5. CONCLUSIONS

In this article we have presented a design methodology for a Tx
amplifier at 24 GHz using CMOS 0.13-um technology. Our ap-
proach provides a guideline for optimizing power and efficiency
while reducing peak drain to source voltage excursions which may
otherwise undermine long-term reliability. A two-stage design is
presented with 19 dB small signal gain at 24 GHz. An output
power of 13.6 dBm is achieved with large signal gain of 13.4 dB
and 17.2% PAE. The amplifier was also evaluated for communi-
cation systems applications. At 3.8-dBm output power it produced
an EVM of —25 dB for an up-converted 24 GHz WLAN signal.
64-QAM OFDM signal at a data rate of 54 Mbps was used.
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ABSTRACT: The effect of the geometry of the equiangular spiral
antenna on the lower cutoff frequency of operation is studied using
the finite-difference time-domain method. Graphs are provided that
allow calculation of the cutoff frequency from the desired perfor-
mance and geometry. Additionally, the patterns of the antennas at
cutoff are shown. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 51: 536540, 2009; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.24092
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1. INTRODUCTION

Size constraints are often important when designing an equiangu-
lar spiral antenna. Some general guidelines as to how large the
antenna must be to radiate at a particular frequency are available in
the literature. In Dyson’s original paper on the equiangular spiral,
he provides a design graph that relates the geometry of the antenna
to the lowest frequency at which the antenna effectively emits
circularly polarized radiation [1]. This work is summarized in [2]
for the self-complementary spiral with the guideline that the length
of the antenna arms must exceed one wavelength, A, at the lowest
frequency of operation. Both studies were based on Dyson’s orig-
inal slot spiral and consequently do not include the effect of a
substrate. In addition, each defines proper operation only in terms
of the axial ratio of the antenna.

In this article, the low-frequency performance of the equian-
gular spiral is examined in a parametric study using a numerical
model of the antenna. The lowest frequency of operation is defined
in terms of three metrics: boresight axial ratio, boresight circularly
polarized gain, and voltage standing wave ratio (VSWR). Graphs
that show the effect of relevant antenna parameters on the lowest
frequency are presented. In addition, the off-angle gain and axial
ratio are examined. The parameters varied in the geometry of the
spiral antenna are defined in Figure 1. There, R_,, and R, are the
outer and inner truncations of the antenna. s is the constant angle
between the radial vector and the vector tangent to the equiangular
spiral curve. The substrate of the spiral is characterized by the
thickness, #, and the dielectric constant, €,. All spirals considered
in this work are self-complementary. In addition, they do not
include an absorbing can or ground-plane backing.

The finite-difference time-domain (FDTD) method is used to
model the spirals in this work. Interested readers should consult [3]
for a full description of the method and the related tools. The
FDTD modeling in this study is an extension of the work in [4],
where the operating-band performance of the spiral on a substrate
is examined. Additional numerical modeling details may be found
there.

2. DEFINING THE LOW-FREQUENCY CUTOFF

The equiangular spiral’s lower cutoff frequency is sometimes
stated to occur when the length of the arms reaches approximately

AL ¥

Figure 1 Geometry of a truncated self-complementary two-arm equian-
gular spiral antenna on a dielectric substrate. R, and R, are the outer and
inner truncations of the antenna. i is the angle between the radial vector
and the vector tangent to the equiangular spiral curve. The substrate of the
spiral is characterized by the thickness, 7, and the dielectric constant, &,
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one wavelength. The length, L, of the arms can be related to the
geometry given in Figure 1 by the equation,

L= \ 1+ (tan{p)z(Roul - Rin)- (1)

Although approximately true for smaller ¢, this guideline must
fail when the spiral is tightly wrapped because L — % as iy — 90°.
If the lower cutoff frequency was only a function of the length of
the antenna, and not the truncation diameter, then an antenna of
any size could be made to operate at an arbitrarily low frequency
by wrapping the antenna tighter. An equiangular spiral curve with
y near 90° closely approximates an archimedean spiral, as noted in
[5]. Because the archimedean spiral has an alternative guideline for
the lower cutoff frequency that is independent of the wrapping
tightness, this second cutoff condition must eventually take pre-
cedence. In this article, the archimedean-style model of [6] and [7]
is used as a starting point and is modified by a factor that is a
function of the spiral geometry.

