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Abstract

The electric and magnetic field from an electromagnetic wave usually are a matter of
interest for regulatory standards to accomplish electromagnetic compatibility. Also in
research works of technology in radio frequency; it is very important to analyze the electro-
magnetic fields. The electric and magnetic probes are studied and discussed in this chapter.
The most important electric field probe is the dipole antenna, usually an electrically short
dipole antenna. The loop antenna is used as magnetic field probe to measure the magnetic
field. The current distribution and the electric circuit model for the dipole and the loop
antennas are obtained. The antenna factor is also defined and calculated for the same
antenna. This antenna factor allows to determine the incident electric field to the dipole
antenna and the incident magnetic field to the loop antenna. The special cases of the
electrically short dipole and the electrically short loop antennas are discussed. The Helm-
holtz coils are usually used to establish a known and uniform magnetic field zone for
various applications. In the area where a uniform magnetic field is generated, sensor and
magnetic field probe calibrations can be made in a low-frequency range.

Keywords: Maxwell equations, dipole antennas, loop antennas, electric field probe,
magnetic field probe, Helmholtz coils, effective area, effective length, antenna factor

1. Introduction

This section explains the concepts that correspond to the maximum effective area and the effective
length of a receiving antenna, when an electromagnetic wave is incident on the antenna. The
concepts of electromagnetic waves, plane wave propagation in space, electric and magnetic fields,
Poynting vector and power density incident on an antenna, dipole and loop antennas are required.

1.1. Effective area and effective length

In Figure 1a, an incident electromagnetic wave captures by receiving antenna, that is connected
to a load impedance Z;, can be observed. The electromagnetic wave is polarized in the z

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. (a) Receiving antenna, with incident electromagnetic plane wave, parallel to the antenna. (b) the Thevenin
equivalent electric circuit of the receiving antenna.

direction, which leads to a, and the antenna is oriented to the maximum gain direction. The
incident power density of the electromagnetic wave [1] can be expressed in terms of the electric
field as:

E‘z
Pi_‘ l‘

= 2700 ey

where Zy is the intrinsic vacuum impedance, P; is the time average of incident power density,
and |E;| is the intensity of the incident electric field.

The maximum effective area of an antenna can be defined as the ratio between the power

received at the antenna terminals and the power density incident to the antenna, for linear
polarization:

Wr

A =5~

)

In this case, the antenna is oriented to receive maximum power, and the load impedance Z; is
matched to the impedance of the receiving antenna Z,:

Wpr = P,’Aeﬁc (3)
From Egs. (1) and (3):
|Eil*
= A, 4
Wr 270 el 4)

The equivalent electric circuit of a receiving antenna in Figure 1b, where the incident electro-
magnetic wave is polarized in the z direction, and coincides with the polarization of the
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receiving antenna. The effective length of a receiving antenna can be defined as the ratio
between the voltage induced at the terminals of the open circuit antenna and the incident
electric field:

Vel
TR

1

L

©)

where |V| is the voltage received at the terminals of the open circuit antenna and |E;| is the
incident electric field.

The total apparent power in the load can be expressed thus:

VL . IL = |VL||IL|COS(P + |VLHIL|SZH¢ (6)
where V7 is the voltage at the load, I}, is the current flowing through the load, and ¢ is the
phase difference between V' and I;.

The active received power at the antenna terminals is:

wy = Vil cosd ”
The relationship between the load voltage and the open circuit voltage is:
Vil = I%I% (8)
From Egs. (7), (8) and (5):
_ |EZ-Lgﬁr\2|ZL|cos¢ )

|Z + Zal?

L 12t Zal Ay (10)
i |Z112Zgocosp

This effective length is a general expression for any antenna rather than what is usually
defined in the bibliography for dipole antennas [1].

From Egs. (4) and (9):

2. Electric field probes

Consider a linear dipole antenna with an incident electromagnetic plane wave, polarized
parallel to the antenna, which is captured by the antenna. The electric circuit of the antenna
without load is shown in Figure 2. The voltage induced in the antenna terminals is denoted
by Ve
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Figure 2. Receiving antenna, with incident electromagnetic plane wave, parallel to the antenna.

The effective length of a linear dipole antenna in receiving mode can be defined as a relation of
electric field strength incident to the antenna and the voltage on the antenna, as shown in
Figure 3, [2]. This can be expressed as:

|V0c| = |Ei|Leff (11)

where |V | is the amplitude of the open circuit voltage on the antenna, |E;| is the amplitude of the
incident electric field parallel to the antenna, and L.y is the effective length of the linear antenna.

