CHAPTER

10

TRAVELING WAVE AND
BROADBAND ANTENNAS

10.1 INTRODUCTION

In the previous chapters we have presented the details of classical methods that are
used to analyze the radiation characteristics of some of the simplest and most common
forms of antennas (i.e.. infinitely thin linear and circular wires, broadband dipoles and
arrays). In practice there is a myriad of antenna configurations, and it would be almost
impossible to consider all of them in this book. In addition, many of these antennas
have bizzare types of geometries and it would be almost impractical. if not even
impossible. to investigate each in detail. However. the general performance behavior
of some of them will be presented in this chapter with a minimum of analytical
formulations. Today, comprehensive analytical formulations are available for most of
them. but they would require so much space that it would be impractical to include
them in this book.

10.2 TRAVELING WAVE ANTENNAS

In Chapter 4, center-fed linear wire antennas were discussed whose amplitude current
distribution was

1. constant for infinitesimal dipoles (I = A/50)
2. linear (triangular) for short dipoles (A/50 < ! = A/10)
3. sinusoidal for long dipoles (/ > A/10)

In all cases the phase distribution was assumed to be constant. The sinusoidal current
distribution of long open-ended linear antennas is a standing wave constructed by two
waves of equal amplitude and 180° phase difference at the open-end traveling in
opposite directions along its length. The voltage distribution has also a standing wave
pattern except that it has maxima (loops) at the end of the line instead of nulls (nodes)
as the current. In each pattern, the maxima and minima repeat every integral number
of half-wavelengths. There is also a A/4 spacing between a null and a maximum in
each of the wave patterns. The current and voltage distributions on open-ended wire
antennas are similar to the standing wave patlerns on vpen-ended transmission lines,
488
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Figure 10.1 Beverage (long-wire) antenna above ground.

Linear antennas that exhibit current and voltage standing wave patterns formed by
reflections from the open end of the wire are referred to as standing wave or resonant
antennas.

Antennas can be designed which have traveling wave (uniform) patterns in current
and voltage. This can be achieved by properly terminating the antenna wire so that
the reflections are minimized if not completely eliminated. An example of such an
antenna is a long wire that runs horizontal to the earth, as shown in Figure 10.1. The
input terminals consist of the ground and one end of the wire. This configuration is
known as Beverage or wave antenna. There are many other configurations of traveling
wave antennas. In general, all antennas whose current and voltage distributions can
be represented by one or more traveling waves, usually in the same direction, are
referred 1o as traveling wave or nonresonant antennas. A progressive phase pattern is
usually associated with the current and voltage distributions.

Standing wave antennas, such as the dipole, can be analyzed as traveling wave
antennas with waves propagating in opposite directions (forward and backward) and
represented by traveling wave currents /; and /, in Figure 10.1(a). Besides the long
wire antenna there are many examples of traveling wave antennas such as dielectric
rod (polyrod), helix, and various surface wave antennas. Aperture antennas, such as
reflectors and horns, can also be treated as traveling wave antennas. In addition. arrays
of closely spaced radiators (usually less than A/2 apart) can also be analyzed as
traveling wave antennas by approximating their current or field distribution by a
continuous traveling wave. Yagi-Uda, log-periodic, and slots and holes in a waveguide
are some examples of discrete-element traveling wave antennas. In general, a traveling
wave antenna is usually one that is associated with radiation from a continuous source.
An excellent book on traveling wave antennas is one by C. H, Walter [1].
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A waveling wave may be classified as a slow wave if its phase velocity y, (y, =
w/k, @ = wave angular frequency. & = wave phase constant) is equal or smaller than
the velocity of light ¢ in free-spuce (y,/c < 1). A last wave is one whose phase
velocity is greater than the speed of light (u,/c > 1).

In general, there are two types of traveling wave antennas. One is the surface
wave antenna defined as *an antenna which radiates power flow from discontinuities
in the structure that interrupt a bound wave on the antenna surface.”* A surface wave
antenna is, in general, a slow wave structure whose phase velocity of the traveling
wave is equal to or less than the speed of light in free-space (u,/c = 1).

For slow wave structures radiation takes place only at nonuniformities, curvatures,
and discontinuities. Discontinuities can be cither discrete or distributed. One type of
discrete discontinuity on a surface wave antenna is a transmission line terminated in
an unmatched load, as shown in Figure 10.1(a). A distributed surface wave antenna
can be analyzed in termis of the variation of the amplitude and phase of the current
along its structure, In general, power flows parallel to the structure, except when losses
are present, and for plane structures the fields decay exponentially away from the
antenna. Most of the surface-wave antennas are endfire or near-endfire radiators.
Practical configurations include line, planar surface, curved, and modulated structures.

Another traveling wave antenna is a leakyv-wave antenna defined as *'an antenna
that couples power in small increments per unit length, either continuously or dis-
cretely, from a traveling wave structure to free-space’'" Leaky-wave antennas contin-
vously lose cnergy due to radiation, as shown in Figure 10.2 by a slotted rectangular
waveguide. The fields decay along the structure in the direction of wave travel and
increase in others. Most of them are fast wave structures.

10.2.1 Long Wire

An example of a slow wave traveling antenna is a long wire. as shown in Figure 10.1.
An antenna is usually classified as a long wire antenna if it is a straight conductor
with a length from one to many wavelengths. A long wire antenna has the distinction
of being the first traveling wave antenna.

The long wire of Figure 10.1(a). in the presence of the ground. can be analyzed
approximately using the equivalent of Figure 10.1(h) where an image is introduced
to take into account the presence ol the ground. The magnitude and phase of the
image are determined using the reflection coefficient for horizontal polarization as
given by (4-129). The height /i of the antenna above the ground must be chosen so
that the reflected wave (or wave from the image), which includes the phase due to
reflection is in phase with the direct wave at the angles of desired maximum radiation.
However, for typical electrical constitutive parameters of the carth, and especially for
observation angles near grazing, the reflection coefficient for horizontal polarization
is approximately — |. Therefore the total field radiated by the wire in the presence of
the ground can be found by multiplying the field radiated by the wire in free space
by the array factor of a two-element array. as was done in Section 4.8.2 and represented
by (4-130).

The objective now is to find the tield radiated by the long wire in free space. This
is accomplished by referring to Figure 0.3, As the wave travels along the wire from
the source toward the load, it continuously leaks energy. This can be represented by

#IEEE Standard Detinitions of Terms for Antennas’” (I1EEE Std 145-1983), [EEE Trans. Antennas and
Propagat.. Vol. AP-31. No. 6. Part T, Nov. 1983,

Tibid.
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Figure 10.2 Leaky-wave waveguide slots; upper (broad) and side (narrow) walls.

an attenuation coefficient. Therefore the current distribution of the forward traveling
wave along the structure can be represented by

I;- = 5;}{:(:')&—7!:’15' — ﬁrfne—[ut;'1+,f'k_.(:"1|:' (10-1)

where v(z') is the propagation coefficient [y(z') = afz’) + jkAZ') where a7’} is the
attlenuation constant (nepers/meter) while k.(z') is the phase constant (radians/meter)
associated with the traveling wave]. In addition to the losses due to leakage, there are
wire and ground losses. The attenuation factor a(z') can also be used to take into
account the ohmic losses of the wire as well as ground losses. However, these,
especially the ohmic losses, are usually very small and for simplicity are neglected.
In addition, when the radiating medium is air, the loss of energy in a long wire
(I = A) due to leakage is also usually very small, and it can also be neglected.
Therefore the current distribution of (10-1) can be approximated by

I =4z = § le ™ (10-1a)

where /(z') = I, is assumed 1o be constant. Using techniques outlined and used in
Chapter 4, it can be easily shown that in the far-field

E g, =H =H=0 (10-2a)
kil o sin [(k2)(cos 6 — K]
E, = M RENK —cos ) 5 lU-Zh}
L Ly T o 6 — K) (

E
Hy==— (10-2¢)
7
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Figure 10.3 Long wire antenna,

where K is used to represent the ratio of the phase constant of the wave along the
transmission line (k) to that of free-space (k), or

A, = wavelength of the wave along the transmission line

Assuming a perfect electric conductor for the ground, the Lotal field for Figure
10.1(a) is obtained by multiplying each of (10-2a)-(10-2¢) by the array factor sin (kh

sin ).
For k. = k (K = 1) the time-average power density can be written as

{2 sin® @ in?
8727 (cos § — 1)

Wy =W = ,n [ (cos 6 — 1)] (10-4)

which reduces to

- — A |10|2 20-2“ .
Wy =W = a,'qswz'}cot 7 sin 2(cm 8 —~1) (10-5)

From (10-5) it is evident that the power distribution of 2 wire antenna of length /is a
muitilobe pattern whose number of lobes depend upon its length. Assuming that / is
very large such that the variations in the sine function of (10-5) are more rapid than
those of the cotangent, the peaks of the lobes occur approximately when

n? [ﬂ(cos 0 - i)] =1 (10-6)
2 P)

or

)'n'. m=20123,... (10-6a)
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The angles where the peaks occur are given by

A
8, = cos ' [l + E(Zm + l)], m=40,123.... (10-7)

The angle where the maximum of the major lobe occurs is given by m = 0 (or 2m +
I = 1). As [ becomes very large (/ >> A) the angle of the maximum of the major
lobe approaches zero degrees and the structure becomes a near endfire array.

In finding the values of the maxima. the variations of the cotangent term in
(10-5) were assumed to be negligible (as compared to those of the sine term). If the
effects of the cotangent term were to be included. then the values of the 2m + | term
in (10-7) should be

2m + 1 = (0.742,2.93, 496, 6.97. 899. 1. 13. ... {10-8)

(instead of 1. 3, 5, 7, 9, ...) for the first, second. third, and so forth maxima, The
approximate values approach those of the exact for the higher order lobes.
In a similar manner, the nulls of the pattern can be found and occur when

5| Kkl
sin® [A;(cos a — I)] =0 (10-9)
- (/A
or
ki
5(_(:05 g, — )= *nmw n=1.2.34,... (13-92)
The angles where the nulls occur are given by
A
0, =cos*'(l ir17), n=1234,... (10-10)

for the first. second. third. and so forth nulls.
The total radiated power can be found by integrating (10-5) over a closed sphere
of radius r and reduces to

. k in(2k!
P = ﬁwﬂ,d-ds = ikl 1a1s + (8 - o + SEDL o)
e 47 T 2k!

where C;(x) is the cosine integral of (4-68a). The radiation resistance is then found
to be

. ' Sin(2k!
o= - s (M) - carn + 3D 04
2 T 2kl

Using (10-5) and (10-11) the directivity can be wrilten as

2 | \ 0.371A
2cot* 3 cos | — ;
4 WUmm -

Prm] ‘)I sm("H)
A15 + In|=|) — C:(2k —
1.41 In(/\) Ci(2k1) + o
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Figure 10.4 Three-dimensional free-space amplitude pattern (or traveling and standing
wave wire antennas of [ = 354,

A. Amplitude Patterns, Maxima, and Nulls

To verity some of the derivations and illustrate some of the principles. a number of
computations were made, Shown in Figure 10.4(a) is the three-dimensional pattern of
a traveling wire antenna with fength / = SA while in Figure [0.4(b) is the three-
dimensional pattern for a standing wave wire antenna with length [ = 5A. The
corresponding lwo- dimensional patterns are shown in Figure 10.5. The pattern of
Figure 10.4(a) is formed by the forward traveling wave current I; = I e /= of Figure
10.1{a) while that of Figure 10.4(b) is formed by the forward /, plus backward /,
traveling wave currents of Figure 10.1(a). The two currents /; and /, together form a

standing wave: that is, I, = I, + 1, = Le ™™ — Le™™ = —2jI, sin(kz) when
I» = 1, = I, As cxpected, for the traveling wave antenna of Figure 10.4(a) there is

maximum radiation in the forward direction while for the standing wave antenna of
Figure 10.4(b) there is maximum radiation in the forward and backward directions.
The lobe near the axis of the wire in the directions of travel is the largest. The
magnitudes of the other lobes from the main decrease progressively. with an envelope
proportional 1o cot? (6/2). toward the other direction, The traveling wave antenna is
used when it is desired to radiate or receive predominantly from one direction. As the
length of the wire increases. the maximum of the main lobe shifts closer toward the
axis und the number of lobes increase. This is illustrated in Figure 10.6 for a traveling
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Figure 10.5 Two-dimensional free-space amplitude pattern for traveling and standing wave
wire antennas of /| = 5A.

wave wire antenna with / = 3A and 1OA. The angles of the maxima of the first four
lobes, computed using (10-8), are plotied in Figure 10.7(a) for 0.5A = [ = 10A. The
corresponding angles of the first four nulls, computed using (10-10), are shown in
Figure 10.7(b) for 0.5A = | = 10A. These curves can be used effectively to design
long wires when the direction of the maximum or null is desired.