According to this model, the antenna’s radiation primarily
comes from an annular “active region” with a circumference of
approximately one wavelength [8]. The design rule that is typically
inferred from this model is that the antenna will operate properly
when the active region fits on the spiral [6]. To be more precise,
the antenna could be said to work properly at some frequency, f,
when its circumference, C = 2mR,, , is larger than one wave-
length, where A = c¢/f and c is the speed of light. This rule is
approximately true, but there is no abrupt change in the antenna
parameters when the ratio C/A reaches unity. To pick a particular
ratio C/A that corresponds to the lower cutoff frequency, the
designer must specify a definition of proper operation.

To illustrate some possibilities, the three metrics used to define
proper operation in this work are shown for some typical spiral
antennas in Figure 2. These include the VSWR, the boresight

VSWR=1.2

VSWR

o= r o

o

0.5 1 1.5 2 25 3
Frequency (GHz)

Figure 2 Examples of the performance of the spiral antenna with the
corresponding lower cutoff frequency of operation represented by a verti-
cal dotted line
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circularly polarized gain, and the boresight axial ratio. For each
metric, there is a region of low frequencies where the metric has an
undesirable value, and a region of higher frequencies where the
metric stays relatively constant near a desirable value. The latter
region of frequencies is referred to as the operating band. To
determine the lower cutoff frequency of the operating band, a
cutoff value is chosen that indicates the worst acceptable perfor-
mance of the antenna for a given metric. The frequency that
corresponds to this cutoff is taken to be the minimum frequency of
operation and is shown as a vertical line on each graph in Figure 2.

To obtain the cutoff frequencies over a wide range of spiral
antenna geometries, FDTD simulations for various R;,, R, ¥, 1,
and g, were run. It was found that the effect of R;, was negligible
on the lower cutoff frequency. R, had the inverse relationship to
the lower cutoff frequency predicted by the active region concept.
The variation of ¢ was determined to be of interest for parame-
terization. Finally, the substrate parameters €, and ¢ were seen to
have an erratic and usually minimal effect on the cutoff. The
design graphs give the range of cutoffs associated with each
dielectric simulated. Additional information on the effect of the
substrate on the cutoff is provided in Section 3.

With the relevant parameters established, the ranges were de-
termined by the available computational resources. The value of
R,, was held constant at 7 mm. The dielectric constant, &,, was
allowed to vary from 1.0 to 6.0 in 0.5 increments. The substrate
thickness, ¢, was held constant at 1.8 mm. The value of R, was
held constant at 15.24 cm. The parameter ¢y was varied from 71°
to 82° in 0.5° increments. This required 253 separate simulations
of the spiral antenna. Because of its wide availability, an additional
FR4 substrate with e, = 4.2 was also simulated over the same
ranges.

3. EFFECT OF THE SUBSTRATE

Substrates that have a thicker and higher dielectric constant tend to
slow the phase velocity of the currents traveling on the spiral arms
when the arms are sufficiently close to one another. Because of
this, a sufficiently thick substrate will reduce the wavelength for a
given frequency and allow the antenna to operate at a lower
frequency than it would without a substrate present. This obser-
vation is exploited to minimize the size of an archimedean spiral in
[9].

The equiangular spiral, however, has the property that the
distance between the spiral arms increases linearly as a function of
distance from the feed. Because of this, the substrate will often
have a large effect on currents near the feed, but considerably less
effect near the outer truncation of the spiral. An example of this
can be seen in Figure 3 where the simulated right-handed circu-
larly polarized (RHCP) gain of a fixed spiral geometry is shown
for substrate thicknesses that vary from 0 mm to an impractically
thick 10 mm. Here, ¢y = 82°, &, = 6.0, R;, = 1.4 cm, and R, =
15.24 cm.

