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CHAPTER 16.2
TYPES OF ANTENNAS

William F. Croswell

WIRE ANTENNAS

Analysis of Wire Antennas

The development of wire antennas has been extensive, since such antennas are simple to construct. The clas-
sical analysis of wire antennas such as dipoles, loops, and loaded-wire antennas has been developed by Hallen
and R. W. P. King and his students; a good summary of theoretical and experimental results, including specific
impedance curves and design data, is given in Ref. 1. The unfortunate drawback of this analysis method is that
each new wire-antenna configuration presents another analytical problem which must be solved before design
computations can be made. A systematic method of solving wire-antenna problems using computerized matrix
methods has been developed by extending the analysis of scattering by wire objects by Richmond2–5 and
Harrington.6–9 These matrix analysis methods have been applied to wire antennas to determine the input
impedance, current distribution, and radiation patterns by subdividing any particular wire antenna into seg-
ments and determining the mutual coupling between any one segment and all other segments. The method
therefore can treat any arbitrary wire configuration, including loading and arrays, the limitation being the stor-
age capacity of available digital computers and the patience of the programmer. In the last 10 years, these
numerical methods have been extended to include wire antenna wear obstacles such as towers and mounted on
aircraft and missiles.

Wire Antennas over Ground Planes

The wire antenna mounted over a ground plane forms an image in the ground plane such that its pattern is that
of the real antenna and the image antenna and the impedance is one-half of the impedance of the antenna and
its image when fed as a physical antenna in free space. For example, the quarter-wave monopole mounted on
an infinite ground plane has an impedance equal to one-half the free-space impedance of the half-wave dipole.
The advantage of the ground-plane-mounted wire antenna is that the coaxial feed can be used without dis-
rupting the driving-point impedance. In practice an antenna mounted on a 2- to 3-wavelength ground plane has
about the same impedance as the same antenna mounted on an infinite ground plane. The finite-ground-plane
edges produce pattern ripples whose depth and angular extent depend on the ground-plane size.

V Dipole

The V dipole is constructed by bending a wire dipole antenna into a V. The impedance of the half-wave V-dipole
antenna has been calculated as a function of the V angle, as given in Fig. 16.2.1. Note that the V dipole is
equivalent to the bent-wire monopole antenna over a ground plane. The effect of bending the dipole is to tune
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it, giving another practical tuning method in addition to adjusting its length. The patterns of the V dipole (ver-
tical polarization) are nearly identical to those of the straight dipole for j angles as small as 120°. With
decreasing tilt angle this antenna excites a horizontal polarized field component which tends to fill in the pat-
tern, making the antenna a popular communication antenna for aircraft.

Bent Dipole

Another form of the dipole antenna that has practical application, particularly for ground-plane or airplane
applications, is the bent-wire dipole formed by bending the wire 90° some distance out from the feed point.
The impedance of the bent wire is given in Fig. 16.2.2 for the free-space and ground-plane case. Note that this
antenna can also be tuned by adjusting the lengths perpendicular and parallel to the driving point. The radia-
tion pattern in the plane of this antenna is nearly omnidirectional for values of H1 ≤ 0.10, after which the pat-
tern approaches that of the vertical half-wave dipole. Other forms of this antenna can be constructed, including
loading to reduce the effective length.

Loop Antenna

Another useful classical antenna is the loop antenna. As stated earlier, many investigators have erroneous-
ly designated this antenna as a magnetic dipole when indeed it is just another form of the wire antenna.
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FIGURE 16.2.1 Impedance of a V-dipole antenna as a function of V angle, h/a = 1000 n – arm length = l /4, a = wire
radius. (Courtesy of J. E. Jones)
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FIGURE 16.2.2 Impedance of half-wave bent-dipole antenna, H1 + H2 = l /4. (Courtesy of J. E. Jones)

FIGURE 16.2.3 Admittance of the loop antenna. (Courtesy of J. E. Jones)
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The admittance of the loop antenna can be computed using the matrix method by approximating the loop
with a polygon having the same electrical length. The admittance of a 12-sided polygon, which is identi-
cal to the admittance of a loop of the same length, has been computed and is given in Fig. 16.2.3. These
results have been verified in the ground-plane case experimentally.10 Indeed the square loop or any other
multisided loop with the same electrical-perimeter length has approximately the same admittance as the
circular loop. Another method of improving the impedance of a loop is to add turns or load the loop with
discrete lumped capacitances. The patterns and impedance of loop antennas mounted on aircraft structures
have been studied.