B. Input Impedance

For traveling wave wire antennas the radiation in the opposite direction from the
maximum is suppressed by reducing, if not completely eliminating, the current re-
flected from the end of the wire. This is accomplished by increasing the diameter of
the wire or more successfully by properly terminating it to the ground, as shown in
Figure 10).1. Idcally a complete elimination of the reflections (perfect match) can only
be accomplished if the antenna is elevated only at small heights (compared to the
wavelength) above the ground, and it is terminated by a resistive load. The value of
the load resistor, to achieve the impedance match, is equal to the characteristic im-
pedance of the wire near the ground (which is found using image theory). For a wire
with diameter ¢ and height & above the ground, an approximate value of the termi-
nation resistance is obtained from

RL = 138 IOg]O (4%) ('0-|4)
[«

To achieve a reflection-free termination, the load resistor can be adjusted about this
value (usually about 200-300 ohms) until there is no standing wave on the antenna
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Figure 10.6 Two-dimensional free-space amplitude pattern for trav-
eling wave wire antenna of / = 5A and 10A.

wire. Therefore the input impedance is the same as the load impedance or the char-
acteristic impedance of the line. as given by (10-14).

If the antenna is not properly lerminated, waves reflected from the Joad traveling
in the opposite direction from the incident waves create a standing wave pattern,
Therefore the input impedance of the line is not equal (o the load impedance. To find
the input impedance, the transmission line impedance transfer equation of (9-18) can
be used. Doing this we can write that the impedance at the input terminals of Figure
10.1{a) is

R, + jZ. tan(Bl )] (10-15)

Zull) = Z, [z,. + jR; tan(B!)

C. Polarization

A long wire antenna is linearly polarized, and it is always parallel to the plane formed
by the wire and radial vector from the center of the wire to the observation point. The
direction of the linear polarization is not the same in all parts of the pattern. but it is
perpendicular to the radial vector (and parallef to the plane formed by it and the wire),
Thus the wire antenna of Figure 10.1, when its height above the ground is small
compared to the wavelength and its main beam is near the ground, is not an effective
element for horizontal polarization. Instead it is usually used to transmit or receive
waves that have an appreciable vector component in the vertical plane. This is what
is known as a Beverage antenna which is used more as a receiving rather than a
transmitting element because of its poor radiation efficiency due to power absorbed
in the load resistor.
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Figure 10.7 Angles versus length of wire antenna where maxima and nulls occur.

When a TEM wave travels parallel to an air-conductor interface, it creates a
forward wave tilt [2] which is determined by applying the boundary conditions on
the tangential fields along the interface. The amount of tilt is a function of the
constitutive parameters of the ground. If the conductor is a perfect electric conductor
(PEC), then the wave tilt is zero because the tangential electric field vanishes along
the PEC. The wave tilt increases with frequency and with ground resistivity. Therefore,
for a Beverage wire antenna, shown in Figure 10.1(c) in the receiving mode. reception
is influenced by the tilt angle of the incident vertically polarized wavefront, which is
formed by the losses of the local ground. The electric field vector of the incident
wavefront produces an electric force that is paraltel to the wire, which in turn induces
a current in the wire. The current flows in the wire toward the receiver, and it is
reinforced up to a certain point along the wire by the advancing wavetront. The wave
along the wire is transverse magnetic.
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D. Resonant Wires

Resonant wire antennas are formed when the load impedance of Figure 1().1(a) is not
matched to the characteristic impedance of the line. This causes reflections which
with the incident wave form a standing wave. Resonant antennas, including the dipole,
were examined in detail in Chapter 4, and the electric and magnetic field components
of a center fed wire of total length / are given, respectively, by (4-62a) and (4-62b).
Other radiation characteristics (including directivity, radiation resistance, maximum
effective area, etc.) are found in Chapter 4.

Resonant antennas can also be formed using long wires. It can be shown that for
resonant long wires with lengths odd multiple of half wavelength (I = nA/2, n = 1.
3. 5....). the radiation resistance is given approximately (within (1.5 ohms) by
(3], 14]

R, = 73 + 69 logy(n) (10-16)

This expression gives a very good answer even for n = 1. For the same elements,
the angle of maximum radiation is given by

o fn— 1
Oiax = COS _— (10-17)
n
This formula is more accurate for small values of n, although it gives good results
even for large values of #. It can also be shown that the maximum directivity is related
to the radiation resistance by
B 120

R, sin® Oy

The values based on (10-18) are within (.5 dB from those based on {4-75). It is
apparent that all three expressions, (10-16)-(10-18), lead to very good results for the
half-wavelength dipole (n = 1).

Long wire antennas (both resonant and nonresonant) are very simple, economical,
and effective directional antennas with many uses for transmitting and receiving waves
in the MF (300 KHz-3 MHz) and HF (3-30 MHz) ranges. Their properties can be
enhanced when used in arrays.

(10-18)

0

10.2.2 V Antenna

For some applications a single long wire antenna is not very practical because (1) its
directivity may be low. (2) its side lobes may be high, and (3) its main beam is
inclined at an angle, which is controlled by its length. These and other drawbacks of
single long wire antennas can be overcome by utilizing an array of wires.

One very practical array of long wires is the V antenna formed by using two
wires each with one of its ends connected to a feed line as shown in Figure 10.8(a).
In most applications. the plane formed by the legs of the V is parailel to the ground
leading to a horizontal V array whose principal polarization is parallel to the ground
and the plane of the V. Because of increased sidelobes, the directivity of ordinary
linear dipoles begins to diminish for lengths greater than about 1.25A. as shown in
Figure 4.8. However by adjusting the included angle of a V dipole, its directivity can
be made greater and its side lobes smaller than those of a corresponding linear dipole.
Designs for maximum directivity usually require smaller included angles for longer
V's.

Most V antennas are symmetrical (8, = 6, = fhand !/, = I, = [). Also V
antennas can be designed to have unidirectional or bidirectional radiation patterns, as
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Figure 10.8 Unidirectional and bidirectional V antennas.

shown in Figures 10.8(b) and (c). respectively, To achieve the unidirectional charac-
teristics. the wires of the V antenna must be nonresonant which can be accomplished
by minimizing if not completely eliminating reflections from the ends of the wire.
The reflected waves can be reduced by making the inclined wires of the V relatively
thick. In theory. the reflections can even be eliminated by properly terminating the
open ends of the V leading 1o a purely traveling wave antenna. One way of terminating
the V antenna will be to attach a load, usually a resistor equal in value to the open-
end characteristic impedance of the V-wire transmission line, as shown in Figure
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Figure 10.9 Terminated V antennas.

10.9(a). The terminating resistance can also be divided in half and each half connected
to the ground leading to the termination of Figure 10.9(b). If the length of each leg
of the V is very long (typically / > 5A), there will be sufficient leakage of the field
along each leg that when the wave reaches the end of the V it will be sufficienty
reduced that there will not necessurily be a need for a termination. Of course, termi-
nation with a load is not possible without a ground plane.

The patterns of the individual wires of the V antenna are conical in form and are
inclined at an angle trom their corresponding axes. The angle of inclination is deter-
mined by the length of each wire. For the patterns of each leg of a symmetrical V
antenna t add in the direction of the line bisecting the angle of the V and to form
one major lobe. the total included angle 26, of the V should be equal to 26, which
is twice the angle that the cone of maximum radiation of each wire makes with ity
axis. When this is done. beams 2 and 3 of Figure 10.8(b) are aligned and add
constructively. Similarly for Figure 10.8(c), beams 2 and 3 are aligned and add
constructively in the forward direction. while beams 5 and 6 are aligned and add
constructively in the backward direction. If the total included angle of the V is greater
than 28, (26, > 24d,) the main lobe is split into two distinct beams. However, if
28, < 20,. then the maximum of the single major lobe is still along the plane that
bisects the V but it is tilted upward from the plane of the V. This may be a desired
designed characteristic when the antenna is required (o transmit waves upward toward
the ionosphere for optimum reflection or o receive signals reflected downward by the
ionosphere. For optimum operation, typically the included angle is chosen to be
approximately #, = 0.86,. When this is done, the reinforcement of the fields from
the two legs of the V lead to a total directivity for the V of approximately twice the
directivity of one leg of the V.

For a symmetrical V antenna with legs each of length /, there is an optimum
included angle which leads to the largest directivity. Design data for optimum included
angles of V dipoles were computed [5) using Moment Method techniques and are
shown in Figure 10.1{)a). The corresponding directivities are shown in Figure
10.10(b). In each figure the dots (-) represent values computed using the Moment
Method while the solid curves represent second- or third-order polynomials fitted
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through the computed data. The polynomials for optimum included angles and max-
imum directivities are given by

i 2
—149.3 (’l* + 603.4 —I — §U9.5 —I-) + 443.6 (10-19a)
A A A
for0.5 =A< 15
20, = / 2 /
13.39 (X) - 78.27 (X) + 169.77 (10-19b)
forI5=<{{A=3
{
D, = 2.94 (X) + 115 for05=/A=3 (10-20)

The dashed curves represent data obtained from empirical formulas |6). The corre-
sponding input impedances of the V’'s are slightly smaller than those of straight
dipoles.

Another form of a V antenna is shown in the insert of Figure 10.11(a). The V is
formed by a monopole wire, bent at an angle over a ground plane. and by its image
shown dashed. The included angle of the V as well as the length can be used to tune
the antenna, For included angles greater than 120° (28, > 120°). the antenna exhibits
primarily vertical polarization with radiation patterns almost identical to those of
straight dipoles. As the included angle becomes smaller than about 120°, a horizontally
polarized field component is excited which tends to fill the pattern toward the hori-
zontal direction. making it a very attractive communication antenna for aircraft. The
computed impedance of the ground plane and free-space V configurations obtained
by the Moment Method [7] is shown plotted in Figure 10.11(a).

Another practical form of a dipole antenna, particularly useful for airplane or
ground-plane applications, is the 90° bent wire configuration of Figure 10.11(b). The
computed impedance of the antenna. obtained also by the Moment Method [7], is
shown plotted in Figure 10.11(b). This antenna can be tuned by adjusting its perpen-
dicular and paralle! tengths /1) and h>. The radiation pattern in the plane of the antenna
is nearly omnidirectional for 4, = O.1A. For A, > 0.1 A the pattern approaches that of
vertical A/2 dipole.

