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ANSERLIN: A Broad-Band, Low-Profile,
Circularly Polarized Antenna

JAMES L. DREWNIAK, STUDENT MEMBER, IEEE, AND PAUL E. MAYES, FELLOW, IEEE

Abstract—A low-profile, circularly polarized (CP) antenna can be
made using an annular sector of strip conductor over a ground plane.
It is simple to construct and feed. Both senses of circular polarization
can be transmitted or received from the same structure. The antenna has
a very wide impedance bandwidth. A figure of merit, proportional to
the broadside power gain, is slowly varying over a 30 percent bandwidth.
Design parameters are given for an antenna that will produce a broadside
axial ratio that is less than 0.5 dB at a specified frequency.

1. INTRODUCTION

N RECENT YEARS the number of systems that use cir-

cularly polarized (CP) waves has been increasing. A low-
profile antenna is often preferred for use on vehicles, par-
ticularly those of high speed. Several types of low-profile CP
antennas are available: 1) microstrip patches [1], [2], 2) cavity-
backed planar spirals [3], [4], 3) orthogonal slots [5]-[7], and
curved, traveling-wave lines [8]-[10], but each has deficien-
cies.

A microstrip patch with a single feed point can be made to
operate in a CP mode in several ways [2]; however, such an-
tennas depend upon proper adjustment of two high-Q resonant
modes and are inherently very narrow band. The bandwidth
can be extended somewhat by using multiple feedpoints, or a
distributed feed on a single patch [11], [12], or by using sev-
eral patches in an array [13], but at the expense of a complex
feeding system. Unidirectional, cavity-backed, planar spiral
antennas provide much wider bandwidths; however, absorb-
ing cavities reduce the efficiency and produce structures that
are very thick in wavelengths [3], [4]. Curved, open transmis-
sion lines with traveling-wave fields have also been shown to
produce CP radiation over appreciable bandwidths [8]-[10];
however, the broadside axial ratio (AR) is significantly greater
than 1 dB over most of the bandwidth of these antennas.

In this paper we present a technique for improving the per-
formance of low-profile, CP radiating-line antennas. Using
this technique, the impedance bandwidth becomes so large
that it no longer has any bearing on the operating bandwidth.
Instead, the pattern shape and AR become the factors that
limit the bandwidth. The essential elements of the technique
pertain to establishing a single traveling wave on an annu-
lar sector of conducting strip that is positioned parallel and
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close to a large conducting surface. The antenna is named the
annular sector, radiating-line (ANSERLIN) antenna.

Planar and conical log-spiral antennas in free space are
known to produce CP radiation with a small AR over most of
the main beam [3], [14]. The on-axis CP radiation from these
antennas is attributed to a near field with an azimuthally travel-
ing wave with a phase shift of one degree per degree
of transversal in azimuth [15]. The angular dependence of
Maxwellian fields in systems with no boundaries on the az-
imuthal angle ¢ can be expressed as e*/™® where m must
be an integer. The on-axis far-zone fields are nonzero only
when m = 1. Results from [16} show that a traveling-wave
electric current loop with one degree of phase shift per degree
angle of traversal along the loop produces a radiation pattern
in which the m = 1 mode is the dominant contributor to the
far field. This paper describes how an annular sector of strip
conductor over ground can form a transmission-line antenna
with a traveling-wave phase shift of one degree per degree of
traversal on the annular sector. Henceforth, the ratio of the
near-field phase shift to the corresponding increment in the
azimuthal angle will be designated by m’. The ANSERLIN
antenna then operates over a band of frequencies in which
m’ =1.

Experimental results for two-port ANSERLIN antennas are
presented. The method of exciting a traveling wave on the an-
nular sector is discussed. The ANSERLIN antenna is shown
to have a very wide impedance bandwidth. This is a conse-
quence of the method used to maintain a constant impedance
along the structure from the input port to the output port. The
frequency at which a phase shift of m’ = 1 is achieved will be
given. For a phase shift of m’ = 1, the ANSERLIN antenna
produces a predominantly m = 1 mode radiation pattern. By
varying the phase shift about m’ = 1, the antenna is shown
to have a wide radiation pattern bandwidth over which a low
value of AR is achieved over most of the beam. A figure of
merit that is proportional to the power gain at broadside is
shown to be slowly varying over a 30 percent bandwidth. For
one set of geometric parameters 60 percent of the input power
can be radiated when m’ = 1. The percentage of input power
that is radiated increases with frequency.

