
Chapter 5.0 Wire antennas 
 
In this chapter we look at practical wire antenna elements, including wire dipoles, folded dipoles, 
monopoles, Yagi-Uda arrays, and log periodic dipole arrays. Wire antennas are most commonly 
used at lower frequencies, from HF to UHF, and typically have gains limited to a few dB. Arrays 
of wire antennas can be used for higher gain. 
 
 
5.1 Dipole antennas 
 
The half-wave dipole: 
One of the most commonly used antenna elements is the half-wave dipole. The half-wave dipole 
consists of a straight wire or rod, fed at the center with a balanced feed line. The dipole length is 
slightly less than λ/2 at the operating frequency, so it is typically much longer than the 
electrically small dipoles discussed in Chapter 3. The main reason that half-wave dipoles are 
preferable over shorter dipoles is that they are resonant, so that their input impedance is much 
more easily matched to practical transmission lines, and their efficiency is high. 
 
The input impedance of a thin wire dipole that is exactly λ/2 in length is about 72 +j 35Ω; if the 
length is slightly less (say around 0.48λ), the impedance can be made resonant, with Zin = 75 +j 0 
Ω. This is in contrast to the input impedance of an electrically short dipole, which has a very 
small real part and a large imaginary part. Besides making the short dipole difficult to match, the 
efficiency is low because the loss resistance becomes a significant fraction of the total input 
resistance. 
 
Impedance characteristics of dipole antennas: 
The input impedance of a wire dipole can be computed using various techniques, but probably 
the most useful method is the moment method. We do not have time to explore the theory or 
implementation of the moment method, but PCAAD can be used to compute the input 
impedance of a wide variety of wire antenna elements. 
 
PCAAD Exercise: 
Use PCAAD to analyze the input impedance of a wire dipole versus length. From the main 
menu, select Wires, then Dipole Antenna. Enter a length of 0.1 cm, a radius of 0.002 cm, and 
use 3 PWS expansion modes. Enter a center frequency of 30 GHz, then click Compute. Read the 
input impedance at 30 GHz as 1.7 -j 824.5 Ω. Increase the dipole length from 0.1 cm to 0.8 cm, 
in steps of 0.1 cm. The real and imaginary parts of the resulting input impedance are plotted in 
Figure 5.1 below. 
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Figure 5.1 Input impedance of a wire dipole antenna versus length. 
 
 
Observe from Figure 5.1 that the dipole resistance is very small for short dipoles, and increases 
as the length increases. Also note that the reactance is largely capacitive for short dipoles, and 
goes through zero for a dipole length just under λ/2. This is the first resonance of the dipole. For 
longer lengths, the reactance becomes inductive (positive). A second resonance (antiresonance) 
occurs when the dipole length is approximately λ long, but this dipole size is seldom of interest 
in practice because the input impedance is very high. 
 
The exact resonant length of a dipole depends slightly on the diameter of the dipole, but 
generally occurs in the range of 0.47λ to 0.49λ. The dipole resistance at resonance also depends 
on the dipole diameter, but is typically in the range of 72 Ω to 78 Ω. 
 
Far-zone fields of a dipole antenna: 
We have previously shown that the far-zone field of an electrically short dipole is a sinθ 
function. This is true regardless of whether we assume a uniform electric current on the dipole, 
or a more realistic triangular current that is zero at the dipole ends. In general however, as we 
can see from the far-field expressions of (3.15)-(3.16) of Chapter 3, the far-field of a wire 
antenna will usually depend on the distribution of current, and we need to know this distribution 



before we can find the far fields. While a moment method solution is needed to find the current 
distribution of arbitrary wire antennas, the half-wave dipole has a current distribution that can be 
well approximated by a half cosine function: 
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where L is the overall length of the dipole, and the dipole is assumed to be centered along the z 
axis. Thus, at the ends of the dipole we have z = ±L/2, and so the current is zero. For L ≤ λ/2, the 
peak of this current distribution will occur at z = 0, with a value of I0. 
 
