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There is disclosed an antenna exhibiting resonance over a
broad frequency band or over a plurality of closely-spaced
frequency bands, comprising a ground plane, a non-driven
element affixed substantially perpendicular to the ground
plane, a driven element affixed substantially perpendicular
to the ground plane and a horizontal conductor electrically
connected between the driven and the non-driven elements
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and disposed substantially parallel to the ground plane. The
(22) Filed: Apr. 10, 2002 non-driven and the driven elements further comprise peri-
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odic slow wave structures. The periodic slow wave struc-
tures are configured to provide a substantially constant

propagation factor with respect to the applied signal fre-
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10, 2001. characteristics.
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BROADBAND ANTENNA STRUCTURES

[0001] This patent application claims the benefit of U.S.
Provisional Application No. 60/282,888 filed on Apr. 10,
2001.

FIELD OF THE INVENTION

[0002] This invention relates generally to antennas com-
prising slow wave structures, and especially to such anten-
nas offering broadband performance.

BACKGROUND OF THE INVENTION

[0003] It is generally known that antenna performance is
dependent upon the size, shape and material composition of
the constituent antenna elements, as well as the relationship
between certain antenna physical parameters (e.g., length for
a linear antenna and diameter for a loop antenna) and the
wavelength of the signal received or transmitted by the
antenna. These relationships determine several antenna
operational parameters, including input impedance, gain,
directivity and the radiation pattern. Generally for an oper-
able antenna, the minimum physical antenna dimension (or
the electrically effective minimum distance) must be on the
order of a quarter wavelength (or a multiple thereof) of the
operating frequency, which thereby advantageously limits
the energy dissipated in resistive losses and maximizes the
energy transmitted. Quarter wave length and half wave
length antennas are the most commonly used.

[0004] The burgeoning growth of wireless communica-
tions devices and systems has created a substantial need for
physically smaller, less obtrusive, and more efficient anten-
nas that are capable of wide bandwidth or multiple fre-
quency band operation, and/or operation in multiple modes
(ie., selectable radiation patterns or selectable signal polar-
izations). Smaller packaging of state-of-the-art communica-
tions devices does not provide sufficient space for the
conventional quarter and half wave length antenna elements.
As is known to those skilled in the art, there is a direct
relationship between physical antenna size and antenna gain,
at least with respect to a single-element antenna, according
to the relationship: gain=(fR)" 2+2BR, where R is the radius
of the sphere containing the antenna and f3 is the propagation
factor. Increased gain thus requires a physically larger
antenna, while users continue to demand physically smaller
antennas. As a further constraint, to simplify the system
design and strive for minimum cost, equipment designers
and system operators prefer to utilize antennas capable of
efficient multi-frequency and/or wide bandwidth operation.
Finally, gain is limited by the known relationship between
the antenna frequency and the effective antenna length
(expressed in wavelengths). That is, the antenna gain is
constant for all quarter wavelength antennas of a specific
geometry i.e., at that operating frequency where the effective
antenna length is a quarter of a wavelength of the operating
frequency.

[0005] One basic antenna commonly used in many appli-
cations today is the half-wavelength dipole antenna. The
radiation pattern is the familiar donut shape with most of the
energy radiated uniformly in the azimuth direction and little
radiation in the elevation direction. Frequency bands of
interest for certain communications devices are 1710 to
1990 MHz and 2110 to 2200 MHz. A half-wavelength dipole
antenna is approximately 3.11 inches long at 1900 MHz,
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3.45 inches long at 1710 MHz, and 2.68 inches long at 2200
MHz. The typical gain is about 2.15 dBi.

[0006] The quarter-wavelength monopole antenna placed
above a ground plane is derived from a half-wavelength
dipole. The physical antenna length is a quarter-wavelength,
but with the ground plane the antenna performance
resembles that of a half-wavelength dipole. Thus, the radia-
tion pattern for a monopole antenna above a ground plane is
similar to the half-wavelength dipole pattern, with a typical
gain of approximately 2 dBi.

[0007] The common free space (i.e., not above ground
plane) loop antenna (with a diameter of approximately
one-third the wavelength) also displays the familiar donut
radiation pattern along the radial axis, with a gain of
approximately 3.1 dBi. At 1900 MHz, this antenna has a
diameter of about 2 inches. The typical loop antenna input
impedance is 50 ohms, providing good matching character-
istics.

