
Chapter 2.0 Antennas in communication and radar systems 
 
In this chapter we discuss the systems aspects of antennas as they apply to communications and 
radar systems. This includes the power density radiated by an antenna, the effective aperture area 
of an antenna, the polarization mismatch factor, the Friis transmission equation, and the radar 
equation. The material in this section will allow us to answer the fundamental question of how 
much power is received by an antenna in a communications or radar system. We will also 
discuss systems for measuring antenna patterns and gain. 
 
 
2.1 Power density radiated by an antenna 
 
Consider the system shown in Figure 2.1 below, where a generator delivers the power Pin to a 
transmitting antenna having a gain G. At a distance far from the antenna the radiated field looks 
like a spherical wave, and we would like to determine the power density (the magnitude of the 
Poynting vector) of this radiated field. Clearly the power density must be proportional to the 
input power delivered to the antenna, and must be proportional to the gain of the antenna. We 
might also expect that the power density drops off as 1/r2 with distance from the antenna. 
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Figure 2.1 Power density radiated by a transmitting antenna. 
 
 
If the antenna were lossless and isotropic (G = 1 = 0 dB), so that it radiated equally in all 
directions, then at a distance r from the antenna the power density must be, 
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This result follows directly from power conservation, because if we integrate over the surface of 
a sphere of radius r enclosing the antenna we must capture all of the radiated power, and the 
surface area of such a sphere is 4πr2. 
 
If the antenna is not isotropic, but has a directivity D > 1, then the power density is increased by 
the factor D because of the definition of directivity, which is the ratio of the maximum radiation 
intensity to the average (or isotropic) radiation intensity. Losses in the antenna absorb some of 
the input power, and account for the difference between input power and radiated power, so the 
final expression for the radiated power density at a distance r from an antenna of gain G is, 
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This result will be used later in the derivation of the Friis equation and the radar equation. 
 
 
2.2 Effective area 
 
In the above section we discussed how to find the power density radiated by a transmitting 
antenna. The converse problem is to determine how much power is delivered to a matched load 
by a receiving antenna in the presence of an incident plane wave. We expect that received power 
will be proportional to the power density of the incident wave, and proportional to the directivity 
of the receiving antenna. Since the dimensions of the received antenna power are Watts, and the 
incident wave can be characterized by a power density (W/m2), as discussed above, we might 
expect that conversion requires a factor having dimensions of area (m2). This constant is called 
the effective aperture area of an antenna, and is defined as follows: 
 

P A Sr e=  W,      (2.2) 
 
where Pr is the received power as delivered to a matched load. The effective aperture area of an 
antenna thus has the appealing intuitive interpretation of a “capture” area intercepting a portion 
of the incident power density. 
 
The effective aperture area of an antenna can be shown through a straightforward proof (omitted 
here) to be related to the directivity of an antenna as follows: 
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where λ is the operating wavelength for the antenna. 
 
For electrically large aperture antennas, such as reflectors, horns, and lenses, the effective 
aperture area is often closely related to the actual physical cross sectional area of the antenna. 
But for many other types of antennas, such as dipoles, Yagi-Uda arrays, and microstrip antennas, 
there is no simple relation between the physical area and the effective aperture area. 
 
 
Example 2.1: 
Find the effective aperture area of a short dipole antenna, having a far-zone radiated electric field 
given by: 
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Use this result to find the effective aperture area of a thin wire dipole 0.1λ long operating at 900 
MHz, and compare with the physical cross sectional area of the dipole if its diameter is 1 mm. 
 



Solution: 
The directivity of the short dipole antenna was evaluated in Example 1.3 to be D = 1.5 
(numerical, not dB). So from (2.3) the effective aperture area is, 
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At 900 MHz λ = 0.333 m, so the effective aperture area of the dipole is 0.013 m2. By 
comparison, the physical cross sectional area is A = LD = (0.1)(0.333)(0.001) = 3.33×10-5 m2. 
Thus the effective aperture area of the dipole is about 400 times larger than its physical cross-
section. 
♦ 
 
 
2.3 The Friis equation 
 
A key quantity for any radio system is the determination of the power received by the receiving 
antenna for a given transmitter power. This is given by the Friis transmission equation. The 
received power level sets the signal to noise ratio of the receiver for the transmission of signals 
in the presence of noise, and thereby determines the maximum usable distance between 
transmitter and receiver for a given error rate. The basic block diagram of a radio communication 
system is shown in Figure 2.2. 
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Figure 2.2 Block diagram of a radio communication system. 
 