Wire Antennas near Ground Planes

Although the impedance of wire antennas mounted on ground planes several wavelengths in dimension for
practical purposes is similar to the impedance of the same antenna mounted on an infinite ground plane, the
patterns of wire antennas on finite ground planes strongly depend on the ground-plane size. In recent years,
the geometrical theory of diffraction (GTD) has been successfully applied to such problems.11–16 These pub-
lished results and the method of analysis are of great interest to antenna engineers since the geometry is the
practical one of interest.

Loop above a Finite Ground Plane

The loop above a finite ground plane is an antenna commonly used as an array element in VHF omni-
range stations located near all airports as an aircraft landing aid. Since the pattern of the small loop is sym-
metrical in azimuth, the elevation pattern of a loop over a finite circular ground plane can be computed
using a pair of closely spaced line sources fed out of phase and located over a finite-width conducting
strip.14 The geometry of the line-source pair a distance d above a ground plane 2x0 in width is shown in
Fig. 16.2.4.

The pattern of this antenna has a null at f = 90° and a maximum value at some angle above the ground
plane, which depends on the spacing d and the ground-plane size 2x0. The value of the field along the ground-
plane edge (f = 0) is also of interest to the antenna designer. The variation of these field parameters is given
in Fig. 16.2.5.

Horizontal Dipole over a Finite Ground Plane

The GTD method can be applied to the horizontal dipole over a finite ground plane,15 the geometry of which is
shown in Fig. 16.2.6. Also shown in Fig. 16.2.6 is the geometry of the same dipole placed over a cylinder. The

purpose of this antenna design is to minimize the rip-
ple or field variation in the pattern above the ground
plane and simultaneously achieve a low back-lobe
level. These field parameters are plotted as a function
of ground-plane size and dipole spacing in Fig.
16.2.7. Also plotted in Fig. 16.2.7 are similar design
curves for the dipole spaced the same parametric dis-
tances above a perfectly conducting cylinder having a
diameter equal to the finite-ground-plane width.
These calculations were made by programming avail-
able formulas. The cylinder curvature allows one to
obtain a better back-lobe level for a given pattern vari-
ation or ripple in the forward region. Experimentally,
it has been determined that the rear part of the metal
cylinder can be substantially removed with little
effect.
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FIGURE 16.2.4 Linear array of line sources and its diffrac-
tion mechanism, a two-element array above a ground plane.
(Adapted from Balanis14).
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WAVEGUIDE ANTENNAS

General Considerations

The waveguide antenna, which consists of a dominant-mode-fed waveguide opening onto a conducting ground
plane, is very useful for many applications such as a feed for reflector antennas or a flush-mounted antenna for
aircraft or spacecraft. For flush-mounting purposes it is sometimes desirable or necessary to cover the ground
plane with dielectric layers to protect the aperture from the external environment or in some instances to put
dielectric plugs in the feed-waveguide section. The impedance properties of waveguide antennas have been
studied extensively both theoretically and experimentally, particularly for the rectangular waveguide, the cir-
cular waveguide, and the coaxial waveguide or so-called annular slot. For unloaded apertures, the assumptions
of the single-mode trial field in the impedance variational solution has proved adequate for practical purposes.
The impedance of these antennas is relatively independent of ground-plane size so long as the ground plane is
2l in dimension or greater. However, the radiation pattern of the waveguide antenna mounted on finite ground

16.22 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.5 Variations of the maximum field strength
and the field strength at the angle of the ground-plane edge as a
function of line-source spacing and ground-plane size.
(Adapted from Balanis14)

FIGURE 16.2.6 Radiation mechanism of dipole near finite
ground plane and circular conducting cylinder. (a) ground
plane; (b) circular cylinder. (From Balanis and Cockrell15)
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planes is very dependent on the ground-plane size. The effects of diffraction by ground-plane edges can be
treated by the GTD in a manner similar to that used for wire antennas above a finite ground plane.