[0008] The well-known patch antenna provides directional
hemispherical coverage with a gain of approximately 4.7
dBi. Although small compared to a quarter or half wave
length antenna, the patch antenna has a relatively narrow
bandwidth.

[0009] Given the advantageous performance of quarter
and half wavelength antennas, conventional antennas are
typically constructed so that the antenna length is on the
order of a quarter wavelength of the radiating frequency, and
the antenna is operated over a ground plane. These dimen-
sions allow the antenna to be easily excited and operated at
or near a resonant frequency, limiting the energy dissipated
in resistive losses and maximizing the transmitted energy.
But, as the operational frequency increases/decreases, the
operational wavelength decreases/increases and the antenna
element dimensions proportionally decrease/increase.

[0010] Thus antenna designers have turned to the use of
so-called slow wave structures where the structure physical
dimensions are not equal to the effective electrical dimen-
sions. Recall that the effective antenna dimensions should be
on the order of a half wavelength (or a quarter wavelength
above a ground plane) to achieve the beneficial radiating and
low loss properties discussed above. Generally, a slow-wave
structure is defined as one in which the phase velocity of the
traveling wave is less than the free space velocity of light.
The wave velocity is the product of the wavelength and the
frequency and takes into account the material permittivity
and permeability, i.e., c/(sqrt(e,)sqrt(x,))=hf. Since the fre-
quency remains unchanged during propagation through a
slow wave structure, if the wave travels slower (i.e., the
phase velocity is lower) than the speed of light, the wave-
length within the structure is lower. Thus a half wavelength
slow wave structure (or any other wavelength multiple) is
shorter than a half wavelength structure where the wave
propagates at the speed of light (¢). The slow-wave structure
de-couples the conventional relationship between physical
length, resonant frequency and wavelength. Slow wave
structures can be used as antenna elements (i.e., feeds) or as
antenna radiating structures.

[0011] Since the phase velocity of a wave propagating in
a slow-wave structure is less than the free space velocity of
light, the effective electrical length of these structures is
greater than the effective electrical length of a structure
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propagating a wave at the speed of light. The resulting
resonant frequency for the slow-wave structure is corre-
spondingly increased. Thus if two structures are to operate
at the same resonant frequency, as a half-wave dipole, for
instance, then the structure propagating the slow wave will
be physically smaller than the structure propagating the
wave at the speed of light.

[0012] Slow wave structures are discussed extensively by
A. F. Harvey in his paper entitled Periodic and Guiding
Structures at Microwave Frequencies, in the IRE Transac-
tions on Microwave Theory and Techniques, January 1960,
pp- 30-61 and in the book entitled Electromagnetic Slow
Wave Systems by R. M. Bevensee published by John Wiley
and Sons, copyright 1964. Both of these references are
incorporated by reference herein.

[0013] A transmission line or conductive surface on a
dielectric substrate exhibits slow-wave characteristics, such
that the effective electrical length of the slow-wave structure
is greater than its actual physical length, according to the
equation,

Le=(eca™*)x1y,
[0014] where 1, is the effective electrical length, 1, is the

actual physical length, and e_g is the dielectric constant (e,)
of the dielectric material proximate the transmission line.

[0015] A prior art meanderline, which is one example of a
slow wave structure, comprises a conductive pattern (i.e., a
traveling wave structure) over a dielectric substrate, over-
lying a conductive ground plane. An antenna employing a
meanderline structure, referred to as a meanderline-loaded
antenna or a variable impedance transmission line (VITL)
antenna, is disclosed in U.S. Pat. No. 5,790,080. The antenna
consists of two vertical spaced apart conductors and a
horizontal conductor disposed therebetween, with a gap
separating each vertical conductor from the horizontal con-
ductor.

[0016] The antenna further comprises one or more mean-
derline variable impedance transmission lines bridging the
gap between the vertical conductor and each horizontal
conductor. Each meanderline coupler is a slow wave trans-
mission line structure carrying a traveling wave at a velocity
lower than the free space velocity. Thus the effective elec-
trical length of the slow wave structure is greater than its
actual physical length. Consequently, smaller antenna ele-
ments can be employed to form an antenna having, for
example, quarter-wavelength properties. As for all antenna
structures, the antenna resonant condition is determined by
the electrical length of the meanderlines plus the electrical
length of the radiating elements.

