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SUMMARY This paper reviews recent developments in
small-sized broadband antennas for EMI measurements, espe-
cially in the microwave frequency region. Transient EMI
measurements are also discussed by introducing complex antenna
factors and conversion of frequency-domain data into time-
domain data. This paper also focuses on considerable improve-
ments achieved in calibration techniques for conventional EMI
antennas in VHF/UHF bands.
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1. Introduction

Recent proliferation of portable telephones has rapidly
increased the potential need for measuring and control-
ling radio interference produced by electronic equip-
ment, especially in the microwave frequency region.
This trend has been much accelerated by the increasing
clock frequencies of digital equipment. Such equip-
ment usually generates broadband electromagnetic
disturbances which, in many cases, contain very sharp
pulses. Therefore, specially designed broadband anten-
nas are required for measurements, and their character-
istics have to be precisely determined not only in the
frequency domain but also in the time domain.

In the microwave frequency range, many different
types of antennas are used for measuring electromag-
netic disturbances (traditionally called electro-
magnetic interference, or EMI) generated by radio
transmitters and electronic equipment. These antennas
may be classified into two categories depending on
antenna size and characteristics. One category is for
antennas on the order of half a wavelength and
includes most conventional antennas which are widely
used in EMI measurements related to equipment autho-
rization. This type of antenna usually has good sensi-
tivity. Antennas in the other category are smaller, have
a broadband response, and are suitable for RF pulse
measurements, but they have poor sensitivity. As a
result, different calibration methods that take account
of these features have been developed for each antenna
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category.

In EMI measurements, the performance of a
measuring antenna is primarily characterized in terms
of the antenna factor, which is defined as the ratio of
the electrical field strength E of an incident field to
voltage V induced at the input of a connected measur-
ing receiver, that is, AF=E/V. Using the antenna
factor, the field strength of RF emission can be evaluat-
ed from a meter reading indicated by a measuring
receiver. Hence, the antenna factor of the antenna used
has to be accurately determined to achieve good re-
producibility in EMI measurements, especially in
measurements related to authorization of electronic
equipment. Recently, intensive investigations have
been made on antenna calibration, resulting in great
improvements in conventional methods.

The present paper reviews developments in small
broadband antennas and explains sophisticated tech-
niques for measuring transient EM disturbances in
terms of complex antenna factors. In addition, recent
improvements in calibration techniques for conven-
tional EMI antennas are summarized in this paper.

2. Broadband Antennas
2.1 Microwave Sensors and Antennas

Measuring electric field is important in studying elec-
tromagnetic compatibility (EMC) in the microwave
frequency range. There are many antennas and sensors
for making these measurements. Examples of their
operating frequency ranges and antenna factors are
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Fig.1 Examples of antennas and their antenna factors used for
EMC measurement in the microwave frequency region.
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summarized in Fig. 1. The dipole antenna, the most
practical, is used for frequencies up to 6 GHz. The
log-periodic dipole array antenna and the double-
ridged-guide antenna exhibit linear polarization and
operate from 1 GHz to 18 GHz. The conical log spiral
antenna has circular polarization and operates from 1
GHz to 10 GHz. The horn antenna is also used for
EMC measurement and as the standard for antenna
calibration. The antenna factors of these antennas
increase in proportion to the frequency. This means
that it is difficult to achieve high sensitivity at high
frequencies. These antennas have recently been used to
cope with the progress in mobile communications and
the increase in CPU clock frequency. On the other
hand, other antennas and sensors have been developed
for use in EMC measurement above 1 GHz. This
chapter describes the broadband antennas and sensors
which have recently been developed for the microwave
frequency range.