Either sense of CP can be transmitted or received by the
two-port ANSERLIN antenna simply by feeding one port or
the other and terminating the opposite port in a nonreflecting
load. By adjusting the amplitude and phase of two simultane-
ously applied inputs, one to each port, any polarization can
be achieved. A measurement of amplitudes and phases of the
outputs at matched ports in a receiving situation provides a
means for determining the polarization of the incident wave.

0018-926X/89/0300-0281$01.00 © 1989 IEEE
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Fig. 1. Annular sector, radiating-line antenna geometry. t: Elevation plane
for the radiation pattern of Fig. 5. 1: Elevation plane for the radiation
patterns of Fig. 6.

II. ANNULAR-SECTOR, RADIATING-LINE GEOMETRY

The method of feed is as important as the structure ge-
ometry in achieving good results. For minimum variation in
impedance it is necessary to produce a pure traveling wave
on the annular sector transmission line. The annular sector
must be fed near one end and terminated on the other so that
no reflected wave is produced. A reflected wave radiates the
opposite sense of circular polarization, thereby degrading the
radiation pattern performance. A method for feeding and ter-
minating the annular sector which results in smail or no end
reflections is shown in Fig. 1. A fin transmission line is ex-
cited across a small feed gap by a 50 2, 0.085-in coaxial cable
probe. The small tab on the fin at the feed point provides sus-
ceptance to tune the reactance of the feed probe. The ratio
of the width w of the fin to the height 4 above the ground
plane at any poirit along the length is constant. As a result,
formulas for the characteristic impedance of a microstripline
as a function of w/h have been found to be accurate for
designing the fin. Time-domain reflectometry measurements
have shown the characteristic impedance of the annular sec-
tor transmission line to be nearly constant along the length of
the line; however, the w/h ratio for a 50 Q annular sector is
less than the w/h ratio for a straight, 50 @ microstrip line.
A width transition is then necessary between the end of the
fin and beginning of the annular sector, as shown in Fig. 1.
The output of the annular sector is identical to the input, and
the output port is terminated in 50 €. It is not essential that
the impedance of the annular scctor be equal to 50 @, but this
value was chosen in the work reported here for convenience in
testing. The geometric parameters of the six antennas studied
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TABLE 1
ANNULAR-SECTOR, RADIATING-LINE GEOMETRY
PARAMETERS
Antenna | w = b-a h FW L A== % hﬂ
(cm) (cm) (cm) (cm) a
1 1.5 0.35 1.7 1.0 1.75 4.3 4.8
2 2.1 0.55 2.6 1.0 2.5 3.8 4.7
3 2.3 0.65 3.0 0.8 2.92 | 3.5 4.6
4 2.55 0.70 3.3 0.8 3.68 | 3.6 4,7
5 2.7 0.8 3.8 0.8 4.38 | 3.4 4.7
6 3.0 1.05 4.0 0.5 7.0 2.9 3.8

to date are given in Table I. The listed parameters are defined
in Fig. 1. The antennas differ in the ratio of the outer to the
inner diameter, b/a = A, but they were all constructed to
produce an m’ = 1 phase shift at approximately 2.0 GHz.
In all cases except antenna #6, the fin was centered on the
annular sector. The height above thie ground plane of antenna
#6 required an excessively large angle to achieve as close to
50 Q as possible for the fin. It was therefore necessary to
offset the fin 2.0 mm toward the outside edge of the annular
sector.

The ANSERLIN antenna can be mounted flush with a larger
ground surface with a cylindrical cavity surrounding the an-
tenna, or the ground surface for the ANSERLIN antenna can
be mounted on the same level with a larger ground surface.
The performance of the antenna is the same in both cases.
The results presented in this paper are for the annular sector
mounted flush with a large ground plane. The surrounding
cylindrical cavity walls are 2.0 cm from the outer edge of the
annular sector.

III. INnpuT IMPEDANCE

Time-domain reflectometry measurements have been used
to ensure that the characteristic impedance of the annular sec-
tor transmission line for narrow arms (A < 3.0) remains
constant along the length of the arm. For A < 3.0, the w/h
ratio for a 50 Q annular sector line varies almost linearly with
A, as shown in Fig. 2. For A > 3.0, w/h = 3.5 provides
the closest match to 50 Q. By designing the annular sector
transmission line to be 50 Q or nearly 50 Q, and feeding it
with a 50 @ fin, the entire transmission line from input to
output is approximately 50 Q. When Port 2 is terminated in
50 Q, the input impedance seen at Port 1 should then be 50 Q
over a very wide bandwidth. The input impedance of antenna
#4, which is typical of ANSERLIN antennas for A < 4.0,
is shown in Fig. 3(a) over an 8:1 frequency span. The lo-
cus is compact and centered on 50 €. The input impedance
of antenna #5 for 1.9-3.0 GHz (which encompasses the radi-
ation pattern bandwidth) is shown in Fig. 3(b). In both cases
it is clear that the return loss of the antenna can be made
quite large over the radiation pattern bandwidth. For the an-
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Fig. 2. w/h versus A for 50 Q annular sectors.