 
For a transmitter power, Pt, and a transmit antenna gain, Gt, the power density at a distance r 
from the transmit antenna is given by (2.1): 
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Using the concept of effective aperture area, the power delivered to a matched load at the receive 
antenna is, 

P A Sr e= .       
 



Combining these results with (2.3) gives the final form of the Friis equation: 
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where we have substituted the receive antenna gain for directivity in order to account for 
possible losses in the receive antenna. 
 
If there is a polarization mismatch between the transmit and receive antennas, as discussed in the 
following section, this factor can be included in (2.4) to reduce the received power. Similarly, if 
the transmit and/or receive antennas are not impedance matched, a factor of ( )21− Γ  can be 

included to account for impedance mismatch losses. 
 
 
Example 2.2: 
Consider a satellite-to-Earth communication systems, with Pt = 2 W, Gt = 37 dB, Gr = 45.8 dB, f 
= 20 GHz, and a distance of 3.69×107 m. Find the received power, assuming perfect impedance 
and polarization matching. 
 
Solution: 
The quantity 4πR/λ = 3.09×1010. Then we can use dB to evaluate the Friis equation of (2.4): 
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or 3.98×10-10 mW. 
♦ 
 
 
2.4 Polarization mismatch 
 
Polarization mismatch: 
Maximum transmission between two antennas requires that both antennas be polarized with the 
same sense, and in the same direction. If a transmit antenna is vertically polarized, for example, 
maximum power will be delivered to a vertically polarized receiving antenna, while zero power 
would be delivered to a horizontally polarized receive antenna. The polarization matching of 
antennas is obviously critical for communications systems, and can be quantified for arbitrary 
polarizations through the polarization mismatch factor: 
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where the electric field of the incident wave is expressed as, 

 
E Ei i i= ρ        



 
and the electric field of the receive antenna, when operating as a transmitting antenna, is 
expressed as, 

E Er r r= ρ        
 
Thus, ρi  and ρr  are unit vectors representing the electric field polarization of the incident wave 
and the receive antenna, respectively. Since the quantity in (2.5) is proportional to power, the 
PLF is expressed in dB by taking 10 log. 
 
 
Example 2.3: 
A transmitting antenna is circularly polarized (LHCP), and transmits in the direction of the z-
axis. Compute the polarization loss factor for (a) a vertically polarized receive antenna, and (b) a 
LHCP receive antenna. 
 
Solution: 
The unit vector for a LHCP incident wave is, from (1.13), 
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For case (a), the polarization unit vector for a vertically polarized wave is, 
 
      ρr y= . 
The polarization loss factor is, 

     ( )
2

ˆ ˆ ˆ / 2 0.5 3PLF x jy y= + ⋅ = = −  dB. 

 
For case (b), the polarization unit vector for a LHCP antenna transmitting along the -z axis 
(towards the incident plane wave) is, 

( ) /ρi x jy= − 2 . 
 
Then the polarization loss factor is, 
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 dB, 
 
which shows that a LHCP receive antenna is polarization matched to a LHCP incident wave (or 
to a LHCP transmit antenna). 
♦ 
 
 
2.5 The radar equation 
 
In a radar system, a transmitter radiates a beam that illuminates a target, which then scatters 
some of the incident power back to the radar receiver. The transmit and receive antennas may be 
the same (monostatic radar), or may be different antennas in different locations (bistatic radar). 



In either case the radar equation can be used to determine the received power in terms of the 
transmit power, the antenna gains, the distances between the target and the antennas, and the 
radar cross section of the target. 
 
The radar cross section of a radar target is defined as the power scattered by the target divided by 
the incident power density. In general, radar cross section is a function of the incident and 
scattering angles, as well as the polarization of the incident and scattered fields. Mathematically 
we can write the definition of the radar cross section as, 
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where Si and Ss are the incident and scattered power densities, respectively. For finite sized 
targets, the scattered power will radiate like an antenna, and therefore will have a 1/r2 range 
dependence in the far-field which will be canceled by the R2 factor in (2.6). 
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Figure 2.3 Block diagram for a bistatic radar system. 
 
 
Figure 2.3 shows the basic block diagram of a bistatic radar, where we have assumed equal 
distances from the target to the transmitter and receiver. From (2.1) the incident power density at 
the target is given by, 
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Using the definition of the radar cross section given by (2.6), the scattered power density from 
the target is, 
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Then the receive power can be found by multiplying by the effective aperture area of the receive 
antenna: 
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This is the final form of the radar equation. Notice that the range dependence is R4, whereas the 
range dependence for the Friis equation is R2. This is because, in a radar system, the power 
density drops as 1/R2 from the transmit antenna, with an additional 1/R2 factor due to the re-
radiation from the radar target. The implication of this is that radar sensitivity drops very rapidly 
with increasing distance. 
 