Aperture Admittance of Rectangular Waveguides

Calculations have been made assuming the dominant mode as a trial function. These calculations are com-
pared with measured results in Fig. 16.2.8, where the waveguide flange was used as a ground plane. (Note
that the X-band flange was 1.62 by 1.62 in. and the S-band flange was 6.42 by 6.42 in.) Other measurements
were made with up to 10l ground planes with similar results, as given in Fig. 16.2.8. Calculations of the aper-
ture admittance of square waveguides are given in Fig. 16.2.9. Note that the square waveguide aperture is
more nearly matched to the characteristics admittance of the waveguide than the rectangular one. This is also
true for the circular aperture.

Aperture Admittance of Circular Waveguides

Calculations for the circular waveguide radiating both into free space and into dielectric slabs have been per-
formed and compared with measurements.18–19 Calculations for a 1.5 in.-diameter waveguide operating at C
band are given in Fig. 16.2.10. Note that the circular waveguide is nearly matched when radiating into free
space. Like that of the rectangular waveguide, the aperture admittance of the 2l ground-plane antenna closely
approximates the infinite-ground-plane model.

TYPES OF ANTENNAS 16.23

FIGURE 16.2.7 Variations of maximum ripple in 270° ≤ f ≤ 90° region and radiation f = 180° as functions of dipole position h
near (a) the ground plane and (b) circular conducting cylinder. (From Balanis and Cockrell15)
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Patterns of Waveguides on Finite Ground Planes

The design of waveguide antennas on finite ground planes can also be treated by the geometrical theory of dif-
fraction in a manner similar to that for the wire antennas above a finite groundplane. Edge or diffraction effects
will primarily occur only in the E-plane (yz plane) of the circular or rectangular waveguide.

16.24 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.8 Aperture admittance of a square waveguide.

FIGURE 16.2.9 Measured and computed aperture
admittance of a circular waveguide. (From Bailey and
Swift19)

FIGURE 16.2.10 E-plane radiation patterns of a
TE01-mode-excited rectangular aperture opening
onto a finite ground plane vs. aperture size in wave-
lengths. Ground-plane size = 4l.

1.0

0.6

0.8

0.2

0

0.4
N

O
R

M
A

LI
Z

E
D

 A
P

E
R

T
U

R
E

 C
O

N
D

U
C

T
A

N
C

E
O

R
 S

U
S

C
E

P
T

A
N

C
E

 g
 o

r 
b

THEORY
FLANGE GROUND PLANE
12 BY 12 IN GROUND PLANE 

g

a

b

0.6 0.7 0.8 0.9 1.0

APERTURE DIMENSION b/λ, WAVELENGTHS

b

S-BAND FLANGE GROUND PLANE

3

2
a

g

b

a

1

0

N
O

R
M

A
LI

Z
E

D
  C

O
N

D
U

C
T

A
N

C
E

O
R

 S
U

S
C

E
P

T
A

N
C

E
 g

 o
r 

b

0.60.5 0.7 0.8 0.9 1.0

APERTURE DIMENSION, a/l,  WAVELENGTHS

2.0

1.6

1.2

−0.8

−0.4

0

−0.4

εr = 1.0

2a/λo

THEORY

12 BY 12 IN. GROUND PLANE
2.147 BY 2.147 IN. GROUND PLANE

y
In

b

0.6 0.7 0.8 0.9 1.0

Christiansen_Sec_16.qxd  10/27/04  11:23 AM  Page 16.24

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.

