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Electromagnetic Compatibility (EMC) Antenna
Gain and Factor
Valentino Trainotti, Life Fellow, IEEE

Abstract—A method for calculating and measuring antenna gain
and factor over perfect ground is presented. The electromagnetic
compatibility antenna factor is used to determine the spurious electric field of the device under evaluation. The radio link employed
to calibrate the receiving antenna gain and factor will produce
completely different values for the transmitting and receiving antennas, and the principle of reciprocity does not hold true, in this
particular case, even if both antennas are identical.
Index Terms—Antennas, antenna radiation patterns, dipole antennas, electromagnetic fields, electromagnetic coupling, electromagnetic reflection, electromagnetic radiation, far-field, line-ofsight propagation, near-field, radio propagation.

I. INTRODUCTION

E

LECTRIC field strength and power density in space produced by a transmitting antenna is given by
E=

(30 · WT · GT )1/2 −j β r
·e
(V / m)
r

Fig. 1.

Smith [2] used this simple equation and included in it the
transmitting antenna factor (AFT ).
In order to calibrate the receiving antenna gain (GR ) and
factor (AFR ) a controlled radio link over perfect ground is used
where conductivity σ is practically infinite (σ = ∞).
Fig. 1 shows the geometry of the radio link or antenna range.
In this radio link, from its geometry, following equations
apply:
(4)
r1 = [(HR − HT )2 + r2 ]1/2 (m)

where
E
is the electric field strength (V/m);
WT is the transmitted power (w);
GT is the transmitting antenna gain;
r
is the distance (m);
β
is the space phase constant (rad/m) or (degree/m);
λ
is the wavelength (m).
Power density in free space can be calculated as
Pi =

WT GT
(W / m2 )
4πr2

(2)

where
Pi is the power density W/m2 ;
GT is the transmitting antenna gain;
r
is the distance (m).
The electric field strength in space for a half-wave dipole
antenna whose gain is G = 1.64 and for a transmitted power
WT = 1(w), is as follows [1]:
E=

7.0143
(30 · 1.64)1/2
=
(V / m).
r
r

Radio link over perfect ground.

(1)

(3)
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r2 = [(HR + HT )2 + r2 ]1/2 (m)


HR
−1
α = tan
(◦ )
r

(5)

r = [(HR )2 + r2 ]1/2 (m).

(7)

(6)

Traditionally, the electric field strength for horizontal polarization can be calculated taking into account the reflexion coefficient of the perfect ground for horizontal polarization whose
value is
(8)
ΓH = |1|∠180◦ .
And the total electric field Ei arriving at the receiving
antenna is
Ei =

1/2
7.0143 · r12 + Γ2H · r22 + 2 · r1 · r2 · ΓH · cos(φH − δ)
r1 · r2
(9)
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Fig. 2.
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Receiving antenna Thevenin equivalent circuit.

where
ΓH = 1;
φH = 180◦ ;
δ = β · (r2 − r1 );
360
β = 2·π
λ = λ .

Fig. 3. Power density for vertical polarization, f= 300 MHz, r= 100 m,
H T = 2 m.

In this geometry, the transmitting antenna (half-wave dipole
antenna) is in reality an array of two elements, the actual antenna
and its image. Due to the perfect reflexion (|ΓH | = 1) both
sources deliver the power density on the receiving antenna (halfwave dipole antenna) and the total power density is
Pi =

Ei2
(w/m2 )
Zoo

(10)

where
Ei is the total electric field (effective value) (V/m);
Zoo is the free space characteristic impedance (120π) =
377 Ω.
The receiving antenna equivalent circuit, for a perfect
matched and resonant antenna RL = Ra = Rrad and Xa = 0
can be a Thevenin circuit as indicated in Fig. 2 [3].
In this condition, the receiving antenna delivers the power
(WR ) on its resistive load (RL ) and an equal amount on its
radiation resistance (Ra = Rrad ) that it is scattered into the surrounding space. The power density on the receiving antenna
is calculated in a simpler form taking into account that the
transmitting antenna is an array of two elements whose gain
is obtained by its radiating pattern calculated by the traditional
equation or by a standard antenna software. The equation for
horizontal polarization is
GT = 10 · log(4 · (sin(βHT · sin(α)))2 ) + 2.15 (dBi) (11)
where βHT is the transmitting antenna height in radian or degree. The power density on the receiving antenna is
Pi =