The far fields of a finite-length dipole can be found by using (5.1) in (3.15) of Chapter 3: 
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For a half-wave dipole, with L = λ/2, this result simplifies to the following: 
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As was the case for the infinitesimal dipole, the Eφ component of the finite-length dipole is zero.  
 
The pattern of the half wave dipole is shown in Figure 5.2. It is similar in shape to the pattern of 
an electrically small dipole, but has a slightly narrower main beam. Its 3 dB beamwidth is 78°. 
The directivity of the half-wave dipole can be calculated by numerical integration to be D = 1.64 
= 2.2 dB. This is just slightly larger than the directivity of a short dipole (1.8 dB). 
 



 
 
Figure 5.2 E-plane pattern of a vertical half-wave dipole. 
 
 
The folded dipole: 
Another practical technique for altering the impedance of a dipole antenna is to use the folded 
dipole configuration shown in Figure 5.3. The folded dipole antenna consists of a half-wave 
dipole fed with a balanced two-wire line, with a parallel wire connected across the ends of the 
dipole. By using an even/odd mode decomposition, the operation of the folded dipole can be 
easily understood. The effect is to increase the input impedance seen at the feed point by a factor 
of four over that of the basic half-wave dipole. If the dipole is resonant, with a driving point 
impedance of about 75 Ω, then the input impedance of the folded dipole will be about 300 Ω. 
This value is well matched to 300 Ω twin lead, and so the folded dipole element is often used for 
FM radio and television broadcast antennas. (This includes the application of folded dipole 
antennas as fed elements in Yagi-Uda arrays.) Since the radiating element in a folded dipole 
antenna is a half-wave dipole, the patterns and directivity of the folded dipole are the same as 
that of the half-wave dipole. 
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Figure 5.3 Geometry of a folded half-wave dipole antenna. 
 
 
5.2 The Yagi-Uda array 
 
The relatively low gain of a dipole antenna prevents its use in many applications where higher 
gain is required. In such cases arrays of dipole elements can be used, but a traditional array of the 
type considered in Chapter 4 requires a feed network to excite the array elements with the proper 
amplitude and phase. Such a feed network greatly increases the cost and complexity of the array. 
The Yagi-Uda dipole array solves this problem by relying on proximity coupling, so that only 
one dipole in the array is directly excited. The Yagi-Uda array has been used extensively for 
radio and television antennas, as it provides moderate gain (10-18 dB) at a low cost. The 
antenna, being constructed from metal rods, also has a very low wind resistance. 
 
Principles of operation: 
As shown in Figure 5.4, the Yagi-Uda array consists of a parallel set of dipole elements. The 
left-most element is typically slightly larger than resonant length, and is called a reflector. The 
next element is a dipole element with a feed line. The rightmost set of elements are typically 
slightly less than resonant length, and are called directors. Spacing between elements is typically 
0.2 to 0.3 λ. In operation, radiation is predominantly to the right of the array, and the gain of the 
array increases with the number of directors that are used. In this way gains ranging from 10 to 
18 dB can be achieved. 
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Figure 5.4 Geometry of a Yagi-Uda dipole array. 
 
 
In operation, the Yagi-Uda antenna functions as an endfire array, meaning that radiation is along 
the axis of the array in the direction of the director elements. The non-driven, or parasitic, 
reflector and director elements are excited through mutual coupling between themselves and the 
fed dipole. We can provide an intuitive explanation for the operation of the array by considering 
a three element Yagi-Uda array. Quantitative consideration of mutual coupling effects will show 
that the current excited on the reflector element will lag in phase from the driven element 
current, while the current excited on the director element leads in phase by approximately the 
same amount. These phase shifts are typically greater than the free-space phase delay between 
the elements, so basic array theory leads to the conclusion that the main beam of the array will 
be in the direction of the director elements. Adding more reflector elements to the left of the feed 
has little effect on the array, since radiation is predominantly along the director elements. An 
increase in the number of directors increases the directivity of the array, although this increase 
reaches the point of diminishing returns after about 10 to 15 director elements. 
 
