
ELEX 7860 : Wireless System Design
2024 Winter Term

Antennas and Free‑Space Propagation

This lecture defines some important antenna specifications, and how the received signal power over a free-space path can
be computed as a function of transmit power, distance and antenna gains.
After this lecture you should be able to: compute the power received over a free-space path, and solve problems relating an
antenna’s effective area, directivity, efficiency and gain.

Antennas

As predicted by Maxwell and demonstrated by
Hertz, time-varying electromagnetic fields propagate
through free space1. Propagation of EM fields at fre-
quencies between 3 kHz and 3 THz can be used for
wireless communication.
Antennas are passive devices that couple time-

varying currents flowing along conductors to electro-
magnetic fields propagating through space.
Some common antennas include dipoles,

monopoles, and horns. These are often com-
bined with ground planes, parasitic elements or
reflectors. Antennas are often connected together in
arrays.

The propagating EM field has perpendicular elec-
tric andmagnetic fields that vary with time (at the RF
frequency) and distance (at about 3 × 108 m/s). The
EM fields are also perpendicular to the direction of
propagation. The polarization of the EM field refers
to the orientation of the peak electric field. The polar-
ization can be fixed (linear polarization, typically ver-

1This “action at a distance” was a surprising phenomena al-
though its applications are now so common it no longer appears
so.

tical or horizontal) or can vary with time and space
(right-hand or left-hand circular polarization).
Part of the power fed into an antenna radiates into

space and is considered to be absorbed by a hypothet-
ical “radiation resistance” while part is absorbed by
the antenna itself and dissipated as heat.

Effective Area

Consider an isotropic source – one that transmits
equally in all directions – transmitting power 𝑃𝑇 at
the center of a sphere of radius 𝑑 (distance) and a
receiving antenna of area 𝐴𝑒 that collects all of the
power incident (“shining”) on it:

Since the transmit power is equally distributed over
the surface of the sphere (of area = 4𝜋𝑑2), the ratio of
the received power to transmitted power (the inverse
of the “path loss”) is:

𝑃𝑅
𝑃𝑇

= 𝐴𝑒
4𝜋𝑑2

Exercise 1: If the effective area of an antenna is 1m2, what is the
path loss, in dB, at a distance of 100 m? At the distance to a geosta‑
tionary satellite (≈ 36, 000 km)? How does it increase (in dB) with
distance?

Pattern. The power radiated from an antenna as a
function of direction is called the antenna pattern.
The antenna pattern is typically specified in spheri-
cal coordinates (azimuth, 𝜃, and elevation, 𝜙).
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Reciprocity. For linear (passive) antennas and lin-
ear propagation media (e.g. air) the coupling be-
tween fields and currents is independent of the direc-
tion of energy flow. Thus antenna patterns are recip-
rocal – the pattern of an antenna is the same whether
it is transmitting or receiving.

Directivity

The directivity (𝐷) of an antenna is the the ratio of the
maximum power density (𝑈𝑚) to the average power
density (𝑈0):

𝐷 = 𝑈𝑚
𝑈0
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Exercise 2: What is the directivity of an isotropic radiator?
Consider the power received at a point in space. It

increases proportionately to both the directivity and
the effective area. Thus we expect that effective area
and directivity will be proportional, that is,

𝐴𝑒
𝐷 = constant

for any antenna. To find this constant, we can an-
alyze any antenna for which 𝐴𝑒 and 𝐷 can both be
conveniently derived.
We can do this for an electrically-short2 dipole an-

tenna. From the current distributionwe can compute
the electric field (𝐸(𝜃, 𝜙)) by integrating the fields
produced by infinitesimally small electric dipoles.
This allows us to determine both the peak and aver-
age power densities and from this the directivity. For
the electrically-short dipole

𝐷short dipole = 3/2

From the field distribution and using reciprocity
we can also derive the power at the antenna termi-
nals resulting from this power density and from this
obtain the effective area which is found to be

𝐴𝑒 short dipole =
3𝜆2
8𝜋

And from this we find that

𝐴𝑒
𝐷 = 𝜆2

4𝜋
and based on our reasoning above this ratio applies
to any antenna, not just a short dipole.

2Short relative to the wavelength.

Exercise 3: For some types of antennas, such as reflectors, the ef‑
fective aperture can be approximated by the physical area of the
antenna3 . What are the approximate effective aperture and direc‑
tivity of a 1‑m diameter satellite dish antenna receiving signals at
≈ 15 GHz (“Ku‑band”)?