[0017] Although the meanderline antenna described above
is essentially a narrowband antenna, a form of broadband
operation can be achieved by including devices to electri-
cally shorten the meanderlines, to change the resonant
antenna frequency. In such an embodiment the slow-wave
structure includes separate switchable segments (controlled,
for example, by vacuum relays, MEMS (micro-electro-
mechanical systems), PIN diodes or mechanical switches)
that can be inserted in and removed from the circuit by
action of the associated switch. This switching action
changes the effective electrical length of the meanderline
coupler and thus changes the effective length of the antenna.
Losses are minimized in the switching process by placing

Oct. 31, 2002

the active switching structure in the high impedance sections
of the meanderline. Thus the current through the switching
device is low, resulting in very low dissipation losses and a
high antenna efficiency. However, selecting the appropriate
segments to switch to achieve the desired antenna perfor-
mance is not easy.

[0018] Inlicu of removing meanderline segments from the
antenna by switch devices as described above, the antenna
can be constructed with multiple selectable meanderlines to
change the effective antenna electrical length. These are also
switched into and removed from the antenna using the
switching devices described above. Such antennas are dis-
closed and claimed in the commonly-assigned patent appli-
cation entitled High Gain, Frequency-Tunable Variable
Impedance Transmission Line Loaded Antenna Providing
Multi-Band Operation, filed on Nov. 28, 2000 and assigned
application Ser. No. 09/724,332.

[0019] The meanderline-loaded antenna allows the physi-
cal antenna dimensions to be significantly reduced, while
maintaining an effective electrical length that, in one
embodiment, is a quarter wavelength multiple. The mean-
derline-loaded antennas operate in the region where the
performance is limited by the Chu-Harrington relation, that
is,

efficiency=FVQ,
[0020] where:
[0021] Q=quality factor

[0022] V=volume of the structure in cubic wave-
lengths

[0023] F=geometric form factor (F=64 for a cube
or a sphere)

[0024] Meanderline-loaded antennas achieve this effi-
ciency limit of the Chu-Harrington relation while allowing
the effective antenna length to be less than a quarter wave-
length at the resonant frequency. Dimension reductions of 10
to 1 can be achieved over a quarter wavelength monopole
antenna, while achieving a comparable gain.

BRIEF SUMMARY OF THE INVENTION

[0025] Although the meanderline antenna embodiments
described above offer desirable attributes within a smaller
physical volume, improved broadband operation is desir-
able. The antenna constructed according to the teachings of
the present invention provides broadband operation by
incorporating periodic slow wave structures that maintain a
resonant condition over a wide frequency range or over a
plurality of closely-spaced frequency ranges. Specifically,
the antenna includes periodic slow wave structures in the
form of a meandering conductive pattern, such as a serpen-
tine conductive trace, a rectangular trace (a meander tape
line), a tape ladder line or an interdigital meanderline.
Various forms of transmission lines where the conductive
segments are periodic are suitable for use as a periodic slow
wave structure. The antenna of the present invention com-
prises a ground plane, one or more conductive elements,
including a horizontal element and at least two spaced-apart
vertical elements, each connected to the horizontal element
by a periodic slow wave structure constructed according to
the teachings of the present invention. An antenna compris-
ing these periodic slow wave structures has a smaller
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physical size, yet exhibits comparable or enhanced perfor-
mance over a conventional dipole antenna. Further, the
operational bandwidth is greater than or at least equivalent
to the bandwidth achievable using the switched segment
meanderline structures described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The present invention can be more easily under-
stood in the further advantages and used there are more
readily apparent, when considered in view of the description
of the preferred embodiments and the following figures in
which:

[0027] FIGS. 1 and 2 are graphs of w (the applied signal

frequency) as a function of f§ (the propagation factor);

[0028] FIG. 3 is a perspective view of the meanderline-
loaded antenna of the prior art;

[0029] FIGS. 4A, 4B and 4C are perspective views of a
periodic slow wave structure constructed according to the
teachings of the present invention and used as an element
coupler in the meanderline-loaded antenna FIG. 1;

[0030] FIG. 5 is a w-p graph of a periodic slow wave
structure constructed according to the teachings of the
present invention;

[0031] FIGS. 6, 7, 8, 9 and 10 illustrate periodic slow
wave structures according to the teachings of the present
invention;

[0032] FIGS. 11A and 11B illustrate two embodiments
for placement of the periodic slow wave structures relative
to the antenna elements; and

[0033] FIGS. 12 through 15 illustrate exemplary opera-
tional modes for an antenna constructed according to the
teachings of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0034] Before describing in detail the particular wideband
meanderline-loaded antenna constructed according to the
teachings of the present invention, it should be observed that
the present invention resides primarily in a novel and
non-obvious combination of apparatus related to periodic
slow wave structures operative in antenna structures and
antenna technology in general. Accordingly, the hardware
components described herein have been represented by
conventional elements in the drawings and in the specifica-
tion description, showing only those specific details that are
pertinent to the present invention, so as not to obscure the
disclosure with structural details that will be readily appar-
ent to those skilled in the art having the benefit of the
description herein.