10.2.3 Rhombic Antenna

A. Geometry and Radiation Characteristics

Two V antennas can be connected at their open ends to form a diamond or rhombic
antenna, as shown in Figure 10.12(a). The antenna is usually terminated at one end
in a resistor, usually about 600-800 ohms, in order 1o reduce if not eliminate reflec-
tions. However. if each leg is long enough (typically greater than 5A) sufficient leakage
occurs along each leg that the wave that reaches the far end of the rhombus is
sufficiently reduced thal il may not be necessary io terminate the rhombus. To achieve
the single main lobe, beams 2, 3, 6, and 7 are aligned and add constructively. The
other end is used to feed the antenna. Another contfiguration of a rhombus is that of
Figure 9.12(b) which is formed by an inverted V and its image (shown dashed). The
inverted V is connected ta the ground through a resistor. As with the V antennas, the
pattern of rhombic antennas can be controlled by varying the element lengths, angles
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(b} Rhombus formed hy inverted ¥ over ground

Figure 10.12 Rhombic antenna configurations.

between elements, and the plane of the rhombus. Rhombic antennas are usually
preferred over V's for nonresonant and unidirectional pattern applications because
they are less difficult to terminate. Additional directivity and reduction in side lobes
can be obtained by stacking, vertically or horizontally, a number of rhombic and/or
V antennas to form arrays.

The field radiated by a rhombus can be found by adding the fields radiated by its
four legs. For a symmetrical rhombus with equal legs, this can be accomplished using
array theory and pattern multiplication. When this is done, a number of design equa-
tions can be derived [8]-[11]. For this design, the plane formed by the rhombus is
placed parallel and a height & above a perfect electric conductor.

B. Design Equations
Let us assume that it is desired 1o design a rhombus such that the maximum of the
main lobe of the pattern, in a plane which bisects the V of the rhombus, is directed at
an angle 4, above the ground plane. The design can be optimized if the height h is
selected according to

h m
= = 5 =1.38... 10-2]
Ay 4 cos(90° — ) " ' ( /

with m = | representing the minimum height.
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The minimum optimum length of each leg of a symmetrical thombus must be
selected according to

{ 0.371
— = - > (10-22)
The best choice for the included angle of the rhombus is selected to satisfy
8y, = cos '[sin(90° — )] (10-23)

10.3 BROADBAND ANTENNAS

In Chapter 9 broadband dipole antennas were discussed. There are numerous other
antenna designs that exhibit greater broadband characteristics than those of the dipoles.
Some of these antenna can also provide circular polarization, a desired extra feature
for many applications. In this scction we want 1o discuss briefly some ol the most
popular broadband antennas.

10.3.1 Helical Antenna

Another basic, simple. and practical configuration of an electromagnetic radiator is
that of a conducting wire wound in the form of a screw thread forming a helix. as
shown in Figure 10.13. In most cases the helix is used with a ground plane. The
ground plane can take different forms. One is for the ground 1o be flat, as shown in
Figure 10.13. Typically the diameter of the ground plane should be at least 3A/4.
However, the ground plane can also be cupped in the form of a cylindrical cavity or
in the form of a frustrum cavity |8]. In addition, the helix is usually connected to the
center conductor of a coaxial transmission line at the feed point with the outer
conductor of the line attached to the ground plane.

The geometrical configuration of a helix consists usually of N turns. diameter D
and spacing S between each turn. The total length of the antenna is L = NS while
the total length of the wire is L, = NLy = N\/§° + C- where Ly, = \/§" + C' is
the length of the wire between each turn and C = #D is the circumference of the
helix. Another important parameter is the pitch angle o which is the angle formed by
a line tangent to the helix wire and a plane perpendicular to the helix axis. The pitch
angle is defined by

is C

a = tan I(il)) = tan 1(;2) (10-24)

When o = (°, then the winding is flattened and the helix reduces 10 a loop
antenna of A turns. On the other hand. when & = 90° then the helix reduces o a
linear wire. When 0° < a < 90° then a true helix is formed with a circumference
greater than zero but less than the circumference when the helix is reduced to a loop
(@ = 0°).

The radiation characteristics of the antenna can be varied by controlling the size
of its geometrical properties compared to the wavelength. The input impedance is
critically dependent upon the pitch angle and the size of the conducting wire, espe-
cially near the feed point. and it can be adjusted by controlling their values. The
general polarization of the antenna is elliptical. However circular and linear polari-
zations can be achieved aver different frequency ranges.
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?-_r)—

Figure 10.13 Hclical antenna with ground plane.

The helical antenna can operate in many modes; however the two principal ones
are the normal (broadside) and the axial (endfire) modes. The axial (endfire) mode is
usually the most practical because it can achieve circular polarization over a wider
bandwidth (usually 2:1) and it is more efficient.

Because an elliptically polarized antenna can be represented as the sum of two
orthogonal linear components in time-phase quadrature, a helix can always receive a
signal transmitted from a rotating linearly polarized antenna. Therefore helices are
usually positioned on the ground for space telemetry applications of satellites, space
probes, and ballistic missiles to transmit or receive signals that have undergone
Faraday rotation by traveling through the ionosphere.

A. Normal Mode

In the normal mode of operation the field radiated by the antenna is maximum in a
plane normal to the helix axis and minimum along its axis. as shown sketched in
Figure 10.14(a), which is a figure-eight rotated about its axis similar to that of a linear
dipole of 1 < A or a small loop (¢ << A). To achieve the normal mode of operation,
the dimensions of the helix are usually small compared to the wavelength (i.e.,
NLy << A).

The geometry of the helix reduces to a loop of diameter D when the pitch angle
approaches zero and 10 a linear wire of length S when it approaches 90°. Since the
limiting gcometries of the helix are a loop and a dipole, the far-field radiated by a
small helix in the normal mode can be described in terms of £, and E;, components
of the dipole and loop. respectively. In the normal mode, it can be thought that the
helix consists of N small loops and N short dipoles connected together in series as
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fa) Normal mode (b) LEguivalent
Figure 10.14 Normal (broadside) mode for helical antenna and its equivalent.

shown in Figure 10.14(b). The fields are obtained by superposition of the fields from
these elemental radiators, The planes of the loops are parallel to each other and
perpendicular to the axes of the vertical dipoles. The axes of the loops and dipoles
coincide with the axis of the helix.

Since in the normal mode the helix dimensions are small. the current throughout
its length can be assumed to be constant and its relative far-field pattern to be
independent of the number of loops and short dipoles. Thus its operation can be
described accurately by the sum of the fields radiated by a small loop of radius D and
a short dipole of length S, with its axis perpendicular to the plane of the loop, and
each with the same constant current distribution.

The far-zone electric field radiated by a short dipole of length § and constant
current fy is Eg4, and it is given by (4-26a) as

klySe

Ey = jn e sin 0 (10-25)

where [ is being replaced by 5. In addition the electric field radiated by a loop is E,
and it is given by (5-27b) as
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K(DR)’ e v
E,=n i’_”" sin (10-26)

where D/2 is substituted for a. A comparison of (10-25) and (10-26) indicates that
the two components are in time-phase quadrature, a necessary but nat sufficient
condition {or circular or elliptical polarization.

The ratio of the magnitudes of the E, and E, components is defined as the axial
ratio (AR). and it is given by

B _ 4528 (10-27)

AR = = =
R \E,l  wkD?  (wD)

By varying the D and/or § the axial ratio attains values of 0 = AR = x. The value
of AR = 0 is a special case and occurs when E, = 0 leading to a linearly polarized
wave of horizontal polarization (the helix is a loop). When AR = =, £, = 0
and the radiated wave is linearly polarized with vertical polarization (the helix is a
vertical dipole). Another special case is the one when AR is unity (AR = ) and
occurs when

—?Zﬁﬁ =1 (10-28)
(mD)”
or
C = mD = \/25A (10-28a)
for which
tan @ = ;—D = ;—f (10-29)

When the dimensional parameters of the helix satisfy the above relation, the radiated
field is circularly polarized in all directions other than 8 = 0° where the fields vanish.

When the dimensions of the helix do not satisfy any of the above special cases,
the field radiated by the antenna is not circularly polarized. The progression of polar-
ization change can be described geometrically by heginning with the pitch angle of
zero degrees (@ = (°). which reduces the helix to a loop with linear horizontal
polarization. As « increases, the polarization becomes ellipitical with the major axis
being horizontally polarized. When a. is such that C/A = \/28/A, AR = | and we
have circular polarization. For greater values of a, the polarization again becomes
elliptical but with the major axis vertically polarized. Finally when & = 90° the helix
reduces to a linearly pularized vertical dipole.

To achieve the normal mode of operation, it has been assumed that the current
throughout the length of the helix is of constant magnitude and phase. This is satisfied
Lo a large extent provided the total length of the helix wire NL; is very small compared
to the wavelength (L, << A) and its end is terminated properly to reduce multiple
reflections. Becausc of the critical dependence of its radiation characteristics on ijts
geometrical dimensions. which must be very small compared to the wavelength, this
mode of operation is very narrow in bandwidth and its radiation efficiency is very
small. Practically this mode of operation is limited, and it is seldom utilized.
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Figure 10.15 Axial (endfire) mode of helix.

B. Axial Mode

A more practical mode of operation, which can be generated with great ease, is the
axial or endfire mode. In this mode of operation, there is only one major lobe and its
maximum radiation intensity is along the axis of the helix, as shown in Figure 10.15.
The minor lobes are at oblique angles to the axis.

To excite this mode, the diameter D and spacing S must be large fractions of the
wavelength. To achieve circular polarization, primarily in the major lobe, the circum-
ference of the helix must be in the § < C/A < § range (with C/A = 1 near optimum),
and the spacing about S = A/4. The pitch angle is usually 12° = a =< 14°. Most often
the antenna is used in conjunction with a ground plane, whose diameter is at least A/
2, and it is fed by a coaxial line. However other types of feeds (such as waveguides
and dielectric rods) are possible, especially at microwave frequencies. The dimensions
of the helix for this mode of operation are not as critical, thus resulting in a greater
bandwidth.

C. Design Procedure

The terminal impedance of a helix radiating in the axial mode is nearly resistive with
values between 100 and 200 ohms. Smaller values, even near 50 ohms, can be obtained
by properly designing the feed. Empirical expressions, based on a large number of
measurements, have been derived [8] and they are used to determine a number of
parameters. The input impedance (purely resistive) is obtained by
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R= 140(%) (10-30)

which is accurate to about +20%, the haif-power beamwidth by

5207

10-31
C\/NS (10-3h

HPBW (degrees) =

the beamwidth between nulls by

115AY?

C \/ﬁ' (10-32)

FNBW (degrees) =

the directivity by

C*s
D, (dimensionless) = 15N e (10-33)

the axial ratio (for the condition of increased directivity) by

2N + |
AR = -
IN (10-34)
and the normalized far-field pattern by
R L sin[(N/2)4r}
E = MD(ZN) cos (2] (10-35)
where
o= kO(S cos § — *Lﬂ—) (10-352)
p
A
p = ﬁ_ﬁ For ordinary end-fire radiation (10-35b)
_ Ly/Ay For Hansen-Woodyard end-fire
2N + | radiation _
+ (10-35¢)
S/Ay ( N )

All these relations are approximately valid provided 12° < a < 14°, } < C/A <},
and N > 3.

The far-field pattern of the helix, as given by (10-35). has been developed by
assuming that the helix consists of an array of N identical turns (each of nonuniform
current and identical to that of the others), a uniform spacing § between them, and
the elements are placed along the z-axis. The cos & term in (10-35) represents the
field patern of a single turn, and the last term in (10-35) is the array factor of a
uniform array of N elements. The total field is obtained by multiplying the field from
one turn with the array factor (pattern multiplication).
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The value of p in (10-35a) is the ratio of the wave velocity along the helix wire
to that in free space. and it is selected according to (10-35b) for ordinary end-fire
radiation or (10-35¢) for Hansen-Woodyard end-fire radiation. These are derived as
follows.

