1

SAND2019-4893J
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Abstract—Sinuous antennas are capable of producing ultra-
wideband radiation with polarization diversity. This capability
makes the sinuous antenna an attractive candidate for UWB
polarimetric radar applications. Additionally, the ability of the
sinuous antenna to be implemented as a planar structure makes
it a good fit for close in sensing applications such as ground pen-
etrating radar. However, recent literature has shown the sinuous
antenna to suffer from resonances which degrade performance.
Such resonances produce late time ringing which is particularly
troubling for pulsed close in sensing applications. The resonances
occur in two forms: log-periodic resonances on the arms, and a
resonance due to the sharp ends left by the outer truncation.
A detailed investigation as to the correlation between the log-
periodic resonances and the sinuous antenna design parameters
indicates the resonances may be mitigated by selecting appropri-
ate design parameters. In addition, a novel truncation method is
proposed to remove the sharp end resonance. Both simulation and
measured results are provided to support the developed sinuous
antenna design guidance.

Index Terms—Antennas, broadband antennas, ground pene-
trating radar, radar antennas, sinuous antennas.

I. INTRODUCTION

The sinuous antenna was first published in a patent by
DuHamel in 1987. The patent describes the sinuous an-
tenna as a combination of spiral and log-periodic antenna
concepts which resulted in a design capable of producing
ultra-wideband (UWB) radiation with polarization diversity
[1]. Such attributes have made the sinuous antenna useful in
direction finding [2], [3], human health monitoring [4], radio
astronomy [5]—[8], terahertz detectors [9]-[12], electromag-
netic pulse (EMP) [13], and other UWB applications.

The use of sinuous antennas in polarimetric radar systems
[14] is especially intriguing due to the ability of the four-arm
sinuous antenna to produce dual-polarized radiation over wide
bandwidths. Other wideband antenna designs such as quad-
ridge horn [15], Vivaldi [16], and resistive-vee [17] antennas
provide similar capabilities. However, they require relatively
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Fig. 1.
cells, 7 = 0.75, « = 60°, Ry = 5 cm, with traditional truncation). Right:
Improved Design (8.5 cells, 7 = 0.7628, o = 45°, Ry = 5 cm, with the
new truncation). Note: the two designs have the same outer radius.

Ilustration of sinuous antenna designs. Left: Reference Design (8

large and often complex three dimensional structures in order
to produce orthogonal senses of polarization. Alternatively, the
sinuous antenna may be implemented as a planar structure.
The combination of polarimetric capabilities with a low pro-
file make the sinuous antenna attractive to close-in sensing
applications such as ground penetrating radar (GPR).

Although sinuous antennas provide the desirable properties
described above, the antennas can suffer from unintended res-
onances which degrade performance. The sharp ends produced
by the outer truncation (see Fig. 1) of the antenna have been
shown to resonate when their length is approximately A/2
which produces both pattern distortion and ringing in the time
domain [18]-[21]. Further, log-periodic resonances occurring
internal to the sinuous arms have been observed and shown
to produce additional ringing as well as deleterious effects
on gain smoothness, polarization purity, and group delay [21],
[22]. Such resonances may reduce the effectiveness of sinuous
antennas, particularly when applied to sensing applications
which transform the data into the time domain. However,
techniques for their mitigation have been presented in the
literature. The sharp ends may be empirically removed in order
to prevent the associated resonance [6], [18]-[24]. Similarly,
in [21], [22] the sinuous cell tips were clipped along the
antenna arm in order to mitigate the log-periodic resonances.
While these techniques have been successful, they require
additional empirical design steps while destroying the self-
complimentary nature of the antenna—reducing both elegance
and frequency independence.

In this work, a detailed investigation as to the correlation
between the log-periodic resonances and the sinuous antenna
design parameters will be presented. It will be shown that these
resonances may be mitigated simply by selecting appropriate



Fig. 2. Illustration of sinuous antenna design parameters: angular width «,
expansion ratio 7, outermost cell radius R1, and curve rotation angle §.

design parameters. In addition, a novel truncation method is
proposed to remove the sharp-end resonance. Measured data
is provided in order to validate the developed design guidance.

II. SIMULATIONS
A. Sinuous Antenna Geometry

Sinuous antennas are comprised of N arms each made up
of P cells where the curve of the p™ cell is described in polar
coordinates (r, ¢) by

6= (~1)"'ay sin (L In{r/Ry) ) L ()

where R, 1 <r < R, [1].In (1), R, controls the outer radius,
7p the growth rate i.e., R, 11 = TR, and o, the angular width
of the p' cell. The curve is then rotated by the angles +4 in
order to fill out the arm. The design parameters are illustrated
in Fig. 2. In this analysis, four-arm (/N = 4) sinuous antennas
are considered with 7, o, and ¢ constant for all cells which
produces log-periodic structures [1], [25]. Additionally, § is set
to 22.5° for all antennas considered in order to produce self-
complementary structures'. The self-complementary condition
helps ensure that the sinuous antenna’s input impedance is
both real and frequency independent [26]. The antenna is fed
by a self-complimentary arrangement of orthogonal bow-tie
elements each feeding a set of opposing sinuous arms.