[0035] As is known, the operational wavelength of an
antenna is dependent on the applied signal frequency. The
frequency is expressed in Hertz (Hz) and referred to by the
letter £, or the angular frequency is expressed in radians/per
second and referred to by the letter m, where w=2nf. The
physical length of an antenna is referred to as L,. A single
traveling wave on an arbitrary structure follows the math-
ematical relationship below, describing its propagation
along one dimension, the z-dimension in this case.

Y(2)=exp(-jpz) exp(jor+P) (equation 1)
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[0036] The time dependence of the wave amplitude is
determined by a phase function ¢ and the time t is measured
with respect to some reference time, t=0. The spatial depen-
dence of the wave amplitude is determined by the propaga-
tion factor (3 and the distance z with respect to a reference
location, such as z=0.

[0037] If a time t=0 and phase ¢=0 are chosen, then the
spatial dependence from equation (1) reduces to:

W(2)=A exp(-/B2)
[0038] Thus the wave follows a sinusoidal spatial depen-
dency whose dimensions are governed by the value of f3,
referred to as the propagation factor or the phase change
coefficient. A full wavelength of the applied signal is
observed in the distance between z=0 and z=2mw/f. f is also
referred to as the phase change coefficient and has the
dimensions of radians/meter; f=27w/), where A is the wave-
length (in meters) in the structure under consideration. The
actual value of the propagation factor depends on a variety
of factors and characteristics associated with the structure,
including: geometry of the structure, boundaries, composi-
tion, and electrical characteristics.

(equation 2)

[0039] Solving Maxwell’s equations for a given structure
or medium yields the allowed values for f§ in that structure.
Further, these solutions describe the modes of propagation
where 3 takes on certain values with respect to the frequency
of the propagating wave, f or w. The allowed values for fare
often presented on an w-f diagram for a given propagating
mode. Standard transmission lines propagating TEM (trans-
verse electric-magnetic) waves exhibit a linear relationship
between w and f (and thus a linear relationship between
and the wavelength of the applied signal) over a large
frequency range. The propagation speed of the wave in the
structure, vy, is given by:

V=07,
[0040] which is the slope of the line in FIG. 1. The speed
of light c=w)f,, where f3, is the free space propagation factor
defined as f,=2m/h,, and where A, is the free space wave-
length, is indicated by a maximum slope (dashed line) as
shown. Thus since f/f, is less than one, v,,/c is less than
one.

[0041] The physical dimensions (l,) of the antenna
required for a full signal wavelength () to be present on the
structure at a given instant of time is related to the propa-
gation factor by:

L=Az=27/B(w) (equation 3)
[0042] where f(w) indicates that 3 is a function of w, the
operating frequency. Note that equation 3 reduces to the
familiar 1,=A. Thus, as is well known in the art, for a full
wavelength to be present on the structure over a band of
applied frequencies, the structure must change in length as
the frequency (and thus the wavelength) changes. As the
frequency (w) increases in FIG. 1, so does 3, (and the
wavelength decreases), thereby requiring a shorter structure

according to equation (3) to support the full wavelength.

[0043] Certain propagating structures, e.g., certain slow-
wave structures as described herein, provide a relatively
constant value of § independent of the operating frequency
. See for example, FIG. 2 and Harvey, page 50. In the
regions (w,-m;=Aw, and w,~ms=Aw,, the propagation fac-
tor B(w) is relatively constant, indicating that waves at
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frequencies within those ranges will all be approximately
one wavelength long in the appropriately sized structure
according to the equation:

lp=AZ=2n/ B(@)=25/Beonstant>

[0044] where (3 is relatively constant between w,; and w,
and between w5 and w,. If a slow wave structure having
these properties has a predominant affect on the effective
antenna length, then the antenna will resonate (i.e., be a full
wavelength long electrically) over the broad frequency
ranges of Aw, and Aw,. The w-f graph of FIG. 2 (and FIG.
5 to be discussed below) are merely exemplary. Similar -3
effects can be observed for other slow wave structural
shapes, which will have corresponding w-f graphs.