2.2 Small Dipole Antenna

Sensors with a small dipole antenna are used to
measure the electric field strength and the performance
of the EMC measurement facilities [1], [2]. The basic
configuration of the sensor is illustrated in Fig. 2. The
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Fig.2 Configuration of a sensor using a small dipole antenna.
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diode converts the received electric field strength to a
potential level, and a high-resistance wire reduces the
influence of the cable connecting the sensor element to
the level meter. The meter is constructed with an E/Q
converter and a display unit because the sensor is
usually placed in a strong electric field. The electric
field strength is calculated from the measured potential
levels. Three elements are placed in orthogonal direc-
tions and used to measure the power density. A sensor
with an 8.5 mm long dipole operates from 100 kHz to
18 GHz and its dynamic range is from 1 V/m to 1600
V/m [2]. A recently developed application of the
sensor is measuring the specific absorption ratio
(SAR) distribution [3]. The configuration of the
sensors is illustrated in Fig. 3. Two types of sensors,
triangular and rectangular, have been developed.
These sensors have 3-mm long dipoles and operate at
over 3 GHz with a dynamic range of from 1 mW/g to
100 mW/g. Small dipole antennas which can improve
space resolution and operation frequency will be devel-
oped for application to EMC study in future.

2.3 Electromagnetic Energy Measurement Using
Temperature Change

The measurement of electromagnetic energy is neces-
sary to estimate the electric field distribution and the
SAR distribution. When electromagnetic energy. is
absorbed by a material, the temperature of the material
increases. Thus, the electromagnetic energy can be
evaluated by measuring the increase in temperature.
An electromagnetic energy sensor has been developed
to use an optical temperature sensor [4] and the Phan-
tom [5]. The configuration of this sensor, which uses
a pair of optical temperature sensors [4], is illustrated
in Fig. 4. One optical temperature sensor measures the
temperature increase produced by incident RF energ
and the other measures the ambient temperature. Th
electromagnetic energy absorbed is calculated from th
temperature difference between these sensors. Th
type of electromagnetic energy sensor can be easi
miniaturized. A sensor of 5 mm in diameter and |
mm long has been developed. This type of electroma;
netic energy sensor is expected to be used in studies
human hazards and hyperthermia.

Temperature
sensor

-Z/-——.

T /Y

S——// ¥ }m
L 07777

4 Optical
fiber

13mm L
Resistive

Reference absorber

Fig.4 Configuration of a sensor using a fiber optic temperatt
SENnsor.



SUGIURA et al: CURRENT TOPICS OF MICROWAVE EMI ANTENNAS AND MEASUREMENTS

). 4 Antennas with E/O and O/E Conver{ers

The cable connecting the antenna element to the level
meter can affect the measurement accuracy of the
electric field strength. One approach that has been
studied is to replace the coaxial cable with an optical
fiber cable. The basic configurations of antennas using
an optical fiber are illustrated in Fig. 5. The receiving
antenna converts the received signal to an optical
signal using an electrical-to-optical (E/O) tonverter.
An optical-to-electrical converter (O/E) in the trans-
mitting antenna then converts the optical signal to an
electrical signal and radiates it into space. An example
of a radiator using an O/E converter is illustrated in
Fig. 6 [6]. The antenna can operate at up to 3.1 GHz
and the maximum feeding RF power is 0 dBm [7].
Sensors with an E/O converter have also been
proposed, and a loop antenna whose dimensions are 57
*57*%]13 mm operates at up to 2 GHz [8]. The loss of a
coaxial cable increases in proportion to frequency, and
it influences the design of radio systems in the micro-
wave frequency range. In contrast to this, an optical
fiber, which has the extremely low insertion loss of less
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Fig. 5 Configuration of an antenna using electro-optical (E/O)
and optical-electro (O/E) converters.
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Fig. 6 Example of a spherical dipole transmission antenna.
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than 1 dB/km, can be used in a remote control system
[9]. Other applications, such as a standard RF source
for calibrating antennas and measuring the shielding
effect of a cabinet, are studied [7].

