844 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 54, NO. 3, MARCH 2006
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Abstract—This paper presents a comprehensive analysis of
a broadband (2-18 GHz) cavity-backed Archimedean spiral
antenna. The simulation of the device is performed using the
finite-volume time-domain method. The high geometrical flexi-
bility of this method permits a detailed modeling of the antenna
including the thin substrate, the feeding balun, and the cavity
loaded with a honeycomb absorber. The simulated far-field radia-
tion patterns and the return loss are compared to measurements,
showing an excellent agreement over the whole frequency band.
The radiation mechanism of the spiral is visualized by observing
the current distribution on the spiral arms for both pulsed and
harmonic excitation modes.

Index Terms—Current distribution, spiral antennas, time do-
main analysis.

1. INTRODUCTION

LANAR spiral antennas are widely used as circularly po-
larized broadband devices for airborne RF applications.
They are compact, can be flush-mounted on the surface of a ve-
hicle and are characterized by stable input impedance and radi-
ation characteristics (gain, axial ratio, beamwidth) maintained
over several octaves. Because of the front-to-back symmetry, a
spiral antenna in free space radiates bi-directionally, i.e., with
maxima on each side of its plane. Therefore, for most applica-
tions, where unidirectional operation is required, the spiral is
backed by an absorber-loaded cavity. This eliminates back-side
radiation without decreasing the frequency band of operation,
however at the cost of an efficiency reduction. The wideband
balun necessary for the balanced feeding of the antenna is com-
monly embedded in this cavity. The frequency band of the spiral
as a circularly polarized radiator is limited by the following
dimensions: The outer radius of the spiral sets the lower fre-
quency of operation, whereas the extent of the feed determines
the high-frequency limit.
The analysis of cavity-backed spiral antennas represents
a complex problem, that is not easily handled by numerical
methods. This has been shown by several authors who have in-
vestigated different types of spirals using various computational
techniques (e.g., [1]-[7]). Among the different spiral types,
the Archimedean spiral is often found in practical systems.
It is characterized by a constant arm width. Stable radiation
characteristics over large bandwidths are obtained using tightly
wrapped spirals, i.e., with narrow arms and a large number of
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windings. Each spiral arm exhibits consequently a very large
length/width ratio.

The accurate modeling of such features, which represents a
very challenging problem in computational electromagnetics, is
addressed in the following using the finite-volume time-domain
method (FVTD) [8], [9]. An essential characteristic of the
FVTD method is its geometrical flexibility, since the dis-
cretized equations are solved in unstructured inhomogeneous
meshes. Therefore, the method is well suited for electromag-
netic problems involving curved surfaces and different scales
of structural details.

In this paper the FVTD method is applied to the analysis
of a cavity-backed Archimedean spiral antenna for operation
between 2 and 18 GHz. The discretized model of the device
exhibits a remarkable level of details, including the width of
the spiral arms, the thin substrate, the absorber-loaded metallic
cavity and the feeding mechanism (balun). For validation of the
method, the return loss and the far-zone radiated patterns ob-
tained from the simulations are compared with measurements
performed in an anechoic chamber, showing an excellent agree-
ment. The results of the time-domain simulations further permit
visualization of the current densities on the spiral arms, either
in pulsed or harmonic operation. This allows insight into the ra-
diation mechanism of the device, illustrating the well-defined
frequency-dependent active zone of the spiral.

II. FVTD SPIRAL ANTENNA MODEL

In the following, the relevant simulation characteristics of
the spiral antenna are presented. After a short description of
the method applied, the investigated device is depicted in three
steps: The spiral itself, the feed and the absorber loaded cavity.