Fig. 3.

(b)
Annular sector, radiating-line antenna input impedance. (a) Antenna
#4, 0.5-4.0 GHz. (b) antenna #5, 1.9-3.0 GHz.

283

tennas of Table I, with the exception of antennas #5 and #6,
greater than 25 dB return loss was measured over the radia-
tion pattern bandwidth. Greater than 20 dB return loss over
the radiation pattern bandwidth was measured for antenna #5,
and greater than 18 dB return loss was measured for antenna
#6. The return loss measured for antennas #5 (A = 4.38) and
#6 (A = 7.0) has been observed to be less sensitive to w/h
of the annular sector (for sufficiently matched fins) than for a
narrow width of the annular sector. For A = 7.0, the return
loss from 1.9-2.4 GHz changes from greater than 25 dB for
w/h = 3.33 to greater than 20 dB for w/h = 2.86. The
increase in volume for the increase in h; however, results in
a 6 percent increase in the percentage of the input power that
is radiated for w/h = 2.86 as compared with w/h = 3.33.

IV. CHARACTERISTICS OF THE ANNULAR SECTOR,
RADIATING LINE

A quasi-transverse electromagnetic (TEM), traveling wave
has been assumed for the fields beneath the annular sector.
The phase variation of the electric field was measured to test
the validity of this assumption. The antenna was fed at Port 1
(Fig. 1) and terminated in a 50 Q load at Port 2. The phase
of the electric field was then sampled with a short monopole
probe by performing S,; measurements between Port 1 and
the probe using the HP8510 network analyzer. The results of
the relative phase measurements at 2.1 GHz are plotted in Fig.
4 for the phase along the outside edge of the annular sector.
The 0° point on the annular sector is denoted by an asterisk
in Fig. 1. The reference plane for 25, is the input terminal
of the fin transmission line.

From Fig. 4 it is clear that the phase progression along the
annular sector is that of a traveling wave, e %5, where s is
the arc length and 8 is the phase constant. Substituting for the
arc length, s = r¢,

eI = o7IBré = gmim’e (1)
where m’ is defined as
m’ = Br. o))

The phase variation of the mth circularly polarized mode in
free space is e /™. Thus the ANSERLIN antenna should have
a predominantly m = 1 circularly polarized mode radiation
pattern at the frequency for which m’ = 1. Furthermore, the
radiation pattern should be dominated by the m = 1 mode
for variations in m’ about unity. It is the allowable variation of
m’ about unity that produces that much wider CP bandwidth
of the ANSERLIN antenna as compared with the CP resonant
microstrip patch antenna.

The phase was also measured across width of the annular
sector, and the equiphase contours were observed to be nearly
radial lines. The radial equiphase contours together with (2)
suggests a manner in which the m’ = 1 frequency can be
approximated. By taking 8 as the free-space phase constant
and (r) = (a + b)/2, an expression for the m’ = 1 frequency
can be obtained from (2)

f=

¢
27 (r)

m'’ ©)
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Fig. 4. Relative phase measurements at 2.1 GHz on the outside edge of the
annular sector for antennas #1 and #4.

TABLE 11
COMPARISON OF THE m’ = 1 FREQUENCIES DETERMINED
FROM RADIATION PATTERN MEASUREMENTS, f(patterns)»
WITH THAT OF (3), f(3), AND THE PERCENTAGE OF THE
INPUT POWER RADIATED AT THE m’ = 1 FREQUENCY,
AND AT 2.4 GHz

antenna A f(patterns) f(3) % input power radiated
(GHz * 0.05 GHz) (GHz) m'~ 1 frequency | 2.4 GHz
1 1.75 1.75 1.74 11 20
2 2.5 2.05 1.95 30 45
3 2.92 2.10 2.03 37 52
4 3.68 2.10 2.16 43 62
5 4,38 2.10 2,22 50 71
6 7.0 2.05 2.39 60 85