(equation 4)

[0045] FIG. 3 depicts a perspective view of a prior art
meanderline-loaded antenna 10 (also referred to as a vari-
able impedance transmission line antenna) to which the
teachings of the present invention can be advantageously
applied to provide wideband or multi-band operation. The
meanderline-loaded antenna 10 includes two vertical con-
ductors 12, a horizontal conductor 14, and a ground plane
16. The vertical conductors 12 are physically separated from
the horizontal conductor 14 by gaps 18, but are electrically
connected to the horizontal conductor 14 by two meander-
line couplers, (not shown) one for each of the two gaps 18,
to thereby form an antenna structure capable of radiating and
receiving RF (radio frequency) energy. According to the
present invention, a periodic slow wave structure electrically
bridges each gap 18.

[0046] Although illustrated in FIG. 3 as having generally
rectangular plates, it is known to those skilled in the art that
the vertical conductors 12 and the horizontal conductor 14
can be constructed from a variety of conductive materials
and shapes. For instance, thin metallic conductors having a
length greater than their width can serve as the vertical
conductors 12 and the horizontal conductor 14. Single or
multiple lengths of heavy gauge wire or conductive material
in a filamental shape can also be used.

[0047] FIGS. 4A, 4B and 4C illustrate three views of a
periodic slow wave structure 20 constructed according to the
teachings of the present invention and usable with the
meanderline-loaded antenna 10 of FIG. 3. The periodic slow
wave structure is a slow wave meanderline element (or
variable impedance transmission line) in the form of a
conductor 22 wound around a dielectric substrate 24, ie., a
helix. Two periodic slow wave structures 20 are generally
required for use with the meanderline-loaded antenna 10;
one periodic slow wave structure 20 bridges each of the gaps
18 illustrated in FIG. 3. However, it is not necessary for the
two periodic slow wave structures to have the same physical
(or electrical) length or properties.

[0048] The periodic slow wave structure 20 configured as
shown in FIGS. 4A, 4B and 4C maintains a resonant
condition over a wide frequency band, in both the receive
and transmit modes. As discussed above in conjunction with
FIG. 1, in most structures, as the applied frequency
increases, the phase velocity of the wave propagating
through the structure also increases, and the wavelength of
the wave propagating in the structure remains essentially
unchanged. In such structures the relationship between the
wavelength and frequency is governed by c=Af. Since c is a
constant, as the frequency increases, the wavelength
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decreases to maintain the constant product. When the wave-
length decreases (or increases in response to a decreasing
frequency) the resonant condition is lost as the wavelength
is no longer a multiple of the antenna physical length.

[0049] However, certain periodic slow wave structures,
such as the structure of FIGS. 4A, 4B and 4C exhibit a
relatively constant § (and therefore resonant wavelength)
over a range of m values as shown in FIG. 2. Thus as the
phase velocity of the wave in the structure changes, the
wavelength (which is inversely related to the propagation
factor, §) does not necessarily change, and a resonant
condition is maintained over the ranges Aw, and Aw,
referred to in FIG. 2.

[0050] The geometric configuration of the periodic slow
wave structure 20 illustrated in FIGS. 4A, 4B and 4C, as
well as other configurations described below, defines an w-f3
curve with a relatively constant [} over certain frequency
ranges (for example, Aw; and Aw, in FIG. 2). Since f is
directly related to wavelength, a relatively constant f§ results
in a relatively constant wavelength. It has been shown that
for the periodic slow wave structure 20, the ratio of the
conductor width to the spatial half period should be greater
than about 0.7 to create a nearly constant propagation factor
in the frequency range (in radians per second) of about
0.05mc/a to about 0.207c/a. The spatial period is defined as
the conductor length forming one turn about the dielectric
substrate 24.