A. The FVTD Algorithm

The FVTD formalism is based on the following volume-sur-
face integral forms of Maxwell’s curl equations [10], [11]
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In this equation, the integration volume V; is bounded by the
surface OV, and 7i represents the outward-pointing normal unit
vector of the surface element da. The coupled equations in (1)
need to be discretized for computation of a numerical solution.
Several variations of the FVTD scheme exist, based on different
locations of the variables and various approximations used in
practical implementations [12]. The algorithm of the present
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Fig. 1. Top view of the spiral antenna. The metal parts are shown in black.
The outer ring corresponds to the top of the metallic cavity. The light gray
corresponds to the substrate. The inset shows a magnification of the surface
mesh of the spiral.

analysis is applied in a tetrahedral meshed and is based on a
cell-centered flux-splitting formulation together with the mono-
tonic upwind scheme for conservation law (MUSCL) [11]. The
time discretization follows a Lax-Wendroff predictor-corrector
time iteration [11], coupled with a local time-stepping scheme
[12]. The inhomogeneity of the space discretization (tetrahe-
dral mesh) permits to minimize the number of cells necessary
to model a complex multi-scale structure, whereas the geom-
etry-matched local time steps relax the stability criterion, in-
creasing the efficiency of the algorithm.

B. FVTD Model of the Spiral

An Archimedean spiral is characterized by a fixed arm width
along its windings. The spiral function can be written in polar
coordinates (p, ¢) as

p = po(¢+ bo) 2

where pg defines the winding tightness and ¢ is the starting
angle of the spiral which determines the inner radius. A two-arm
self complementary spiral antenna is defined by rotating 4 such
curves in increments of 7 /2. The cavity-backed spiral antenna
investigated here is an existing device designed for 2—18 GHz.
The spiral arms start at an inner radius equal to 0.25 mm, nec-
essary to accommodate the space for the feed. The full spiral
structure, with 26 turns and an outer radius of 26 mm, is shown
as top view in Fig. 1. The metallic spiral arms are supported by a
substrate with thickness 0.254 mm and a relative dielectric per-
mittivity e, = 2.2. This thin substrate is included in the FVTD
model and its role will be discussed in Section IV-C.

The geometry of the spiral puts stringent requirements on
the model discretization: Besides the difficulty of modeling
the curved spiral shape, the structure exhibits large differences
in scales, since the overall length along one arm of the spiral
is more than 2 m, whereas the transversal arm width is only
0.25 mm (length to width ratio > 8000). An unstructured,

honey comb
absorber

X

Fig. 2. Cut open FVTD model of the spiral antenna showing the arrangement
of the spiral, the substrate, the cavity loaded with the honeycomb absorber, and
the balun.

inhomogeneous mesh is a then great advantage to model the
spiral antenna with a minimum number of volume elements:
The typical linear size of the tetrahedron increases rapidly
with the distance to the spiral, from ~ A,;,,/100 necessary to
resolve the feed, to A,in/10 commonly required for free-space
FVTD simulations.

C. FVTD Model of the Feed

The cavity-backed spiral antenna is connected to the outer
electronics through a coaxial connector. A broadband balun
transforms the unbalanced coaxial mode into the balanced
two-wire transmission line mode that feeds the antenna. Addi-
tionally, the balun provides impedance transformation (through
a tapered paired-strip line), from the 50 {2 impedance of the
coaxial line to the impedance of the spiral antenna. The balun
is inserted in the cavity that backs the spiral. The corresponding
analysis, in particular the general definition of the ports in the
FVTD algorithm, has been addressed in [13]. In the following
simulation, the balun is included in the full model of the spiral
antenna.

D. FVTD Model of the Absorber-Loaded Cavity

The absorber-loaded cavity behind the spiral suppresses un-
desired back radiation of the spiral. The cavity (around 22 mm
deep) is filled with a honeycomb absorber with hexagonal cells
arranged as shown in Fig. 2. The honeycomb structure itself is
coated with a resistive material. The resistivity is graded, with
an increase toward the bottom of the cavity to maximize ab-
sorption. Obviously, the absorber lowers the efficiency of the
antenna by about 50%.

To model the absorber-loaded cavity in FVTD, the resolved
honeycomb structure is considered as made of thin conducting
sheet. The conductivity is increased in two successive steps in
the lower part of the cavity to reproduce the graded coating of
the honeycomb absorber. Surface impedance values, required
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for the numerical analysis, are approximated on the basis of
reflection and transmission measurements performed in wave-
guides loaded with the honeycomb absorber. Parametric sim-
ulations indicate that the reflection and transmission are not
critically sensitive to parameter variations.