Any use is subject to the Terms of Use as given at the website.

TYPES OF ANTENNAS



A summary of calculations for waveguides with different aperture sizes is given in Fig. 16.2.11. The radi-
ation patterns differ for different ground-plane sizes. It should be noted that no diffractions occur in the E plane
for a 1l-wide rectangular aperture or a 1.22l-diameter circular aperture. Indeed, for these aperture dimensions
the E- and H-plane patterns are nearly identical.

The impedance properties of thin-slot antennas are relatively independent of ground-plane size.

Patterns of Narrow Slots in Cylinders

The radiation pattern of a thin circumferential waveguide fed slot on a cylinder is about the same as a similar
slot on an infinite ground plane if the cylinder C = ka is greater than about 8.0 to 9.0. The pattern of the axial
slot on a cylinder is quite sensitive to the mounting cylinder size, as shown in Fig. 16.2.12.

HORN ANTENNAS

The horn antenna may be thought of as a natural extension of the dominant-mode waveguide feeding the horn
in a manner similar to the wire antenna, which is a natural extension to the two-wire transmission line. The most
common type of horns are the E-plane sectoral, H-plane sectoral, and pyramidal horn, formed by expanding the
walls of the TE01-mode-fed rectangular waveguide or the conical horn formed by expanding the wall of the
TE11-mode-fed circular waveguide. Early work concerned the determination of the forward radiation patterns,
directivity, and approximate impedance of sectoral, pyramidal, and conical horns, including comprehensive
experimental studies.21–30 An excellent summary of this work is given  by Compton and Collin.31 In later work,
the input impedance, wide-angle side lobes, and back lobes of certain horn antennas have been determined to a
high precision using the GTD.32–36 The remainder of this chapter on horn antenna will follow the work by
Milligan89 and his chapter on horn antennas.
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FIGURE 16.2.11 E-plane radiation patterns of a TE11-mode-excited circular aperture opening onto a finite
ground plane vs. aperture size in wavelengths. Ground-plane size = 4l.
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The general geometry of the waveguide fed horn is given in Fig. 16.2.13. The general phase error in the
aperture is given by

(1)

Sectoral and Pyramid Horns

The general geometry for the pyramidal horn is given in Fig. 16.2.14. For the E plane and H plane of the sec-
toral horn, or the E and H planes of the pyramidal horn, the quadratic phase error can be expressed as

(2a,b)

The quadratic phase error change the TE10 mode excited horn aperture radiation pattern that is dependent on
the amount of phase error SE and/or SH. Universal patterns for the sectoral and pyramidal horn are given in
Figs. 16.2.15 and 16.2.16.
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16.26 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.12 Radiation patterns of an axial infinitesimal slot on a cylinder vs. cylinder circumference
Ka in wavelengths. Note that the vertical scale for each pattern is displaced 5 dB for clarity.
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FIGURE 16.2.13 General geometry of a waveguide horn. (Adapted from
Milligan,89 p. 180)

FIGURE 16.2.14 The geometry of a pyramidal horn. (Adapted from Milligan,89 p. 181)
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The gain of pyramidal and sectoral horns has been determined to accuracies of about ±0.4 dB even for fre-
quencies as high as 38 GHz.37 The most common gain standard is the pyramidal horn, which has a gain equal to

GaindB = 10(1.008) + log al bl) − (LE − LH) (3)

where al, bl are aperture dimensions in wavelengths and Le, Lh are the loss due to phase error in E and H planes
of horn as given in Fig. 16.2.17. Gain curves for other horns and an excellent summary of horn-design infor-
mation are given by Jakes38 and Compton and Collin.31

Conical Horns

The conical horn formed as an extension of the circular waveguide excited in the TE11 mode has been thor-
oughly studied by King.29 The radiation patterns of his antenna can be obtained by integrating the dominant
TE11-mode field, with quadratic phase error (Fig. 16.2.17). As in rectangular-waveguide-fed horns, the fields
outside the aperture are neglected, and therefore, the wide-angle side lobes and back lobes will be computed
incorrectly with such a procedure. The universal radiation patterns of conical horns excited by a circular