2.5 Electric Field Sensor Using Optical Modulator

Optical modulators can operate above 10 GHz. They
have been studied for use as the E/O converter of an
antenna in the microwave frequency range. The sensi-
tivity and maximum operating frequency of various
sensors with optical modulators are summarized in
Fig. 7. A sensor with an optical modulator composed
of bulk LiNbO; crystals was proposed in 1980 [10],
[11]. Before 1994, efforts to improve sensor sensitivity
focused on increasing the half-wave voltage of the
optical modulator [12] and decreasing the input
capacitance of the modulator [13]. A method of
tuning the optical bias angle was also proposed [14].
Recently, ways of increasing the maximum operating
frequency have been studied to allow use in the
microwave frequency range [15]. An example of the
configuration of an electric field sensor with an optical
modulator is illustrated in Fig. 8 [15]. This sensor has
an optical source, a polarization maintaining fiber, an
optical modulator, a sensor element, a single mode
optical fiber, and a photodetector. A 10-mm long
dipole element is used as the sensor element. When the
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Fig.7 Sensitivity and bandwidth of optical modulator type
electric field sensors.
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sensor element is placed in an electric field, a voltage
appears at the sensor element. The optical modulator
changes the optical power with this voltage variation.
The electric field strength can be estimated by measur-
ing the modulated optical signal level. The sensitivity
of the sensor is almost constant from 1 GHz to 4.3
GHz. In addition, the use of a small element improves
the spacial resolution of measuring the electric field
strength distribution [14]. It is useful for measuring
the electric field distribution near an antenna of a
wireless telephone, such as GSM or PDC phones.

Another measuring method based on the electro-
optic effect has been developed to measure signals on
high speed LSI [16]. A temporal resolution of 20 ps
and a spacial resolution of 2 mm were obtained. The
sensitivity of sensors using optical modulators is
almost independent of frequency. This means that this
type of sensor is useful for measuring the electromag-
netic pulses. The improvement of the sensitivity and
operating frequency range will be a future problem to
be solved before using it in the measurement of electro-
magnetic pulses.

3. Measurements of Transient Electromagnetic
Fields

3.1 Sensors and the Characteristics

Transient electromagnetic fields caused by electrostatic
discharges (ESD) or pulse electromagnetic waves
generated by electro-optic devices have very wide
bandwidths. Their spectrums extend over the micro-
wave region or even the millimeter wave region [17],
[18]. In the near fields of such electromagnetic sources,
both electric and magnetic waveform measurements are
desired, because the two waveforms are different.
Several kinds of sensors with antennas have been used
for measuring such high-speed transient electric and
magnetic fields [19], [20]. The usual way to obtain a
wide-band sensor is to make the antenna small.
Baum classified the electric and magnetic sensors,
and showed the simple equivalent circuits of small
antennas as shown in Fig. 9 and Fig. 10, where /4 is
the antenna equivalent length and A, is the antenna
equivalent area [21]. A short dipole antenna and a
small loop antenna can be used to detect electric field
and magnetic field, respectively. These equivalent
circuits show that the output waveforms are different
from those of incident fields due to the antenna charac-
teristics. In general, the capacitance C and the in-
ductance L depend on frequency. Moreover, antennas
usually have attachment circuits to couple with exter-
nal instruments. Therefore, the real waveforms of the
fields should be reconstructed from the sensor output
considering the characteristics of the antennas and
attachment circuits. The reconstruction can be made
in the time domain or in the frequency domain [22].
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Fig. 11 Configuration of a typical electric field sensor.

3.2 Reconstruction in the Time Domain

/

Figure 11 shows the configuration of a typical electiic
field sensor consisting of an antenna element, a cOU=
pling circuit, and a waveform measuring circuit. If t
response of this system is linear and time-invariant. t
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output voltage of this sensor, v (), may be expressed
as the convolution integral,

uo(t):[owe(t)g(t*f)dr, (1)~

where e (¢) is the incident electric field and g(¢)is the
impulse response of this sensor system. If the impulse
response ¢g(z) can be measured, the incident electric
field e(#) can be reconstructed by the discrete
deconvolution in the time domain. For the incident
magnetic field % (z), the measurement system and the
convolution relation are respectively the same as Fig.
11 and Eq. (1).

