
Traveling Wave Antennas

Antennas with open-ended wires where the current must go to zero
(dipoles, monopoles, etc.) can be characterized as standing wave antennas
or resonant antennas.  The current on these antennas can be written as a
sum of waves traveling in opposite directions (waves which travel toward
the end of the wire and are reflected in the opposite direction).  For
example, the current on a dipole of length l is given by

The current on the upper arm of the dipole can be written as

                                                   ÆÈÇ        ÆÈÇ  
                                               +z directed  !z directed
                                                    wave            wave

Traveling wave antennas are characterized by matched terminations (not
open circuits) so that the current is defined in terms of waves traveling in
only one direction (a complex exponential as opposed to a sine or cosine).



A traveling wave antenna can be formed by a single wire transmission line
(single wire over ground) which is terminated with a matched load (no
reflection).  Typically, the length of the transmission line is several
wavelengths.

The antenna shown above is commonly called a Beverage or wave antenna. 
This antenna can be analyzed as a rectangular loop, according to image
theory.  However, the effects of an imperfect ground may be significant and
can be included using the reflection coefficient approach.  If l >> h, the
contribution to the far fields due to the vertical conductors is small and is
typically neglected.  Note that the antenna does not radiate efficiently if the
height h is small relative to wavelength. In an alternative technique of
analyzing this antenna, the far field produced by a long isolated wire of
length l can be determined and the overall far field found using the 2
element array factor.

Traveling wave antennas can, in general, be classified as either (1) a
surface wave antenna or (2) a leaky wave antenna.  Surface wave antennas
radiate from some kind of discontinuity or nonuniformity in the guiding
structure (e.g., an open-ended waveguide, a terminated Beverage antenna). 
Leaky wave antennas couple small amounts of power to the surrounding
space as the wave propagates down the structure (e.g, a waveguide slotted
along its length).  Most surface wave antennas are fast wave structures
while most leaky wave antennas are slow wave structures.  Fast/slow
traveling waves are guided along the structure with a phase velocity in the
direction of propagation that is greater/less than the speed of light. 



Traveling wave antennas are commonly formed using wire segments
with different geometries.  The resulting antenna far field can be obtained
by superposition using the far fields of the individual segments.  Thus, the
radiation characteristics of a long straight wire segment in free space
carrying a traveling wave current are necessary to analyze the typical
traveling wave antenna.

Consider a segment of a traveling wave antenna (an electrically long
wire of length l lying along the z-axis) as shown below.  A traveling wave 
current flows in the z-direction.

á - attenuation constant

â - phase constant

If the losses for the antenna are negligible (ohmic loss in the conductors, 
loss due to imperfect ground, etc.), then the current can be written as

The far field vector potential is



If we let                                   , then

The far fields in terms of the far field vector potential are

(Far-field of a traveling wave segment)



In general, the phase constant of a traveling wave on a guiding structure is
is different than that of an unguided wave in an unbounded medium. But,
for most traveling wave antennas, the phase constant can be assumed to be
approximately equal to that of free space.  For example, for a horizontal
long wire over ground, the electrical height of the conductor above ground
is typically large and the phase constant approaches that of an unbounded
medium (k).  If we assume that the phase constant of the traveling wave
antenna is the same as an unbounded medium (â = k), then

Given the far field of the traveling wave segment, we may determine the 
time-average radiated power density according to the definition of the
Poynting vector such that



The total power radiated by the traveling wave segment is found by
integrating the Poynting vector.

and the radiation resistance is

The radiation resistance of the ideal traveling wave antenna (VSWR = 1)
is purely real just as the input impedance of a matched transmission line is
purely real.  Below is a plot of the radiation resistance of the traveling wave
segment as a function of segment length.

The radiation resistance of the traveling wave antenna is much more
uniform than that seen in resonant antennas.  Thus, the traveling wave
antenna is classified as a broadband antenna.



The radiation intensity function of the traveling wave antenna
segment is given by

The normalized pattern function can be written as

The normalized pattern function of the traveling wave segment verses
elevation angle (0#è#180 )  is shown below for segment lengths of 5ë, 10ë,o

15ë and 20ë.  Note that the three-dimensional patterns are found by
revolving these two-dimensional plots around the -axis.

