematics software on
at an axial distance d including the retardation due to the a personal computer. Some mathematics software can directly
finite propagation time was obtained earlier by Greene (23). calculate the complex integral of Eqs. (9).
The average value of field strength Hav was derived from the
retarded vector potential A
 as tangential component on the

ELECTRICAL PROPERTIES OF CIRCULAR LOOPSpoint P of the periphery of loop L2:

Current Distribution Around a Loop

The current distribution around the transmitting loop is not
Hav = Ir1

πr2

∫ π

0

e− jβR(ϕ )

R(ϕ)
cos(ϕ)dϕ (9a)

constant in amplitude and in phase. A standing wave of cur-
rent exists on the circumference of the loop. This current dis-R(ϕ) =

√
d2 + r2

1 + r2
2 − 2r1r2 cos(ϕ) (9b)

tribution along the loop circumference is discussed by Greene
on pp. 323–324 (23). He has assumed the loop circumferenceIn these equations for the thin circular loop, I is transmit-

ting loop rms current in A, d is distance between the planes 2�r1 being electrically smaller than the wave length � and the
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the receiving loop is calibrated with an accurately defined
standard magnetic field, but the resonance of the loop at
higher frequencies must be taken into account.

Circular Loops With Finite Conductor Radii

A measuring loop can be constructed with one or more wind-
ing. The form of the loop is chosen as a circle, because of the
simplicity of the theoretical calculation and calibration. The
loop conductor has a finite radius. At high frequencies the
loop current flows on the conductor surface and it shows the
same proximity effect as two parallel, infinitely long cylindri-
cal conductors. Figure 19 shows the cross-section of two loops
intentionally in exaggerated dimensions. The streamlines of
the electric field are orthogonal to the conductor surface of
the transmitting loop L1 and they intersect at points A and
A�. The total conductor current is assumed to flow through an
equivalent thin filamentary loop with the radius a1 �
�r2

1 � c2
1, where a1 � OA � OP � �OQ2 � QP2. The stream-

lines of the magnetic field are orthogonal to the streamlines
of electric field. The receiving loop L2 with the finite conduc-
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Figure 17. Current distribution on a circular loop. fective circular radius b2 � r2 � c2.

The sum of the normal component of vectors H acting on
the effective receiving area S2 � �b2

2 induces a current in the
conductor of the receiving loop L2. This current flows throughloop current being constant in phase around the loop and the
the filamentary loop with the radius a2. The average magneticloop being sufficiently loss-free. The single-turn thin loop was
field vector Hav is defined as the integral of vectors Hn overconsidered as a circular balanced transmission line fed at
effective receiving area S2, divided by S2. The magneticpoints A and D and short-circuited at the points E and F

(Fig. 17). streamlines, which flow through the conductor and outside of
In an actual calibration setup the loop current I1 is speci- loop L2, cannot induce a current through the conductor along

fied at the terminals A and D. The average current was given the filamentary loop Ar, Ar�, of L2. The equivalent filamen-
as a function of input current I1 of the loop (24): tary loop radii a1, a2 and effective circular surface radii b1, b2

can directly be seen from Fig. 19.

Iav = I1
tan(βπr1)

βπr1
(11)

The fraction of Iav/I1 from Eq. (11) expressed in dB gives the
conditions for determining of the highest frequency f and the
radius of the loop r1. The deviation of this fraction is plotted
in Fig. 18.

The current I in Eqs. (9) must be substituted with Iav from
Eq. (11). Since Eq. (11) is an approximate expression, it is
recommended to keep the radius of the transmitting loop
small enough for the highest frequency of calibration to mini-
mize the errors. For the dimensioning of the radius of the
receiving loop these conditions are not very important, until

H

H

h e

Hn

c2

c1

b2
a2

r2

b1
a1

r1

Hav

Ar

A

Ar'

T'

Br

B O

Br'

B'

Qr

Q

Qr'

A'
Q'

OrT

P

L2

L1
1.5

1

0.5

0

–0.5

d
B

1 2 5 10 20 50 100
MHz

Figure 19. Filamentary loops of two loops with finite conductor radii
and orthogonal streamlines of the electromagnetic vectors, producedFigure 18. Deviation of Iav/I1 for a loop radius, 0.1 m as 20

log(Iav/I1) in dB versus frequency. from transmitting loop L1.
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The equivalent thin current filament radius a1 of the trans- Iav flows through the filamentary loop with the radius a1 and
generates an average magnetic field strength Hav on the effec-mitting loop L1:
tive circular surface S1 � �b2

1 of the filamentary loop with the
radius b1. From the Eqs. (9) and (11) we can rewrite Eq. (15a),a1 =

√
r2

1 − c2
1 (12a)

for the loop L1:

The equivalent thin current filament radius a2 of the receiv-
ing loop L2: Ze = j

tan(βπa1)