Design of a Yagi-Uda dipole array: 
Design tables and curves can be found in the literature for normalized Yagi-Uda arrays of 
different sizes. Because of the large number of variables in the layout of a Yagi-Uda array, and 
the fact that its operation depends on mutual coupling between elements, it is necessary to use a 
numerical analysis code, such as PCAAD, to compute the input impedance and radiation 
patterns. The example below illustrates results for a typical Yagi-Uda array design. 



PCAAD Exercise: 
Analyze the performance of a three-element Yagi-Uda dipole array having the following 
parameters: 
 
  reflector length    47.9 cm 
  fed element length    45.3 cm 
  director length     45.1 cm 
  number of directors    1 
  spacing between reflector and feed  25.0 cm 
  spacing between feed and director  25.0 cm 
  dipole radius     0.25 cm 
  frequency     300 MHz 
 
From the main menu, select Wires, then Yagi Antenna. Enter the frequency of 0.3 GHz, the 
dipole radius of 0.25 cm, 3 modes per dipole, and 1 director. Next enter the dipole lengths and 
spacings, according to the data given above. (Note that the spacings are counted from the n+1 
element back to the n-th element, so the first spacing is not used.) Then click Compute, and read 
the gain as 9.5 dB. The patterns may also be plotted, as shown below (the E-plane pattern is red, 
the H-plane pattern is blue, and the main beam of the array is oriented in the upward direction). 

 

 
 



5.3 The log periodic dipole array 
 
Antenna bandwidth: 
All practical antennas have a limited frequency range, or bandwidth, over which they can 
effectively operate. Antenna bandwidth can be specified in terms of the minimum frequency, f1, 
and its maximum frequency, f2, of operation, or in terms of the percent bandwidth, 
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where f0 = (f1 + f1)/2 is the center frequency of the operating range. Antenna bandwidth can be 
limited by either the impedance characteristics, or the pattern characteristics. The impedance 
characteristics can be specified in terms of a maximum SWR (e.g., SWR < 2), or a minimum 
return loss (e.g., RL > 10 dB), which will set the allowable frequency range. Pattern 
characteristics can be specified in terms of a minimum value of gain, a maximum value of 
beamwidth, a maximum sidelobe level, or a maximum value of axial ratio. Some antennas have 
very narrow impedance bandwidths, while the bandwidths of other antennas are dominated by 
pattern parameters. 
 
The log-periodic dipole array: 
Few antennas have bandwidths in excess of 20% to 30%, but there are applications that operate 
over wider frequency ranges than this. VHF television, operating from 54-88 MHz (48% 
bandwidth) and 174-216 MHz (22%), is one example. Ordinary dipoles and Yagi-Uda arrays 
typically have bandwidths limited to about 20%, or less, and so are not well suited to the 
broadcast television application. The log-periodic array, however, can be designed with 
bandwidths in excess of 70%, with moderate gain. In addition, the log-periodic array 
incorporates a simple feed network, and can be made inexpensively from metal tubes or rods. 
 
The geometry of a log-periodic dipole array is shown in Figure 5.5. It is an example of a self-
scaled structure, meaning that portions of the antenna are scaled duplicates of neighboring 
sections. The dipoles are fed with a balanced two-wire line which alternates from one dipole to 
the next, thus imposing a 180° phase shift that is in addition to the phase shift of the line length 
itself. The array radiates a main beam in the direction of the shorter dipoles. 
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Figure 5.5 Geometry of a log-periodic dipole array. 
 
 
Operation of the log-periodic dipole array: 
Full analysis of the log-periodic dipole array requires a numerical moment method analysis that 
includes mutual coupling effects as well as the feed lines (as implemented in PCAAD); this will 
yield input impedance, patterns, and gain. Here we will give a qualitative explanation of the 
operation of the antenna, which should be adequate to explain the basic features of the log-
periodic dipole array. 
 
At a given frequency within the operating bandwidth, the dipole elements of the log-periodic 
dipole array can be grouped into three sets: 
 

Dipoles with L<<λ/2: these dipoles are below resonance, so their input reactance is very 
large and capacitive (see Figure 5.1). Since these dipole loads appear in parallel with the 
feed line, these dipole currents are very small, and these elements radiate little power. 
 