16.28 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.15 Universal pattern of a pyramidal horn, E plane. (Adapted from
Milligan,89 p. 182)
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FIGURE 16.2.16 Universal pattern of a pyramidal horn, H-plane. (Adapted from
Milligan,89 p. 183)
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waveguide excited in the TE11 dominant mode are given in Figs. 16.2.18 and 16.2.19 for various values of
quadratic phase error. Care must be used in exciting this horn since any feed asymmetry may excite the TM01
mode in the feed waveguide.

The gain of the conical horn has been determined to be

GaindB = 20 log Cl − L (4)

where C is the circumference of horn aperture and L is the gain loss due to phase error given by curve in
Fig. 16.2.17. It should be carefully noted that the gain given by Eqs. (3) and (4) neglects the losses in the con-
ducting walls of the entire horn and the VSWR.

16.30 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.18 E-plane universal pattern of a TE11 mode excited conical horn. (After Milligan,89

p. 192)
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Corrugated Horns

The conical horn can have undesired pattern ripples, particularly in the E plane. Such patterns are undesirable
for horn feeds used in high-efficiency parabolic antennas. The most commonly used horn feed is the corrugat-
ed conical horn described39 in Fig. 16.2.20. The teeth in these horns generally are between l /4 and l /2 deep,
although the best operating band is about 1.5 to 1. These horns convert the dominant waveguide feed TE11
mode into the hybrid HE11 which tend to make the E-plane pattern similar to the H-plane pattern. Therefore,
the narrow angle corrugated horn (10 dB beamwidth, less than 74°) has a very symmetrical pattern in the f
plane as given in Fig. 16.2.21. The so-called scalar horn is of sufficiently wide angle that the phase center is
at the horn throat. This horn is particularly useful for wideband applications.40
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FIGURE 16.2.19 H-plane universal pattern of a TE11 mode excited conical horn. (After Milligan,89

p. 193)
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REFLECTOR ANTENNAS

The theory commonly used for the direct-fed parabolic antenna is that of Silver,41 using physical optics. As
outlined by Silver, this theory is adequate to predict the gain, radiation pattern, and the level of the first few
side lobes of the secondary pattern, neglecting blockage and scattering by feed struts. The effect of feed-strut
blockage can be estimated using geometrical optics;42 however, an analysis of the diffraction of struts using a
more rigorous formulation is necessary to improve the quantitative understanding of the problem. The radia-
tion-pattern characteristics of the offset-fed parabola have been determined approximately using an extension
of Silver’s formulation to include this geometry.43–44

The spherical reflector is a good design for a scanning reflector antenna––thanks to its geometrical sym-
metry; however, a point source at the focal region will not produce a set of parallel rays from the secondary
reflector. To correct this spherical-aberration error a line-source feed is employed.45–46 By phasing this line
source, the beam can be scanned to other positions.

16.32 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.20 (a) Corrugated horn and (b) Scalar
horn. (After Milligan89 and Thomas39)
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Another way of feeding the parabolic reflector antenna is to use a subreflector in the focal region of the
parabola and illuminate the subreflector from the parabolic surface. The principal advantages of the Cassegrain
system or other methods of folded optics are the increase in effective f /d ratio and the simple mechanical loca-
tion of the feed so that cooled receivers used with such antennas can be serviced in a more practical manner.
The chief disadvantage is the aperture blockage of the subreflector, which restricts the application of this
principle to large aperture. The Cassegrain antenna has been analyzed extensively, and computer programs
are available. This design effort resulted in the design and construction of the 210-ft dish antenna47–56 used
in the worldwide space-receiving network. In order to achieve all-weather operating capability a precision
120 ft Cassegrain dish under a 150-ft radome has been constructed at Millstone Hill, Massachusetts. The
radome produces about 1- to 2.8-dB loss in the microwave to millimeter-wavelength region.58
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FIGURE 16.2.21 Universal pattern of a conical corrugated horn, HE11 mode. (After Milligan89)
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Besides ground-based antennas, special reflector types for use as erectable spacecraft antennas have been
developed. Analysis of the gored reflector59 is available, as is the design of conical-reflector antenna.60