Although the thick substrates have an extremely detrimental
effect in the operating band of the antenna, the lower frequencies
are almost unaffected. The worst effects seen in Figure 3 occur for
the substrates with electrical thicknesses that are a large fraction of
a wavelength. For instance, the 10 mm substrate has an electrical
thickness of A/4 at 3 GHz, where the response is especially erratic.

Because spirals with electrically thick substrates often do not
have identifiable operating bands, this study focuses only on spi-
rals with an electrically thin substrate. When the substrate is
electrically thin, it can only have an effect on the lower cutoff
frequency if the spiral is wrapped very tightly, meaning
~ 90° . Because the results shown in Figure 3 are for the most
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tightly wrapped spirals in this study, the effect of the substrate can
be ignored in this work. The minor variation because of the
dielectric in the design graphs is shown as a gray band that
represents the range of values over all dielectrics studied.

It may be possible to reduce the cutoff frequency of an equi-
angular spiral on an electrically thin substrate by wrapping it so
tightly that the arm width at the truncation point is smaller than the
substrate thickness. Because spirals of this type still satisfy the
condition that the arm thickness varies linearly with distance from
the center, they require an extremely fine resolution near the feed
to be modeled properly. Spirals of this wrapping tightness could
not be modeled for this study, and therefore, the results of this
work should only be applied when the arm width at truncation is
less than the substrate thickness.

4. C/» RATIOS AT CUTOFF

To characterize the impedance bandwidth, a metric was desired
that defines how close the impedance at a given frequency is to the
operating-band impedance. To do this, the VSWR was chosen.
This is the ratio of the maximum to minimum standing wave
amplitude on the transmission line that feeds the antenna, and may
be related to the reflection coefficient, I , by

1+

VSWR = 177|1-,|

(©))

The value is always greater than one and approaches unity for
a perfectly matched antenna. Because the impedance of a spiral
antenna is essentially constant in its operating band, a properly
driven spiral antenna will have a VSWR very near unity for a wide
region of frequencies.

To generate design graphs based on the VSWR, the antennas
were fed with their operating-band impedance as interpolated from
a previously constructed design graph that is available in [4]. The
values for C/A for two different VSWR cutoff values were com-
puted for the range of spiral antennas simulated and the results are
shown in Figure 4 as a function of .

8r Omm 1
- = 2
vrve v Smm

6_

RHCP Gain (dB)
.

G i 1
0.2 0.5 1 2 3
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Figure 3 Right-handed circularly polarized gain on boresight of a spiral
antenna with a fixed geometry of ¢y = 82°, &, = 6.0, R, = 1.4 cm, R, =
15.24 c¢m, and a varying substrate thickness. The plot shows the relatively
minor effect of the substrate on the lower frequencies of operation and the

degeneration of the operating band for electrically thick substrates.
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Figure 4 (/A at cutoff defined by the VSWR of the antenna as a function
of . The gray bands represent the range of cutoff frequencies for the
substrates simulated. FR4 (g, = 4.2) is shown as the solid black line.
Experimental data from [4] are shown as triangles for each cutoff condi-
tion.

Experimental VSWR results from [4] are included on the plot.
These are for two antennas with ¢y = 70°, R;, = 3 mm, and R,
= 11.4 cm. The substrates were chosen at the outer edges of the
dielectric values in this study. A Foamclad substrate was used to
emulate air, and a Rogers RO3006 substrate with = 1.27 mm and
g, = 6.15 was used for the high dielectric value. The experimental
results show good agreement with the simulation.

To describe the polarization properties of the antenna, the
boresight axial ratio metric is used. It is defined to be the ratio of
the major axis over the minor axis of the polarization ellipse.
Therefore, a linearly polarized antenna will have a large axial ratio,
whereas a circularly polarized antenna will have an axial ratio near
unity. A plot of C/A for two boresight axial-ratio cutoff values as
a function ¢ is shown in Figure 5.