βπa1
µ0ωa1b1

∫ π

0

e− jβR0 (ϕ )

R0(ϕ)
cos(ϕ)dϕ (15b)

a2 =
√

r2
2 − c2

2 (12b) R0(ϕ) =
√

a2
1 + b2

1 − 2a1b1 cos(ϕ) (15c)

The radius b1 of the effective receiving circular area of the The real and imaginary parts of Ze are the radiation resis-
loop transmitting L1: tance and the external inductance of loops, respectively:

b1 = r1 − c1 (12c)
Re(Ze) = tan(βπa1)

βπa1
µ0ωa1b1

∫ π

0

sin(βR0(ϕ))

R0(ϕ)
cos(ϕ)dϕ (15d)

The radius b2 of the effective receiving circular area of the
receiving loop L2: Im(Ze) = tan(βπa1)

βπa1
µ0ωa1b1

∫ π

0

cos(βR0(ϕ))

R0(ϕ)
cos(ϕ)dϕ (15e)

b2 = r2 − c2 (12d)
From Eq. (15e) we obtain the external self inductance:

Impedance of a Circular Loop

The impedance of a loop can be defined at chosen terminals
Le = tan(βπa1)

βπa1
µ0a1b1

∫ π

0

cos(βR0(ϕ))

R0(ϕ)
cos(ϕ)dϕ (15f)

Q, D, as Z � V/I1 (Fig. 17). Using Maxwell’s equation with
the Faraday’s law curlE � �j��m we can write the line inte- Equations 15 include the effect of current distribution on the
grals of the electric intensity E along the loop conductor loop with finite conductor radii.
through its cross section, along the path joining points D, Q,
and the load impedance ZL between the terminals Q, A:

Mutual Impedance Between Two Circular Loops

The mutual impedance Z12 between two loops is defined as
∫

(AEFD)

Esds +
∫

(DQ)

Esds +
∫

(QA)

Esds = − jω�m (13a)

Here, �m is the magnetic flux. The impressed emf V acting
Z12 = V2

I1
= Z2I2

I1
(16)

along the path joining points D and Q is equal and opposite
The impedance of Z2 in Eq. (16) can be defined like Eq. (14):to the second term of Eq. (13a):

Z2 = V2

I2
= Z2i + ZL + Z2e (17)V = −

∫
(DQ)

Esds (13b)

here Z2i is the internal impedance, ZL is the load impedance,The impedance of the loop at the terminals D, Q can be writ-
and Z2e is the external impedance of the second loop L2.ten from Eqs. (13) dividing with I1 as

The current ratio I2 to I1 in Eq. (16) can be calculated from
Eqs. (9), (11), and (12). The current I1 of the transmit loop
with separation distance d:Z = V

I1
=

∫
(AEFD)

Esds

I1
+

∫
(QA)

Esds

I1
+ jω�m

I1
= Zi + ZL + Ze

(14)

Zi indicates the internal impedance of the loop conductor. Be-
cause of the skin effect, the internal impedance at high fre-

I1 = Havπb2

tan(βπra1)

βπa1
a1

∫ π

0

e− jβRd (ϕ )

Rd(ϕ)
cos(ϕ)dϕ

(18a)

quencies is not resistive. For the calculation of the Zi we refer
Rd (ϕ) =

√
d2 + a2

1 + b2
2 − 2a1b2 cos(ϕ) (18b)to Schelkunoff, p. 262 (25). ZL is a known load or a source

impedance on Fig. 17. Ze is the external impedance of the
and the current I2 of the receive loop for the same Hav (hereloop:
d � 0) is

Ze = jω
�m

I1
= jω

µ0HavS
I1

(15a)

We can consider that the loop consists of two coaxial and co-

I2 = Havπb2

tan(βπa2)

βπa2
a2

∫ π

0

e− jβR0 (ϕ )

R0(ϕ)
cos(ϕ)dϕ

(18c)

planar filamentary loops (i.e. separation distance d � 0). The
radii a1 and b1 are defined in Eqs. (12). The average current R0(ϕ) =

√
a2

2 + b2
2 − 2a2b2 cos(ϕ) (18d)
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The general mutual impedance between two loops from Eqs. The effective loop area is S2 � �b2
2. The external loop imped-

ance Ze can be calculated with Eqs. (15). The internal imped-(16) and (17) is
ance Zi can be evaluated from Ref. 25.