Performance of Symmetric Parabolic Antennas

The purpose of this section is to present a brief summary of the performance of symmetric parabolic antennas in
terms of geometric and performance parameters. The information follows the excellent work of Knop61 and
Milligan.89 Consider the geometry given in Fig. 16.2.22. This figure depicts a feed located at the focal point of a
symmetric parabola. The feed illuminates the reflecting surface, so that the secondary radiation pattern is obtained
by integrating the surface current until the edge of the dish is reached. (This edge field or edge taper is a design pa-
rameter that affects the secondary pattern and gain performance.) Assuming that the feed pattern is symmetrical in
both the E and H planes, a set of universal design curves can be generated as given in Fig. 16.2.23. These data are
presented as a function of edge taper in dB. The data plotted in Fig. 16.2.24 is defined in the following manner:

hB = beam efficiency, which is the percent of the horn energy captured by the para-
bolic dish antenna

hA = total aperture efficiency
hAI = hA/hB = aperture illumination efficiency

2q3D/l, degrees = product of the aperture diameter in wavelengths, multiplied by the full half
power beamwidth in degrees (2q3)

FSL, dB down = first sidelobe level in dB down from the main lobe peak
UFSL = p (D/l)sinqFSL = universal angle at which the first sidelobe occurs.

Other performance parameters are given in Fig. 16.2.23. For example:

(a) amount of phase error loss due to axial defocus ± DZ/l for various f/D ratios

(b) phase error loss for phase center differential for different f/D ratios

16.34 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.22 Geometry of a symmetric parabolic dish antenna. (After Knop61)
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(c) scan loss versus beamwidths of scan for different f/D ratios

(d) beam deviation factor as a function of f/D ratio.

The most important performance parameter, the gain loss as a function of the surface roughness, is given in
Fig. 16.2.25.

LOG-PERIODIC ANTENNAS

The Frequency Independent Antenna

The frequency independent antenna is specified only by angles. It was suggested by Rumsey62 in 1954. The sim-
plest form of such antennas is the equiangular spiral,63 although early models with the frequency-independent
idea included the tapered helix.64–65 All antenna shapes that are completely specified by angles must extend to
infinity; thus any physically realizable frequency-independent antenna has bandwidth limitations because of
end effects. A simple modification of the frequency-independent antenna is the logarithmically periodic anten-
na,66 whose properties vary periodically with the logarithm of the frequency. This modification tends to mini-
mize the end effect, although the impedance will vary as a function of frequency; such variations are
sometimes small. From these early designs a number of log-periodic antennas have been developed, including
conical log spirals,67 the log-periodic V,68 the log-periodic dipole,69–70 and the log-periodic Yagi-Uda array.71
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16.36 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.24 Performance parameters for a symmetrical parabola dish antenna: (a) Gain loss due to
phase error caused by axial defocusing; (b) Gain loss due to the difference between E-plane and H-plane
phase errors; (c) Gain loss due to feed scan; and (d) the beam deviation factor vs. f/D ratio.
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Log-Periodic Dipole Design

One of the most popular antennas of this type is the log-periodic dipole antenna, which has the geometry
depicted in Fig. 16.2.26. This antenna can be fed either by using alternating connections to a balanced line, as
indicated in Fig. 16.2.26, or by a coaxial line running through one of the feeders from front to back. A simple
procedure determined by Carre70 which can be used for designing this antenna is outlined here. The number
of elements is primarily determined by t, and the antenna size is determined by boom length, which depends
primarily on s. The procedure is as follows:

1. An estimate of t and s based on the desired gain can be obtained from Fig. 16.2.27.

2. The bandwidth of the structure Bs is given by Bs = B Bar where B is the operating bandwidth and Bar is deter-
mined in Fig. 16.2.28 using the parameter tan a = (1 − Γ)/4s.

