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Interpreting Antenna Performance Parameters for EMC Applications:
Part 3: Antenna Factor
James McL ean, Robert Sutton, Rob Hoffman, TDK RF Solutions Inc.

Thisarticleisthe third in athree-part tutorial series covering antennaterminology. As noted, our intention
isto discuss standardized antenna terminology as published in the IEEE Standard Definitions of Terms for
Antennas, and how this terminology compares with the nomenclature that is commonly used in the EMC
community. In the first part of this series, we discussed radiation efficiency and input impedance match. In
the second part of this series, we discussed antenna field regions and antenna gain, and in this part we will
discuss antenna factor and its importance to EM C measurements.

Antenna Factor

Antenna Factor (AF) is perhaps the most widely used device descriptor in the EMC area. However, it isone
that is definitely not part of standard antenna terminology. Antenna factor reflects the use of an antenna as a
field measuring device or probe. Succinctly stated, the antenna factor is the factor by which one would
multiply the output voltage of areceiving antennato obtain or recover the incident electric or magnetic

field [1,2]. Thus, the electric field antenna factor is given by

AF electric - Eincident 1/meter,

received

and the magnetic field antenna factor is given by

AF megnetic — Hinsoen Siemens/meter.

received
The antenna factor is really analogous to atransfer function when the antenna is considered as a two-port
transducer. Indeed, a complex antenna factor can be defined which provides the phase information for the
incident field as well as the amplitude. The complex antenna factor has been used to a much lesser extent

than itsreal counterpart. However, it has been clearly defined in the literature [3,4].

There isan ambiguity involved in specifying the antenna factor of an antenna or probe because the output
voltage of an antennais dependent on the load connected across the antenna’ s terminals (see Figure 1).
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Figure 1: Diagram of Thévenin Equivalent Circuit Model for an Antenna

Thisis analogous to the ambiguity in defining the gain of atwo-port network. Many definitions are
possible depending on load conditions. Antenna factors are routinely defined for both open-circuit
conditions and resistive load conditions. In Figure 1, the Thévenin equivalent complex impedance for the
antennais Z , while the complex input impedance to the receiver is Z,_, . In the case in which the

antennais matched for maximum power transfer, the received voltage will then be one-half the open-circuit
voltage. More often than not however, the antennais not conjugately matched to the receiver. Most RF
receivers including network analyzers and spectrum analyzers have 50 Ohm resistive input impedances.
Therefore, most published antenna factors are defined assuming the antennais connected to a 50 Ohm load.

Normally, the logarithmic scale of deciBelsisintended for dimensionless quantities such as the voltage or
current gain of an amplifier. However, unlike antenna gain or directivity, the antenna factor is not
dimensionless; it has units of 1/min the case of electric field antenna factor and units of S/min the case of
magnetic field antenna factor. In order to utilize alogarithmic scale, the antenna factor in dB is usually
referenced to an antenna factor of 1 V/m per Volt or Ymin the case of electric field antenna factor and 1
A/m per Volt or 1 S/min the case of magnetic field antenna factor. Thisisin analogy to employing dBm
where we are referencing a power to a specific power level, say one milliWatt, or describing the gain of a
transimpedance amplifier as referenced to 1 S. Thus, electric field antenna factor is often expressed in dB
(/m) which must be taken to mean referenced to an antenna factor of 1/m. That is, an antennawith a
published electric field antenna factor of 6 dB referenced to an antenna factor of 1/m will produce an output
voltage of .5 voltsfor anincident field of 1 V/m. Thisis sometimes written as6 dB 1/m. However, it isalso
sometimes written as 6 dB/m. Although this nomenclature departs from the standard procedure for
displaying logarithmic values, it has historically been acceptable in the EMC community. Therefore, it is
quite prevalent in the industry and the reader should be comfortable with it.