WT · GT (α)
(W / m2 )
4 · π · (r )2

(12)

where Pi is the power density on the receiving antenna at the
distance r and at the elevation angle α. GT (α) is the transmitting antenna gain at the elevation angle α. r is the distance
between the radiating wave center phase and the center of the
receiving antenna, according to Fig. 1.
Both methods give exactly the same result for the power density on the receiving antenna but this last one is simpler to be

Fig. 4. Power density for horizontal polarization, f= 300 MHz, r= 100 m,
H T = 2 m.

used. This same procedure can be used also for vertical polarization, using the proper equation. To show the same result
in calculating the power density over the receiving antenna,
two calculations were performed in a radio link at a frequency
f = 300 MHz and for a distance r = 100 m, HT = 2 m for
both polarizations. Figs. 3 and 4 show the power density for a
frequency f = 300 MHz and at the distance of r = 100 m as
a function of receiving antenna height for the traditional procedure and the new one where no differences are noted showing
the exact numerical result for both polarizations. The receiving
antenna effective length is calculated by the traditional equation
 H
1
·
I(z) · dz (m).
(13)
Le =
Io
−H
For a half-wave dipole antenna performing the indicated integration, the effective length Le is
Le =

λ
(m).
π

(14)
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Knowing the power density and the electric field strength, the
induced voltage (Vi ) can be calculated, as [4]
Le =

Vi
(m).
Ei

(15)

And immediately the Thevenin equivalent circuit current is
available and the power delivered on the resistive load RL can
be calculated, as
IR =

Vi
(A).
Ra + RL

(16)

For a perfectly matched and resonant antenna
IR =

Vi
Vi
=
(A)
2 Ra
2 RL

WR = IR2 · RL (w).

(17)
(18)

The receiving antenna effective area AeR is calculated by the
relationship between the delivered power (WR ) and the power
density (Pi ), or
AeR

WR
=
(m2 ).
Pi

(19)

6 db larger than the maximum effective receiving antenna gain
(GR M )[3]. As the receiving antenna work without the presence
of its image, the receiving antenna gain and antenna factor is
practically constant as a function of antenna height over perfect
ground, when heights are larger than one wavelength and the
ground mutual effect is negligible. It is clear that the receiving
antenna image receive no power from the incoming wave and it
has no effect at the received power on RL .
This becomes a very good reference antenna, called the free
space antenna factor (FSAF).
The receiving antenna factor (AF) is similar to the effective antenna length (Le ) but the relationship is between the
incident electric field (Ei ) and the voltage (VR ) developed on
the receiving resistance (RL ). As an example at a frequency
(f = 100 MHz), resulting effective length is
Le =

AF =

4 · π · AeR
.
(20)
λ2
For a perfect matched and resonant antenna, the effective area
(AeR ) will be the maximum value or (AeR M ). In this case, the
antenna must be oriented for the maximum signal and perfectly
adapted in polarization [3]. The effective scattered area (AsR )
is obtained as
Ws
AsR =
(m2 )
(21)
Pi
where Ws is the scattered power delivered on the radiation
resistance (Ra = Rrad ), or
Ws =

IR2

· Ra (w).

(22)

The maximum effective scattered area (AsR M ) is obtained
when the receiving antenna resistive load is RL = 0, so the
power delivered on the receiving antenna is totally scattered in
the surrounding space. In this case
AsR M = 4 · AeR M (m2 )

(23)

or the maximum scattered area is four time the maximum effective area (relationship is 6 dB). As an example at a frequency
f = 100 MHz for a half-wave receiving dipole antenna perfectly matched and resonant, results in
RL = 73 Ω;
AeR M = 1.18 (m2 );
AsR = 1.18 (m2 );
GR M = Gs = 1.64 (2.16 dBi);
RL = 0 Ω;
AeR = 0 (m2 );
AsR M = 4.72 (m2 );
GsM = 6.56 (8.17 dBi).
The receiving antenna is more efficient in scattering the received electromagnetic waves, or its scattered gain (Gs ) is