For reference, the results of Dyson’s slot-spiral bandwidth
study are presented in Figure 5. Dyson’s cutoff value was chosen
at an axial ratio of 2.0. His ¢ values range from 65.8° to 78.6°. It
should be noted that his study was not restricted to self-comple-
mentary antennas. His data are given in terms of a composite
parameter that he calls the angular width factor. This angular width
factor is a function of ¢ and a second parameter that describes the
degree to which the antenna is not self-complementary. The data
above 78.6° shown in Figure 5 were extrapolated by Dyson from
non-self-complementary spirals with a s less than the stated value.

To describe the power radiated by the antenna, the circularly
polarized boresight gain of the antenna was used as a metric. The
antennas in this work radiated RHCP in the direction away from
the substrate, but had the antennas been inverted, there would
likely be no effect on the graphs. The RHCP gain of an antenna is
defined to be the ratio of the RHCP power in a given direction
radiated by the antenna to the power radiated in any direction by
a perfectly isotropic radiator when each antenna is fed by a
matched transmission line. This can be expressed as

47 Pgap
PIN ’

G(6.9) = 3)

where G is the gain, 0 is the decline from boresight, ¢ is the
azimuthal angle, Py A, is the radiated RHCP power as a function
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Figure 5 (/A at cutoff defined by the boresight axial ratio of the antenna
as a function of . The gray bands represent the range of cutoff frequencies
for the substrates simulated. FR4 (e, = 4.2) is shown as the solid black line.
The results of Dyson’s slot-spiral study are shown in the dashed line.
Circles mark the individual data points of his study. Note that the region
above ¥ = 78.6° in Dyson’s data is extrapolated from more loosely
wrapped spirals.

of angle, and Py is the power inserted into the antenna. A plot of
C/A for three cutoff values of the circularly polarized gain as a
function ¢ is shown in Figure 6. As with the VSWR, experimental
results from [4] have been included in the plot. The lowest fre-
quency cutoff value fell below the frequency where a far-field
assumption was valid in our test range and therefore only the two
higher frequency cutoff bands are shown.

In Figures 4—6, one observes a general trend that increasing the
parameter s yields a slightly better minimum frequency cutoff.
This corresponds to wrapping the spiral more tightly and agrees
with observations made by Dyson in [1]. The graphs also show the
degree to which reducing the restriction on a given parameter
allows one to reduce the size of the antenna. For instance, reducing

3 . . . :
2.5' G=>0.9n
G>0.75n
S 2

T < a1l

v Er=1 A Er=6.15
1
72 74 76 78 80 82
v (Degrees)

Figure 6 (/A at cutoff defined by the boresight circularly polarized gain
of the antenna as a function of . The gray bands represent the range of
cutoff frequencies for the substrates simulated. FR4 (e, = 4.2) is shown as
the solid black line. Experimental data from [4] are shown as triangles for
the two higher frequency cutoff conditions.

DOI 10.1002/mop

the restriction on the VSWR from 1.5 to 2.0 has a negligible effect
on the antenna’s size, whereas reducing the restriction on the gain
from 0.9 to 0.757r can reduce the antenna’s circumference by half
a wavelength at the lowest frequency of operation. As a final note,
the degree to which the gray bands of the plots are thin as well as
the corresponding experimental data suggest that the substrate may
be ignored when calculating the lower frequency cutoff of an
equiangular spiral on an electrically thin substrate for the range of
Y studied.

5. OFF-ANGLE PERFORMANCE

One limitation of the design graphs shown above is that the
definitions of the operating band based on axial ratio and gain
depend only on the boresight radiation. This was chosen because
the boresight radiation tends to be the best performance for the
antenna. However, in most situations, it is necessary to know the
behavior of boresight as well. It was found in this work that the
off-angle performance of this antenna is very stable at low fre-
quencies.

To present this, two graphs showing the composite perfor-
mance of the antenna are shown. For each antenna in the design
study above, the far-field radiation in every direction at the cutoff
frequency was recorded using a near-field-to-far-field transformer
[3]. For the related far-field parameters, axial ratio and circularly
polarized gain, a maximum and minimum value were taken over
all antennas simulated. In addition, because this antenna has a
great deal of rotational symmetry at low frequencies, each ¢ cut
was included in the minimization and maximization. The mini-
mum and maximum values of a parameter over all ¢ and &, form
the outline of a composite parameter for the antennas studied in
Figures 5 and 6. In Figure 7, the composite axial ratio at cutoff is
shown for each cutoff value used in Figure 5. In Figure 8, the
composite gain pattern at cutoff is shown for the circularly polar-
ized gain of the antenna given each cutoff value used in Figure 6.