E. Computational Load

The convergence of the simulation has been tested using dif-
ferent surface discretization of the spiral arms. Good conver-
gence of the results is observed when at least two rows of tri-
angles per arm width are used, as shown in the inset of Fig. 1.
Based on the surface mesh, a strongly inhomogeneous volume
mesh is created with rapidly growing tetrahedrons around the
spiral. The resulting full model shown in Fig. 2 requires 1.5 mil-
lions tetrahedrons, which translates into a memory requirement
of around 1 GB, compatible for use on a standard PC. For a sim-
plified spiral model, for example for a spiral in free-space, the
memory requirements can be decreased under 700 MB. In all
cases, the heaviest part of required memory lies in the resolu-
tion of the spiral itself.

The volume ratio of the largest to the smallest cell is around
600’000, and the use of geometry-matched local time steps [12]
is then crucial to increase the efficiency of the FVTD computa-
tion: The tiny cells necessary to resolve the spiral arm structure
and the spiral feed require a very short time step (~0.04 ps),
whereas the largest cells of the present model are updated up to
32 times less often.

The time-domain analysis of the spiral requires very long
simulation times in order to allow low-frequency components
to propagate along the spiral arms out to their radiation region,
as will be shown in the next section. Simulation times of 10 ns
are considered necessary for convergent results down to 2 GHz.
This requirement translates into large overall CPU times: The
computation times for the most sophisticated model required
several days (on average 5 s per time step At) on a standard
Pentium IV computer, which are comparable to the data given
in [6] obtained with FDTD for a spiral in free-space. Currently
tested acceleration techniques for the FVTD code are ex-
pected to yield a significant improvement of the computational
efficiency.

The next two sections describe the results of the numerical
analysis. First, a comparison of the simulated radiation perfor-
mances with measurements will be presented. Second, the cur-
rent densities on the spiral arms will be discussed.

III. COMPARISON WITH MEASUREMENTS

A validation of the presented simulations is obtained by com-
parison with measurements. For this purpose, the far-field pat-
terns and the return loss of the antenna have been measured over
the whole operation range.

A. Far-Field Pattern

Fig. 3 compares measured and simulated patterns at 2, 4, 8§,
and 16 GHz in two orthogonal planes xz and yz perpendicular
to the spiral plane (see Fig. 2). The selected frequencies are rep-
resentative of the very good agreement in the whole frequency
range of operation.
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Fig. 3. Measured and simulated far-field patterns of the cavity-backed spiral
at the four featured frequencies in two orthogonal planes perpendicular to the
spiral plane: — measured, — —— simulated. LHS: 2z plane, RHS: yz plane.

The axial ratio (AR) and the phase between the two orthog-
onal electric field components Ey and Fyg are shown (for the
same frequencies) in Fig. 4, limited to one plane for brevity.
The phase of 270 degree observed for back radiation indicates
a reversal of polarization for back radiation.

Through all the operating frequency range of the spiral an-
tenna, its polarization is circular, with an axial ratio well under
3 dB in broadside direction. Fig. 5 shows, as a function of fre-
quency, the simulated broadside axial ratio together with the
phase Ay between F/; and Fy. Both the axial ratio and the phase
clearly indicate the transition from linear polarization (AR =
00, Ap = 0°) to circular polarization (AR = 0 dB, Ap =
90°), which happens slightly below 2 GHz. At this frequency of
operation, currents reflected at the outer end of the spiral arms
alter the circular polarization of the spiral.

As will be demonstrated later (Section V), the thin substrate
decreases the effective wavelength of the currents on the spiral
arm. Therefore, the presence of a substrate shifts slightly the
bandwidth of the spiral toward lower frequencies.
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Fig. 4. Measured and simulated axial ratio (AR) and phase between the two
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Fig. 5. Simulated broadside axial ratio of the polarization ellipse and phase
between the orthogonal field components as a function of the frequency.
The two curves illustrate the transition from linear to circular polarization
(occurring below 2 GHz).