(24)

For a perfect matched and resonant antenna, the antenna
factor is

The receiving antenna gain is calculated by
GR =

Vi
λ
= = 0.9549 (m).
Ei
π

2Ei
2
Ei
=
=
(1/m).
VR
Vi
Le

(25)

Also
AFR =

Ei
1.303
= 2.0948 (1/m)
=
VR
6.22E − 1

(26)

(AFR )73 = 6.42 (dB/m);
(AFR )50 = 8.06 (dB/m).
This value was obtained by a radio link geometry. It can
be obtained by the federal ccomunication commission (FCC)
expression knowing the frequency and the antenna gain and for
Zo = 50 (Ω), or
AFR (FCC) = −29.78 + 20logfMHz − 10logGR

(27)

AFR (FCC) = 8.07 (dB/m).

(28)

Also, through the expression

1/2
480
π
(1/m)
AFR = ·
λ
Ra · GR
AFR = 2.097 (1/m)

(29)
(30)

(AFR )73 = 6.43 (dB/m);
(AFR )50 = 8.07 (dB/m).
All mathematical expression are derived from the original
definition
AF =

Ei
(1/m).
VR

(31)

The transmitting antenna is an array of two half-wave dipole
elements, and of course, its value will be different from that of
the receiving antenna. In this case, the principle of reciprocity
is invalid even when the antennas are similar or identical. They
seem identical but they operate in a very different way. The
simplest way is using the same equation as the receiving antenna
to calculate the transmitting antenna factor when the antenna
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gain and its radiation resistance can be known as

1/2
480
π
AFT = ·
(1/m).
λ
Ra GT

(32)

Generally, this value must be calculated according to the data
and the radio link geometry. Also, by the well-known radiation pattern equations for horizontal or vertical polarization, it
is possible to know the transmitting antenna gain, or by means
of a lot of antenna specialized software programs, the antenna
height over perfect ground can be known. Other form is the
transmitting antenna gain calculation by the Friis equation during measurements [5]. If the ground is not perfect, the transmission antenna gain can suffer some deterioration decreasing
its maximum gain value obtained over perfect ground but this
does not modify the receiving antenna gain and factor because
it works in free space if its height is larger than one wavelength. The other problem is knowing at what elevation angle (α) is necessary to know the antenna gain ((GT (α)). This
angle (α) is generally the elevation angle indicated in the radio link geometry between the radiated phase center and the
center of the receiving antenna according to Fig. 1. The array
radiation phase center is exactly in the center of the two radiating elements (the actual antenna and its image) for perfect
ground (σ = ∞). As an example at a frequency f = 100 MHz,
λ = 3 m for transmitting antenna height HT = 1 m and radio link distance r = 10 m, the calculated transmitting antenna
factor AFT results (AFT )50 = 5.13 (dB/m) when the receiving antenna is located at a height of HR = 4 m or when the
received power on the resistive load is a maximum for the
available receiving antenna scanned height. If the transmitting antenna height is HT = 2 m for the same radio link distance of r = 10 m, the calculated transmitting antenna factor
(AFT )50 = 2.05 (dB/m) the receiving antenna factor is almost
constant and (AFR )50 = 8.06 (dB/m), so the receiving antenna
is operating like in free space and almost independent of the
height over the ground.
The normalized site attenuation (NSA) is defined as
NSA = Aw (dB) − AFT (dB/m) − AFR (dB/m) (dB)

(33)

where
is the power relationship in dB;
Aw
(AFT )50 is the transmitting antenna factor (dB/m);
(AFR )50 is the receiving antenna factor (dB/m).
In this example, results are:
NSA = 25.83 − 5.13 − 8.06 = 12.64 (dB)

(34)

NSA = 22.76 − 2.05 − 8.06 = 12.65 (dB).