                          l = 5ë            l = 10ë



                         l = 15ë   l = 20ë

As the electrical length of the traveling wave segment increases, the main
beam becomes slightly sharper while the angle of the main beam moves
slightly toward the axis of the antenna.

Note that the pattern function of the traveling wave segment always
has a null at è = 0 .  Also note that with l >> ë, the sine function in theo

normalized pattern function varies much more rapidly (more peaks and
nulls) than the cotangent function.  The angle of the main lobe for the
traveling wave segment may be approximated by determining the first peak
of the sine function in the normalized pattern function.



mThe values of m which yield 0 #è #180  (visible region) are negativeo o

mvalues of m.  The smallest value of è  in the visible region defines the
location of the main beam (m = !1) based on the cosine function alone.

If we also account for the cotangent function in the determination of the
main beam angle, a more accurate approximation for the main beam angle
is 

For wire segments of length 5, 10, 15 and 20 wavelengths, we find the
following (the angle of the main beam determined from the sine function
alone is shown in brackets).



The directive gain of the traveling wave segment is 

In order to implement a true traveling wave antenna, the guiding wave
structure must include a matched termination in order to ensure no reverse
traveling waves exist on the line.  The most common configuration for the
traveling wave antenna, the Beverage antenna, represents a one-wire
transmission line guiding structure (a cylindrical conductor over a
conducting ground plane).  Through image theory, the operation of the one-
wire transmission line can be defined through the equivalent two-wire
transmission line model.  

Given a traveling wave antenna segment located horizontally above

La ground plane, the termination R  required to match the uniform
transmission line formed by the cylindrical conductor over ground (radius
= a, height over ground = h) is the characteristic impedance of the
corresponding one-wire transmission line.  If the conductor height above
the ground plane varies with position, the conductor and the ground plane
form a non-uniform transmission line.  The characteristic impedance of a
non-uniform transmission line is a function of position.  In either case,
image theory may be employed to determine the overall performance
characteristics of the traveling wave antenna.



Two-wire transmission line

If h >> a, then

In air,

One-wire transmission line

If h >> a, then

In air,



The far-field expression for the long wire carrying a traveling wave current
(traveling wave segment) can be used to determine the far field of the
matched single wire transmission line (wire length = l, wire height over
ground = h).

The far-field of the single wire transmission line can be determined using
the equivalent two-wire line according to image theory.  The source, load
and horizontal wire current are each imaged about the location of the
ground plane as shown below.

If the far-field contributions of the vertical currents are neglected, the far-
fields of the horizontal currents can be determined via array theory (the
pattern multiplication theorem).  The two element array factor for the
traveling wave current segments located at y = +h and y = !h is



According to the pattern multiplication theorem, the pattern of the two
element array is the product of the traveling wave segment pattern and the
array factor of the two element array.  The far-field patterns of the isolated

tw-isotraveling wave segment (F ) and the traveling wave segment over

tw-gndground (F ) are

The effect of the array factor on the shape of the traveling wave segment

maxpattern peak (main beam at è = è ) can be seen by plotting the variation

maxof the array factor verses azimuth with è = è .  For example, given a

maxtraveling wave segment of length l = 15ë, we find è  = 12.8 .  Theo

resulting magnitude of the array factor for wire heights of 0.1ë and 0.2ë are
shown in the Figure below.  Note that the array factor peaks at azimuth
angles of 90  and 270 .  Thus, a single traveling wave segment will produceo o

a circumferentially symmetric pattern, while the two traveling wave
segments associated with a single wire over ground will produce distinct
peaks in the plane of the wire and its image.



Isolated traveling wave segment
l = 15ë

Traveling wave segment over ground
l = 15ë, h = 0.4ë

Traveling wave segment over ground
l = 15ë, h = 0.2ë

Traveling wave segment over ground
l = 15ë, h = 0.1ë

The field pattern of an isolated l = 15ë traveling wave segment is compared
to that of the same segment over ground for wire heights of 0.1ë, 0.2ë, and
0.4ë.