B. Return Loss

A simulation of the balun and the feed mechanism for the
spiral antenna has been presented in [13]. In this reference, the
two-wire line that feeds the spiral was terminated with an ab-
sorbing boundary. Simulating the balun embedded in the full
spiral antenna yields a very similar matching behavior. This is
demonstrated in Fig. 6, where both simulated results are com-
pared and good agreement to the measured return loss of the
spiral antenna was found. The results show merely a slightly
higher reflection in the region of low return loss S1; for the full
device compared to the isolated balun. This indicates that the
balun is the component that mostly determines the return loss
and therefore plays the most critical role to achieve broadband
operation of a practical spiral. Simulations of the balun and of
the spiral structure might be carried out separately to save com-
puter resources, at the cost of a slightly reduced accuracy.
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Fig. 6. Comparison of the simulated and measured return loss of the
cavity-backed spiral antenna. Also represented is the return loss of the balun
only.

IV. CURRENT DENSITY DISTRIBUTION ON THE SPIRAL

The representation of the current distribution on the arms of
the spiral permits to visualize the active region of the spiral ra-
diator. The surface electric current densities on the spiral arms
are retrieved from the near-zone field distribution. The sign of
the current density is determined from its component tangential
to the spiral according to the following convention:

* positive for currents along the spiral toward the outer end;
* negative for currents along the spiral toward the feed.

In the following, the current distribution is analyzed first for
broadband excitation and second in the harmonic case.

A. Pulse Excitation

For broadband numerical analysis, the spiral is excited using
a modulated Gaussian pulse with bandwidth covering the oper-
ation bandwidth of the device. Fig. 7 shows the instantaneous
current density on the spiral arms at selected times for excita-
tion with a single pulse (shown in the inset of Fig. 8). In the
simplified model used for these representations, the feed is pro-
vided by a point source in the spiral center, to avoid pulse dis-
tortions caused by the balun. The most obvious feature of the
propagation along the spiral arms is a temporal broadening of
the pulse. This frequency dispersive behavior is explained clas-
sically by the radiation mechanism of the spiral: The energy as-
sociated to a certain frequency component is radiated from a
ring-like region with a circumference approximately equal to a
full wavelength [14]. Therefore, higher frequency components
are radiated from regions located closer to the feed than lower
frequency components. In the representation of Fig. 7, the cur-
rent density has been normalized for each snapshot to the in-
stantaneous maximum .J,,x Which decays with time as shown
in Fig. 8. It should be noted that the exact rate of the decay is
dependent on the spectrum of the excitation pulse. The decay
is interrupted after 8 ns because the leading components of the
pulse have reached the end of the spiral and are reflected toward
the feed.
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Fig. 7. Propagation of a single pulse on the spiral antenna. The outer circle
indicates the maximum radius of the spiral. Each plot is a snapshot of the current
density distribution normalized to the instantaneous maximum current density
Jimax(t). The contrast is exaggerated for better visibility. The sign of the current
density is defined by considering the propagation direction along the spiral.
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Fig. 8. Maximum of the current density on the spiral as a function of time

(in logarithmic scale). The filled squares indicate the times corresponding to
the images of Fig. 6. As the pulse propagates along the spiral, the maximum
current density decays because of radiation. The higher frequency components
are radiated first. Inset: shape of the pulse used for excitation.

The temporal evolution of the pulse is shaped by the fre-
quency-dependent radiation process, but is also influenced by
the crosstalk between the adjacent windings of the spiral in ra-
dial direction. This can be anticipated looking at Fig. 7 but be-
comes clearly visible in the representation of Fig. 9. There, in-
stantaneous current densities along the length of one arm of the
spiral are represented at several times of the simulation. Only
1.0 m of the 2.2 m total length of the spiral arm is represented.
Also indicated in the top scale are the starts of new spiral turns.
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Fig. 9. Current density distribution of a pulse propagating along one arm of
the spiral at three different times. Each graph shows the envelope of the current
density (dotted line) as well as the instantaneous current density at the indicated
time (solid line). The length along the arm is measured in the middle of the
spiral metallization. As the short pulse propagates along the spiral, it becomes
broadened and its amplitude decays. Also visible are oscillations (ringing)
caused by coupling between adjacent windings of the spiral arms.

Several characteristics of the pulse propagation on the spiral can
be highlighted.

e The pulse broadening and amplitude decay are clearly vis-
ible in this representation.