(35)

The NSA is almost the same for two different transmitting
antenna heights and the antenna range is supposed to be exactly
the same. Is it really important to know the NSA value?
For EMC evaluation, the most important value is the receiving
antenna factor AFR (dB/m) that must be as accurate as possible.
In order to know the amount of error generated when considering
that the transmitting and receiving antenna fulfill or not the
reciprocity theorem, an example can be given as an illustration

1009

At a frequency f = 100 MHz, λ = 3 m, a radio link has the
following data:
HT = 2 (m); 1 ≤ HR ≤ 4 (m); WT = 1 (w); r = 10 (m);
Le = 0.9549 (m).
Results are as follows:
Aw = −22.70 (dB); AFS = −33.09 (dB); Pi = 4.5E −
3 (w/m2 ); Ei = 1.24 (V/m); IR = 8.52E − 3 (A); WR =
5.3E − 3 (w); AeR = 1.177 (m2 ); GR = 2.16 (dBi); K =
Aw − AFS = 10.33 (dB); VR = 6.22E − 1 (V); and AFR =
8.06 (dB/m).
Using the transmission equation or Friis equation
GT (dBi) + GR (dBi) = Aw (dB) − AF S (dB) = K (dB)
(36)
GT (dBi) + GR (dBi) = K(dB) = 10.33 (dB).

(37)

If the antennas are “supposed” to have the same behavior, i.e.,
gain and factor, the results of the Friis equation will be divided
by 2, resulting in:
GT = 5.17 (dBi) (3.28);
GR = 5.17 (dBi) (3.28);
and (AFT )50 = 5.06 (dB/m)
(AFR )50 = 5.06 (dB/m).
In this case, the NSA is
NSA = 22.70 − 5.06 − 5.06 = 12.58 (dB).

(38)

Nevertheless, the receiving antenna gain calculation for
this radio link gives GR = 2.16 (dBi). Applying the Friis
equation [5]
GT (dBi) = K(dB) − GR (dBi) = 10.33 − 2.16 = 8.17 (dBi).
(39)
In this condition, the antenna factors will be
(AFT )50 = 2.05 (dB/m);
(AFR )50 = 8.07 (dB/m).
And the NSA produces
NSA = 22.70 − 2.05 − 8.07 = 12.58 (dB).

(40)

The NSA gives the same result, but, the antenna gains and
factors are completely different as calculations indicate. If the
receiving antenna factor (AFR )50 = 8.07 (dB/m) is used for
certification or evaluation of electric field radiated by any kind
of devices, the result will be also correct.
If the receiving antenna factor (AFR )50 = 5.06 (dB/m) is
used, the error will be around 3 dB in any measurements.
Of course, if the standards tolerate +/− 4 dB errors in any
measurements or calculations, the result of a wrong antenna
factor could fits the task.
Good engineering practices always advocate reducing errors analyzing perfectly well the physics involved in this kind
of operations and the best receiving antenna calibration is of
paramount importance.
II. ANTENNAS AT SHORT ELEVATIONS OVER GROUND
This was a typical installation in the past and with radio
links in high-frequency bands (HF) through the ionosphere. In
HF, generally the transmitting and receiving antenna height was
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Fig. 6.

Fig. 5.

Resonant dipole gain over perfect ground, f = 30 MHz, r = 100 m.

quite low due to the long wavelengths involved (λ ∼
= 100–10 m)
and most of them operated between 0.1 and 1.5 wavelength in
height [3], [6]. It was well known that the transmitting antenna
was an array of two elements and its radiation pattern was calculated in order to get the maximum radiation at a specific
elevation angle α to fulfill the ionosphere radio link requirements [3]. This problem for EMC operation occurs in the lower
part of the radio spectrum below 100 MHz (λ = 3 (m)). Both
antennas in the radio link are installed at low heights, and for this
reason, the antenna interacts with ground. Maximum interaction
occurs for horizontal polarization and more moderate effect is
for vertical polarization. According to Fig. 1, several examples
were performed for a frequency of 30 MHz, r = 100 (m) and
for both vertical and horizontal polarization. Fig. 5 shows the
result of the gain of a half-wave dipole for both polarizations
in the transmitting and receiving role. Clearly the transmitting
and receiving antenna gain is completely different as a function
of the antenna height. In this case, both antennas were moved
simultaneously at the same height. In Fig. 5, the receiving antenna gain oscillations around the free space gain as a function of
height are very close to 2.15 dBi. Vertically polarized half-wave
dipole acquires faster this position and with lower oscillation
around the free space value. Transmitting and receiving antenna
factors are shown in Fig. 6. Here, receiving antenna factor value
are very close to the free space value and almost constant as a
function of height for both polarizations. On the contrary, the