Vee Traveling Wave Antenna

The main beam of a single electrically long wire guiding waves in one
direction (traveling wave segment) was found to be inclined at an angle
relative to the axis of the wire.  Traveling wave antennas are typically
formed by multiple traveling wave segments.  These traveling wave
segments can be oriented such that the main beams of the component wires
combine to enhance the directivity of the overall antenna.  

A vee traveling wave antenna is formed by connecting two matched
traveling wave segments to the end of a transmission line feed at an angle

oof 2è  relative to each other.  Note that the vee traveling wave antenna is

Lbasically a matched nonuniform transmission line, where R  represents the
characteristic impedance of the nonuniform transmission line at the
termination point.  The traveling wave vee antenna is quite similar to the
Beverage antenna (a horizontal electrically long wire over ground) except
that the two radiating wires are not parallel.  Thus, the traveling wave vee
antenna cannot be analyzed using the pattern multiplication theorem (as
utilized for the Beverage antenna), since the two “antennas” are not
identical due to the different wire orientations.



The beam angle of a traveling wave segment relative to the axis of the

maxwire (è ) has been shown to be dependent on the length of the wire. 
Given the length of the wires in the vee traveling wave antenna, the angle

o2è  may be chosen such that the main beams of the two tilted wires
combine to form an antenna with increased directivity over that of a single
wire.

A complete analysis which takes into account the spatial separation
effects of the antenna arms (the two wires are not co-located) reveals that

o maxby choosing è . 0.8 è , the total directivity of the vee traveling wave
antenna is approximately twice that of a single conductor.  Note that the
overall pattern of the vee antenna is essentially unidirectional given
matched conductors.  

If, on the other hand, the conductors of the vee traveling wave
antenna are resonant conductors (vee dipole antenna), there are reflected
waves which produce significant beams in the opposite direction.  Thus,
traveling wave antennas, in general, have the advantage of essentially
unidirectional patterns when compared to the patterns of most resonant
antennas.



oEmpirical formulas for the vee antenna angle (2è ) which maximizes the
antenna directivity can be determined using a complete full-wave model of
the traveling wave antenna geometry as the length of the vee antenna arms
are varied.

Vee antenna angle for maximum directivity (0.5 # l/ë # 1.5)

Vee antenna angle for maximum directivity (1.5 # l/ë # 3.0)

Vee antenna maximum directivity (0.5 # l/ë # 3.0)



A practical implementation of the vee traveling wave antenna which
incorporates a ground plane is shown below.  Again, this configuration is
a modification of the Beverage antenna, and uses the single wire over
ground wave guiding structure.  If the wires of the feeding transmission
line, the radiating traveling wave segment, and the matched termination 
over ground are imaged, the resulting wire configuration is that of the vee
traveling wave antenna in free space.  Note that the matched termination

Lresistance for the one-wire line over ground configuration (R ) is one-half

Lthat associated with the equivalent two-wire line (2R ). 



Example (Traveling Wave Segment Radiation Properties)

Determine the following quantities for a z-directed traveling wave
segment in air that produces maximum radiation at an elevation angle of
15  degrees relative to its axis: (a.) the electrical length of the segment, (b.)o

the elevation angles at which the first two nulls adjacent to the wire axis
occur, (c.) the first-null beamwidth (FNBW) of the segment, (d.) the
radiation resistance, and (e.) the directivity.

(a.)

(b.)



(c.)

(d.)

(e.)



The results can be checked using the MATLAB code for a Beverage
antenna included with the Balanis textbook.

>> BEVERAGE
Output device option 

Option (1): Screen
Option (2): File 

Output device = 1

in Free space or above PEC ground 
Option (1): Free space
Option (2): PEC ground 

Option = 1

Resonant(1) or Traveling wave(2) 

Option = 2

Phase velocity ratio kz/k = 1
Length of the wire (in wavelengths) = 10.89

SINGLE WIRE in Free Space, TRAVELING WAVE case

Input parameters:
-----------------
Length of the wire (in wavelengths) = 10.8900
Phase velocity ratio                = 1.0000

Output parameters:



------------------
Radiation resistance (ohms)         = 269.7656
Directivity (dimensionless)         = 21.6803
Directivity (dB)                    = 13.3607