Z12 = (Z2i + ZL + Z2e)
I2

I1
= Z12i + Z12L + Z12e (19a)

Standard Magnetic Field Method

here Z12i is the mutual internal impedance, Z12L denotes the In the calibration setup in Fig. 20 we measure the voltages
mutual load impedance, and Z12e is the external mutual im- with standard laboratory measuring instrumentation with
pedance. the 50 � impedance. The device to be calibrated consists at

Arranging Eq. (15b) for Z2e and the current ratio I2/I1 from least of a loop and a cable with an output connector. Such a
Eqs. (18) external mutual impedance yield measuring loop can also include a passive or active network

between the terminals C, D, and a coaxial shield on the circu-
lar loop conductor against unwanted electric fields, depending
on its development and construction. The impedance ZL at the

Z12e = j
tan(βπa1)

βπa1
µ0ωa1b2

∫ π

0

e− jβRd (ϕ )

Rd (ϕ)
cos(ϕ)dϕ (19b)

terminals C, D is not accurately measurable. Such a complex
loop must be calibrated with the standard magnetic fieldThe real part of Z12e may be described as mutual radiation
method. The antenna factor in Eqs. (1) can be defined throughresistance between two loops.
measuring of the voltage VL and the uncertainties betweenThe imaginary part of Z12e divided by � gives the mutual
loop terminals C, D and measuring receiver are fully cali-inductance
brated. The attenuation ratio � of the voltages V2 and VL can
be measured for each frequency:

M12e = tan(βπa1)

βπa1
µ0a1b2

∫ π

0

cos(βRd (ϕ))

Rd (ϕ)
cos(ϕ)dϕ (19c)

Equations (19b) and (19c) include the effect of current distri-
α = V2

VL
(22)

bution on the loop with finite conductor radii.
By using the Eqs. (22), (1), (11), and (12), with V2 � �I1R2,
and V0 � constant, Eq. (9a) can be rewritten:

DETERMINATION OF THE ANTENNA FACTOR

The antenna factor K is defined as a proportionality constant
KH =

∣∣∣∣∣α 1
R2

tan(βπa1)

βπa1

a1

πb2

∫ π

0

e− jβRd (ϕ )

Rd(ϕ)
cos(ϕ)dϕ

∣∣∣∣∣ (23)

with necessary conversion of units. K is the ratio of the aver-
age magnetic field strength bounded by the loop to the mea- Rd is defined by Eq. (18b). Equation (23) can also be expressed
sured output voltage VL on the input impedance RL of the logarithmically
measuring receiver. For the evaluation of the antenna factor
there are two methods. The first is by calculation of the loop
impedances, and the second is with the well-defined standard kH = 20 log(KH ) in dB

(
A
m

1
V

)
magnetic field calibration, which will also be needed for the
verification of calculated antenna factors (24). Equation (23) reduces the calibration of the loop to an ac-

curate measurement of attenuation � for each frequency. The
Determination of the Antenna Factor by other terms of Eq. (23) can be calculated depending on the
Computing from the Loop Impedances geometrical configuration of the calibration setup at the work-

ing frequency band of the measuring loop. The calibration un-If a measurement loop (e.g. L2) has a simple geometric shape
certainties are also calculable with the given expressions. Theand a simple connection to a voltage measuring device with a
uncertainty of the separation distance d between two loopsknown load RL, we can determine the antenna factor by calcu-
must be taken into consideration as well. At a separation dis-lation. In the case of unloaded loop from Fig. 17 the open
tance d � r1 the change of the magnetic field is high.circuit voltage is

For a calibration setup the separation distance d can be
defined as small as possible. However, the effect of the mutualV0 = jωµ0HavS2 (20a)
impedance must be taken into account in the calibration pro-
cess and a condition to define the separation distance d mustFor the case of loaded loop the current is
be given (Fig. 20). If the second loop is open circuited, that is
the current I2 � 0, the current I1 is defined only from the
impedances of the transmitting loop. In the case of a short-I = V0

Z
= V0

RL + Zi + Ze
(20b)

circuited second loop, I2 is maximum and the value of I1 will
change depending on the supply circuit and loading of the

The antenna factor from Eq. (9a) can be written with VL � transmitting loop. A current ratio q between these two cases
ZLI and Eqs. (20) as can be defined as the condition of the separation distance d

between the two loops.
It is assumed that the generator voltage V0 is constant.

The measuring loop L2 is terminated by ZL. For ZL � 0 and
KH =

∣∣∣∣ 1
jωµ0S2

(
1 + Ze

RL
+ Zi

RL

)∣∣∣∣ in
A
m

1
V

(21)
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Figure 20. Calibration setup for circular
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loop antennas.

VCD � 0, one obtains the current I1 in the transmitting loop usually used for the attenuation measurement instead of a
discrete measurement at each frequency with signal genera-as
tor and measuring receiver. A network analyzer can normal-
ize the frequency characteristic of the transmit loop and gives
a quick overview on measured attenuation for the frequency
band.

I1(ZL=0) = V0

R1 + R2 + ZAB − Z2
12

ZCD

(24a)

and for ZL � 	, i.e. I2 � 0
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