The received voltage is usually measured by the spectrum analyzer, which has the input
impedance Z; = 50Q), as shown in Figure 4. This receiving voltage and the receiving power
can be expressed as:

Vel = VWi lZL] (12)

where W, is the power received by the spectrum analyzer and Z; is the impedance of the
spectrum analyzer.

Leff(m)

1e+1

\H%

1e+0

1e-1

1e-2

e 3 1e-2 1e-1 1e+0

L/lambda

Figure 3. Effective length of the probe (short dipole): L = 0.48A (30mm).
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Figure 4. The receiving antenna with spectrum analyzer connected, and the incident electromagnetic plane wave, has the
electric field parallel to the antenna.

The open circuit voltage can be expressed as:

(13)

i+ Z
Vel = V)] ('AL')

1Z]
where Z; = 50Q)
From Egs. (12) and (13):

Vel = VW, 1Zi] (M) (14)

1Ze

Using the Eq. (11), the electric field incident to the probe is:

|Vocl
Leg

IEi| = (15)

From Egs. (10), (14), and (15), the electric field incident to the dipole can, therefore, be obtained as:

_ WVl W |Z1|Zoocosep

|E;]
Leff Aeff

(16)

where Z; = 50Q) is the impedance of the spectrum analyzer; Z, is the input impedance of the
antenna; Zyp = 1207Q) is the intrinsic impedance of the vacuum; ¢ is the phase of the imped-
ance Z; Agy is the effective area of the receiving antenna; and W, (W) is the power measured
by the spectrum analyzer.

The natural parameter of a receiving antenna is the capture area, or effective area, and the
natural parameter of a transmitting antenna is the gain [3]. Other parameters such as the
transmitting antenna area, or the receiving antenna gain, are obtained by means of the natural
parameters and the effective area of the isotropic radiator.

215



216  Electric Field

t Z
L []] half
wave
dipole e
Ee
L=A/2 probe: /o
L dipole
R @ _ P Ty
generator T H, %
WRr
R Spectrum
/ analyzer
X

Figure 5. Measurement setup for E field components E,, E,, and E..

- -

~a -

= \\
probe: .
short dipole *
‘\
‘\
'Spectrum
Analyzer
b o Analy
Transmission !
Line /
'l
,’
’

!l

Figure 6. Simple electric field probe circuit.

Coaxial Transmission
Line Zp=50Q

N Conector



Standard Electric and Magnetic Field for Calibration
http://dx.doi.org/10.5772/intechopen.72687

2.1. Example of a radiating field from a dipole

An example of the electric field measurement using a dipole probe is shown in Figure 5. A half
wave dipole is radiating energy, and the probe (dipole) measures the induced voltage for the
three axis: Eg, E,, E,. Figure 6 shows the electric field probe, composed of a dipole antenna, a
coaxial transmission line, and the connections. This probe is connected to the spectrum ana-
lyzer in order to obtain the received voltage.

Figure 7a shows the received power measured with a dipole probe and Figure 7b shows the
electric field calculated by means of Eq. (16). To obtain the electric field, it is necessary to know
the effective length of the electric field probe (L.y), the impedance of the electric field probe
(Z4), and the impedance of the spectrum analyzer (Zp).

Figure 8a and 8b shows the curve of the electric field component E, and E as a function of

distance.
W rec (dBm) Ez(dBV/m)
20 ‘ 3 10 ‘ ‘
30} of
N h

40 10 e

50 =207

60" -307 J
°

K 1e-1 1e+0 1e+1 40 1e-1 1e+0 1e+1

d [m] d(m)
(a) (b)

Figure 7. (a) Power measurement at the probe antenna terminals and (b) measured electric field component E..

E(dBV/m) E(dBV/m)
0 -10
-10 -15 N
A\
-20 20 \
-25 5
-30
R -30
-40 i ¢%w§§p ’ ,
I/ § |4 -35 ERinE
50 4 i 40 L) 15
-60 -45
Te-2 1e-1 1e+0 1e+1 Te-2 1e-1 1e+0 1e+1
d(m) d(m)
(a) (b)

Figure 8. (a) Measured electric field component E, and (b) measured electric field component E.
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3. Magnetic field probes

A very useful method for measuring the magnetic field of electromagnetic waves is by means
of a loop antenna, which can be used with one turn or several turns, where a radiating field is
received. A simple loop antenna is shown in Figure 9a [1] and a shielded loop antenna is
shown in Figure 9b [4].