[0051] FIG. 5 is an w-p curve for the exemplary periodic
slow wave structure of FIG. 6, referred to as a meander tape
line 36 (resembling a train of periodic rectangles or square
waves). Similar w-f3 curves govern this relationship for the
meanderline coupler 20 and an interdigital tape line 38 of
FIG. 7. As can be seen from this w-f§ curve, 3 is relatively
constant with respect to o in a region 33, where 3 is about
7t/p, where p is the periodic pitch of the spatial variations
defined for the meander tape line 36 and for the interdigital
tape line 38 as shown. The frequency range Aw over which
[ is constant (vertical) extends to 0, but the practically useful
region where broadband operation can be achieved is where
 is about (0.1)mc/a, (Where ¢ is the speed of light in
meters/second and a is the dimension indicated in FIGS. 6
through 10) and where f is approximately (0.95)m/p.
Assuming a=10 mm, then from w=(0.1)xc/a, the resonant
condition occurs in the region around about 1.5 GHz. Also,
if p=10 mm then $=0.3/mm. From (equation 4) which relates
z and f, z is determined to be about 20 mm. Note that FIG.
5 includes five different w-f3 curves for b/p ratios of 0, 0.25,
0.5,0.75 and 1, where the dimension b is shown in FIG. 4B
for the coupler 20, and in FIGS. 6 and 7 for the meander
tape line 36 and the interdigital tape line 38, respectively.

[0052] The phase velocity (v,;,) in these structures in the
regions where [ is relatively constant is governed by:

Vph=w/ Beonstant-

[0053] Since the phase velocity is directly proportional to
the frequency, the wave travels faster (the phase velocity
increases) to cover the requisite distance (a wavelength) as
the frequency increases. Thus the wavelength is held rela-
tively constant.

[0054] The capacitance created by the crossover configu-
ration of the periodic slow wave structure 20 contributes to
the nearly constant electrical length over the bandwidth
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where the propagation factor is relatively constant as the
frequency changes. Intuitively, one may consider the para-
sitic capacitance formed by crossovers 28 as a movable short
circuit that changes position as the frequency changes. At
low frequencies the reactance of the crossover capacitor is
low and therefore the signal propagates along the entire
length of the conductor 22. At higher frequencies the capaci-
tance at the crossovers 28 effectively shorts the conductor
22, making the conductor 22 appear shorter to the traveling
wave. With respect to the periodic slow wave structures of
FIGS. 6 and 7, the effect can explained by recognizing that
the wave traveling in the structure couples (due to inter-
element coupling) more easily between periodic sections as
the frequency increases.

[0055] Certain slow wave structures (referred to as non-
TEM devices) such as coupled resonators (see for example,
RCA Review, volume 19, page 283, 1958), support multiple
modes in addition to the TEM mode. That is, there is more
than a single propagation factor 3 (each one representing one
operational mode) for a given frequency or range of fre-
quencies. Thus an antenna constructed with these periodic
slow wave structures resonates at a band of frequencies in
one mode and a second band of frequencies in another mode.
The result is an antenna capable of multi-band or broadband
operation.

[0056] FIG. 8 illustrates another periodic slow wave
structure 40, comprising a conductor 41 wound around the
dielectric substrate 24, that exhibits an approximately con-
stant propagation factor over a frequency band. The relevant
dimensions of the periodic slow wave structure 40, are
indicated in FIG. 8. The relationship between w and 3 for
the periodic slow wave structure 40 is governed by a curve
similar to FIG. 5.

[0057] FIG. 9 illustrates a serpentine meanderline peri-
odic slow wave structure 42, that exhibits an approximately
constant propagation factor over a band of frequencies. The
relevant dimensions governing the w-f characteristics are
indicated in FIG. 9.

[0058] FIG. 10 illustrates a triangular meanderline peri-
odic slow wave structure 43 (i.e., zig-zag meanderline), that
also exhibits an approximately constant propagation factor
over a band of frequencies. The relevant dimensions gov-
erning the w-f characteristics are indicated in FIG. 10.

[0059] Returning to FIG. 4B, the periodic slow wave
structure 20 includes terminating points 30 and 32 for
connection to the elements of the antenna 10 of FIG. 3.
Specifically, FIG. 10A illustrates two periodic slow wave
structures 20, one affixed to each of the vertical conductors
12, to form an antenna 44. One of the terminating points, for
instance the terminating point 30, is connected to the hori-
zontal conductor 14 and the terminating point 32 is con-
nected to the vertical conductor 12. The second of the two
periodic slow wave structures 20 illustrated in FIG. 11A is
configured in a similar manner.

[0060] FIG. 11B shows the meanderline couplers 20
affixed to the horizontal conductor 14, forming an antenna
45, with the terminating points 30 and 32 are connected to
the vertical conductors 12 and the horizontal conductor 14,
respectively, so as to interconnect the vertical conductors 12
and the horizontal conductor 14 across the gaps 18. In both
FIGS. 11A and 11B, one of the vertical conductors includes
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the signal source feed point when operative in the transmit
mode or the point from which the received signal is taken
when operative in the receive mode.