Gain

Measuring directivity requires measuring the power
density in all directions in order to compute the av-
erage. A more practical measurement is the gain of
an antenna which is the ratio of themaximum power
density to the power density of a lossless reference
antenna 𝑈𝑟, typically an ideal (lossless) isotropic ra-
diator:

𝐺 = 𝑈𝑚
𝑈𝑟

Um

Ur

The ratio of gain to directivity:

𝐺
𝐷 =

𝑈𝑚
𝑈𝑟
𝑈𝑚
𝑈0

= 𝑈0
𝑈𝑟

= 𝑘
Ur
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is the antenna’s efficiency: the ratio of the average ra-
diated power of the real antenna to the average radi-
ated power of an ideal isotropic source. This differ-
ence is due to resistive losses in the antenna.
Exercise 4: What is the maximum value of 𝑘?
Antenna gain, like most quantities in communi-

cations, is usually specified in dB. If the reference
antenna is a lossless isotropic antenna, the units are
specified as dBi (dBd if referenced to a dipole).
We can now relate the effective area of a (lossy) an-

tenna to its gain:

𝐺 = 4𝜋𝐴𝑒
𝜆2

Exercise 5: Another useful approximation relates the gain of an an‑
tenna to it’s beamwidth. Since a sphere has a surface “solid angle”
of 4𝜋 steradians (≈ 41253 square degrees), we can approximate
the gain by dividing this by the solid angle covered by an ideal (rect‑
angular, “brick‑wall”) antenna pattern. What is the approximate di‑
rectivity of an antennawith beamwidths of 15×120 degrees? If the
antenna’s efficiency is 𝑘 = 70%, what is the gain?

3However, for many antennas, such are wire antennas, the
effective area is not related to the physical area.
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Friis Equation

Substituting𝐺 for𝐴𝑒 in the equation for path loss and
solving for the received power we get the Friis equa-
tion:

𝑃𝑅 = 𝑃𝑇𝐺𝑇𝐺𝑅 (
𝜆
4𝜋𝑑)

2

where 𝑃𝑅 and 𝑃𝑇 are the received and transmitted
powers, 𝐺𝑅 is the gain of the receive antenna, 𝜆 is the
wavelength and 𝑑 is the distance from transmitter to
receiver. The additional term 𝐺𝑇 is used to account
for the common case of a non-isotropic transmit an-
tenna that increases the transmit power density by a
factor (gain) 𝐺𝑇 in the direction of the receiver com-
pared to an isotropic radiator.
Exercise 6: A point‑to‑point link uses a transmit power of 1 Watt,
transmit and receive antennas with gains of 20dB and operates at 3
GHz. Howmuch power is received by a receiver 300m away?
The ratio of received power to transmitted power

for lossless isotropic antennas (𝐺𝑇 = 𝐺𝑅 = 1):

𝑃𝑅
𝑃𝑇

= ( 𝜆
4𝜋𝑑)
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is called the free-space “path loss.”4
These equations only apply at distances that are in

the “far field” where there is little inductive coupling
between the antennas. The far field is considered to
be at distances 𝑑 >> 𝐿, 𝑑 >> 𝜆 and 𝑑 >> 𝐿2/𝜆where
𝐿 is the largest dimension of the antenna.
Exercise 7: What is the far‑field distance for an antenna in a cell
phone operating at 2.4 GHz that has a physical size of 0.1 × 0.1 ×
3 cm? For a 100mparabolic reflector antenna operating at 2.2 GHz?

Loss vs Frequency

Consider the relationship between antenna gain and
effective aperture. Note that for a fixed gain the effec-
tive aperture increases with the square of the wave-
length (𝐴𝑒 ∝ 𝜆2). Put another way, for a given an-
tenna gain the effective area, or power collected, de-
creases with the square of the frequency.
This is the reason for the frequency dependence of

the propagation loss given by the last factor of Friis
equation.

4This would more properly be called a “gain” since it’s the ra-
tio of the received power over the transmitted power but in prac-
tice there is no confusion because this number is always less than
1. If this value is negative it’s a gain and if it’s positive it’s a loss.

However, it’s important to understand that the rea-
son the propagation loss appears to increase with fre-
quency is simply because, for an antenna with a fixed
gain, the effective aperture decreases as the frequency
increases. Propagation loss is not a result of power
being absorbed by the medium through which the
signal is propagating.
Exercise 8: If we kept the effective aperture (not gain) constant at
one end of a link (transmitter or receiver), how would the path loss
change as a function of frequency? What if we kept it constant at
both ends? Is this a feasible approach for mobile systems?
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