where ¢ is the free space phase velocity. The ANSERLIN
antenna was observed from two-port measurements to be dis-
persive, as a result (3) is only approximate. The approximation
can be checked from the results of Fig. 4. The magnitude of
the slope of the lines in Fig. 4 is m’. The difference between
m’ measured at 2.1 GHz and that predicted by (3) for antenna
#1 is 1 percent. For antenna #4 the difference between the
measured and calculated values of m’ is 5.8 percent. The ap-
proximation in the m’ = 1 frequency given by (3) becomes
worse as A increases because of the increasing dispersion for
the thicker antennas. However, because of the large bandwidth
of the antenna, (3) remains a good approximation even for an-
tenna #5, as observed from radiation pattern measurements.
The frequencies, fparerns)» at Which the radiation pattern of
each of the six antennas of Table I displayed predominantly
m = 1 mode characteristics, were determined. Table II com-

pares fipatems) With the m’ 1 frequency approximated by
(3), f3)- The change in the radiation pattern between the fre-
quencies f(paternsy and f(3) is small. Only for antenna #6, is
the agreement poor. The thickness of antenna #6 causes it to
be significantly more dispersive than the other five antennas.
The approximation in (3) for antenna #6 is therefore somewhat
rough, and noticeable changes occur in the radiation pattern
between f(patterns) and f(3).

Another characteristic of the ANSERLIN antenna is the
increase in radiation loss for increasing A (and hence height
above the ground plane for a 50 @ input impedance). The
percentage of the input power that is radiated at the m’ = 1
frequency and at 2.4 GHz for each of the six antennas studied
is listed in Table II. The |S,,| in decibels (measured between
Ports 1 and 2 of the antenna) has been measured to be nearly
linear with A [17]. The variation of the radiation loss with
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element geometry, and in particular the approximate linearity
of |S,;| versus A indicates that the ANSERLIN element can be
used to achieve a specific taper of the amplitude distribution
in a series-fed array. This has been done and is presented in
[17]. From Table II it is seen that the maximum percentage
of the input power that is radiated by an ANSERLIN antenna
so far achieved for m’ = 1 is 60 percent.

V. RADIATION PATTERNS

Extensive radiation patterns have been measured for each of
the antennas of Table I to determine the frequency at which the
radiation patterns display predominantly m = 1 mode charac-
teristics, and to characterize the radiation pattern performance
with varying frequency. Shown in Fig. 5 is an elevation plane
pattern at 2.10 GHz for antenna #5 measured with a spinning
dipole and recorded on a rectangular chart recorder. The pat-
tern is measured in the elevation plane making a 45° angle
(clockwise) with the plane of symmetry of the antenna. Be-
cause the radiation patterns are not perfectly symmetric about
6 = 0° (broadside), the orientation of the radiation patterns
with respect to the antenna is denoted by § = +90° for the
(%) side of the antenna (Fig. 1). Fig. 5 is a typical example
of the radiation patterns of ANSERLIN antennas for a phase
shift of m’ = 1. The beam is a hemispherical lobe with an
average half-power beamwidth of 65°. At the frequency for
which m’ = 1, the beam is fairly symmetric about § = 0 °
The axial ratio (AR) at § = 0° is 0.5 dB. An AR of 0 dB
at = 0° has been measured for some antennas. The AR
at the half-power points is less than 2.5 dB for all antennas,
and remains less than 2.5 dB for angles smaller than the half-
power angles. Somewhat degraded performance was observed
for antenna #1. In this case the AR is 2 dB at § = 0°, and
averages 3.5 dB at the half-power points. The frequencies at
which the antennas of Table I displayed predominantly m = 1
mode characteristics are listed in Table II.
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Figs. 6(a)-6(e) show the variation of the radiation pattern
of antenna #5 from 1.9-2.6 GHz. The elevation plane radi-
ation patterns were measured with a spinning dipole in the
plane making a 45° angle (counterclockwise) with the plane
of symmetry of the antenna. The radiation patterns in Figs.
6(b)-6(e) were measured with the annular-sector arm mounted
flush with a 36-in circular aluminum ground plane. Diffraction
ripple precluded obtaining quantitative AR information at 1.9
GHz using a 36-in ground plane. The radiation pattern in Fig.
6(a) was therefore measured with the annular sector mounted
over a 6-in square ground plane. The AR at § = 0° over 2.0-
2.4 GHz averages 0.5 dB for all antennas of Table I (except
#1). The AR is somewhat greater at 1.9 GHz as shown in
Fig. 6(a). For 2.0-2.6 GHz the AR is less than 2.5 dB at the
half-power points, and remains less than 2.5 dB for angles
less than the half-power angles. The half-power beamwidth
narrows as the frequency is increased, decreasing from an
average of 65° at 2.0 GHz, to less than 60° at 2.6 GHz.