In order to obtain the induced voltage at the terminals of the loop antenna, consider a short
loop antenna, where the wavelength of the electromagnetic wave received is much greater
than the perimeter of the one-turn antenna. The Maxwell-Faraday Law expression in differen-
tial form is [1]:
~ 0B
Vx E= —— 17
5 (17)

where B[T] is the magnetic flow density, E[V /m] is the electric field, and t[s] is the time.

If the electromagnetic wave has a harmonic variation as a function of the time, the electric and
magnetic field can be expressed as [5]:

E = Ege™ (18)

H = Hoel™ (19)

From Eq. (17), making the integration at both sides:

Conductor

y Solid
Conductor

/— Shielding

Coaxial
Cable \‘

(a) (b)

Figure 9. (a) Ideal Loop. (b) Shielding loop antenna.
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[ (v E) e[ 2 @)

From Eq. (20), applying the Stokes theorem, the electromotive force (FEM) is [1]:

—

a e d
feminduced = _a_tL B -ds (21)

The loop antennas can be classified (into two classes) electrically small and electrically large
antennas. The first is useful for the measurement of the magnetic field induced by the radiated
electromagnetic field [4]. The electrically large loop antennas are those whose circumference is
about a free-space wavelength (C = A). In this chapter, the electrically small loop antennas are
discussed. The electrically small loop antennas are those whose overall length (number of
turns by the length of the circumference) is usually less than one-tenth of a wavelength. This
can be written as [2]:

n-C<A/10 (22)
where n is the number of turns, C[m] is the perimeter of the circumference of the loop, and A[m]
is the wavelength.
In the small loop antennas, the current in the conductor of the antenna can be considered
constant, i.e., I(x,y,z) = Iy [2, 4].
3.1. Example

A small loop antenna of radius = 10 cm, with 50 turns, which bandwidth of interest is 200 kHz,
then the number of turns by the perimeter of the circumference is

n-C=2314m (23)

The wavelength for the highest frequency is

. 108
p=C2310msgg00m (24)
f 200-10
Therefore,
A
15 = 150m (25)
The condition of Eq. (22) is
31.4 < 150m (26)

Then, the condition of Eq. (22) has been satisfied for electrically small loops of a bandwidth of
200 kHz [2, 4].
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The magnetic field intensity inside the loop antenna shown in Figure 15 can be considered
constant, then, Eq. (21) can be expressed as:

feminduced = _ijCOSGA (27)

where w = 2ntf[rad/s|, f[Hz] is the frequency, Bl|Wb/m?] is the magnetic flux density, A[m?] is
the area of the loop, and O[rad] is the angle between z y H.

As the constitutive relation between the incident magnetic field to the antenna H and the
magnetic flux density B [6]:

B = u,H (28)

where (1, is the magnetic permeability of the vacuum. Then,

fem,, 1.c0q = —jwp HcosOA (29)

For the loop antenna of n turns, the induced FEM can be expressed as:

fem,, 1.00a = —jn@iyHcosOA (30)

The amplitude of the induced FEM can be named open circuit voltage of the loop antenna
(Vie):

Ve = nw,HcosOA (31)

If the loop antenna has a ferrite core, the magnetic permeability of the ferrite is u = u u,, where
1, is the relative magnetic permeability of antenna loop with a ferrite core, and the magnetic
flux density is B = p, u,H.

3.2. Electric circuit of the loop antenna

The electric circuit of a loop antenna of n turns in receiving mode can be expressed by
impedance Z4 = R + jX in series with the ideal voltage generator. The spectrum analyzer can
be represented by means of an impedance Z; = 500Q. This equivalent Thevenin electric circuit
is shown in Figure 18, where Voc is the open circuit voltage, Z;[(Q] is the impedance of the
spectrum analyzer, and Z4[()] is the impedance of the loop antenna.

The measured voltage V,, by the spectrum analyzer can be written as:

Zr
Veeo——=Vy 32
g (32)
From Egs. (31) and (32), the magnetic field can be expressed like a function of the measured
voltage V,,:
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Zr +7Z4 1
H=V 33
" Zy  nwApycoso (53)

Therefore, the magnetic flux density results in (Figure 10):

Zr + 724 1
Z;  nwAcosO

B=u,H="V, (34)

3.3. Antenna factor

The definition of the antenna factor K;, relates the magnetic field H, of the electromagnetic
wave incident to the loop antenna with the current flowing in the loop I,,, [7]:

H
Ki=— (35)
Ly,
where
Vin
Ly =—
"= (36)
From Egs. (35) and (36), the antenna factor is
Ki=(Z,+Z ); (37)
P nwAji,cos6

The antenna factor is important because it relates the current measured in the loop antenna
and the incident unknown magnetic field.