Note that the antenna factor includes losses and mismatch in the antenna and its associated equipment (such
as abalun or matching transformer). However, it does not account for the use of an intervening
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transmission line (such as coaxia cable) to connect the antennato the receiver. In most cases the
characteristic impedance of the transmission line matches the resistive input of the receiver and thus the
losses in the transmission line can be easily accounted for with a multiplicative factor. That is, for example

— electric
Eincident - Vreceived AF CA

where C, istheloss factor of the transmission line. This relationship is usually stated logarithmically:
Eincident (dBIU\/ / m) = Vreceived (dBIU\/) + AF elemic(dB]-/ m) + CA(dB)

where the cable lossin dB is a positive number. That is C,, = e” whereis @ isthe attenuation of the
cablein nepers'm and | isthe length of the cable in meters. For example, if aparticular cable exhibited 3
dB insertion loss in a 50 Ohm system at a particular frequency and the cable were being used with a
receiver with a 50 Ohm input impedance, the incident electric field would be obtained by adding 3 dB to
the sum of the antenna factor and the received voltage.

The Relationship between Antenna Factor and other Fundamental Antenna Parameters

The electric field antenna factor for open-circuit conditionsis essentially the reciprocal of the so-called
effective length of an antenna [5]

) Ei ncident

Note that in reference [5], a vector effective length is defined which includes polarization mismatch
between the receiving antenna and the incident electric field. When effective length is given as a scalar
quantity it isimplicit that the polarization of the receiving antennais aligned with that of the incident field.
In reference [4] acomplex, vector effective length is defined which includes phase information as well as
polarization mismatch.

The term effective length is derived from the study of linear antennas [5-7]. An electrically-short dipole
with a constant current distribution (constant along the length of the dipole) will exhibit an effective length
equd to its physical length. The realization of a constant current distribution requires some sort of charge
reservoir at the ends of the dipole. Practically, this can be implemented with top or end loading using
capacitive plates. Thus, an electrically-short, end-loaded dipole will exhibit an effective length equal to its
physical length of an (open-circuit) electric field antenna factor equal to the reciproca of its physical
length. This can be reasoned out physically, since the short dipole essentially forces the potential difference
which occurs along its entire length to appear across its output terminal s (in open circuit conditions). In
contrast, an electrically-short linear dipole (no end loading) will exhibit an effective length of one-half its
physical length [7].

In traditional antenna terminology, aperture or areais the term used to describe the power collecting
capability of an antenna[7]. Note that several different definitions for thisterm are in use. For example the
terminology in reference [7] is dlightly different from that in [5]. When an antennaiis connected as a
receiving antenna, the power delivered to aload connected to the antenna can be found by multiplying the
incident power density by the aperture [7].

P

A: load

S

nc

Naturally, the aperture of an antennais afunction of direction just as gain and directivity are. However,
when no direction is specified, it is aways assumed that the direction is that which gives the maximum
value for aperture (or gain, directivity, etc.). Here the aperture includes the effects of mismatch aswell as
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dissipation loss. The so-called effective aperture or effective area describes the antenna when the load is
conjugately matched to the antenna for maximum power transfer:

— I:)available
A S

Inc

The IEEE definition for effective area of an antenna (in a given direction) is “In a given direction, the ratio
of the available power at the terminals of areceiving antennato the power flux density of a plane wave
incident on the antenna from that direction, the wave being polarization matched to the antenna.” The
available power is obtained with a conjugate impedance match. The maximum effective aperture, A, [7]

of an antenna describes the power collecting capability of the antennawhen it islossless and conjugately
matched to the load. Thus,

A = Umisnalch A\e = ”misrmeh’?radiaiion Abo

where the mismatch and radiation efficiencies were defined in part two of this series.

We can express the electric field antenna factor in terms of the aperture:

AF = Eincident - ,70

V, Zi g A

received

Where /7, is the free space wave impedance. Note that this expression includes the effects of mismatch and
loss in the antenna.