3. The length of the first elements is always made lmax/2, so that the boom length L between the largest and
smallest elements can be found from L /lmax = 1/4(1 – 1/Bs) cot a.

4. The number of elements required is given by N = 1 + [(log Bs)/log(1/t)].

By several iterations of this design procedure a minimum boom length can be obtained. The relative feeder
impedance of the design can be found using available data.70

SURFACE-WAVE ANTENNAS

General Description

A wide class of surface-wave antennas has been devised, e.g., the Yagi, backfire, helix, cigar, and polyrod anten-
na. The surface-wave nomenclature is related to the idea that these antennas, if infinite in length, will support a
wave that travels along the structure at a velocity slower than the velocity of light in free space. Data for the phase
velocity along such antenna structures are available.72–74 If the parameters of the antenna structure are chosen so

TYPES OF ANTENNAS 16.37

FIGURE 16.2.26 The log-periodic dipole antenna with
definition of parameters. (From Carrel70)

FIGURE 16.2.27 Constant-directivity contours in decibels
versus t and s. Optimum indicates maximum directivity for a
given value of t. Z0 = 100 Ω, h/a = 100, ZΓ = 100 Ω.
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that the resultant phase velocity causes the Hansen-Woodward condition to be met on the finite length of
the antenna, an increased or supergain condition occurs. The relative phase velocity c/n = l/lz to maximize
the gain as a function of antenna length is given in Fig. 16.2.29. A typical phase-velocity variation as a
function of specific antenna parameters is given in Fig. 16.2.30 for the Yagi. Choosing particular antenna
parameters so that the optimum phase-velocity conditions are met will result in a good first-cut design.
Improved designs require extensive parametric experimental studies where the antenna elements are var-
ied about the initial dimensions. An estimate of how much gain can be expected from surface-wave anten-
nas is given in Fig. 16.2.31. An excellent summary of surface-wave antenna design and literature has been
compiled by Zucker.75,76

16.38 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.28 Bandwidth of active region Bar vs.
for several values of, for Z0 = 100 Ω, h/a = 125. (From
Carrel70)

FIGURE 16.2.29 Relative phase velocity c/v = l/lz for
maximum-gain surface-wave antennas as a function of rela-
tive antenna length 1/l. HW = Hansen-Woodward condition;
EP = Ehrenspeck-Poehler experimental values; 100 percent =
idealized perfect excitation. (From Zuckel75)
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FIGURE 16.2.30 Relative phase velocity on a Yagi anten-
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half length of element. (From Zucker76)

FIGURE 16.2.31 Gain and beam width of surface-wave
antenna as a function of a relative antenna length 1/l. For
gain (in decibels above an isotropic source) use right-hand
coordinate; for beam width left-hand coordinate. Solid
lines are optimum values; dashed lines are for low-side-
lobe and broadband design. (From Zucker76)
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The surface-wave antenna is a misnomer since surface waves do not exist on finite antennas. Consequently,
aside from the use of the general concepts mentioned above, most surface-wave antennas are designed exper-
imentally because of the importance of the feed radiation and end effects.

Use of Feed Shields

Nearly all surface-wave antennas suffer from side-lobe and beam asymmetry if not fed from special launch-
ers. For example, the helix mounted on a flat ground plane has pattern asymmetry and poor axial ratio (about
3 dB) on axis.77 Short helices in particular have been found to exhibit this property. A way to improve this
helix performance is to use a conical feed shield and to taper the beginning and end turns as in the helicone
antenna.78 The feed shield that improves the performance of the cigar antenna is a conical horn79 or a square
cavity or bucker.80