Patern maxima (THETA angles)
Maxima(degrees)
 = 14.9735
 = 30.1062
 = 39.3451
 = 47.1504
 = 54.0000
 = 60.2124
 = 66.1062
 = 71.8407
 = 77.2566
 = 82.6726
 = 87.9292
 = 93.1858
 = 98.4425
 = 103.8584
 = 109.2743
 = 115.0088
 = 120.9027
 = 127.2743
 = 134.1239
 = 142.0885
 = 151.4867
 = 164.3894

Patern minima (THETA angles)
Minima(degrees)
 = 0.0000
 = 24.6903
 = 35.2035
 = 43.6460
 = 50.8142
 = 57.1858
 = 63.2389
 = 69.1327
 = 74.5487
 = 79.9646
 = 85.3805
 = 90.6372
 = 95.8938
 = 101.1504
 = 106.5664
 = 112.1416
 = 118.0354
 = 124.0885
 = 130.7788
 = 138.1062
 = 146.7080
 = 158.1770
 = 180.0000



Rhombic Antenna

The geometry of a rhombic antenna can be described as the 
connection of two vee traveling wave antennas at their open ends.  The
antenna feed is located at one end of the rhombus and a matched
termination is located at the opposite end.  As with all traveling wave
antennas, we assume that the reflections from the load are negligible. 
Typically, all four conductors of the rhombic antenna are assumed to be the
same length.  Note that the rhombic antenna is also an example of a non-
uniform transmission line.

A rhombic antenna can also be constructed using an inverted vee antenna
over a ground plane.  The termination resistance is one-half that required
for the isolated rhombic antenna.



To produce an single antenna main lobe along the axis of the rhombic
antenna, the individual conductors of the rhombic antenna should be
aligned such that the components lobes numbered 2, 3, 6 and 7 are aligned
(accounting for spatial separation effects).  Beam pairs (1,4) and (5,8)
combine to form significant sidelobes but at a level smaller than the main
lobe.



Yagi-Uda Array

In the previous examples of array design, all of the elements in the
array were assumed to be driven with some source.  A Yagi-Uda array is an
example of a parasitic array.  Any array element not connected to the array
feed is defined as a parasitic element.  A parasitic array is any array which
employs parasitic elements.  The general form of the N-element Yagi-Uda
array is shown below.  The Yagi-Uda array is classified as a traveling wave
array since the phasing of element currents mimics that of a traveling wave
progressing across the array, which yields a preferred directional property
to the array pattern.

Driven element - usually a resonant dipole or folded dipole.

Reflector - slightly longer than the driven element so that it is
inductive (its current lags that of the driven element).

Director - slightly shorter than the driven element so that it is
capacitive (its current leads that of the driven element).



Yagi-Uda Array Advantages

! Lightweight
! Low cost
! Simple construction
! Unidirectional beam (front-to-back ratio)
! Increased directivity over other simple wire antennas
! Practical for use at HF (3-30 MHz), VHF (30-300 MHz), and

UHF (300 MHz - 3 GHz)

Typical Yagi-Uda Array Parameters

Driven element ! half-wave resonant dipole or folded dipole,
(Length = 0.45ë to 0.49ë, dependent on radius), folded dipoles
are employed as driven elements to increase the array input
impedance.

Director ! Length = 0.4ë to 0.45ë (approximately 10 to 20 % shorter
than the driven element), not necessarily uniform.

Reflector ! Length . 0.5ë (approximately 5 to 10 % longer than the
driven element).

Director spacing ! approximately 0.2 to 0.4ë, not necessarily
uniform.

Reflector spacing ! 0.1 to 0.25ë



Example (Yagi-Uda Array)

Given a simple 3-element Yagi-Uda array (one reflector - length =
0.5ë, one director - length = 0.45ë, driven element - length = 0.475ë) where

R Dall the elements are the same radius (a = 0.005ë).  For s  = s   = 0.1ë, 0.2ë
and 0.3ë, determine the E-plane and H-plane patterns, the 3dB beamwidths
in the E- and H-planes, the front-to-back ratios (dB) in the E- and H-planes,
and the maximum directivity (dB).  Also, plot the currents along the
elements in each case.  Use the MATLAB program provided with the
textbook (YAGI_UDA.m).  Use 30 modes per element in the method of
moments solution.