To measure the impulse response, an electrical
impulse of the incident field (delta-function-like field)
is necessary. Since an electrical transient field with a
microwave bandwidth is to be measured, a pico-second
order impulse field is required. However, it is difficult
to make such an incident field with a sufficient accu-
racy. Shen measured the output waveforms of several
sensors to an electromagnetic impulse with a width of
66 ps [23]. However, the measurement method and
system of the incident impulse itself was not shown. So
far, the time domain deconvolution of transient or
pulse electromagnetic fields with a microwave ban-
dwidth has not been reported.

Another approach is to calculate the time domain
characteristics of a sensor theoretically. Middelkoop
proposed the following magnetic sensor factor for the
type of sensor shown in Fig. 10(b) [24].

Fu()=h(t)/w(t). [A/m/V] (2)

Here, A (¢) is the incident magnetic field. The electric
sensor factor is expressed as,

Fe=e() / [ w@d [v/m/V] (3)

for the type of sensor shown in Fig. 9(b), where z; is
an integration time constant. A closed circular loop
for the magnetic sensor and a hollow spherical dipole
for the electric sensor were constructed. Their sensor
factors were calculated using the dimensions of the
physical structures. This method, however, can be
hardly applied to the microwave bandwidth pulses,
because the characteristics of the coupling circuit and
the waveform measuring circuit shown in Fig. 11 are
not considered.

3.3 Reconstruction in the Frequency Domain
Using the convolution theorem, Eq. (1) can be written
in the frequency domain as,

Vo(w) =E (w) G(w), (4)

where o is angular frequency. V,(w), E(w), and G
(w) are the Fourier transforms of (), e(?), and ¢
(1), respectively. All the functions, V;(w), E (@), and
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G (w), have complex values. Using the transfer func-
tion G(w), the incident electric field can be recon-
structed in the frequency domain,

e()=F{V(w)/G(w)}, (5)

where 7 ~{---} denotes the inverse Fourier transform.

Kanda reported pioneering work on waveform
reconstruction in the frequency domain [25], [26]. The
effective length and the driving-point impedance of a
resistively loaded dipole antenna were calculated by
the moment method. The transfer function was derived
from the characteristics and the load impedance. The
time domain responses were obtained using the fast
Fourier transform (FFT).

Yokoshima defined the inverse of the transfer
function as the complex antenna factor (CAF) [27].
The conventional scalar antenna factor used in EMI
measurements is the magnitude of the CAF. The CAF
can be determined by the modified 3-antenna method
in which transmission S-parameters, instead of scalar
site attenuation, are measured by using a microwave
network analyzer. The CAF includes the characteris-
tics of the coupling circuit shown in Fig. 11, and can
be determined experimentally. Therefore, reconstruc-
tion by the measured CAF method is applicable to the
waveform measurements using antennas with a cou-
pling circuit including a balun (balanced-unbalanced
transformer) which is difficult to analyze theoretically.

Ishigami measured the transient electromagnetic
fields of a small gap discharge between an electrode
and the ground plane using the following reconstruc-
tion algorithm [28], [29],

(1) = [dz,(t’) dr

_/ 7_1{]‘0)5'0( )?{Vzwt))}}dt (6)

where F{---} denotes the Fourier transform, F,(w) is
the CAF, v,(2) is the output voltage of the coupling
circuit, and S»; (w) is the transmission S-parameter of
the waveform measuring circuit shown in Fig. 11. In
the above equation, the term of jw carries out
differentiation in the frequency domain. This process
is introduced to cope with the diversity of F.(w) at w
=0. The equation for the magnetic field measurements
is same as the above equation. Examples of output
voltages 1o () are shown in Fig. 12, where (a) and (b)
were measured by using a monopole antenna and a
half-loop antenna, respectively. The reconstructed
electric field from Fig. 12(a) is shown in Fig. 13(a),
and the magnetic field from Fig. 12(b) is shown in Fig.
13(b), where the field strength polarities are opposite
to the polarities of the voltage applied to the gap.
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Fig. 12 Examples of output voltage of electric and magnetic
Sensors.

(a) With a monopole antenna.