[0061] The operating mode of the antennas 44 and 45 in
FIGS. 11A and 11B depends upon the relationship between
the antenna operating frequency and the antenna effective
electrical length, including the antenna elements and the
periodic slow wave structures 20. Thus the operational
characteristics of the meanderline-loaded antennas 44 and
45, like all antennas, are determined by the relationship
between the effective electrical length and the transmit
signal frequency in the transmit mode or the received
frequency in the receiving mode. Use of the periodic slow
wave structures as taught by the present invention provides
broadband or multi-band operation over an indicated fre-
quency range as the phase velocity changes with frequency
while the propagation factor and thus the wavelength remain
relatively constant to provide a resonant condition over the
frequency range.

[0062] Turning to FIGS. 12 and 13, there is shown the
current distribution (FIG. 12) and the antenna electric field
radiation pattern (FIG. 13) for the antenna 44 operating in
a monopole or half wavelength mode (i.e., the effective
electrical length is about one-half of a wavelength) as driven
by an input signal source 48. That is, in this mode, the
dimensions of the periodic slow wave structures 20 are
established such that the antenna 44 resonates over a fre-
quency range between approximately 1 and 3 and the
effective electrical length of the periodic slow wave struc-
tures 20, the horizontal conductor 14 and the vertical con-
ductors 12 is chosen such that the horizontal conductor 14
has a current null near the center and current maxima at each
edge. As a result, a substantial amount of radiation is emitted
from the vertical conductors 12, and little radiation is
emitted from the horizontal conductor 14. The resulting field
pattern has the familiar omnidirectional donut shape as
shown in FIG. 13.

[0063] Those skilled in the art will realize that the fre-
quency range set forth above is merely exemplary. Further,
the dimensions, geometry and material of the antenna com-
ponents (the periodic slow wave structures 20, the horizontal
conductor 14, the ground plane 16 and the vertical conduc-
tors 12) can be modified by the antenna designer to create an
antenna having different antenna characteristics at other
frequencies or frequency bands.

[0064] A second exemplary operational mode for the
meanderline-loaded antenna 44 is illustrated in FIGS. 14
and 15. This mode is the so-called loop mode, operative
when the ground plane 16 is electrically large compared to
the effective length of the antenna and wherein the electrical
length is about one wavelength at the operating frequency.
In this mode the current maximum occurs approximately at
the center of the horizontal conductor 14 (see FIG. 14)
resulting in an electric field radiation pattern as illustrated in
FIG. 15.

[0065] The antenna characteristics displayed in FIGS. 14
and 15 are based on an antenna of twice the effective
electrical length (including the length of the periodic slow
wave structures 20) as the antenna depicted in FIGS. 12 and
13. An antenna incorporating periodic slow wave structures
as taught by the present invention can be designed to operate
in either of the modes described above. Further, since certain
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periodic slow wave structures exhibit two frequency bands
where the propagation constant is relatively constant with
respect to frequency (for example, the bands Aw,; and Aw,
in FIG. 2), such an antenna can operate in these two bands
dependent on the applied signal frequency.

[0066] By changing the geometrical features of the
antenna constructed according to the teachings of the present
invention, the antenna can be made operative in other
frequency bands, including the FCC-designated ISM (Indus-
trial, Scientific and Medical) band of 2400 to 2497 MHz.

[0067] As is known by those skilled in the art, the various
antenna embodiments constructed according to the teach-
ings of the present invention can be used in an antenna array
to achieve improved performance characteristics.

[0068] While the invention has been described with ref-
erence to preferred embodiments, it will be understood by
those skilled in the art that various changes may be made and
equivalent elements may be substituted for elements thereof
without departing from the scope of the present invention. In
addition, modifications may be made to adapt a particular
situation more material to the teachings of the invention
without departing from the essential scope thereof. There-
fore, it is intended that the invention not be limited to the
particular embodiment disclosed as the best mode contem-
plated for carrying out this invention, but that the invention
will include all embodiments falling within the scope of the
appended claims.

What is claimed is:
1. An antenna comprising:

a radiating element;

a first periodic slow wave structure including a first
terminal electrically connected to a first location of said
radiating element;

a second periodic slow wave structure including a first
terminal electrically connected to a second location of
said radiating element; and

wherein said first and said second periodic slow wave
structures exhibit a substantially constant propagation
factor with respect to a range of frequencies.