EZa . m| | e

: i 5 ZL !

E Voc E I :

A : b I
Antenna Spectrum Analyzer

Figure 10. Electric circuit model of the loop antenna used for the measurement.
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Another way to define the antenna factor is:

where the subindex shows if it is defined by the voltage (v) or current (i).

Using Eq. (31) K, results:

1
Ky=——
" nwAp,cos6
Note that the relation between K; and K, is
K;
— =71 +7Z
X, L+ Za

3.3.1. Example

(38)

(39)

(40)

The antenna factor Kv of three short loop antennas has been computed by means of Eq. (39), as
shown in Figures 11, 12, and 13. The antenna factor K, has a slope of —20 dB/dec and it is

decreasing with n, w, y, and A. This behavior can be observed in Table 1.

Typically, the small loop antennas are used to measure the magnetic fields in a range of
frequencies of 20 Hz-30 MHz [8]. The loop antenna can also be used to measure the magnetic

tield strength emission from a device [9].

From the equation of the open circuit voltage of Eq. (31), V,. increases with the area and the

number of turns n. Both parameters can be used to select the voltage of reception and the
sensibility of the measurement. The section of the wire selected has been chosen to reduce the

losses as Joule effect.

100

K [dBA/Vm] Loop radius=5cm, N=50

o i ‘ “‘gf‘_TheQretijcal::
90 : : P ’il?géloMeasure‘d;;.

700 o
607
sof

40 R

30 N N N ! Pl
Te+1 1e+2 1e+3 1e+4

f (Hz)

Figure 11. Antenna factor K, measured and calculated. Loop: radius = 0.05 m and N = 50.
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. K [dBA/Vm] Loop, radius=24cm, N=252

- —Theoretical
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307 1
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10+ e '
-20 : : R : Lot I
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Figure 12. Antenna factor K, measured and calculated. Loop: radius = 0.24 m and N = 252.

50 K[dBA/Vm] Loop, radius=9cm, N=1

\

_20' R N R
1e+3 1e+4 1e+5 1e+6 1e+7 1e+8
f(Hz)

Figure 13. Antenna factor K, measured. Loop: radius = 0.09 m and N =1.

a n K, (dBA/V,_)f=1kHz
0.05 50 50

0.24 252 8

0.09 1 75

Table 1. Antenna factors for three different loop antennas.
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Currently, the measurement of magnetic field emitted by electronic devices is done to verify
the electromagnetic compatibility [9, 10] or the emissions in the nature [11]. In the magnetic
field measurement, a calibrated measurement system is required, where the probes are excited
by the uniform magnetic field [12] to obtain the antenna factor [13]. The magnetic field to be
measured should be in a near-field zone [14] or in a far-field zone [5].

4. Example
A measurement of the power supply of a personal computer is shown in Figure 14a and 14b.

The hotspots are indicated with dark grey where the emission is highest. The magnetic field
probe made with a ferrite core, which has been used in this measurement, is shown in Figure 15.

_50_". 3

FOEE

ol LML
.zz. - ’I‘,);:' I’

LTREISCAA AT IS
e {

[ I

15 15 ¥ [em)

(a) o (b)

coil — probe

Figure 15. The magnetic field probe with a coil built with ferrite core.

5. Helmholtz coils

The Helmholtz coils are the most simple configuration to produce a magnetic field relatively
constant. Helmholtz coils are two circular coils coaxial with the same radius, which is equal to
the distance between the planes of the coils [15]. When the current flows in opposite directions,
the configuration is called anti-Helmholtz coils. The cancellation of the magnetic field is
important in various applications such as measurements, bioengineering investigations, and
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calibrations of probes and sensors. In Helmholtz coils expand the area of uniformity of the
magnetic field, and reduce the variation of the field in the axes it is interesting. Based on the
study of a two-coil system, it has been determined that three coils through which current flows
produce magnetic field with better characteristics in intensity and uniformity than the stan-
dard Helmholtz coils. The polygonal coils are easier to be produced in the industry. [16]. When
the number of sides of a polygon forming the coil is increased, the distribution on the intensity
of magnetic field is more uniform [16, 17]. If greater uniformity of the magnetic field is
required, a five-rectangular coils system for measuring biomagnetics can be used [16, 18].
Eight Helmholtz coils are used to calibrate a magnetometer in a uniform magnetic field system
[19] (Figures 16 and 17).