For ordinary end-fire the relative phase y among the various turns of the helix
(elements of the array) is given by (6-7a). or

Y =rkScos g+ B (10-36)

where d = S is the spacing between the turns of the helix. For an end-fire design, the
radiation from each onc of the turns along ¢ = 0° must be in-phase. Since the wave
along the helix wire between lurns travels a distance L, with a wave velocity v =
puy (p > | where v, is the wave velocity in free space) and the desired maximum
radiation is along # = 0° then (10-36) for ardinary end-fire radiation is equal to

U= (kyScos 8 — kLo = Iq,(S — ﬁ) = —2mm, m=0.1,2,... (10-37)

Solving (10-37) for p leads to

Ly/ Ay
= 10-38
P SiAg + m ( )
Form = Oand p = 1, Ly = S. This corresponds to a straight wire (@ = 90°), and
not a helix. Therefore the next value is m = [, and it corresponds to the first
transmission mode for a helix. Substituting m = 1 in (10-38) leads to
LolAo
= — 10-38
P S+ 1 (10-352)

which is that of (10-35b).
In a similar manncr, it can be shown that for Hansen-Woodyard end-fire radiation
{10-37) is equal to

¢ = (kgScos 8 — kly)y_y = ku(S - &) = -—(2'n'm + ;—,T) m=10,12,...
4
(10-39)
which when solved for p leads to
A
p= Loy (10-40)
. 2mN + |
s (2]
For m = 1, (10-40) reduces 1o
p= Lk (10-40a)
2N + 1
S/Ay + N )

which is identical to (10-35¢).

D. Feed Design
The nominal impedance of a helical antenna operating in the axial mode, computed
using (10-30), is 100-200 ohms. However, many practical transmission lines (such
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as a coax) have characteristic impedance of about 50 ohms. In order to provide a
better match, the input impedance of the helix must be reduced o near that value.
There may be a number of ways by which this can be accomplished. One way to
effectively control the input impedance of the helix is to properly design the first 1/4
turn of the helix which is next to the feed [8]. [12]. To bring the input impedance of
the helix from nearly 150 ohms down to 50 ohms, the wire of the first 1/4 turn should
be flat in the form of a strip and the transition into a helix should be very gradual.
This is accomplished by making the wire from the feed, at the beginning of the
formation of the helix. in the form of a strip of width w by flattening it and nearly
touching the ground plane which is covered with a dielectric slab of height [2]
W

=2 !
h 377 i (10-41)

€, Z(.)

where

w = width of strip conductor of the helix starting at the feed
€, = diclectric constant of the dielectric slab covering the ground plane
Zy = characteristic impedance of the input transmission line

Typically the strip configuration of the helix transitions from the strip to the
regular circular wire and the designed pitch angle of the helix very gradually within
the first 1/4-1/2 wrn.

This modification decreases the characteristic impedance of the conductor-ground
plane effective transmission line, and it provides a lower impedance over a substantial
but reduced bandwidth, For example. a 50-ohm helix has a VSWR of less than 2:|
over a40% bandwidth compared to a 70% bandwidth for a 140-ohm helix. In addition,
the 50-ohm helix has 4 VSWR of less than 1.2:1 over a 12% bandwidth as contrasted
to a 20% bandwidth for one of 14() ohms.

A simple and effective way of increasing the thickness of the conductor near the
feed point will be to bond a thin metal strip to the helix conductor [12]. For example,
a metal strip 70-mm wide was used to provide a 50-ohm impedance in a helix whose
conducting wire was 13-mm in diameter and it was operating at 230.77 MHz.

10.3.2 Electric-Magnetic Dipole

It has bheen shown in the previous section that the circular polarization of a helical
anlenna operating in the normal mode was achieved by assuming that the geometry
of the helix is represented by a number of horizontal small loops and vertical infini-
tesimal dipoles. It would then seem reasonable that an antenna with only one loop
and a single vertical dipole would, in theory. represent a radiator with an elliptical
polarization. ldeally circular polarization, in all space. can be achieved if the current
in cach element can be controlled. by dividing the available power equally between
the dipole and the loop. so that the magnitude of the field intensity radiated by each
is equal.

Experimental models of such an antenna were designed and built [13] one oper-
ating around 350 MHz and the other near 1.2 GHz. A sketch of one of them is shown
in Figure 10.16. The measured VSWR in the 1.15-1.32 GHz frequency range was
less than 2:1.

This type of an antenna is very useful in UHF communication networks where
considerable amount of fading may exist. In such cases the fading of the horizontal
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b -

Figure 10.16 Electric-magnetic dipole configuration. (SOURCE: A. G. Kandoian, **Three
New Antenna Types and Their Applications,”" Proc. IRE, Vol. 34 pp. TO0OW-75W, February
1946. © (1946) IEEE)

and vertical components are affected differently and will not vary in the same manner.
Hopetully, even in severe cases. there will always be one component all the time
which is being affected less than the other, thus providing continuous communication.
The same results would apply in VHF and/or UHF broadcasting. In addition, a
transmitting antenna of this type would also provide the versatility to receive with
horizontally or vertically polarized elements, providing a convenience in the architec-
tural design of the receiving station,

10.3.3 Yagi-Uda Array of Linear Elements

Another very practical radiator in the HF (3-30 MHz). VHF (30-300 MHz), and UHF
(300-3.000 MHz) ranges is the Yagi-Uda antenna. This antenna consists of a number
of linear dipole ¢lements, as shown in Figure 10.17, one of which is energized directly
by a feed transmission line while the others act as parasitic radiators whose currents
are induced by mutual coupling. The most common feed element for a Yagi-Uda
antenna is a folded dipole. This radiator is exclusively designed Lo operate as an
endfire array, and this is accomplished by having the parasitic elements in the forward
beam act as directors while those in the rear act as reflectors. Yagi designated the row
of directors as a “‘wave canal.”” The Yagi-Uda array is widely used as a home TV
antenna: so it should be familiar to most of the readers. if not to the general public.
The original design and operating principles of this radiator were first described
in Japuanese in articles published in the Journal of LE.E. of Japan by S. Uda of the
Tohoku Imperial University in Japan [14]. In a later, but more widely circulated and
read article [15], one of Professor Uda's colleagues H. Yagi described the operation
of the same radiator in English. This paper has been considered a classic. and it was
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Figure 10.17 Yagi-Uda antenna configuration.

reprinted in 1984 in its original form in the Proceedings of the IEEE |15} as part of
IEEE's centennial celebration. Despite the fact that Yagi in his English written paper
acknowledged the work of Professor Uda on beam radiators at a wavelength of
4.4 m, it became customary throughout the world to refer to this radiator as a Yagi
antenna, a generic term in the antenna dictionary. However, in order for the name to
reflect more appropriately the contributions of both inventors, it should be called a
Yagi-Udu antenna, a name that will be adopted in this book. Although the work of
Uda and Yagi was done in the early 1920s and published in the middle 1920s, full
acclaim in the United States was not received until 1928 when Yagi visited the United
States and presented papers at meetings of the Institute of Radio Engineers (IRE) in
New York, Washington, and Hartford. In addition, his work was published in the
Proceedings of IRE, June 1928, where J. H. Dellinger, Chief of Radio Division,
Bureau of Standards, Washington, D.C., and himself a pioneer of radio waves, char-
acterized as *‘exceptionally fundamental®’ and wrote "'l have never listened to a paper
that I felt so sure was destined to be a classic.”” So true!!

The Yagi-Uda antenna has received exhaustive analytical and experimental in-
vestigations in the open literature and elsewhere. It would be impractical to list all
the contributors. many of whom we may not be aware. However, we will attempt to
summarize the salient point of the analysis, describe the general operation of the
radiator, and present some design data.

To achieve the endfire beam formation, the parasitic elements in the direction of
the beam are somewhat smaller in length than the feed element. Typically the driven
element is resonant with its length slightly less than A/2 (usually 0.45-0.49A) whereas
the lengths of the directors will be about 0.4 to 0.45A. However, the directors are not
necessarily of the same length and/or diameter. The separation between the directors
is typically 0.3 to 0.4A, and it is not necessarily uniform for optimum designs. It has
been shown experimentally that for a Yagi-Uda array of 6A total length the overall
gain was independent of director spacing up to about 0.3A. A significant drop (5-7 dB)
in gain was noted for director spacings greater than (.3A. For that antenna. the gain
was also independent of the radii of the directors up to about 0.024A. The length of
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the reflector is somewhat greater than that of the feed. In addition, the separation
between the driven element and the reflector is somewhat smaller than the spacing
between the driven element and the nearest director, and it is found to be near optimum
at 0.254.

Since the length of each director is smaller than its corresponding resonant length,
the impedance of each is capacitive and its current leads the induced emf. Similarly
the impedances of the reflectors is inductive and the phases of the currents lag those
of the induced emfs. The total phase of the currents in the directors and reflectors is
not determined solely by their lengths but also by their spacing to the adjacemt
elements. Thus. properly spaced elements with lengths slightly less than their corre-
sponding resonant lengths (less than A/2) act as directors because they form an array
with currents approximately equal in magnitude and with equal progressive phase
shifts which will reinforce the field of the energized element toward the directors.
Similarly. a properly spaced element with a length of A/2 or slightly greater will act
as a reflector. Thus a Yagi-Uda array may be regarded as a structure supporting a
traveling wave whose performance is determined by the current distribution in each
element and the phase velocity of the traveling wave. It should be noted that the
previous discussion on the lengths of the directors. reflectors, and driven elements is
based on the first resonance. Higher resonances are available near lengths of A, 3A/2,
and so forth, but are seldom used.

In practice, the major role of the reflector is played by the first element next
to the one energized, and very little in the performance of a Yugi-Uda antenna is
gained if more than one (at the most two) elements are used as reflectors. However,
considerable improvements can be achieved if more directors are added to the array.
Practically there is a limit beyond which very little is gained by the addition of
more directors because of the progressive reduction in magnitude of the induced
currents on the more extreme elements. Usually most antennas have about 6 to 12
directors. However, many arrays have been designed and built with 30 to 40 el-
ements. Array lengths on the order of 6A have been mentioned [16] as typical. A
gain (relative to isotropic) of about 5 to 9 per wavelength is typical for such arrays.
which would make the overall gain on the order of about 30 to 54 (14.8-17.3 dB)
typical.

The radiation characteristics that are usually of interest in a Yagi-Uda antenna
are the forward and backward gains, input impedance, bandwidth, front-to-back ratio,
and magnitude of minor lobes. The lengths and diameters of the directors and reflec-
tors. as well as their respective spacings, determine the optimum characteritics. For a
number of years optimum designs were accomplished experimentally. However, with
the advent of high-speed computers many different numerical techniques, based on
analytical formulations. have been utilized to derive the geometrical dimensions of
the array for optimum operational performance. Usually Yagi-Uda arrays have low
input impedance and relatively narrow bandwidth (on the order of about 2%). Im-
provements in both can be achieved at the expense of others (such as gain, magnitude
of minor lobes, etc.). Usually a compromise is made. and it depends on the particular
design. One way to increase the input impedance without affecting the performance
of other parameters is to use an impedance step-up element as a feed (such as a two-
element folded dipole with a step-up ratio of about 4). Front-to-back ratios of about
30 (=15 dB) can be achieved at wider than optimum element spacings, but they
usually are compromised somewhat to improve other desirable characteristics. For
optimum designs, the minor lobes are about 30% or less (—5.23 dB or smaller) of
the maximum.
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The Yagi-Uda array can be summarized by saying that its performance can be
considered in three parts:

1. the reflector-feeder arrangement
2. the feeder
3. the rows of dircctors

It has been concluded, numerically and experimentally, that the reflector spacing and
size have (1) negligible effects on the forward gain and (2) large effects on the
backward gain (front-to-back ratio) and input impedance, and they can be used to
control or optimize antenna parameters without affecting the gain significantly. The
feeder length and radius has a small effect on the forward gain but a large effect on
the backward gain and input impedance. Its geometry is usually chosen to control the
input impedance that most commonly is made real (resonant element). The size and
spacing of the directors have a large effect on the forward gain, backward gain, and
input impedance, and they are considered to be the most critical elements of the array,

Yagi-Uda arrays are quite common in practice because they are lightweight,
simple to build, low cost, and provide moderately desirable characteristics (including
a unidirectional beam) for many applications. The design for a small number of
elements (typically five or six) is simple but the design becomes quite critical if a
large number of elements are used (o achieve a high directivity. To increase the
directivity of a Yagi-Uda array or to reduce the beamwidth in the E-plane. several
rows of Yagi-Uda arrays can be used [17] to form a curtain antenna. To neutralize
the effects of the feed transmission line, an odd number of rows is usually used.