B. Resonances

In order to investigate the resonances, a full-wave electro-
magnetic analysis of the sinuous antenna in free-space was
conducted using the CST Microwave Studio [27] time-domain
solver. Both pairs of opposing sinuous arms were terminated
by an ideal port set to the theoretical impedance of 267
Q [26]. A single pair was then driven, with the other pair
remaining matched, in order to produce linearly polarized
radiation. The resulting co-polarized realized gain and group
delay are shown in Fig. 3 (Reference Design) and display
prominent resonances. The resonance at approximately 1.7
GHz is attributed to the sharp-ends of the antenna [21] and will
be removed by the outer truncation discussed in section II-D.

'A structure is considered self-complimentary when the metal and non-
metal sections are exact replicas offset by a rotation. For sinuous antennas
defined by (1), the self-complimentary condition is met when § = 90°/P.
The parameter o does not affect this condition as only J controls the metal
to non-metal ratio.
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Fig. 3. Co-polarized realized gain (logarithmic frequency scale) of sinuous
antennas: Reference Design (8 cells, 7 = 0.75, a = 60°, R = 5 cm, with
traditional truncation) and Improved Design (8.5 cells, 7 = 0.7628, o = 45°,
Ry =5 cm, with new truncation).

The additional resonances starting at 2.9 GHz are log-periodic
in frequency and attributed to interactions between adjacent
arms. It will be shown in section II-C that these interactions
may be mitigated by reducing the interleaving of adjacent arms
i.e., smaller values of «.

C. Parametric Study

A parametric study of both the angular width « and expan-
sion ratio 7 was conducted in order to determine correlation
with the log-periodic resonances. The study resulted in a
large amount of data which motivated the development of
a gain smoothness metric for quantifying the effectiveness
of each parameter combination at mitigating the log-periodic
resonances. The metric M 1is the root-mean-squared error
between the co-polarized realized gain and its /N-point simple
moving average as

1 fe 1 n+N/2 2
M= 5 2 (IG(fn)l—N > IG(fk)|>, (@)
fn=Ffs k=n—N/2

where in this case fsiort =~ 3 GHz, fsiop = 10 GHz and
N = 31 (600 MHz wide). The actual starting frequency
was adjusted for each design to ensure all the log-periodic
resonances were included and not the resonance due to the
sharp end. The results of the metric are shown in Fig. 4 and
indicate that the gain smoothness converges at approximately
o = 45° for all values of 7.

Although decreasing « to < 45° may produce smooth radi-
ation over wide bandwidths, the overall length of the sinuous
antenna arms are decreased thus negatively impacting the low-
frequency operation of the antenna. The lowest frequency
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Fig. 4. Gain smoothness metric M computed for the parametric study which
shows distortion of gain over frequency increases with «. For this study, the
value of o was swept from 35° to 65° in 5° increments for three values of 7
(0.75, 0.825, and 0.866) while keeping all other design parameters constant.

of operation is inversely proportional to a by the following
approximate relation

flo

v
~ 4ARp(a+9)’

where v is the wave velocity and « and § are specified in
radians [1]. For applications desiring smooth gain in addition
to low-frequency operation, o = 50° may be used with a larger
7. The results in Fig. 4 indicate 7 = 0.825 to be optimal.
Although, other performance trade-offs must be considered
with larger values of 7 such as increased dispersion and
conductor losses [28].
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D. Outer Truncation

Traditionally, sinuous antennas have been truncated in a
circle of radius R applied at the end of the last cell i.e., R =
R;. This truncation method produces a sharp end, as shown in
Fig. 1, that resonates when its length is approximately A/2. In
[18]-[21] this resonance is mitigated by clipping off the sharp
ends; however, a new technique is presented here that simply
changes the circular truncation radius Ry to the tip of the
outermost cell (i.e., Ry = /T R1), as illustrated by the antenna
on the right in Fig. 1. This technique mitigates the resonance
as the sharp ends are no longer produced. Additionally, the
self-complementary nature of the antenna is maintained.

E. Improved Design

Utilizing the design guidance developed herein, a sinuous
antenna was developed to produce smooth radiation over UWB
frequency. The value of « is chosen as 45° in order to prevent
the log-periodic resonances while the outer region is truncated
by the new method proposed above. Both 7 and R; have been
adjusted to 0.7628 and 5.72 cm respectively in order for the
truncation radius to be equal to the outer radius of the reference
design. In addition, the radius of the bowtie element feed is
kept to a constant 0.5 cm. The number of cells P is increased
by one to have the same number of complete cells when the
circular truncation is applied to the outermost cell tip. From the
results presented in Fig. 4, one might have based the improved
design on the 12 cell (7 = 0.825) antenna with 50° angular
width; however, for comparison purposes, particularly in the
time-domain, the improved design was kept as close to the

reference as possible. The simulated realized gain and group
delay are plotted in Fig. 3 (Improved Design) and show the
resonances have been successfully mitigated. The resonance at
1.7 GHz was mitigated by the new truncation method while
the log-periodic resonances were mitigated by the selection of
«. The smooth gain and corresponding smooth group delay
prevents ringing in the time domain when utilized for pulsed
UWB applications.