In order to derive an expression for antenna factor in terms of gain, it is necessary to relate the effective
aperture of an antenna to its gain. There are several waysto do this. All either explicitly or implicitly
invoke the Lorentz reciprocity relationship [8]. Using reciprocity, it is possible to show that ratio of the
maximum directivity of a particular antennato the maximum effective aperture of the antennais the same
for any linear reciprocal antenna. The value of thisinvariant ratio can be determined by evaluating the
maximum directivity and maximum effective aperture for a specific antenna (for example, a short dipole).
Interestingly enough, thisisthe only way this ratio can be determined [8]. Theratio isfound to be:

Ao _ A
D, 4m

where A, isthe maximum effective aperture of the antennaand D is the maximum directivity of the

antenna. When the antenna exhibits dissipative losses, we have:
AZ
=G
A =7-Go
When impedance mismatch exists between the antenna and the load, we have (from the definition of gain
including mismatch given in the second part in this series),
A2 A

= Eeoﬂ mismatch— EGO

This equation relates the effective aperture of an antennato its gain. By substituting the above equation into
the expression for antenna factor and then choosing the load impedance to be 50 Ohms, we obtain the
ubiquitous expression for antenna factor in terms of gain and wavelength.

9.73
AJG;

AF =
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In deciBels, we have:
9.73
NG,

There are several important points to notice about the above expression:

AF (dB) = 20log,,

« Itappliesonly to far field situations (plane wave excitation).

e Thisexpressionisvalid only for 50 Ohm system.

e Theexpressionisonly valid when the antenna and incident field are polarization matched.
¢ The effects of impedance mismatch are included.

A good exposition on the limitations of the applications of published antenna factorsis given in reference
[9]. Antenna factors can be defined for near and far field conditions. Antenna factors can also be used to
describe antennas as well as non-radiating devices such as TEM cells or near field probes. However, the
above relationship between gain and antenna factor does not apply except under the limitations given
above. Thus, it iscrucial to understand the context in which the term is defined.

Finally, sometimes a so-called “equivalent electric field antenna factor” will be defined for a“magnetic”
antenna such as aloop. Electrically-small loops can be thought of as responding primarily to magnetic
fields; thisis especially true for shielded loop antennas such as the one shown in Figure 2. Electrically-
small linear dipoles, on the other hand, can be thought of as responding primarily to electric fields.
However, the electric and magnetic fields are necessarily related by Maxwell’ s equations (as far as we
know). In asituation where the incident field is a plane wave, the electric and magnetic fieldsexist in a
ratio equal to the intrinsic impedance of free space. Thus, the equivalent electric field antenna factor of a
loop is simply the magnetic field antenna factor multiplied by 377 (or with 51.53 dB added). Conversely,
an equivalent magnetic field antenna factor can be defined for an “electric” antenna such as a short dipole
by dividing its electric field antenna factor by the intrinsic impedance of free space. These relations work
perfectly well for far field conditions where the electric and magnetic field antenna factors provide the
same information. However, under near field conditions, the relationship between the el ectric and magnetic
fields of aradiating device is very complex. Nevertheless, the magnetic field antenna factor of aloop
antenna measured under plane wave conditions can be used to measure the near magnetic fields of a device
using the loop antenna. Thisis becauseg, if the antennais small enough, the magnetic field will be locally
uniform across the antenna’ s aperture. Likewise, a short electric dipole calibrated under plane wave
conditions can be used to measure the near electric fields of adevice.
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Figure 2: Shielded Loop
(Photo courtesy of TDK RF Solutions)

In some regards, the antenna factor is a more difficult concept to grasp than gain. Note that if an antenna
exhibits a gain which is perfectly flat with frequency, the antenna factor increases 6 dB/octave with
increasing frequency. Also note that antenna factors, expressed in dB, can take on negative values. An
antennawith 0 dBi gain possesses a 0 dB antenna factor at approximately 30.81 MHz. Thus a half-
wavelength dipole has a zero dB antenna factor at 39.46 MHz. At 19.73 MHz, the antenna factor of a half
wave dipoleis—6 dB! These humbers are not commonly seen because full size antennas are rarely used for
emissions measurements at these frequencies. It isinteresting to point out that the frequency dependence of
the antenna factor really stems from the frequency dependence of effective aperture. Thisis because the
collecting apertureis closely related to the physical aperture or size of an antenna. In fact, for the gain to
remain constant with frequency, the effective size of an antenna must diminish with increasing frequency.
Thisis essentially true with frequency-independent antennasin that the size of the so-called “active region”
decreases with increasing frequency. It might occur to one that antennas with relatively large or even nearly
isotropic gains at lower frequencies must be capable of producing high voltages when exposed to moderate
electric fields. Thisistrue; in the lower HF range (say 10 MHz), full-size antennas such as half-wave
dipoles (such as the suspended wire dipoles used by radio amateurs) can indeed develop very large voltages
(10s of volts, RMS) across their terminals with only moderate incident electric fields (such as the ambient
fields which exist in this frequency range).