Resonant dipole factor over perfect fround, f = 30 MHz, r = 100 m.

transmitting antenna factors show large variations as a function
of the transmitting antenna height.
Fig. 7 shows the half-wave dipole resistance Ra = Rrad at
resonance Xa = 0 calculated at the frequency f = 30 MHz,
λ = 10 (m), as a function of antenna height over λ. They can
be valid at any frequency for H/λ. It can be seen clearly the
tendency at the free space resistance value as receiving antenna
height is increased. Vertical polarized dipole acquires this free
space value at lower heights. Nevertheless, for horizontal polarized dipoles, the resistance values for heights larger than one
wavelength are producing very low mismatches. These mismatches produce standing wave ratio lower than 1.1, so the
efficiency of the receiving system is larger than 99% in this
matter when RL ∼
= Ra , Xa = 0. The half-wave dipole resistance at resonance depends, also, on the H/a relationship in
free space decreasing a little bit the theoretical value of very
thin dipoles with higher value of H/a. Simulations with H/a
values at different antenna heights show practically the same
resistance value for a resonant dipole for any H/a value. The
resonance resistance is oscillating around the free space value of
73 Ω for H/a value between 1000 and 50 where most antennas
are to be used. At low frequencies and horizontal polarization,
the transmitting antenna is located at very low elevations over
ground and for this reason its radiation pattern has a maximum
radiation near the zenith (α ∼
= 90◦ ). At the same time, very
low elevations means very low radiation resistance. For this reason, minimum height of a fixed transmitting antenna for both
polarizations in a radio link could be 0.25–0.3 wavelength. In
Fig. 8, the dipole radiation pattern can be seen for a frequency
of f = 30 MHz where the maximum radiation is pointing to
the zenith α = 90◦ . In Fig. 9, the transmitting and receiving
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Fig. 9.

Fig. 7. Resonant dipole resistance over the perfect ground, f = 30 MHz,
r = 100 m.

Fig. 8.
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Dipole gain f = 30 MHz, H T = 2.5 m, r = 10 m.

Fig. 10.

Dipole factor f = 30 MHz, H T = 2.5 m, r = 10 m.

Fig. 11.

Dipole radiation pattern f = 60 MHz, H T = 2.5 m, r = 10 m.

Dipole radiation pattern f = 30 MHz, H T = 2.5 m, r = 10 m.

antenna gains can be seen as a function of the antenna height
at a frequency f = 30 MHz, and Fig. 10 shows the transmitting and receiving antenna factors for the same frequency and
H/λ. As frequency is increased, the transmitting antenna radiation pattern has a maximum at lower elevation angles α as
seen in Fig. 11 at a frequency f = 60 MHz, λ = 5 m. At this
frequency, the transmitting antenna maximum radiation for a
height of 2.5 m is located at an angle α = 30◦ .
In Fig. 12, the transmitting and receiving antenna gain are
plotted as a function of receiving antenna height, and in Fig. 13,
the antenna factors are presented for a frequency f = 60 MHz
and the transmitting antenna height HT = 2.5 m. If frequency

is further increased, the radiation pattern is split in several
lobes each one with a maximum gain at different elevation angles α. Fig. 14 represents the radiation pattern at a frequency
f = 150 MHz as well its lobular structure with maximum gain
at elevation angles α = 12◦ , α = 37◦ , and α = 90◦ . The transmitting and receiving antenna gain are represented in Fig. 15
where the receiving antenna gain is practically constant as a
function of the receiving antenna height. At the same time, the
transmitting antenna gain variation is noticed due to its lobular
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Fig. 12.