Figure 16. Picture of the Helmholtz coils.

i<

>\
i

Figure 17. Magnetic field lines of the Helmholtz coils.
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5.1. Helmholtz coils with DC current applied

In the magnetic flux density vector B, produced by two coils, as shown in Figure 16, where a
DC current I is flowing by the coils, two identical terms are obtained. The coils are placed at
=—d/2 and z=+d/2.

The magnetic flux density B of the Helmholtz coils with the radius equal to the distance

between coils has first and second derivatives of zero at z =10 % = %27’5 =0 [20]. Then, the
magnetic flux density is uniform at z = 0:

Hol
@ . Z (41)

BG) |z:0 =

The magnetic flux density can be expanded by Taylor series, and then the deviation from

B(2) |._y is B(z) = B(0)(1 4+ 1.510%) at |z < &,

5.2. Helmholtz coils with AC current applied computed in any point in the space

Consider two coils connected to an AC generator, where a sinusoidal current I(¢) flows as
shown in Figure 18. The Helmholtz coils are used in low frequencies: LF, VLF, and ULF. For
these frequencies, the wavelength is much larger than the dimensions of the loop. A number of
turns is used in each winding that make up the Helmholtz coils, where the number of turns of
the coil (n), multiplied by the perimeter of the circumference (C), is much less than a wave-
length NC < A, which can be enunciated as [2]:

A
e 42
NC<10 (42)

Figure 18. AC current connected to the Helmholtz coils.
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To the frequencies that fulfill the relation (42), the current is practically constant in each point of

the Helmholtz coils, and it will only be variable with the time. The vectorial A canbe written as [2]:

— U ](7) dv’
A=t J H L (43)

For the particular case of the coil can be considered a linear wire where the current flows, the
expression (43) is

i

A to
A= 0 ¢ 10 (44)

where dI'= (—asend’, acos¢’, 0)d¢’
7= (rsen0,0, rcos0)

.
r' = (acos¢’, aseng’,0)

R=|7 -7 |=+/r+ a2 — 2rasenOcos¢’

The current intensity I is constant at the perimeter of the loop [2], then, the vector A results in:

- AI 130
yl ﬁ%n Qlcosp dep (45)
4"\ /12 + a% — 2rasenOcosq’

that is, the Fredholm integral of the first kind [21], this results in:

A=l f2 [(1 —1k2> K(K) —E(kz)] (46)

_ ) _ 4ap /2 do T . .
where p= V72 — 22, k¥ = S K(k) = |, e eliptic integral of the first kind.

E(k) = [ 21— Isen2pd¢ eliptic integral of the second kind.

Then, B= Vx A can be computed [21]:

= ol z p* +a* + 22
B,=% : "E(K) — K(¥ 47
D Serapan (@02 () ~ k() @)
= ol 1 a* —p? —2°

2 o rap 12 L@a—p)+22 &) - Kte) )

The total magnetic flux density of the Helmholtz coils, where the coils are placed at z = —d/2
and z = +d/2 is
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B, = By(p,z+d) + By(p,z — d) (49)

B, =B.(p,z+d) + B.(p,z — d) (50)

5.3. Example

The Helmholtz coils have been built with two coils of radius a4 = 0.39m, number of turns
N =8, space between coils s =a = 0.39m, with the AC current applied to the coils of
[I| =2 15mA at f = 1kHz. The magnetic flux density can be calculated with Eq. (41), thus:

- 477107 H/m15 - 103A
B =ZF /m 3 1)
2)7%0.39 m
Results:
B | =27.6uT2 (52)
z=l

In Figure 19a, the magnetic flux density as a function of z for p = 0 has been plotted, and the
relative error of the magnetic flux density as a function of z and p in a 3D plot is shown in
Figure 19b.

In the zone where the magnetic flux density is uniform, at z = 0, the probes to be calibrated
are placed, at a low frequency signals from DC up to 200kHz, the Helmholtz coils are
used. The errors of the magnetic flux density B can be calculated using Eqgs. (47), (48), (49)
and (50).

Bz (uT)
0.3 Error relativo 3D(%)

0.28
80

0.26
L TN 60

0.24
40
0.22 20
0.2 0
0.4

0.18

0.16

-0.1 0 0.1

z(m)
(a)

Figure 19. (a) Magnetic flux density Bz(z) at p = 0 and (b) relative error of the magnetic flux density B with respect to
B(z=0).
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