Because the frequencies used in the plots were selected based
on the boresight performance, each plot shows no variation at § =
0°. On the axial ratio plots, one sees relatively little variation until
near 6 = 50°, where the AR varies from nearly 1 to 3. Beyond this
point, the polarization becomes increasingly linear, but this region
may be seen to have low relative gain from the pattern plots.

6. CONCLUSIONS

Design graphs showing the lower cutoff frequency of the equian-
gular spiral antenna over a wide region of design parameters have
been shown. The general trend observed in each graph, that in-
creasing the arm wrapping tightness tends to lead to better perfor-
mance, agrees with the original work of Dyson [1]. Additionally,
the graphs show that for spirals that are not wrapped extremely
tightly, the substrate may be ignored when calculating the lower
cutoff. The design graphs provide a quantitative correction to the
standard rule for calculating the lower frequency cutoff and may

AR =1.50
3 ' 3
[ \ \ ;
[id i [
< 2 1 <2 j

50

-50 0 50 -50
i (Degrees)

0
& (Degrees)
Figure 7 The shaded region shows the composite axial ratio of the
equiangular spiral antenna at the cutoff frequency. The composite contains
all angles of ¢ and each antenna used in the design study.
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Figure 8 The shaded region shows the composite pattern of the equian-
gular spiral antenna at the cutoff frequency. Composites contain all angles
of ¢ and each antenna used in the design study. Radial units range from 0
to .

be used either to determine the minimum usable frequency of
operation available for a given antenna size, or to determine the
absolute minimum antenna size possible to operate at a given
frequency.

This work also examines the off-angle performance of the
antenna and finds it extremely well behaved with very little change
observed in the shape of the pattern or off-angle axial ratio over all
substrates simulated. A designer may assume that over the param-
eterization region given, these variables will not strongly affect the
nature of the off-angle performance.
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ABSTRACT: A novel reconfigurable ring-slot antenna with switch-
able polarization and frequency agility is presented. Circular polar-
ization (CP) radiation of the proposed antenna is achieved by intro-
ducing proper asymmetry in the ring-slot structure and feeding the
ring slot using a microstrip line at 45° from the introduced asymme-
try. Two diodes are used to reconfigure the structure of the ring slot.
Switching between right-hand and left-hand CP is achieved by turn-
ing the diodes on or off and the two CP modes are operated at dif-

ferent frequencies. Moreover, the antenna has a simple structure,

which is easier to be fabricated. An antenna prototype is imple-
mented and the measured results are shown. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 51: 540-543, 2009; Published online
in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
24064

Key words: reconfigurable antenna; polarization diversity; circularly
polarization; frequency agility; simple structure

1. INTRODUCTION

Polarization diversity is attracting much attention in modern wire-
less communication systems. In wireless local area networks
(WLAN), polarization diversity is used to alleviate the channel
deterioration caused by multipath effects. Reconfigurable micro-
strip antennas are attractive because they can provide diversity
performances to improve communication quality and capacity.
Several antenna architectures, offering polarization diversity, have
been reported [1-8]. In [1, 2], polarization diversity between linear
polarization and LHCP/RHCP is achieved by switching the pin-
diodes. In [3], two irises are orthogonal connected to a ring-slot
antenna via short-length slits with each of the slits loaded by a pin
diode, and the antenna can be switched back and forth between
right-hand and left-hand circular polarization (CP) by turning
on/off the pin diodes. In [4], a wide square slot antenna with two
T-shaped metal strips connected to ground plane using pin-diodes
can provide broad CP bandwidth in both RHCP and LHCP states.
However, the structures of the antennas remain constant while the
antenna is reconfigured; thus the two orthogonal CP modes are
operated at the same frequency [3—5]. For communication systems
using a frequency division multiple access technology, frequency
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