A. Theory: Integral Equation-Moment Method
There have been many experimental [18], [19] investigations and analytical {20]-{29]
formulations of the Yagi-Uda array. A method [24] based on rigorous integral equa-
tions for the electric field radiated by the elements in the array will be presented and
it will be used to describe the complex current distributions on all the elements, the
phase velocity, and the corresponding radiation patterns. The method is similar to that
of [24], which is based on Pocklington's integral equation of (8-24) while the one
presented here follows that of [24] but is based on Pocklington’s integral equation of
(8-22) and formulated by Tirkas [25). Mutual interactions are also included and, in
principle, there are no restrictions on the number of elements. However, for compu-
tational purposes, point-matching numerical methods, based on the techniques of
Section 8.4, are used to evaluate and satisfy the integral equation at discrete points
on the axis of each element rather than everywhere on the surface of every element,
The number of discrete points where boundary conditions are matched must be
sufficient in number to allow the computed data to compare well with experimental
results.

The theory is based on Pocklington’s integral equation of (8-22) for the total field
generated by an electric current source radiating in an unbounded free space, or

~i2 e )\ ek
ol | R 4 = ! W.
f RE )(azz + k ) —dz' = jhmoE! (10-42)

where

R=\x—xY+(-¥yr+@-27¢ (10-42a)
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Since
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= j4mwe,E; (10-44)

We will now concentrate in the integration of the first term of (10-44). Integrating
the first term of (10-44) by parts where

u = 1z') (10-45)
di(z’
du = (,)dz' (10-45a)
dz
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Since we require that the current at the ends of each wire vanish [ie., I.(z' = +1/2)
= 1{z' = —1l12) = 0], (10-47) reduces to

+in ’ 82 [ -ikR ' fwfz 9 [e R dIz)
f—yz I(‘)r'):’z( R )tL = — —//.'a_z’ R dz P (10-48)

Integrating (10-48) by parts where

u = d[(z:) (10-49)
dz
12 Z'
du = 12D 4 (10-49a)
dz'"
P — kR
dv = - ("R )dz’ (10-50)
—JkR
W= £ (10-50a)
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reduces (10-48) to

f+l/2 PRI 2 d1(Z') ek +i2
')~ ,,( )dz' = - —
- a2\ R dz R | _.a
+i2 n X — kR
d ) e ,
+ f_m s (10-51)

When (10-51) is substituted for the first term of (10-44) reduces (10-44) to

-in
1y o IR il 2z kR
_ ‘1:1(._‘; )¢ . + f [k'l(:’) + - df.:} )] eR dz' = jAmweE:  (10-52)

in

For small diameter wires the current on each element can be approximated by a
finite series of odd-ordered even modes. Thus. the current on the nth element can be
written as a Fourier series expansion of the form [26]

M !

LAY = 2l COS[(Zm - 1)7:—“} (10-53)
m=1 n

where 1, represents the complex current coefficient of mode m on element n and /,

represents the corresponding length of the n element. Taking the first and second

derivatives of (10-53) and substituting them. along with (10-53). into (10-52) reduces

it to
& It — ] it | In — 1)l
Z Inm{(*'" 1)17 sin [(2?7? — I)Trw'] ¢ + I:AZ — (m—_,_L‘"___:I
" b I R |_.» Iy
' ,"m -n-z"l e_ij
X f--t,,a cos | 2m — I)T"— R dz) ¢ = jdmwe,E.

(10-54)

Since the cosine is an even function, (10-54) can be reduced by integrating over only
0=<:=1Rw

M L)
N 2 -1 ,n' 3 2 - I i/
Z Ly (= ”m+| (_m—)TrGZ XX v, ,V’/f., =l + |k - (L_’_)_W
m=| ,n 2 [:l

h2 2m — V),
X ) Gs(x, x', y, v'/z. 2,) cos [w] cl:f,} = j4Twe)E:
fn

(10-55)
where
o KR~ o KR &
Gax, X' vyl o) = ra + R, (10-55a)
R, =\Vu— XY +0-y)Y+a+@zzxy (10-55b)
n=1273.... N

N = total number of elements

where

R is the distance from the center of each wire radius to the center of any other
wire, as shown in Figure 10.18(a).

The integral equation of (10-55) is valid for each element, and it assumes that the
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Figure 10.18 Geometry of Yagi-Uda array for Moment Method formulation (SOURCE:
G. A. Thiele, **Yagi-Uda Type Antennas,”” IEEE Trans. Antennas Propagat., Vol. AP-
17, No. 1. pp. 24-31, January 1969. © (1969) [EEE)

number M of current modes is the same for each element. To apply the Moment
Method solution to the integral equation of (10-55), each wire element is subdivided
in M segments. On each element, other than the driven element, the matching is done
at the center of the wire, and it is required that E of (10-55) vanishes at each matching
point of each segment [i.e., EXz = z;) = 0], as shown in Figure 10.18(b). On the
driven element the matching is done on the surface of the wire, and it is required that
E! of (10-35) vanishes at M — | points, even though there are m modes, and it
excludes the segment at the feed as shown in Figure 10.18(c). This generates M — |
equations. The Mth equation on the feed element is generated by the constraint that
the normalized current for all M modes at the feed point (z" = 0) of the driven element
1s equal to unity [24], [26], or

EW
E ’lnm(:; = 0) =1 (10-56)

n=1 =N
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Based on the above procedure, a system of linear equations is generated by taking
into account the interaction of

a. each mode in each wire segment with each segment on the same wire.
b. each mode in each wire segment with each segment on the other wires.

This system of linear equations is then solved to find the complex amplitude coeffi-
cients of the current distribution in each wire as represented by (10-53). This is
demonstrated in [24] for a three-element array (one director. one reflector and the
driven element) with two modes in each wire.

B. Far-Field Purtern
Once the current distribution is found, the far-zone field generated by each element
can be found using the techniques outlined in Chapter 3. The total ficld of the entire
Yagi-Uda array is obtained by summing the contributions from each.

Using the procedure outlined in Chapter 3, the fur-zone electric field generated
by the M modes of the nth element oriented parallel to the 7 axis is given by

Ef)n = —ij i ( ]0'57)

‘U.(‘k thr

Ay, =
tn
dqr

/2
sin 9 f o Inejk(.\'.,mn Heos b+ v, 510 #siy p+ 2, cos ¥) dZ,’,
— I

,,Le ,Lr FI"/?.
. . bty i \ 4oy ad an o Hom® a
~ yyo- sin 9 e,lk(.\,,.\m Heas b+ v, sin dsin ) f , 1“‘,1L.‘,. cos d;’,’,
1

(10-57a)

where x,,, v, represent the position of the n1th element. The total field is then obtained
by summing the contributions from each of the N elements, and it can be written as

N
Eﬂ = Z E(Iﬂ = -ijH (10'58)

n=1

A g = A = = sin 7] ejk(,\,, sin dcos b+ v, sin Bxin oy
n=| d7r n=1

+ 2 o
X [ f n 2 dz,',]} (10-58a)

For each wire, the current is represented by (10-53). Therefore the last integral
in (10-58a) can be written as

+ 12 M + 2 (2 '
m — 1wz b
f -~ ,nej"/"m' ? d::: = 2 lnm f COS . ("JL'"N'\ " d:-:t

- | -2 { "
(10-59)

Since the cosine is an even function. (10-59) can also be expressed as

R i i (2m — lymwz!
f ”/, Inc.l":ucusﬂ d:."’ f— 2 1"’" J’n 2 cos [—\-’f
- |

- m= III

ejk:,',co:.&' + e —jkzicus ¢
X 5 dz,,

{Equation-continues on top of page 521.)
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e [(lm - l)'n'.-',',]
}. 2 cos | ————

)

% cos(kz, cos l)) dz, (10-60)
Using the trigonometric ldentity

2 cos(a) cos(B) = cos{a + B) + coste — B) (10-61)

(10-60) can be rewritten as

/2 i/ 2m — D
f 2 ]ner uhﬂd:n = Z - {J’ Cos [(1— + kcos ::'1 d:-::
- ni— | "

Y2 2m — |
+ L cos [(J—”—)W — kcos 0] L dz,  (10-62)

Iy
Since
i  Sin (b £ ¢) 4]
J cos |(b = o)z)dz = < (10-63)
0 7— (b *c)g
(10-62) can be reduced to
B . z zHy|1
J [”e!k:ncu.\‘{i dZ" z nm [an( ) + sm(h )] H (]0_64)
— 12 = Z 2
2m — | 11,
Zt = (m_[_lz_r + kcos 0 5 (10-64a)
o .
z- =@ =07 s |l (10-64b)
i l, 12
Thus, the total field represented by (10-58) and (10-58a) can be written as
N
E() = 2 E(hl = —JwA (10-65)
n=1
- Jkr N
_ ne . ik(x, sin Hcos dr+ v, sin @sin o)
Ay = = - 4 K, Vo
Y HZ A”n 477?' sin nZl {e
lt’ a -—
sifdiZtYy  sin(Z7) || 4, .
" I[nm = + — : ~ 10-65
lnz:l [ Z? Z ]} 2 ( a)

There have been other analyses [27]. [28] based on the integral equation formu-
lation that allows the conversion to algebraic equations. In order not to belabor further
the analytical formulations. which in call cases are complicated because of the antenna
structure, it is appropriate at this time to present some results and indicate design
procedures.

C. Computer Pragram and Results

Based on the preceding formulation, a computer program has been developed [25]
that computes the E- and H-plane patterns. their corresponding half-power beam-
widths, and the directivity of the Yagi-Uda array. The program is included at the end
of this chapter. The input parameters include the total number of elements (N), the
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number of current modes in each element (M), the length of each element, and the
spacing between the elements. The program assumes one reflector, one driven element,
and N — 2 directors. For the development of the formulation and computer program,
the numbering system (n = 1,2,.. ., N) for the elements begins with the first director
(n = 1). second director (n = 2), etc. The reflector is represented by the next to the
last element (n = N — 1), while the driven element is designated as the last element
(n = N), as shown in Figure 10.17.

One Yagi-Uda array design is considered here, which is the same as one of the
two included in [24]; the other one is assigned as an end of the chapter problem. The
patterns, beamwidths, and directivities were computed based on the computer program
developed here.

Example 10.1

Design a Yagi-Uda array of 15 elements (13 directors. one reflector and the exciter).
Compute and plot the £- and H-plane patterns, normalized current at the center of
each element, and directivity and front-to-back ratio as a function of reflector spacing
and director spacing. Use the computer program at the end of the chapter. The
dimensions of the array are as follows.