¢ The maximum of the pulse shows propagation velocity
smaller than the free-space velocity along the spiral. This
is partly explained by the influence of the substrate. It is
also postulated that current-wave propagation is not con-
stant and dispersive along the spiral, causing lower fre-
quencies to be slower in the inner turns of the spiral than
higher frequency components. This results in the chirp of
the pulse that is visible in the spatial domain along the arm
of the spiral.

» Besides propagation of currents along the spiral arms, mu-
tual coupling between the adjacent windings of the spiral
represents another propagation path on the spiral, in ra-
dial direction. This becomes apparent in the oscillations
(ringing) that extend to the outer windings of the spiral.
The growth of the ringing width (especially visible in the
upper graph of Fig. 9 comparing, e.g., the circled location
1 and 2) is caused by the increased length of the spiral
turns toward the outer region.

* A low-amplitude wave is also observed in the inner turns
of the spiral (left from the pulse maximum in the graphs),
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Fig. 10. Snapshots of the steady-state current density for different frequencies:
(a) 16 GHz, (b) 8 GHz, (c) 4 GHz, (d) 2 GHz. The contrast is exaggerated for
better visibility. The outer circle indicates the maximum radius of the spiral.
The scale shown in (a) applies to the four images.

with components propagating from the maximum toward
the center. The observed intricate patterns are formed both
by reflections and crosstalk effects.

In summary, the propagation along the spiral arms is influ-
enced by several effects: dispersion (chirp), crosstalk between
the arms and reflection at the outer end of the spiral arms. The
characteristics of the propagation can be better characterized
using harmonic excitation, as described in the next section.

B. Harmonic Excitation

The use of monochromatic sinusoidal excitation permits a
better visualization of the frequency dependence of the spiral
radiation mechanism. The current density distribution on the
spiral (printed on a substrate) at a particular time in steady-state
is shown in Fig. 10 at the operation frequencies of 2, 4, 8 and
16 GHz. These images qualitatively demonstrate the concept of
frequency-dependent active region where the radiation process
is taking place on the Archimedean spiral: This active region
adapts itself to the operation wavelength and is characterized by
in-phase currents on two adjacent arms [14], which occurs in an
annulus around the feed with a mid-radius equal to Aog /27. The
effective wavelength A is the wavelength of the waves on the
spiral arms and is determined by the substrate characteristics,
and by the geometry of the spiral.

The classical model considers damped sinusoidal currents on
the spiral arms and describes qualitatively the frequency-depen-
dent behavior of the spiral antenna. The simulations presented
here permits a more detailed view of the current distribution on
the spiral, taking into account the effect of the substrate and the
mutual coupling between the windings.

Fig. 11 shows the amplitude of the current density as a func-
tion of the radial distance from the feed on the spiral arms at

Current magnitude (dB)

. . . [ , .
0 5 10 15 20 25
Radial distance (mm)

Fig. 11. Amplitude of the current density on the spiral arm as a function of
the radial distance from the center for 4 frequencies of operation: 2, 4, 8 and
16 GHz.
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Fig. 12. Instantaneous current density along the arm of the Archimedean spiral
for 4 GHz excitation. The envelope is also shown as dotted line. Only the first
800 mm of the 2200 mm spiral arms are displayed on the graph. The upper
horizontal scale indicates the turns of the spiral. The length along the spiral is
measured in the middle of the metallic arm.

2, 4, 8 and 16 GHz. The curves represent another illustration
of the frequency-dependent current decay along the spiral arms.
However, another distinctive characteristic can be observed in
Fig. 11: A local minimum (highlighted by an arrow) is visible in
each curve after the initial decay of the current along the spiral.
Beyond this minimum, the amplitude is characterized by oscil-
lations indicating a standing wave pattern. Therefore, this min-
imum is interpreted as an indicator of the outer limit of the active
region of the spiral antenna.

Fig. 12 represents the simulated instantaneous current density
at 4 GHz along one arm of the spiral. Also represented is the
envelope of the current density along this arm. The distinctive
minimum described in the previous paragraph is indicated by
the arrows in the graph and can be used to define two domains:

e On the inner part of the spiral, before this minimum, the

current density takes the shape of a damped sinusoid trav-
eling outwards. However, the apparent wavelength of the
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Fig. 13.