2. The antenna of claim 1 wherein the effective electrical
length of the antenna is determined substantially by the
effective electrical length of the first and the second periodic
slow wave structures.

3. The antenna of claim 1 further comprising a ground
plane, wherein the second periodic slow wave structure
further includes a second terminal electrically connected to
said ground plane, and wherein the first periodic slow wave
structure further includes a second terminal for receiving an
input signal when the antenna is operative in a transmitting
mode and for providing a signal when the antenna is
operative in a receiving mode.

4. The antenna of claim 3 wherein the radiating element
comprises a horizontal conductor substantially parallel to
and spaced apart from the ground plane.

5. The antenna of claim 1 wherein the radiating element
is formed from a conductive material and is shaped to
produce desired antenna characteristics.

6. The antenna of claim 1 wherein the sum of the effective
electrical length of the first and the second periodic slow
wave structures and the effective electrical length of the
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radiating element presents a substantially resonant condition
over a desired frequency band.

7. The antenna of claim 1 wherein each one of the first and
the second periodic slow wave structures comprises a folded
transmission line.

8. The antenna of claim 1 wherein the antenna radiation
pattern is substantially in the azimuth plane or is substan-
tially in the elevation direction, as determined by the effec-
tive electrical length of the antenna elements, .

9. The antenna of claim 1 wherein each one of the first and
the second periodic slow wave structures comprises a dielec-
tric substrate and a transmission line encircling said dielec-
tric substrate, and wherein a first end of said transmission
line of the first periodic slow wave structure forms the first
terminal of the first periodic slow wave structure, and
wherein a first end of said transmission line of the second
periodic slow wave structure forms the first terminal of the
second periodic slow wave structure.

10. The antenna of claim 9 wherein the transmission line
comprising each one of the first and the second periodic slow
wave structures is an elongated transmission line having a
periodic pitch.

11. The antenna of claim 10 wherein the transmission line
comprising each one of the first and the second periodic slow
wave structures is in the form of a helix.

12. The antenna of claim 1 wherein each one of the first
and the second periodic slow wave structures comprises a
transmission line disposed on a substrate, and wherein said
transmission line further comprises a plurality of periodic
segments.

13. The antenna of claim 12 wherein the plurality of
periodic segments comprise a plurality of zig-zag segments.

14. The antenna of claim 12 wherein the plurality of
periodic segments comprise a plurality of wave-like con-
nected rectangle segments.

15. The antenna of claim 12 wherein the plurality of
periodic segments comprise a plurality of wave-like con-
nected triangle segments.

16. The antenna of claim 1 wherein the transmission line
of each one of the first and the second periodic slow wave
structures comprises an undulating periodic transmission
line.

17. The antenna of claim 1 wherein each one of the first
and the second periodic slow wave structures comprises a
first and a second transmission line each comprising an
elongated segment and a plurality of stubs extending there-
from and defining gaps therebetween, and wherein said first
and said second transmission lines are oriented such that one
of the plurality of stubs of the first transmission line is
disposed within a gap of the second transmission line.

18. The antenna of claim 1 wherein each one of the first
and the second periodic slow wave structures comprises an
interdigital tape line.

19. The antenna of claim 1 wherein each one of the first
and the second periodic slow wave structures comprises a
meander tape line.

20. The antenna of claim 1 wherein each one of the first
and the second periodic slow wave structures comprises a
serpentine meanderline.

21. An antenna comprising:

a radiating element;

a ground plane;
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a first periodic slow wave structure electrically connected
between said radiating element and said ground plane;

a second periodic slow wave structure including a first
terminal electrically connected to said radiating ele-
ment and a second terminal for receiving an input
signal when the antenna is operative in a transmitting
mode and for providing a signal when the antenna is
operative in a receiving mode; and

wherein said first and said second periodic slow wave
structures exhibit a substantially constant propagation
factor with respect to a frequency band.
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22. The antenna of claim 21 wherein the sum of the
effective electrical length of the first and the second periodic
slow wave structures and the effective electrical length of the
radiating element presents a substantially resonant condition
over a frequency band.

23. The antenna of claim 21 wherein the effective elec-
trical length of the antenna is determined primarily by the
effective electrical length of the first and the second periodic
slow wave structures.