The individual element currents given as outputs of the MATLAB code are
all normalized to the current at the feed point of the antenna.







Three -element Yagi-Uda array performance comparison (verses element
spacing):

D Rs  = s

E-Plane H-Plane

oD
(dB)HPBW

(degrees)
Front-to-back

ratio (dB)
HPBW
(degrees)

Front-to-back
ratio (dB)

0.1 ë 61.85 13.4831 83.86 13.4783 7.922

0.2 ë 50.89 4.4755 60.01 4.4711 8.515

0.3 ë 53.07 2.3556 63.64 2.3518 5.054

Example

15-element Yagi-Uda Array (13 directors, 1 reflector, 1 driven element)

reflector length = 0.5ë reflector spacing = 0.25ë
director lengths = 0.406ë director spacing = 0.34ë
driven element length = 0.47ë conductor radii = 0.003ë



The YAGI-UDA.m code provides a comparison of the director/driven
element/reflector currents at the element centers, relative to the antenna
feedpoint current (normalized to unity).

3-dB beamwidth E-Plane = 26.11o

3-dB beamwidth H-Plane = 26.94o

Front-to-back ratio E-Plane = 25.9652 dB
Front-to-back-ratio H-Plane = 25.8968 dB
Maximum directivity = 14.918 dB



Log-Periodic Antenna

A log-periodic antenna is classified as a frequency-independent
antenna.  No antenna is truly frequency-independent but antennas capable

max min of bandwidth ratios of 10:1 ( f : f ) or more are normally classified as
frequency-independent.

Log-Periodic Antenna Geometry

N elements with  lengths bounded by a wedge of angle 2á.

Antenna dimensions increase logarithmically along its axis.

n n+1Element spacing is nonuniform, constant spacing ratio (s /s ) = ô



Operation of the Log Periodic Dipole Antenna

The log periodic dipole antenna basically behaves like a Yagi-Uda
array over a wide frequency range, although all of the log-periodic antenna
elements are driven elements (no parasitic elements as in the Yagi-Uda
array).  As the frequency varies, the active set of elements for the log
periodic antenna (those elements which carry the significant current) moves
from the long-element end at low frequency to the short-element end at
high frequency.  The director element current in the Yagi array lags that of
the driven element while the reflector element current leads that of the
driven element.  This current distribution in the Yagi array points the main
beam in the direction of the director, as with the log-periodic antenna.  

In order to obtain the same phasing in the log periodic antenna with
all of the elements driven in parallel, the source would have to be located
on the long-element end of the array.  However, at frequencies where the
smallest elements are resonant at ë/2, there may be longer elements which
are also resonant at lengths of  në/2.  Thus, as the power flows from the
long-element end of the array, it would be radiated by these long resonant
elements before it arrives at the short end of the antenna.  For this reason,
the log periodic dipole array must be driven from the short element end. 
But this arrangement gives the exact opposite phasing required to point the
beam in the direction of the shorter elements.  It can be shown that by
alternating the connections from element to element, the phasing of the log
periodic dipole elements points the beam in the proper direction.



(1)

(2)

(4)

(3)

Sometimes, the log periodic antenna is terminated on the long-
element end of the antenna with a transmission line and load.  This is done
to prevent any energy that reaches the long-element end of the antenna
from being reflected back toward the short-element end.  For the ideal log
periodic array, not only should the element lengths and positions follow the
scale factor ô, but the feed gaps and element radii should also follow the
scale factor.  In practice, the feed gaps are typically kept constant at a
constant spacing.  If different radii elements are used, two or three different
radii are used over portions of the antenna.  

Log Periodic Antenna Geometry Relationships

The tip of the wedge bounding the log-periodic antenna elements is placed
at the coordinate origin.  The locations (z-coordinates) of the antenna
elements are defined in terms of the scale factor (ô) such that

where ô < 1.  Using similar triangles, the angle á is related to the element
lengths and positions according to 

which shows that the ratio of each element length to its z-coordinate is also
constant, and the ratio of adjacent element lengths is also equal to the scale
factor.