Dipole gain f = 60 MHz, H T = 2.5 m, r = 10 m.

Fig. 13.

Dipole factor f = 60 MHz, H T = 2.5 m, r = 10 m.

Fig. 14.

Dipole radiation pattern f = 150 MHz, H T = 2.5 m, r = 10 m.

Fig. 15.

Dipole gain f = 150 MHz, H T = 2.5 m, r = 10 m.

Fig. 16.

Dipole factor f = 150 MHz, H T = 2.5 m, r = 10 m.

structure as a function of the elevation angle α. The receiving
antenna is scanning in height the power density in space produced by the transmitting antenna as a function of height, but
its gain is practically constant no matter the larger variation of
the the transmitting antenna gain. This is a good demonstration
of the receiving antenna behavior when the receiving antenna
height is larger than one wavelength working as in free space.
Similar behavior for the transmitting and the receiving antenna
factors are represented in Fig. 16.
III. RADIO LINK SITE EVALUATION
Receiving antenna gain and factor calculations are determined
in a radio link installed over an almost perfect conductive ground
plane. This can be achieved with a smooth area covered by
metallic plates in an open test site and without nearby obstacles
like walls or fences, in order to avoid any possible spurious
reflexions. Metallic plates have a very high conductivity in the
order of σ = 107 (S/m). This conductivity value corresponds to
most metals from iron to copper. In case of security or defense,
this metallic surface can be installed in an anechoic chamber
in order to create a quasi-free space environment over a perfect

ground. Distance r between antennas in this radio link must be
sufficient to have a far-field conditions and almost no mutual
effects between antennas. For this reason, a minimum distance
r must be in the order of 10 m or a wavelength at the minimum
frequency.
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Site attenuation can be calculated by the Friis Equation [5],
and written as
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For a resonant and well-matched half-wave dipole, its effective
length (Le ) is known as [4]

GT (dBi) + GR (dBi) = Aw (dB) − AF S (dB) = K(dB) (41)
where
is the transmitting antenna gain (dBi);
GT
GR is the receiving antenna gain (dBi);
Aw is the link power relationship (dB);
AFS is the free space attenuation (dB).
The Friis equation can be used also in a link over the perfect
ground. In this case, the antenna gains must be determined in
working conditions and the distance r’ corresponds at the line
of sight between the transmitting antenna radiation phase center
and the center of the receiving antenna. This line of sight must
be free of any obstacles and the transmitting antenna gain is that
at the elevation angle α, as indicated in Fig. 1.
Power relationship Aw is calculated in dB as
Aw (dB) = WR (dBW) − WT (dBW).

(42)

And the free space attenuation AFS in dB, as
λ
.
(43)
4πr
Site attenuation can be calculated also by a similar equation
by FCC obtained from the Friis equation, as
AFS = 20 · log

Aw = 20 · logr + 20 · logf (MHz) − GT (dBi)
− GR (dBi) − 27.6 − R.

(44)

300
= 27.6 (dB)
(45)
4π
and corresponds using frequency instead of wavelength in the
free space attenuation (AFS ). The transmitting antenna gain is
that radiated at the elevation angle α and the receiving antenna
gain is that calculated by the standard procedure. The transmitting antenna is installed at a fixed height with a minimum
of 0.2 or 0.3 λ at the minimum frequency (f = 30 MHz). Receiving antenna height must be scanned in height in order to
obtain the maximum power on the receiving antenna resistive
load. Generally, in the lower frequencies, this maximum power
is not obtained due to the transmitting antenna radiation pattern
whose maximum is pointing at the zenith (α ∼
= 90◦ ). Receiving
antenna height scanning depends on the measurement site possibilities but generally is performed between a minimum of 1
or 2 m and a maximum of 4 or 6 m. At each frequency withing, the spectrum the maximum power delivered (WR M ) on the
receiving antenna load (RL ) must be recorded as well as the
receiving antenna gain (GR ) and factor (AFR ). The transmitting antenna gain (GT ) and factor (AFT ) can be calculated by
means of its radiation pattern. In the case the transmitting power
(WT ) and the received power (WR ) are known, the procedure is
determining the receiving antenna current (IR ) in the equivalent
Thevenin circuit and in it calculating the induced voltage (Vi ).