N = total number of elements = |5
number of directors = 13
number of reflectors = |

nuinber of exciters = |
total length of reflector = 0.54
total length of feeder = (0.47A
total length of each director = (0.406A
spacing between reflector and feeder = (.25A
spacing between adjacent directors = 0.34A
a = radius of wires = (.003A

SOLUTION

Using the computer program at the end of the chapter, the computed E- and H-plane
patterns of this design are shown in Figure 10.19. The corresponding beamwidths are:
E-plane (®, = 26.98°). H-plane (®, = 27.96°) while the directivily is 14.64 dB. A
plot of the current at the center of each element versus position of the element is
shown in Figure 10.20; the current of the feed element at its center is unity, as required
by (10-56). One important figure-of-merit in Yagi-Uda array is the front-to-back ratio
of the pattern [20 log,q E(6 = 90°. ¢ = 90°VE(B = 90° ¢ = 270°)] as a function
of the spacing of the reflector with respect to the feeder. This, along with the direc-
tivity, is shown in Figure 10.21 for spacing from 0.1A-0.5A. For this design, the
maximum [ront-to-back ratio occurs for a reflector spacing of about (0.23A while the
directivity is monotonically decreasing very gradually. from about 15.2 dB at a spacing
of 0.1A down to about 10.4 dB at a spacing of ().5A.

Another important parametric investigation is the variation of the front-to-back
ratio and directivity as a function of director spacing. This is shown in Figure 10.22
for spacings from O.1A to ().5A. It is apparent that the directivity exhibits a slight
increase from about 12 dB at a spacing of about 0.1A to about 15.3 dB at a spacing
of about 0.45A. A steep drop in directivity occurs for spacings greater than about
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Figure 10.21 Directivity and front-to-back rativ, as a function of reflector spacing, of a 15-
element Yagi-Uda array.

0.45A. This agrees with the conclusion arrived at in [ 18] and |27] that large reductions
in directivity occur in Yagi-Uda array designs for spacings greater than aboul 0.4),
For this design. the variations of the front-to-back ratio arc much more sensitive as a
function of director spacing, as shown in Figure 10.22: excursions on the order of
20-25 dB are evident lor changes in spacing of about 0.05A. Such variations in front-
lo-back ratio as shown in Figure 10.22, as a function of director spacing. are not
evident in Yagi-Uda array designs with a smaller number of elements. However, they
are even more pronounced for designs with a larger number of elements. Both of
these are demonstrated in design problems assigned at the end of the chapter.
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Figure 10.22 Directivily and front-to-back ratio, as a function of director spacing, for 15-
clement Yagi-Uda array.
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Table 10.1 DIRECTIVITY OPTIMIZATION FOR SIX-ELEMENT YAGI-UDA
ARRAY (PERTURBATION OF DIRECTOR SPACINGS). I, = 0.51A,
l_\ = (0.50A, l_; = I.a = 15 = l(, = 0.43/\.0 = ().003369A

Directivity
S;;lf\ 532//\ S.ulA 354,/\ .\’65II\ (dB)
INITIAL ARRAY 0.250 0.310 0.310 0.310 0.310 11.21
OPTIMIZED ARRAY (.250 0.336 0.398 0.310 0.407 12.87

SOURCE: D. K. Cheng and C. A, Chen, “Optimum Spacings for Yagi-Uda Arrays.”” [EEE Trans.
Amtennas Propag., Vol, AP-21. pp. 615-623. Scptember 1973. © (1973} {EEE.

D. Optimization

The radiation characteristics of the array can be adjusted by controfling the geometrical
parameters of the array, This was demonstrated in Figures 10.21 and 10.22 for the
[5-element array using uniform lengths and making uniform variations in spacings.
However. these and other array characteristics can be optimized by using nonuniform
director lengths and spacings between the directors. For example. the spacing between
the directors can be varied while holding the reflector-exciter spacing and the lengths
of all elements constant. Such a procedure was used by Cheng and Chen [27] to
optimize the direclivity of a six-element (four-director, reflector, exciter) array using
a perturbational technique. The results of the initial and the optimized (perturbed)
array are shown in Table 10.1. For the same array. they allowed all the spacings to
vary while maintaining constant all other parameters. The resulls are shown in Table
10.2,

Another optimization procedure is 10 maintain the spacings between all the ele-
ments constant and vary the lengths so as to optimize the directivity. The results of a
six-element array [28] are shown in Table 10.3. The ultimate optimization is to vary
both the spacings and lengths. This was accomplished by Chen and Cheng 28]
whereby they first optimized the array by varying the spacing. while maintaining the
lengths constant. This was followed. on the same array. with perturbations in the
lengths while maintaining the optimized spacings constant. The results of this pro-
cedure are shown in Table 10.4 with the corresponding H-plane (8§ = /2. ¢) far-
field patterns shown in Figure 10.23. In all, improvements in directivity and front-to-
back ratio are noted. The ideal optimization will be to allow the lengths and spacings
to vary simultaneously. Such an optimization was not performed in [27] or |28},
although it could have been done iteratively by repeating the procedure.

Table 10.2 DIRECTIVITY OPTIMIZATION FOR SIX-ELEMENT YAGI-UDA
ARRAY (PERTURBATION OF ALL ELEMENT SPACINGS),
I = 051A L = 050A 1, = I, =I5 = I, = 043X, a = 0.003369A

Directivity
Sn/A S_;zll\ S43I/\ 854/4\ SGSIA (dB)
INITIAL ARRAY 0.280 0.310 0.310 0.310 0.310 10.92
OPTIMIZED ARRAY 0.250 0.352 0.355 0.354 0.373 12.89

SOURCE: D. K. Cheng and C. A, Chen, *'‘Optimum Spacings for Yagi-Uda Arrays."”" [EEE Trans.
Amtennas Propag., Vol. AP-21, pp. 615-623, Scptemher 1973, © (1973) IEEE.
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Table 10.3 DIRECTIVITY OPTIMIZATION FOR SIX-ELEMENT YAGI-UDA
ARRAY (PERTURBATION OF ALL ELEMENT LENGTHS), 55, = 0.250A,
830 = 843 = 8594 = S5 = 0.310A, a = 0.003369A

Directivity
LA LA LA LA ls/A IJA (dB)
INITIAL ARRAY 0.510 0490 0430 0430 0430 0.430 10.93
LENGTH-PERTURBED
ARRAY 0472 0456 0438 0444 0432 0404 12.16

SQURCE: C. A. Chen and D. K. Cheng, “'Optimum Element Lengths for Yagi-Uda Arrays.'” JEEE Trans.
Antennas Propag.. Vol AP-23, pp. 8135, January 1975. © (1975) IEEE.

Another parameter that was investigated for the directivity-optimized Yagi-Uda
antenna was the frequency bandwidth [29]. The results of such a procedure are shown
in Figure 10.24, The antenna was a six-element array optimized at a center frequency
fo. The array was designed, using space perturbations on all the elements. to yield an
optimum directivity at f;,. The geometrical parameters are listed in Table 10.2. The
3-dB bandwidth seems 10 be almost the same for the initial and the optimized arrays,
The rapid decrease in the directivity of the initial and optimized arrays at frequencies
higher than f, and nearly constant values below f; may be attributed to the structure
of the antenna which can support a “‘traveling wave™ at f < f, bul not at /' > f,. It
has thus been suggested that an increase in the bandwidth can be achieved if the
geometrical dimensions of the antenna are chosen slightly smaller than the optimum.

1.0
o8l "._\‘ e OIplimum 4 rray
".\ ————— Initial array
i .':\\ sseeesnrrsasns Spacing-periurbed array
= 06
h=2
ri
w L
i
p
Y g4k
0.2r
0 1
90 150 210 270

Ohservation angle ¢ (degrees)

Figure 10.23 Normalized amplitude antenna patterns of initial, perturbed, and optimum
six-element Yagi-Uda arrays (Table 10.4). (sOURCE: C. A. Chen and D, K. Cheng. “‘Opti-
mum Element Lengths for Yagi-Uda Arrays,”’ [EEE Truns, Antennas Propagat., Vol, AP-23,
pp. 8-15, January 1975. @ (1975) 1EEE)
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Figure 10.24 Bandwidth of initial and optimum six-clement Yagi-Uda array with
perturbation of all element spacings (Table 10.2). (sourck: N. K. Takla and L.-C.
Shen. *‘Bandwidth of a Yagi Array with Optimum Directivity.” IEEE Truans. An-
tennas Propagat., Vol, AP-25, pp. 913-914, November 1977. © (1977) IEEE)

E. Input Impedance und Marching Techiques

The input impedance of a Yagi-Uda array, measured at the center of the driven
element, is usually small and it is strongly influenced by the spacing between the
reflector and feed element. For a {3-clement array using a resonant driven element,
the measured input impedances are listed in Table 10.5 [20]. Some of these values
are low for matching to a 50-, 78-, or 300-ohm transmission lines.

There are many techniques that can be used to match a Yagi-Uda array to a
transmission line and cventually to the receiver, which in many cases is a television
set which has a large impedance (on the order of 300 ohms). Two common matching
techniques are the use of the folded dipole. of Section 9.5, as a driven element and
simultaneously as an impedance transformer, and the Gamma-match of Section 9.8.4.
Which one of the two is used depends primarily on the transmission line from the
antenna {0 the receiver.

The coaxial cable is now widely used as the primary transmission line for tele-
vision, especially with the wide spread and use of cable TV: in fact, most television
sets are already prewired with coaxial cable connections. Therefore, if the coax with
a characteristic impedance of about 78 chms is the transmission line used from the
Yagi-Uda antenna to the receiver and since the input impedance of the antenna is
typically 30-70 ohms (as illustrated in Table 10.5), the Gamma-match is the most
prudent matching technique to use. This has been widely used in commercial designs
where a clamp is usually employed to vary the position of the short to achieve a best
match,

If, however, a “‘twin-lead’’ line with a characteristic impedance of about -300
ohms is used as the transmission line from the antenna to the receiver. as was used
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Table 10.5 INPUT IMPEDANCE OF A |15-ELEMENT YAGlI-
UDA ARRAY (REFLECTOR LENGTH = (1L54;
DIRECTOR SPACING = 0.34A; DIRECTOR
LENGTH = 0.406A)

Reflector Spacing Input Impedance
(s1/A) (ohms)
0.25 62
0.18 50
0.15 32
0.13 22
0.10 12

widely some years ago, then it would be most prudent to use a folded dipole as the
driven element which acts as a step-up impedance transformer of about 4:1 (4:1 when
the length of the element is exactly A/2. This technique is also widely used in com-
mercial designs.

Another way to explain the endfire beam formation and whether the parameters
of the Yagi-Uda array are properly adjusted for optimum directivity is by drawing a
vector diagram of the progressive phase delay from element-to-element. If the current
amplitudes throughout the array are equal, the total phase delay for maximum direc-
tivity should be about 180°, as is required by the Hansen-Woodyard criteria for
improved endfire radiation. Since the currents in a Yagi-Uda array are not equal in
all the elements, the phase velocity of the traveling wave along the antenna structure
is not the same from element-to-clement but it is always slower than the velocity of
light and faster than the corresponding velocity for a Hansen-Woodyard design. For
a Yagi-Uda array. the decrease in the phase velocity is a function of the increase in
total array length.

In general then. the phase velocity. and in turn the phase shift, of a traveling wave
in a Yagi-Uda array structure is controtled by the geometrical dimensions of the array
and its elements, and it is not uniform from element-to-element.