(5)

(6)

(7)

(8)

(9)

(10)

(11)

The spacing factor ó of the log periodic dipole is defined such that 2ó is 

n nthe ratio of the element spacing s  to the element length l  according to 

nwhere s  is the distance from element n to element n+1 .

From (2), we may write

Inserting (7) into (6) yields

Equating the spacing to length ratios in (5) and (8) gives

or

According to equation (9), the ratio of element spacing to element length
remains constant for all of the elements in the array.



(12)

Combining equations (4) and (11), we see that the element lengths, the z-
coordinates of the elements, and the element separation distances all follow
the same ratio for adjacent elements which equals the scale factor ô. 

Log Periodic Dipole Design

The design of a log-periodic dipole antenna can be implemented using
empirical equations based on complete numerical solutions.  The basic
design begins with plots of constant directivity curves (dB) for the log-
periodic antenna on a plot of the spacing factor ó verses the scale factor ô
(see Figure 11.13, page 631 of the Balanis textbook).  Note that the
“optimum” designs for a given directivity correspond to the minimum value
of the scale factor, which leads to a more compact design.



The steps of the log-periodic antenna design procedure are given below.

1.  Use Figure 11.13 to determine the values of the scale factor ô and the
spacing factor ó for the designed directivity.
2.  Determine the wedge angle based on 

s3.  Determine the designed bandwidth B  based on the desired bandwidth

min max(f , f ) as given by the following empirical equation.

4.  Determine the overall length of the array from the shortest element to
the longest element (L) as given by

where 

and the total number of elements in the array (N) as given by the largest
integer in the following equation.



Example

Design a log periodic dipole antenna to cover the complete VHF TV
band from 54 to 216 MHz with a directivity of 8 dB.  Assume that the input
impedance is 50 Ù and the length to diameter ratio of the elements is 145.

oFrom Figure 11.13, with D  = 8 dB, the optimum value for the
spacing factor ó is 0.157 while the corresponding scale factor ô is
0.865.  The angle of the array is 

The MATLAB computer program “log_perd.m” supplied with the Balanis
textbook performs an analysis of the log periodic dipole based on the
previously defined design equations with additional design considerations..



DIPOLE ARRAY DESIGN
Log-Periodic Dipole Array Design
 
Ele.         Z       L       D
           (m)     (m)     (cm)
Term.   0.9877 *******  *******
     1  0.9877  0.4213  0.29056
     2  1.1419  0.4871  0.33591
     3  1.3201  0.5631  0.38833
     4  1.5261  0.6510  0.44894
     5  1.7643  0.7526  0.51901
     6  2.0396  0.8700  0.60001
     7  2.3580  1.0058  0.69365
     8  2.7260  1.1628  0.80191
     9  3.1514  1.3442  0.92706
    10  3.6433  1.5540  1.07175
    11  4.2119  1.7966  1.23902
    12  4.8692  2.0770  1.43239
    13  5.6291  2.4011  1.65594
    14  6.5077  2.7759  1.91438
Source  0.9877 *******  *******
 
Design Parameters
   Upper Design Frequency (MHz)      :   216.00000
   Lower Design Frequency (MHz)      :   54.00000
   Tau                               :   0.86500
   Sigma                             :   0.15825
   Alpha (deg)                       :   12.03942
   Desired Directivity               :   8.00000
 
Source and Source Transmission Line
   Source Resistance (Ohms)          :   0.00000
   Transmission Line Length (m)      :   0.00000
   Characteristic Impedance (Ohms)   :   50.00000 +j 0.00000
 
Antenna and Antenna Transmission Line
   Length-to-Diameter Ratio          :   145.00000
   Boom Diameter (cm)                :   1.90000
   Boom Spacing  (cm)                :   2.12904
   Characteristic Impedance (Ohms)   :   58.34500 +j 0.00000
   Desired Input Impedance (Ohms)    :   50.00000
 
Termination and Termination Transmission Line
   Termination Impedance (Ohms)      :   50.00000 +j 0.00000
   Transmission Line Length (m)      :   0.00000
   Characteristic Impedance (Ohms)   :   58.34500 +j 0.00000



Gain vs. Frequency

Front-to-back Ratio vs. Frequency



E and H-plane Patterns at 54 MHz

E and H-plane Patterns at 216 MHz