Example of Antenna Factor

Perhaps the above concepts can be clarified with a practical example. In Figure 3, typical antenna factor
datafor an industry-standard 1.37-meter biconical antennais shown. Experienced engineers can
immediately recognize the “check mark” signature of the antenna factor. In fact, there are severa
mechanisms at work determining the antenna factor. In the lowest frequency range, the antenna factor
increases precipitously with decreasing frequency. This behavior is due almost entirely to mismatch below
the fundamental resonance of the antenna which occurs around 80 MHz. Between 80 MHz and 250 MHz,
the antenna factor rises monotonically with frequency at fairly close to 6 dB per octave. Thisis because the
antennais well matched over thisrange. The antenna factor increases somewhat less than 6 dB/octave
because the directivity of the antennaisincreasing slightly with frequency over thisrange. At about 250
MHz, the antenna factor takes a marked increase in slope. Thisis because the directivity on the boresight
beginsto fal off with afrequency, aquas null develops on the boresight above 300 MHz. The increasing
frequency slope of the antenna factor of the 1.37 meter biconical antennais not due to mismatch.
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Figure 3: Antenna Factor for Typical 1.37 meter Biconical Antenna
(Data and photo courtesy of TDK RF Solutions Inc.)

Thisfrequency characteristic is typical of a 1.37 meter biconical antenna employing a4:1 balun
transformer. Some commercially available biconical antennas utilize a 1:1 transformer. For these
antennas, the overall impedance match is degraded, resulting in aless smooth antenna factor. The
directivity of the biconical antennaisrelatively constant over the entire operating frequency range
(within afew dB). In fact, the gain as defined by the |EEE standard is also relatively constant over the
entire operating frequency range. However, the gain including mismatch and the antenna factor are
dramatically impacted by impedance mismatch below 80 MHz.

In Figure 4, the antenna factor of atypical LPDA antennais shown. The antenna factor essentially
increases monotonically at arate of 6 dB per octave. Thus the gain of the antennaiis essentialy flat.
The dlight undulations are an artifact of the log-periodic design. At the high end of the operating
frequency range, the antenna factor beginsto increase at a slightly higher rate with frequency. Thisis
due to unavoidable losses in the feeder coaxial transmission line, which increase as the square root of
frequency. In some LPDA designs, the pattern of the LPDA becomes dightly distorted at the high end
of the operating frequency range as the active region of the antenna nears the front end of the antenna.
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Figure 4: Antenna Factor for Precision Log Periodic Antenna
(Data and photo courtesy of TDK RF Solutions Inc.)
Conclusion

Thisfinal component of our three part series on antenna performance parameters has focused entirely on
antenna factor because of itsimportance in the EM C industry. The term antenna factor underscores the use
of an antenna as a sensor or field measurement device. We have presented a discussion of antenna factor
and have detailed its relationship with more traditional antenna parameters such as gain, directivity and
aperture. Antenna factor has been shown to be essentially the reciprocal of the effective length of an
antenna, which reflects the ability of an antennato integrate an incident field to provide a potential
difference at its output terminals. Some emphasis must be placed on proper use of antenna factor
calibration data especially concerning ambiguitiesin the specification of load impedance and the
limitations on the use of far field antenna factor calibration datain near field measurements. It isimportant
to understand the limitations of the application of published antenna factor data. Free space antenna factor
data can be used accurately when test conditions are sufficiently similar to free space. Thisisonly true
when proper attention has been paid to the test facility design. An example of an high-performance
anechoic chamber is shown in Figure 5. Again the reader isreferred to reference [7] for adetailed list of
caveats involved in interpreting antenna factor data. Finally, we have presented a brief discussion of the
behavior of the antenna factors of practical antennas. The references listed here, especially [2], can provide
agreat deal more information on this topic.
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Figure 5: High-Performance Broadband Anechoic Chamber
(Photo courtesy of TDK RF Solutions Inc.)
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