Simulated instantaneous current density distribution at 8 GHz on the
center of the spiral antenna for the spiral in free-space (left graph) as well as
for two different values of the substrate dielectric permittivity. All images are
plotted for the same time, i.e., with the same excitation phase. The side of the
square area shown is equal to 24 mm.

oscillations along the arm varies slightly with the loca-
tion on the spiral, because of the changing transverse field
distribution. Shortly before the highlighted minimum, the
observed effective wavelength \.g corresponds to a spiral
turn AL, as highlighted in Fig. 12.

* On the outer turns of the spiral, beyond the minimum, the
current distribution is no more sinusoidal and exhibits
standing wave characteristics. The wave is shaped by
crosstalk between the windings and by the reflection on
the arms of the spiral.

Based on this consideration, the effective wavelength A.g in
the active radiation region is retrieved from simulations, con-
sidering the observed wavelength on the inner spiral windings
just preceding the distinctive minimum (i.e. around half-turn be-
fore). Based on this effective wavelength, the effective permit-
tivity e in the active region can be estimated according to

A
et = —= (3)
Eeff
and the radius of the active region corresponds then to
Ae A
To = o = o — @)

2w 2’/T,/Eeﬂ.

The determination of these quantities permits to characterize
the effect of the substrate below the spiral, as described in the
following section.

C. Substrate Effects

The spiral described here is placed on a 0.254 mm thick sub-
strate with permittivity £, = 2.2. The effect of this thin sub-
strate on the current density is characterized by the effective per-
mittivity in the active region and/or by the active radius of the
spiral, according to (4). To illustrate the current density distribu-
tion variations caused by the substrate, the value €, is varied in
a numerical experiment. Fig. 13 compares the current densities
at 8 GHz for different permittivities of the substrate: ¢, = 1
(no substrate), €, = 2.2 (actual value of the substrate) and
g, = 4.4. The images show clearly the shrinking of the active
region caused by the increase of effective permittivity. This ef-
fect has been described in more detail in [15] and demonstrates
that the thin substrate must be included in the simulation of the
spiral antenna.

The value of the effective permittivity retrieved from the sim-
ulation is represented as a function of the frequency in Fig. 14.
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Fig. 14. Computed value of the effective permittivity on the spiral arms in the
active radiating region. The error bars indicate the variations observed inside the
considered region around the frequency-dependent active radius.

The uncertainty is caused by the variations of the effective wave-
length along the spiral arms (in and around the active region) and
is influenced by the reflections on the spiral arms. The average
value (and standard deviation) of the relative permittivity for the
given frequencies is found to be e.g = 1.37 £ 0.11. The thin
substrate with €,, = 2.2 reduces then for a given frequency the
active radiating radius of the spiral by 15-20%.

V. CONCLUSION

This paper has described the simulation and measurement of a
broadband cavity-backed Archimedean spiral antenna. The pre-
sented results have addressed two complementary aspects: The
numerical technique utilized in the simulation and the detailed
analysis of the spiral antenna.

The FVTD method proved to be a valuable and effective tool
for the simulation of the spiral antenna. The numerical results
of the radiation and matching characteristics show a very good
agreement with measured data, demonstrating the suitability of
the method for complex multiple scale problems. The use of a
tetrahedral mesh with a strong inhomogeneity permits to resolve
the fine spiral structure, the thin substrate as well as the details
of the feed with great fidelity. The modeling of those details
has been shown to be relevant for the simulation of the overall
structure.

Despite a relatively low memory requirement (1 GB for the
full model), time-domain simulations of the spiral are still very
costly in terms of CPU time: the pulse used for broadband exci-
tation has to propagate all along the arms of the spiral antennas
in order to achieve satisfying results down to the lower frequen-
cies of operation. For the spiral antenna with an arm length
of more than 2 m, this requires a time of around 10 ns in the
simulation.

The current density distribution on the spiral antenna arms
has been simulated both for pulsed and for harmonic excitation.
This has provided a deeper insight into the radiation mechanism
on the spiral antenna, including the coupling effect between the
windings and the influence of the thin substrate. Although the
current distribution is shown not to be strictly sinusoidal because
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of coupling effects, an effective permittivity can be defined lo-
cally to describe the frequency-dependent extent of the active
radiating region on the spiral.
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