F. Design Procedure

A government document [30] has been published which provides extensive data of
experimental investigations carried out by the National Bureau of Standards to deter-
mine how parasitic element diameter, element length, spacings between elements,
supporting booms of different cross-sectional areas, various reflectors, and overall
length affect the measured gain. Numerous graphical data is included to facilitate the
design of different length antennas to yield maximum gain. In addition, design criteria
are presented for stacking Yagi-Uda arrays either one above the other or side-by-side.
A step-by-step design procedure has been established in determining the geometrical
parameters of a Yagi-Uda array for a desired directivity (over that of a A/2 dipole
mounted at the same height above ground). The included graphs can only be used 1o
design arrays with overall lengths (from reflector elemenr to last director) of 0.4, 0.8,
1.2, 2.2, 3.2, and 4.2A with corresponding directivities of 7.1, 9.2, 10.2, 12.25, 13.4,
and 14.2 dB. respectively, and with a diameter-to-wavelength ratio of 0.001 = d/A
= ().04. Although the graphs do not cover all possible designs, they do accommodate
most practical requests. The driven element used to derive the data was a A/2 folded
dipole, and the measurements were carried out at f = 400 MHz. To make the reader
aware of the procedure, it will be outlined by the use of an example. The procedure
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Table 10.6 OPTIMIZED UNCOMPENSATED LENGTHS OF PARASITIC ELEMENTS
FOR YAGI-UDA ANTENNAS OF SIX DIFFERENT LENGTHS

diA = 0.0085 LENGTH OF YAGI-UDA (IN WAVELENGTHS)
S = 0.2 0.4 0.8 1.20 2.2 3.2 42
LENGTH OF
REFLECTOR (/,/A) 0482 | 0482 | 0482 | 0482 | 0482 | 0475
I 0442 | 0428 | 0428 | 0432 | 0428 | 0424
la 0424 | 0420 | 0415 | 0420 | 0424
s 0428 | 0420 | 0407 | 0407 | 0420
< | 0428 | 0398 | 0398 | 0407
g | i 0.390 | 0394 | 0403
E Iy 0.390 | 0390 | 0.398
5 [ 0.390 | 0386 | 0.394
a2 | he 0390 | 0.386 | 0.390
sl 1, 0.30% 1 038 | 0390
=N 0407 | 0386 | 0.390
% ha 0.386 | 0.390
el B 0.386 | 0.390
ls 0.386 | 0.390
he 0.386
la 0.386
SPACING BETWEEN
DIRECTORS (s,/A) 0.20 | 0.20 0.25 0.20 020 | 0.308
DIRECTIVITY RELATIVE
TO HALF-WAVE
DIPOLE (dB) 7.1 9.2 10.2 1225 | 134 14.2
DESIGN CURVE
(SEE FIGURE 10.25) (A) (B) (B) (C) (B) (D)

SOURCE: Peter P. Viezbicke. Yugi Anteana Design, NBS Technical Note 688, December 1976,

is identical for all other designs at fregencies where included data can accommodate
the specifications,
The heart of the design is the data included in

1. Table 10.6 which represents optimized antenna parameters for six different
lengths and for a d/A = 0.0085

2. Figure 10.25 which represents uncompensated divector and reflector lengths for
0.001 = d/A = 0.04

3. Figure 10.26 which provides compensation length increase for all the parasitic
elements (directors and reflectors) as a function of boom-to-wavelength ratio
0.001 = D/A = 0.04

The specified information is usually the center frequency, antenna directivity. d/A and
D/A ratios, and it is required to find the optimum parasitic element lengths (directors
and reflectors). The spacing between the directors is uniform but not the same for all
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Figure 10.25 Design curves 1o determine element lengths ol Yagi-Uda arrays.
(Sourctk: P. P. Viezbicke, *“Yagi Antenna Design,”” NBS Technical Note 688,
U.S. Department of Commerce/National Bureau of Standards. December 1976)

designs.
designs.

However. Lhere is only one reflector and its spacing is s = 0.2A for all

Exampie 10.2

Design a Yagi-Uda array with a directivity (relative to a A/2 dipole at the same height
above ground) of 9.2 dB at f; = 50.1 MHz. The desired diameter of the parasitic
elements is 2.54 cm and of the metal supporting boom 5.1 cm. Find the element
spacings. lengths, and total array length.

SOLUTION

(a)
(b)

(d)

Al fy = 50.1 MHz the wavelength is A = 5988 m = 598.8 ecm. Thus
diX = 2.54/598.8 = 424 x 10" and D/A = 5.1/598.8 = 8.52 x 1077,
From Table 10.6, the desired array would have a total of five elements (three
directors, one reflector, one feeder). For a d/A = 0.0085 ratio the optimum
uncompensated lengths would be those shown in the second column of
Table 10.6 (I; = 15 = 0.428A, 1, = 0.424A, and [, = 0.482A). The overall
antenna length would be L = (0.6 + 0.2)A = 0.8A, the spacing between
directors 0.2A, and the reflector spacing 0.2A. It is now desired to find the
optimum lengths of the parasitic elements for a d/A = 0.00424,

Plot the optimized lengths from Table 10.6 (/;" = 5" = 0.428A, I} =
(0.424A, and [|" = 0.482A) on Figure 10.25 and mark them by a dot (-).

In Figure 10.25 draw a vertical line through d/A = 0.00424 intersecting
curves (B) at director uncompensated lengths ;' = I’ = 0.442X and
reflector length ;" = 0.485A. Mark these points by an x.
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Figure 10.26 Increasc in optimum length of parasitic elements as a function of metal
boom diameter. {SOURCE: P. P. Viezbicke,'* Yagi Antenna Design.’’ NBS Technical Note
688, U.S. Department of Commerce/National Bureau of Standards, December 1976)

(e) With a divider, measure the distance (A/) along director curve (B) between
points 1, = 5" = 0.428A and /," = 0.424A. Transpose this distance from
the point/;' = I’ = 0.442A on curve (B), established in step (d) and marked
by an x, downward along the curve and determine the uncompensated length
[y’ = 0.438A. Thus the boom uncompensated lengths of the array at f;, =

50.1 MHz are
IJ’ = {5' = 0.442/\
L' = 0.438A
l' = 0.485A

(f) Correct the element lengths to compensate for the boom diameter. From
Figure 10.26, a boom diameter-to-wavelength ratio of (.00852 requires a
fractional length increase in each element of about 0.005A. Thus the final
lengths of the elements should be

L = 15 = (0.442 + 0.005)A = 0.447A

[, = (0.438 + 0.005)A = 0.443A
[, = (0.485 + 0.005)A = 0.490A

The design data were derived from measurements carried out on a nonconducting
Plexiglas boom mounted 3A above the ground. The driven element was a A/2 folded
dipole matched to a 50-obm line by a double-stub tuner. All parasitic elements were
constructed from aluminum tubing. Using Plexiglas booms, the data were repeatable
and represented the same values as air-dielectric booms. However that was not the
case for wooden booms because of differences in the moisture, which had a direct
affect on the gain. Data on metal booms was also repeatable provided the element
lengths were increased to compensate for the metal boom structure.
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Figure 10.27 Yagi-Uda array of circular loops.

10.3.4 Yagi-Uda Array of Loops

Aside from the dipole, the loop antenna is one of the most basic antenna elements.
The pattern of a very small loop is similar to that of a very small dipole and in the
far-field region it has a null along its axis. As the circumference of the loop increases,
the radiation along its axis increases and reaches near maximum at about one wave-
length [31]. Thus loops can be used as the basic elements, instead of the linear dipoles,
to form a Yagi-Uda array as shown in Figure 10.27. By properly choosing the
dimensions of the loops and their spacing. they can form a unidirectional beam along
the axis of the loops and the array.

It has been shown that the radiation characteristics of a two-element loop array,
one driven element and a parasitic reflector. resulted in the elimination of corona
problems at high altitudes [32]. In addition. the radiation characteristics of loop arrays
mounted above ground are less affected by the electrical properties of the soil, as
compared with those of dipoles [33]. A two-clement loop array also resulted in a 1.8
dB higher gain than a corresponding array of two dipoles [32]. A two-element array
of square loops (a feeder and a reflector) in a boxlike construction is called a **cubical
quad’’ or simply a *‘quad’’ antenna, and it is very popular in amateur radio applica-
tions [34]. The sides of each square loop are A/4 (perimeter of A), and the loops are
usually supported by a fiberglass or bamboo cross-arm assembly,

The general performance of a loop Yagi-Uda array is controlled by the same
geometrical parameters (reflector, feeder, and director sizes. and spacing between
elements), and it is influenced in the same manner as an array of dipoles [35].

In a numerical parametric study of coaxial Yagi-Uda arrays of circular loops [36]
of 2 to 10 directors, it has been found that the optimum parameters for maximum
forwurd gain were

1. circumference of feeder 27h, = |.1A. where b, is its radius. This radius was
chosen so that the input impedance for an isolated element is purely resistive.

2. circumference of the reflector 27h, = 1.05A, where &, is ils radius. The size of
the reflector does not strongly influence the forward gain but has a major effect
on the backward gain and input impedance.

3. feeder-reflector spacing ol about 0.1A. Because it has negligible effect on the
forward gain, it can be used o control the backward gain and/or the input
impedance.

4. circumference of directors 277h = 0.7A, where b is the radius of any director and
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5.

it was chosen to be the same for all. When the circumference approached a value
of one wavelength, the array exhibited its cutoff properties.

spacing of directors of about 0.25A, and it was uniform for all.

The radius « ol all the elements was retained constant and was chosen 1o satisfy

1 = 2 In(2wh,la) = 1] where b- is the radius of the feeder.
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PROBLEMS

10.1. Given the current distribution of (10-1a). show that the

(a) far-zone electric field intensity is given by (10-2a) and (10-2b)
(b) average power density is given by (10-4) and (10-3)
(c) radiated power is given by (10-11)

10.2. Determine the phase velocity (compared to free-space) of the wave on a Beverage

antenna (terminated long wire) of length / = S50A so that the maximum occurs at
angles of

(a) HO®

(b) 20°

from the axis of the wire.

10.3.  The current distribution on a terminated and matched long linear (traveling wave)

antenna of length /. positioned along the x-axis and fed at its one end, is given by
I =adpe ™, 0=x' =

Find the far field electric and magneltic field components in standard spherical coor-
dinates,

10.4. A long linear (traveling wave) antenna of length /. positioned along the z-axis and fed

at the - = Oend, is terminated in a load at the z = [ end, There is a nonzero reflection
at the load such that the current distribution on the wire is given by
= e
¢ + R e
) = y—————. O0=:s/
P = ATTITR
Determine as a function of R and [ the
(a) far-zone spherical electric field components
(b) radiation intensity in the 8 = /2 direction

10.5. Design a Beverage antenna so that the first maximum occurs at 10° from its axis.
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10.6.

16.7.
10.8.

10.9.

10.10.

10.11.

10.12.
10.13.

10.14,

10.15.

10.16.

Assuming the phase velocity of the wave on the line is the same as that of free-space,

find the

(4) lengths (exact and approximate) o accomplish that

{b) angles (exact and approximate) where the next six maxima occur

(¢} angles (exact and approximate) where the nulls, between the maxima found in
parts {a) and (b), occur

{d) radiation resistance using the exact and approximatc lengths

(e) directivity using the exact and approximate lengths

It is desired to place the first maximum of a long wire traveling wave antenna at an

angle of 25° from the axis of the wire. For the wire antenna, find the

(a) exact required length

(b) radiation resistance

{c) directivity (in dB)

The wire is radiating into free space.

Compute the directivity of a long wire with lengths of / = 2A and 3A.

A long wire of diameter o is placed (in the air) at a height & ubove the ground.

(a) Find its characteristic impedance assuming /i = d,

(b) Compare this value with (10-14).

Beverage (long wire) antennas are used for over-the-horizon communication where

the maximum of the main beam is pointed few degrees above the horizon. Assuming

the wire antenna of length / and radius A/200 is placed horizontally parallel to the z-

axis a height 4 = A/20 above a Rat, perfect electric conducting plane of infinite extent

(x-axis is perpendicular to the ground plane).

(a) Derive the array factor for the equivalent (wo-clement array.

(b) What is the normalized total electric ficld of the wire in the presence of the
conducting plane?

(¢) What value of load resistance should be placed at the terminating cnd to climinate
any reflections and not creale a standing wave?

Compute the optimum directivities of a V antenna with leg lengths of / = 2A and

{ = 3A. Compare these values with those of Problem 14).7.