Vi
(m).
Ei

(46)

And the electric field strength (Ei ) and power density (Pi )
can be determined, as
Ei =

Vi
(V/m)
Le

(47)

Pi =

Ei2
(w/m2 )
Zoo

(48)

where Zoo is the free space characteristic impedance (120π =
377 Ω).
The receiving antenna effective area is
AeR =

WR
(m2 ).
Pi

(49)

And the receiving antenna gain is
4 · π · AeR
.
(50)
λ2
Receiving antenna factor is the relationship between the
electric field (Ei ) and the voltage developed in the resistive
load, or
GR =

AFR =

This equation can be simplified over perfect ground if GT
and GR are the real gain in working conditions and distance r is
that r’ indicated in Fig. 1. In this case, the term R will be R = 1
or 0 dB. Factor 27.6 is simply
20 · log

Le =

Ei
Ei
=
(1/m)
VR
IR RL

(51)

(AFR )73 = 20 · logAFR

(52)

(AFR )50 = (AFR )73 (dB/m) + 1.64(dB) (dB/m).

(53)

By means of the Friis equation, the transmitting antenna gain
(GT ) can be calculated and corresponds to the power density
(Pi ) injected over the receiving antenna at the elevation angle α. The transmitting antenna gain is obtained by the Friis
equation as
GT (dBi) = Aw (dB) − AFS − GR (dBi)

(54)

GT (dBi) = K(dB) − GR (dBi).

(55)

If the transmitting antenna gain is known previously, the Friis
equation permits to check the performance of the radio link
because it must produce the same answer.
The transmitting antenna factor can be calculated by


480
π
AFT =
(1/m)
(56)
λ GT Ra
(AFT )73 = 20 · logAFT

(57)

(AFT )50 = (AFT )73 (dB/m) + 1.64(dB) (dB/m).

(58)

The transmitting antenna factor can also be calculated by the
FCC equation, or
AFT = −29.78 + 20 · logf (MHz) − 10 · logGT (dB/m)50 .
(59)
The answer to both equations are identical and given by
AF =

Ei
(1/m)
VR

(60)
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Fig. 17. Normalized
H T = 2 m.

Fig. 18.

site

attenuation

Fig. 19.

Radio link antenna factors for H T = 2 m.

Fig. 20.

Radio link power relationship for H T = 1 m and H T = 2 m.

r = 10 m, H T = 1 m or

Radio link antenna factors for H T = 1 m.

where
Ei is the induced electric field effective value (V/m);
VR is the voltage on the receiving antenna resistive load RL ;
VR = IR · RL .
Calculation of the power relationship, antenna gains, and factors as well as the NSA have been calculated for a radio link
of a distance r = 10 m and for the transmitting antenna height
fixed at 1 and 2 m. Half-wave dipole in horizontal polarization
was used in this task (H/a ∼
= 1000). Fig. 17 shows the NSA
obtained for the radio link with a distance r = 10 m and with a
transmitting antenna height fixed at HT = 1 m and HT = 2 m,
while the receiving antenna was scanned from 1 to 4 m in height
in order to acquire the maximum received power WR M on the
resistive load RL . The NSA value representation corresponds at
both cases for the transmitting antenna height of HT = 1 m and
HT = 2 m with an error less than 0.5 dB within the frequency
spectrum from 30 to 1000 MHz where horizontal polarization
was used. Fig. 18 shows the transmitting and receiving antenna
factors for the transmitting fixed at HT = 1 m and Fig. 19
the same result at HT = 2 m. It can be noted in both cases
the different values of the transmitting and receiving antenna
factors and their 6-dB difference. The power relationship Aw
as shown seen in Fig. 20 for both transmitting antenna height
of HT = 1 m and HT = 2 m where more attenuation below
200 MHz for HT = 1 m than HT = 2 m can be appreciated,