 
2.6 Antenna measurements 
 
Antenna pattern measurements: 
In this section we will briefly describe how antenna patterns can be measured in an anechoic 
chamber. Besides being useful information for those who might need to perform such 
measurements, knowing how patterns are measured may help to develop our intuition about 
antenna radiation characteristics. 
 
A basic antenna range setup is shown in Figure 2.4 below. The antenna under test (AUT) is 
mounted on a positioner that rotates the antenna in the azimuth plane (more sophisticated 
antenna positioners can rotate the antenna in two or three planes). Usually the AUT is operated 
as a receive antenna, with its output going to a receiver. The transmit antenna is stationary, and 
positioned at the opposite end of the anechoic chamber. It is driven by a CW RF generator. The 
walls of the anechoic chamber are lined with absorbing material (made from carbon-loaded 
foam), to reduce reflections from the walls. 
 
In operation, the positioner rotates at a slow rate, with its angular position fed to the display 
computer. For a polar pattern plot the angular displacement of the positioner corresponds to the 
angle around the plot, whereas for a rectangular pattern plot the angular displacement 
corresponds to the horizontal scale of the plot. The output of the receiver corresponds to the 
amplitude scale of the pattern plot, and is usually expressed in dB. As the AUT rotates, the 
received power varies according to the power pattern of the AUT. 
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Figure 2.4 Layout of an antenna test range. 
 
 
Measurement of antenna gain: 
Another important antenna measurement is gain, which can be done using the substitution 
method, whereby an antenna with a known gain is substituted for the antenna under test. 
Standard gain horns are commercially available horn antennas having known gains. For more 
precise measurements, standard gain horns can be sent to the NIST for calibration with precise 
standards. 
 
To measure the gain of the antenna under test, we first place the AUT in the chamber, position it 
for maximum received power, and record the power output of the receiver. Call this power level 
Paut. Next, replace the AUT with the known standard gain antenna, check its position for 
maximum power, and record the received power for this case. Call this power Psgh. If the gain of 
the standard gain horn is Gsgh, then it is easy to see that the gain of the AUT is given by, 
 

G G P Paut sgh aut sgh= + −  (dB)   (2.8) 
 

In this equation, all quantities are assumed to be in dB. 



Review Questions for Chapter 2: 
 
Q2.1 A particular antenna radiates a uniform (constant) pattern in the upper hemisphere, with 
no radiation in the lower hemisphere. What is the directivity? 
(a) 0 dB 
(b) 2 dB 
(c) 0.5 dB 
(d) 3 dB 
 
Q2.2 A transmitter has an output power of 100 mW. What is this power in dBm? 
(a) 100 dBm 
(b) 10 dBm 
(c) 20 dBm 
(d) 0.1 dBm 
 
Q2.3 The received power at the receiver of a radio system is -90 dBm. If the distance between 
the transmitter and receiver is doubled, what is the new received power? 
(a) -96 dBm 
(b) -84 dBm 
(c) -180 dBm 
(d) -45 dBm 
 
Q2.4 What is the polarization mismatch, in dB, between an incident wave polarized along the 
x-axis, and a receive antenna with a polarization vector along the -x axis? 
(a) -3 dB 
(b) 0 dB 
(c) 3 dB 
(d) 2 dB 
 
Q2.5 An antenna has an effective aperture area of 0.5 m2. If an incident wave has a power 
density of 3.0 mW/m2, what is the received power? 
(a) 1.5 mW 
(b) 0.75 mW 
(c) 6.0 mW 
(d) 0.3 mW 



Problems for Chapter 2: 
 
P2.1 A transmitting antenna has an input current of 0.04 A (peak), and radiates a far-zone 
electric field given by, 
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Find the directivity (in dB) of this antenna. 
 
P2.2 A wireless telephone system operating at 860 MHz has a transmit power of 100 mW, a 
transmit antenna gain of 3 dB, a receive antenna gain of 1 dB, and a minimum detectable signal 
power at the receiver of -90 dBm. What is the maximum usable distance between the transmitter 
and receiver? 
 
P2.3 A RHCP antenna radiates in the +z axis direction. Determine the polarization loss factor for 
two cases of receive antennas: (a) a receive antenna linearly polarized in a direction 45° between 
the x and y axes, and (b) a receive antenna that is LHCP. 
 
P2.4 A monostatic radar system operating at 10 GHz has a transmit power of 1 kW, and an 
antenna gain of 28 dB. If a target having a radar cross section of 0.5 m2 is illuminated by the 
radar at a distance of 500 m, what is the received power, in dBm? 
 