F. Time-Domain Analysis

Distortion in the gain of the sinuous antenna—due to the
resonances—ultimately results in ringing when the antenna
is used in pulsed type applications. This can be particularly
troublesome for close-in sensing applications such as GPR.
Examination of the radiated fields in the time domain is
necessary to determine the extent of such ringing. Fig. 5 shows
the radiated pulses at 2 m for the sinuous antennas investigated
when driven by an UWB pulse. The excitation pulse used was
a Differentiated Gaussian which is defined by

(t—p) (t — p)?
o 202

where p represents an arbitrary time shift and o, defined
as 2.3548/ (2w fpw ), controls the width of the pulse. In the
presented analysis vpeqr Was set to 1 V and fpw to 7.5 GHz
resulting in peak spectral energy at 3.2 GHz. The radiated
pulses shown in Fig. 5 do not have the shape described in
(4), this is due to dispersion. Compensation of dispersion in
sinuous antennas is a topic of future research.

As shown in Fig. 5, the resonances present in the reference
antenna radiation produce high frequency ringing following
the pulse in time. Mitigation of the frequency domain reso-
nances eliminates the time domain ringing as illustrated by the
improved design. Note that the improved design has a slightly
different pulse shape, compared to the reference design, due
to the change in 7. The improved design is able to produce
smooth radiation merely by selecting the appropriate angular
width and outer truncation.

Upulse(t) = —Upeak €xXp [05 - j| ) (4)

III. MEASUREMENTS
A. Antenna Fabrication

In order to provide experimental validation for the previous
analysis conducted through simulation, both the reference
and improved designs (described above) were fabricated and
measured. The antennas were produced by an LPKF PCB
milling machine [29] out of 0.062” Rogers RT/duroid® 5880
laminate (0.5 oz. copper clad). The 5880 material has very low
loss (tand of 0.0009 at 10 GHz) and a relative permittivity &,
of 2.20 [30]. The fabricated antennas are shown in Fig. 6. As
can be seen, each set of opposing sinuous arms were placed
on opposite sides of the substrate. This was done in order to
simplify feeding the antennas. Since linear polarization was
desired for the validation measurements, only a single pair of
arms were fed by a tapered microstrip balun while the other
pair of arms were terminated with a 2152 chip resistor [31],
[32]. Simulation results showed the presence of the substrate
lowered the input impedance to approximately 215¢2 (averaged
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Fig. 5. Comparison of radiated pulses at 2 m (boresight) for Reference

Design (with resonances) and Improved Design (without resonances). Note
the significant late time ringing present in the Reference Design.

§ -

Fig. 6. Fabricated sinuous antennas: reference (left) and improved design
(right).

over the band). The constructed balun started as unbalanced
50€) microstrip which was then tapered over a 90 mm length
to balanced 215€2 parallel stripline. The top trace was tapered
linearly while an exponential taper was used for the ground
plane (pictured in Fig. 6). The microstrip was fed by an SMA
edge connector. For structural stability, triangular braces were
included (also cut from the 5880 material) and the balun had
tabs that extended through slots cut into the antenna substrate
allowing plastic pins to hold the parts together.

B. Results

The antenna patterns were measured using an MVG StarLab
near-field measurement system [33]. Full models of the mea-
sured antennas (including the SMA transition) were developed
in CST and simulated using the time-domain solver. The
simulated and measured realized gains of the reference and

Reference Design (with resoances)
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Fig. 7. Measured and simulated co-polarized realized gain of the fabricated
antennas: reference design (top) and improved design (bottom). Simulation
results are overlayed as the dashed line.

improved designs are shown in Fig. 7. As can be seen, the
simulated and measured results correlate very well from 2 to
6 GHz. At the lower and higher frequencies some relatively
small discrepancies are observed. This is not surprising since
the antenna is not well matched below 2 GHz and at higher
frequencies the coarseness of the mesh as well as fabrication
imperfections start to have an effect. However, the presence
and mitigation of the resonances in the gain are unmistakably
clear. Also, note that the presence of the substrate shifts the
resonances observed down in frequency from that shown in
Fig. 3.

IV. SUMMARY

In this letter, an analysis of the relationship between the
sinuous antenna design parameters and resonances producing
distortion in the radiation was presented. It was determined
that the resonances may be eliminated by proper selection
of both the design parameters and outer truncation method.
The optimal value of o was slightly impacted by the choice
of expansion ratio 7 but converged at approximately 45° for
all the designs investigated. These results are corroborated by
design guidance provided in [34]. Mitigation of the resonances
by the proposed techniques provide advantages over those
proposed in the literature [18]-[22] since the antenna remains
self-complimentary and does not require additional, empirical,
design steps i.e., trimming.
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