A figure of merit that is an indication of the power gain at
broadside can be determined over the 1.9-2.6 GHz frequency
band measured from parameters of the radiation pattern of
antenna #5 given in Table III. The figure of merit is defined

(3]

where (Pp,q/Pin) =1 — |S,1]? is the total radiated power (since
IS11]=0), the second factor is the fraction of power that is ra-
diated with the desired sense of CP [18], and the third factor,
Pga/Pyg, is the ratio of power at broadside to the power
at the beam maximum (to account for the squinting of the
beam off broadside for m” # 1). This figure of merit does
not account for the narrowing of the main beam, and growth
of the sidelobe with increasing frequency; however, these two
factors roughly offset one another for the frequency span mea-
sured. An artifact of the radiation pattern measurement system
used in this study is the variation in the AR at § = 0° by as
much as 0.5 dB for different elevation planes, as well as an
uncertainty of 0.25 dB in the power at 6 = 0° relative to
the beam maximum. As a result, the entries in Table III for
the AR are an average of the AR for the four elevation planes
measured. The entries for power relative to the beam maxi-
mum are the maximum for an uncertainty of 0.25 dB in the
measurement. The figure of merit given by (4) is plotted ver-
sus frequency over a 30 percent bandwidth for antenna #5 in
Fig. 7. The variation of the figure of merit versus frequency
for antenna #5 is typical of all annular-sector, radiating-line
antennas; however, the percentage of the input power that is
radiated at a given frequency increases as the width of the
annular sector is increased.

A limiting factor in the radiation pattern bandwidth of the
antenna may be the squinting of the main beam from § = 0°
for frequencies at which m’ # 1. The beam squint is always
greatest in the plane perpendicular to the symmetry plane of
the antenna. The beam squint is taken as the average of the
+0 angles at the haif-power points of the radiation pattern.

M> @)

(1 —AR) <PMB

1+ AR
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Fig. 6. Elevation plane radiation patterns of antenna #5 measured with a spinning dipole. (a) 1.9 GHz. (b) 2.0 GHz. (¢) 2.2
GHz. (d) 2.4 GHz. (e) 2.6 GHz.
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TABLE III

PERCENTAGE OF THE INPUT POWER THAT IS RADIATED,
AR AT 6 = 0°, AND POWER AT 6 = 0° RELATIVE
TO THE BEAM MAXIMUM FOR ANTENNA #5

% of 1input average AR | power at figure of
frequency | power at @ = 0° e =0° merit (in
(GHz) radiated (dB) relative percent )
(1-[59112) to the

beam
maximum
(dB)
1.9 38 1.0 -0.25 35
2,05 45 0.5 -0.25 42
2.1 50 0.5 -0.25 47
2.2 64 0.25 -0.25 60
2.4 71 0.25 -0.25 67
2.6 77 1.0 -1.0 60

For m’ < 1, the beam squint is toward § = +90 ° . For
antenna #5, the beam squint is 6° at 1.9 GHz. For m" > 1,
the beam squint is toward § = —90°, and is slightly less than
15° at 2.6 GHz for antenna #5.

V. CoNCLUSION

A simple, low profile, traveling-wave antenna with a broad-
band, circularly polarized radiation pattern has been pre-
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sented. The traveling-wave phase progression at the m’ =1
frequencies results in a source distribution that is known to
produce a single-lobe, circularly polarized radiation pattern.
A wideband 50 Q input impedance has been shown. The
traveling-wave phase shift has been verified through near-
field probing measurements. An approximate formula for the
m’ = 1 frequency has also resulted from the near-field prob-
ing measurements. A wide radiation pattern bandwidth based
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on a defined figure of merit has been achieved. Although an
air dielectric was used for the annular sector, radiating-line
antenna in this study, it should not be considered essential.
However, constructing the antenna on a substrate with e, # 1
will affect the radiation pattern performance. It is expected
that the m’ = 1 frequency will be lowered and the percent-
age of the input power that is radiated at a given frequency
will be decreased. However, the beam broadening resulting
from the lower m’ = 1 frequency should reduce some of the
effect of the beam squint. A 270° annular sector was used in
this study to allow space for the input and output fin- trans-
mission lines. Feeding the annular sector in another manner
that allows for an angle of larger than 270°; however, will
increase the percentage of input power that is radiated by an
annular sector, radiating-line antenna.
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