and practically, the same attenuation of both cases above it.
In the case of HT = 2 m and r = 10 m, the power relationship is practically the same as obtained by Bennett [7], [8] and
Fitzgerrell [9] obtained by calculations and measurements. At
the same time in an INTI measurement with two half-wave
dipole, the power relationship measured was Aw = 26.79 (dB)
and the calculated here was Aw = 26.25 (dB) very close to
0.5 dB at the frequency of f = 150 MHz in a semianechoic
chamber.
IV. CONCLUSION
This step-by-step analysis proves the difference between the
transmitting and receiving antenna behavior; and also that the
principle of reciprocity does not apply to these antennas in a
radio link over perfect ground. Additionally, the 6-dB difference in the antenna factor should allow for the reduction of the
+/− 4 dB in the measurement standard. The receiving antenna
gain and factor is practically constant as a function of the height
for both polarization if the antenna height is higher than one
wavelength. This makes up a good reference as an FSAF. It can
be useful for measurements of spurious field strengths by any
device and it permits calibration of other antenna types to be
used in wide band operations.

TRAINOTTI: ELECTROMAGNETIC COMPATIBILITY (EMC) ANTENNA GAIN AND FACTOR

ACKNOWLEDGMENT
The author would like to thanks his colleagues M. Luberto, R.
Alonso, and L. Gonzalez for helping in developing systematic
computer calculations and printing the present report.
REFERENCES
[1] J. D. Kraus and R. Marhefka, Antennas for All Applications, 3rd ed.
New York, NY, USA: McGraw Hill, 2002.
[2] A. A. Smith, “Calculation of site attenuation from antenna factors,” IEEE
Trans. Electromagn. Compat., vol. EMC-24, no. 3, pp. 301–316, Aug. 1982.
[3] J. D. Kraus, Antennas, 1st ed. New York, NY, USA: McGraw Hill, 1950.
[4] V. Trainotti and G. Figueroa, “Vertical polarized dipoles and monopoles,
directivity, effective height and antenna factor,” IEEE Trans. Broadcast.,
vol. 56, no. 3, pp. 379–409, Sep. 2010.
[5] H. Friis, “A note on a simple transmissions formula,” Proc. IRE, vol. 34,
no. 5, pp. 254–256, May 1946.
[6] K. Norton, “Transmission loss in radio propagation II,” in NBS Technical
Report. Washington, D.C., USA: National Bureau of Standards, 1959.
[7] W. S. Bennett, “The gain resistance product of the half-wave dipole,” Proc.
IEEE, vol. 72, no. 12, pp. 1824–1826, Dec. 1984.
[8] W. Bennett, “An error analysis of FCC site attenuation approximation,”
IEEE Trans. Electromagn. Compat., vol. EMC-27, no. 3, pp. 107–114,
Aug. 1983.
[9] G. Fitzgerrell R “Standard linear antennas 30 to 1000 MHz,” IEEE Trans.
Antennas Propag., vol. AP-34, no. 12, pp. 1425–1429, Dec. 1986.

1015

Valentino Trainotti (S’63–M’64–SM’84–LF’10)
was born in Trento, Italy, in 1935. He received the
Electronic Engineering degree from the Universidad Tecnologica Nacional, Buenos Aires, Argentina,
in 1963. He completed the postgraduate coursework on antenna measurements and geometric theory of diffraction at California State University, Long
Beach, CA, USA, in 1981 and Ohio State University,
Columbus, OH, USA, in 1985.
He has worked from 1963 to 2003 at Institute of
Scientific and Technical Research for Defense, Villa
Martelli, Argentina, as the Antenna and Propagation Division Chief Engineer.
He was also a part-time Full Professor of electromagnetic radiation and radiating systems with an Engineering College at the University of Buenos Aires,
Buenos Aires. He has worked for more than 40 years developing and measuring
antenna systems for several applications from low frequency (LF) to super high
frequency (SHF).
Prof. Trainotti was a Member of the IEEE Ad-Com Broadcast Technology
Society from 1999 to 2006, and from 2010 to 2015, an IEEE BTS Argentina
Chapter Chair, an URSI Commission B Argentina Chair, and the 1993 IEEE
Region 9 Eminent Engineer.