MICROSTRIP ANTENNAS

General Considerations

In many applications where low-profile antennas are required and bandwidths less than a few percent are
acceptable microstrip antennas may have the desired characteristics. Microstrip antennas are constructed on
a thin dielectric sheet over a ground plane using printed-circuit-board and photo-etching techniques. The most
common board is dual-copper-coated Teflon-fiberglass as it allows the microstrip antenna to be curved to
conform to the shape of the mounting surface. The antenna itself may be square, rectangular, round, ellipti-
cal, and the like; the two most common elements (rectangular and round) are illustrated in Fig. 16.2.32.
Circular-polarized radiation can be obtained by exciting the square or round element at two feed points 90°
apart and in phase quadrature. Circular polarization can also be obtained over a limited frequency range by
making the element slightly rectangular (W/L � 1.03) or slightly elliptical (eccentricity � 0.2) and using a sin-
gle feed point on the 45° diagonal.

Resonant Frequency

The frequency response for the basic elements (rectangular or round) is similar to a resonant tuned circuit
or cavity. When viewed as a thin cavity, the rectangular element should be resonant when the length is equal
to a half wavelength, and the round element should be resonant when the radius is equal to 0.293 wave-
length; however, owing to fringing fields at the edges of the element, the actual resonant size is smaller by
a few percent, that is, Le = 0.5le and ae = 0.23le where the effective length Le and effective radius ae are
given by

Le = L + 0.824h[(�e + 0.3)/(�e − 0.258)][(aL + 0.262h)/(aL + 0.813h)] (5)

ae = a[1 + 2h(pa�r)
−1 ln(9.246a/h)]1/2 (6)

where a = W/L, and

�e = 0.5 (�r + 1) + 0.5(�r – 1)(1 + 12h/a L)−1/2 (7)

The resonant size (for minimum VSWR) decreases for an increase in the thickness h, as shown in Fig. 16.2.33
for the square (W = L) and in Fig. 16.2.34 for the round element. The resonant length of the rectangular ele-
ment also decreases with an increase in the width.81 A TE-excited strip provides a lower bound on the reso-
nant length of rectangular elements with a large width-to-length ratio.
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Bandwidth

The bandwidth of microstrip antennas is determined primarily by the thickness of the dielectric, increasing
with an increase in thickness, as shown in Fig. 16.2.35 for square and round elements on Teflon-fiberglass with
coaxial feed probes. The data in Fig. 16.2.35 can be used to select a board thickness to meet the bandwidth
requirement, and the resonant size of the element is then determined for this thickness by using the effective
length or radius described earlier.

16.40 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.32 (a) Coaxial-fed microstrip antennas; (b) line-fed microstrip antennas.
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FIGURE 16.2.33 Resonant size of square microstrip antenna.

FIGURE 16.2.34 Resonant diameter of round microstrip antenna.
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Impedance

Τhe resonant input impedance for a feed line connected at the edge of a microstrip antenna is about 120 Ω for the
rectangular and about 300 Ω for the round element. A quarter-wave section with a characteristic impedance of 77.5
or 122.5 Ω can be inserted in the microstrip feed line to match the rectangular or round element to 50 Ω. In coax-
ial probe-fed microstrip antennas, the resonant input impedance varies from zero to the center of the element to
about 120 Ω (rectangular) or 240 Ω (round) to the edge; therefore, a probe position can always be found, which
matches the antenna to the 50 Ω coaxial feed. The exact probe position for a 50 Ω match depends on the thickness
of the dielectric; however, it has been found that a coaxial probe positioned L/4 from the edge of  a rectangular ele-
ment or a/3 from the center of a round element will usually yield an input impedance quite close to 50 Ω.
Approximate analytical models are also available81–86 for calculating the impedance of microstrip antennas.

Radiation Patterns

The radiation patterns of round or rectangular microstrip elements can be found from a complementary-
waveguide-fed aperture of the same size as the effective size of the microstrip antenna87 or from slots located
around the perimeter of the element.88

16.42 ANTENNAS AND WAVE PROPAGATION

FIGURE 16.2.35 Measured bandwidth for coaxial-fed microstrip antenna.
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