(b) With a half-loop antenna.
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Fig. 13 Reconstructed electric and magnetic fields.
(a) Electric field strength obtained from Fig. 12(a).
(b) Magnetic field strength obtained from Fig. 12(b).
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4. Calibration of EMI Antennas

Since conventional EMI antennas are as large as half g
wavelength, their calibration requires an outdoor
measuring site or a huge anechoic chamber. Kanda
extensively reviewed the currently used calibration
techniques for VHF/UHF bands [30]. One of the key
technologies in calibration concerning the antenna
factor is the method of determining the strength of an
EM field in which the antenna under calibration
(AUCQC) is immersed. There are two calibration tech-
niques being employed at national standard labora-
tories.  The Standard Antenna Method needs a
specially-designed receiving antenna to determine
exactly an unknown field strength from the measured
RF voltage derived from the antenna. In contrast to
this method, the Standard Field Method uses a stan
dard transmitting antenna to produce an EM field a
an AUC, the strength of which can be accuratel
evaluated by measuring the supplied power and gain o
the standard antenna. With respect to antenna gain
calibration, there is the Three-Antenna Method based
on the Friis transmission formula. It uses two arbitrary
antennas together with an AUC to determine precisely
the gain of each antenna. Since a free-space environ
ment is required, this method has been employed
mostly in the frequency range above 1 GHz.

Recently, intensive studies have been made of the
calibration methods of conventional EMI antennas to
satisfy the demand of industry. For example, standard
dipole antennas have been rigorously analyzed for use
in practical antenna calibration. In addition, great
improvements have taken place on the Standard Site
Method for accurate antenna calibration. ‘

4.1 Standard Antenna Method

In calibration with the conventional Standar
Antenna Method, a half-wave tuned dipole is normall
used as a standard antenna with a high impedanc
shunt diode connected across the center gap of th
antenna, as illustrated by Fig. 14(a). The RF open
circuit voltage induced in the dipole is measured I
terms of the rectified dc voltage, which is filtered by ¢
low-pass network and fed to a high-impedance dt
voltmeter. The strength of the incident field can b
determined from the measured RF open-circuit voltag
multiplied by the effective length of the antennd
Therefore, the effective length is the most importan
parameter that needs to be theoretically evaluated.
An alternative standard antenna with a sirnp}'
structure was developed by Fitzgerrell [31] and it
characteristics were theoretically analyzed by Salté
and Alexander [32]. It is an ordinary half-wave tune
dipole antenna as indicated by Fig. 14(b), but the
connected balun is a precise coaxial hybrid networ



SUGIURA et al: CURRENT TOPICS OF MICROWAVE EMI ANTENNAS AND MEASUREMENTS

Q - »m ),
(2)
port 1
[ o » ] Q J
b [

hybrid junction

a
port 2

(b)
Fig. 14 Standard dipole antennas.
(a) Antenna with a diode
(b) Antenna with a hybrid junction

freely available on the market. The balun has coaxial
ports and can be removed from the antenna elements so
that its characteristics can be accurately measured
using a network analyzer. Hence, the electrical prop-
erties, including the antenna factor, can be calculated
with sufficient accuracy for this standard antenna. The
accuracy of the numerical modeling of the antenna was
proved by comparing the experimental and theoretical
values of transmission loss (site attenuation) between
two standard antennas placed at a given height on a
measuring site (test site). Alexander et al. reported
that, for horizontally polarized antennas, agreement
was obtained to within £0.1 dB in a frequency range
of 30-300 MHz [33]. This deteriorated to +0.8 dB at
1 GHz, which is attributable to the increased ratio of
the feed gap to dipole length. It was concluded that
the excellent agreement proved that the antenna factors
of this standard antenna were calculable to a high level
of precision.

4.2 Standard Site Method

More than ten years ago, a new calibration method for
VHF/UHF antennas was proposed. That method is
very similar to the Three-Antenna Method, except that
transmission loss measurements between two antennas
are performed at the test site [34]. It postulates that the
site should be of infinite extent and covered with a
perfectly conducting ground plane, as illustrated in
Fig. 15. Hence, the accuracy of the antenna factor
obtained using this method strongly depends on the
quality of the actual site. Because of this fact, the
method is referred to as the Standard Site Method
(SSM). The SSM is much easier to implement than
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Fig. 15 Antenna arrangement for the Standard Site Method.

the aforementioned Standard Antenna Method,
because it can be performed on a conventional EMI
test site without using any special antennas. Therefore,
the latest version of American National Standard
ANSI C63.5 features this calibration method.