Design a symmetrical V antenna so that its optimum directivity is 8 dB. Find the

lengths of each leg (in A) and the total included angle of the V (in degrees).

Repeat the design of Problem 10.11 for an optimum directivity of' 5 dB.

It is desired to design a V-dipole with a maximivzed directivity. The length of cach

arm is 0.5A (overall length of the entire V-dipole is A). To meet the requirecments of

the design, what is the

(a) total included angle of the V-dipole (in degrees)?

{b) directivity (in dB)?

(c) gain (in dB) if the overall antenna clficiency is 35%7?

Ten identical elements of V antennas are placed along the z-axis to form a uniform

broadside array. Each clement is designed to have a maximum directivity of 9 dB.

Assuming each element is placed so that its maximum is also broadside (6 = 90°%)

and the elements are spaced A/4 apart, find the

(a) arm length of each V (in A)

(b) included angle (in degrees) of each V

(c) approximate total directivity of the array (in dB)

Design a resonant 90° bent, A/4 long. 0.25 X 10 ‘A radius wire antenna placed above

a ground plane. Find the

{a) height where the bent must be made

{b) input resistance of the antenna

{c) VSWR when the antenna is connected to a 50-ohm line

Design a five-turn helical antenna which at 400 MHz operates in the normal mode.

The spacing between turns is A/SO. It is desired that Lhe antenna possesses circular

polarization. Determine the
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10.18.

10.19.

10.20.
10.21.

10.22.

10.24,
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(a) circumference of the helix {(in A and in meters)

(b} length of a single turn (in A and in meters)

(c) overall length of the entire helix (in A and in meters)

(d) pitch angle (in degrees)

Design a five-turn helical antenna which at 300 MHz operates in the axial mode and

possesses circular polarization in the major lobe. Determine the

(a) near optimum circumference (in A and in meters)

(b) spacing (in A and in meters) for near optimum pitch angle design

{c) input impedance

{d) half-power beamwidth (in degrees), first null beamwidth (in degrees), directivity
(dimensionless and in dB), and axial ratio

(e) VSWR when the antenna is connected to 50- and 75-ohm coaxial lines

For Problem 10.17, plot, using the 2-D ANTENNA PATTERN PLOTTER: REC-

TANGULAR-POLAR computer program at the end of Chapter 2, the normalized

polar amplitude pattern (in dB) assuming phasing for

(a) ordinary end-fire

(b) Hansen-Woodyard end-fire

cy p=1

For Problem 10.17, compute the directivity (in dB) using the computer program

DIRECTIVITY at the end of Chapter 2 assuming phasing for

(a) ordinary end-fire

(b) Hansen-Woodyard end-fire

ey p=1

Compare with the value obtained using (10-33).

Repeat the design of Problem 10.17 at a frequency of 500 MHz.

Design an end-fire right-hand circularly polarized helix having a half-power beam-

width of 45°, pitch angle of 13° and a circumference of 60 cm at a frequency of 500

MHz. Determine the

(a) turns needed

(b) directivity (in dB)

{c) axial ratio

(d) lower and upper frequencies of the bandwidth over which the required parameters
remain relatively conslant

(e) input impedance at the center frequency and the edges of the band from part (d).

Design a helical antenna with a directivity of 15 dB that is operating in the axial mode

and whose polarization is nearly circular. The spacing between the turns is A/10,

Determine the

(a) Number of turns.

(b) Axial ratio, both as an dimensionless quantity und in dB.

(c) Directivity (in dB) based on Kraus® formula and Tai & Pereira's formula. How
do they compare with the desired value?

(d) Progressive phase shifts (in degrees) between the turns to achieve the axial mode
radiation.

Design & 10-turn helical antenna so that at the center frequency of 10 GHz. the

circumference of each turn is 0.95A. Assuming a pitch angle of 14°, determine the

{a) mode in which the antenna operates

(b) half-power beamwidth (in degrees)

(¢) directivity (in dB). Compare this answer with what you get using Kraus'
tormula.

A lossless 10-turn helical antenna with a circumference of one-wavelength is con-

nected to a2 78-ohm coaxial line, and it is used as a transmitting antenna in a 500-

MHz. spacecraft communication system. The spacing between tums is A/10. The

power in the coaxial line from the transmitter is 5 watts. Assuming the antenna

is lossless:
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10.25.

10.27.

(a) What is radiated power?

(b) [I' the antenna were isotropic, what would the power density (watts/m?) be at a
distance of 19 kilometers?

{¢) What is the power density (in watts/m?) at the same distance when the transmitting
antenna is the 10-turn helix and the ohservations are made along the maximum
of the major lohe?

(@) If at 10 Kilometers along the maximum of the major lobe an identical 10-turn
helix was placed as a recciving antenna. which was polarization-matched to the
incoming wave. what is the maximum power (in walts) that can be received?

A 20-turn helical antenna operating in the axial mode is used as a transmitting antenna

in a 500-MHz long distance communication system. The receiving antenna is a linearly

polarized element. Because the transmitting and receiving elements are not matched
in polarization, approximately how many dB of losses are introduced because of
polarization mismatch?

A Yagi-Uda array of lincar elements is used as a TV untenna receiving primarily

channel 8 whose center {requency is 183 MHz. With a regular resonant A/2 dipole as

the feed elcment in the array, the input impedance is approximately 68 ohms. The
antenna is to be connected to the TV using a ““twin-lead™’ line with a characteristic
impedance of nearly 300 ohms. At the center frequency of 183 MHz

(a) what should the smallest input impedance of the array be it' it is desired to maintain
a VSWR equal or less than 1,17

(b) what is the best way o modify the present feed to meet the desired VSWR
specifications? Be very specific in explaining why your recommendation will
accomplish this.

Evaluate approximately the effect of the spacing between the director and driven

element in the three-element Yagi-Uda array shown in the accompanying figure.

Assume that the far-zone (radiated) ficld of the antenna is given by

E” =sin@ll — e—jm’s e-)k.v,:_unﬂmu,f» _ e]wfseukx“.ﬂn (Ismd‘;:l

where ;. is the spacing between the reflector and the driven element. and s,4 is the

spacing between the director and the driven element. For this problem. set 5, = 0.2A

and let s5; = 0.15A, 0.20A. 0.25A.

(n) Generate polar plots of the radiation power patterns in both E- and H-planes.
Normalize the power patlern o its value for ¢ = /2 and ¢ = /2. Generate two
plots. one for E-plane and one for H-plane,

(b) Compute the front-to-hack ratio (FBR) in the E-plane given by

P,,(9=7T.¢»=1—T

Reflectn Driven element Director

£ -

!
¥ 13 ¥a3 \a}

T

Leave your answers for both parts in terms of numbers, not dB.



10.28,

10.29.

10.30.

10.31.

10,32,

Problems 539

Analyze a 27-element Yagi-Uda array. using the computer program YAGI-UDA
ARRAY at the end of this chapter, having the following specifications:

N = total number of elements = 27
Number of directors = 25
Number of reflectors =1
Total length of reflector = 0.5
Total length of feeder = 047A
Total length of each director = 0.406A
Spacing between reflector and feeder = 0.125A
Spacing between adjacent directors = 0.34A
a = radius of wires = 0.003A

Use 8 modes for each element. Compute the

(a) lar-field E- and H-plane amplitude patterns (in dB).

(b) directivity of the array (in dB).

{c) E-plane half-power beamwidth (in degrees).

(d) H-plane half-power beamwidth (in degrees).

{e) E-plane fron-to-back ratio (in dB).

(f) H-plane front to back ratio (in dB).

Repeal the analysis of Problem 10.28 for a three-element array having the following
specifications:

N = total number of elements =3
Number of directors = |
Number of reflectors =1
Total length of reflector = 0.5A
Total length of feeder = 0.475A
Total length of director = 0.45A
Spacing between reflector and feeder = ().2A
Spacing between feeder and director = 0.16A
a = radius of wires = 0.005A

Use 8 modes for each element.

Design a Yagi-Uda array of linear dipoles to cover all the VHF TV channels (starting
with 54 MHz for channel 2 and ending with 216 MHz for channel 13, See Appendix
IX). Perform the design at f, = 216 MHz. Since the gain is not affected appreciably
at [ < f,. as Figure 10.24 indicates, this design should accommodate all frequencies
below 216 MHz. The gain of the antenna should be 14.4 dB (above isotropic). The
elements and the supporting boom should be made of aluminum tubing with outside
diameters of § in. (= 0.95 cm) and § in. (= 1.90 cm), respectively. Find the number
of elements. their lengths and spacings. and the total length of the array (in A, meters,
and feet).

Repeat the design of Problem 10.30 for each of the following:

(a) VHF-TV channels 2-6 (5488 MHz. Sec Appendix IX}

(b) VHF-TV channels 7-13 (174-216 MHz. Sce Appendix IX)

Design a Yagi-Uda antenna to cover the entire FM band of 88-108 MHz (100 channels
spaced at 200 KHz apart. See Appendix 1X). The desired gain is 12.35 dB (above
isotropic). Perform the design at f, = 108 MHy. The elements and the supporting
boom should be made of aluminum tubing with outside diameters of § in. (= 0.95
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10.33.

cm) and % in. (= 1.90 cm). respectively. Find the number of elements. their lengths
and spacings, and the total length of the array (in A, meters, and feet).

Design a Yagi-Uda antenna 1o cover the UHF TV channels (512-806 MHz. See
Appendix 1X). The desired gain is 12.35 dB (above isotropic). Perform the design at
fo = 806 MHz. The elements and the supporting boom should be made of wire with
outside diameters of  in. (= 0.2375 cm) and 75 in. (= 0.475 cm), respectively. Find
the number of clements. their lengths and spacings. and the total length of the array
{in A, meters, and feet).



COMPUTER PROGRAM - YAGI-UDA ARRAY

Cres2 25822222 R RN R R R R XX RN RRE RN RN A S AR AR RS RRRRRRX SR LR KR KR

C THIS IS A FORTRAN PROGRAM THAT COMPUTES, FOR THE YAGI-UDA
C ANTENNA ARRAY, THE:

1. FAR-ZONE E- AND H-PLANE AMPLITUDE PATTERNS (in dB)
11, DIRECTIVITY OF THE ARRAY (in dB)

ITI. E-PLANE HALF-POWER BEAMWIDTH (in degrees)

IV. H-PLANE HALF-POWER BEAMWIDTH (in degrees)

V. E-PLANE FRONT-TO-BACK RATIO (in dB)

VI. H-PLANE FRONT-TO-BACK RATIO (in dB)

THE PROGRAM IS BASED ON POCKLINGTON'S INTEGRAL
EQUATION FORMULATION OF SECTION 10.3.3, EQUATIONS
(10-42) - (10-65a). M ENTIRE DOMAIN COSINUSOIDAL (FOURIER)
BASISEl\nglsDES ARE USED FOR EACH OF THE ANTENNA

*+INPUT PARAMETERS

I. M = NUMBER OF ENTIRE DOMAIN BASIS MODES

2. N = NUMBER OF ANTENNA ELEMENTS

3. L = LENGTH OF EACH ELEMENT [/, (in A)

4. ALPHA = RADIUS OF EACH ELEMENT a2 (in\)

3. § = SEPARATION BETWEEN THE ELEMENTS s,, (in A)
**NOTES

1. REFER TO FIGURE 10.17 FOR THE GEOMETRY.

DRIVEN ELEMENT IS AT THE ORIGIN.

FIRST ELEMENT (N = 1) IS THE FIRST DIRECTOR.
REFLECTOR 1S THE N-1 ELEMENT; ONLY ONE REFLECTOR.
DRIVEN ELEMENT IS N.

. THE RADIUS OF ALL THE ELEMENTS IS THE SAME.
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