Dipoles with L~λ/2: these dipoles are operating near resonance, and thus have a relatively 
small reactance. They radiate most of the power in the array, since their current is 
maximum. The three dipoles nearest to resonance constitute the active region of the 
array. The phase shift between these elements is about β = 180° - kd. Since d ~ λ/4, this 
is a total phase shift of about 90°, which produces a main beam at θ = 180° (measured 



from the axis of the array in the direction of increasing dipole size). This is an endfire 
beam, pointed toward the small end of the array. 
 
Dipoles with L>>λ/2: these dipoles are operating above resonance, so their input 
reactance is very large and inductive. Again the dipole current is small, so these dipoles 
have little effect on the radiation from the antenna. 

 
In this way, as the operating frequency changes, the active region of the array shifts to the 
elements that are closest to resonance. These elements tend to form a three-element array phased 
to produce an endfire pattern. The impedance of the elements in the active region is relatively 
constant, since the dipoles are electrically the same length at different operating frequencies. The 
upper and lower frequencies of operation are limited by the sizes of the smallest and the largest 
dipoles used in the array. Gains are limited to about 10 dB, due to the fact that only a few dipoles 
are radiating at any given frequency. 
 
PCAAD Exercise: 
Analyze a log-periodic dipole array. From the main menu, select Wires, then LPDA Analysis. 
Enter the frequency as 0.3 GHz, the feed line impedance as 83 Ω, 18 dipoles, and 5 modes per 
dipole. Then click Get Data, and enter the array parameters as σ = 0.169, τ = 0.917, the largest 
dipole length as 75 cm, and the largest dipole radius as 0.3 cm. Then click OK to return to the 
LPDA analysis window. The dimensions and spacings for the 18 dipoles will now be listed in the 
scroll boxes. Click Compute to initiate the moment method solution. The gain will be listed as 
9.5 dB, and the dipole currents will be listed in the scroll box at the left of the window. Scrolling 
through these values will show that the maximum current occurs at dipole #8. Change the 
frequency to 0.6 GHz, and note that the new gain is 9.3 dB, and the maximum current now 
occurs at dipole #16. Try other frequencies in the range of 200 to 600 MHz, and view the gain, 
current distributions, and patterns. 



Review Questions for Chapter 5: 
 
Q5.1 A short dipole antenna has a loss resistance of 0.5 Ω, and a radiation resistance of 0.5 Ω. 
What is the efficiency of the dipole? 
(a) 10% 
(b) 50% 
(c) 100% 
(d) 200% 
 
Q5.2 A quarter-wave monopole is formed from the top half of a half-wave dipole. What is the 
directivity of a quarter-wave monopole? 
(a) 2.2 dB 
(b) 3.0 dB 
(c) 5.2 dB 
(d) 6.2 dB 
 
Q5.3 What is the input impedance of a quarter-wave monopole? 
(a) 50 Ω 
(b) 75 Ω 
(c) 36 +j 20 Ω 
(d) 72 +j 40 Ω 
 
Q5.4 What is the directivity of a folded dipole antenna? 
(a) 2.2 dB 
(b) 3.0 dB 
(c) 5.2 dB 
(d) 6.2 dB 
 
Q5.5 An antenna has an input SWR < 2 over a frequency range of 90 MHz to 110 MHz. What 
is the percent bandwidth? 
(a) 5% 
(b) 10% 
(c) 15% 
(d) 20% 



Problems for Chapter 5: 
 
P5.1 Derive the far-zone field given in (5.2) for a finite-length dipole with a cosinusoidal current 
distribution as given in (5.1). 
 
P5.2 Evaluate the far-zone fields of (5.2) and (5.3) at θ = 0. 
 
P5.3 Use PCAAD to design a Yagi-Uda dipole array for a gain of 11 dB at 860 MHz. Use the 
minimum number of elements to achieve this gain. What is the bandwidth of your design for 
which the gain is at least 10 dB? 
 