Sugiura et al. did a theoretical analysis of the SSM
using matrix representations and derived the funda-
mental expression for the site attenuation, SA, between
antennas in terms of their antenna factors, AF’ [35].

|ZsZ¢ AF{(Ht) AF{ (Hr)
0.0896 fum:| Zi+ Z4|  E (D, Ht, Hr)

This equation corresponds to the Friis transmission
formula used in the free-space Three-Antenna Method.
The source and receiver impedances are denoted by Zs
and Z,, respectively, and their effective impedances
seen from the antenna terminals are represented by Zg
and Z; as illustrated in Fig. 15. It was evident that,
since AFY and AF; depend on Z§ and Zj, respectively,
the SSM yields an antenna factor related to the
effective load impedance presented by the cables and
associated devices. Therefore, an additional conver-
sion was found necessary to determine the desired
antenna factor, which depends on the actual load of
each antenna, Zs or Z,. In addition, it was found that
the existing method specified in ANSI C63.5 is not
applicable to antennas having height-dependent
antenna factors, because it requires a height scan of the
receiving antenna. To improve this method, it was
proposed that both transmitting and receiving anten-
nas should be placed at the same height above the
ground plane during the site attenuation measure-
ments. In contrast to this, Alexander et al. proposed
that the antennas be fixed at a height not the same but
specific to each antenna [33]. In conjunction to these
improvements, the CISPR has recently been discussing
validation procedures for an antenna calibration site
which require accurate measurements of site attenua-
tion between two calculable dipole antennas and com-
parison of the measurement results with the theoretical
values [36].

SA=
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Equation (7) is accurate only when the distance
between two antennas is greater than one wavelength.
Therefore, Gavenda tried to determine correction fac-
tors which were required to make the SSM applicable
to near-field site attenuation measurements [37]. The
correction factors were calculated by taking account of
the effects of the reactive field in the vicinity of the
antennas. It was found that the omission of those
effects introduces an error of as much as 2.0 dB at 30
MHz. lida et al. also computed the near-field correc-
tion factors by using the induced EMF method, which
considered not only the reactive field but also the
mutual coupling between antennas [38]. The derived
factors were applicable to the measurements using
tuned dipole antennas. The correction factors
proposed so far were calculated for a specific theoreti-
cal model of the antenna under calibration. Sugiura et
al. therefore pointed out that it was inappropriate to
use any correction factors in antenna calibration,
because actual antennas may have different structures,
stray impedances, and unknown defects [35].

5. Conclusions

Rapid increase of portable telephones and digital
equipment have highlighted possible radio interference
between them. Hence, urgent development of EMI
measurement techniques in the microwave frequency
range is requested to control interference. One essen-
tial technique is related to accurate measurement of the
waveforms of broadband EM disturbances. In addi-
tion, statistical measurements of the disturbance
waveform are also indispensable for estimating the
quality degradation in telecommunications caused by
disturbances.

Considering this situation, the present paper revi-
ewed the state of the art of broadband antennas and
sensors which can be used in measurement of fast-
transient disturbances, such as those generated by ESD.
Most antennas were found to employ electrically-short
radiating elements and O/E or E/O devices. The
time-domain response of these sensors to broadband
disturbances can be successfully analyzed using the
complex antenna factors.

Recently, the CISPR has been discussing the limits
and measurement methods for disturbances radiated
from electronic equipment in the frequency range
above 1 GHz. Along with this, accurate calibration
methods of EMI antennas have been strongly requested
by radio regulatory authorities and the electronic
industry. Hence, this paper reviewed recent improve-
ments achieved in antenna calibration techniques.
Referring to these advanced methods, CISPR has cur-
rently conducted intensive studies of the methods for
calibrating EMI antennas and for verifying calibration
sites.
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