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Beam steering spiral antenna reconfigured

by PIN diodes

LIANG GONG, RODICA RAMER AND KING YUK “ERIC’ CHAN

The paper proposes a new design for a single-arm, rectangular, spiral antenna (SARSA) with a wide azimuth space coverage.
The antenna, operating at around 3.3 GHz, is capable of steering the beam in four separate directions in the azimuth plane.
Only three DC signals are required to control the seven PIN diodes attached along the spiral arm. The antenna has a
200-MHz-bandwidth around 3.3 GHz with stable maximum beam directions that are defined by setting of the switches.
Considerations required in selecting switch positions when designing such antennas for other frequencies, are presented.
The measured return loss, radiation pattern and gain, all have close correlation with the simulation results. A detailed com-
parison of our design with those already proposed in the literature is given.
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I. INTRODUCTION

Patten reconfigurable antennas allow wireless systems to
be self-adapting in various propagation circumstances, with
better reception, higher propagation efficiency, and less inter-
ference. Phased arrays and reflect-array systems offer the best
radiation pattern diversity. However, they are bulky and use
costly components. Alternatively, cost effective reconfigurabil-
ity can be obtained by introducing switch circuitry into the
simple antenna structures.

Previous studies proved that the single-arm rectangular
spiral antennas (SARSAs) can be designed to steer the beam
into different azimuth directions. The basic SARSA presented
in [1] offers a tilted beam fixed around 30°from the central
axis. In [2], the pattern reconfigurability is obtained by short-
circuiting the spiral arm to the ground at certain points. In [3],
packaged radio frequency micro-electromechanical system
(RF-MEMS) switches are integrated into a resonant square-
spiral microstrip antenna, to reconfigure its radiation pattern
between the endfire and broadside. In [4], the switches are
attached in the gap of the spiral, making both the radiation
pattern and frequency reconfigurable. Better reconfigurability
is achieved by integrating RFE-MEMS switches along the spiral
arm to manage its length [5]. Still, none of these antennas
can cover azimuth space wider than 90°. In [6], nearly a full-
range cover of the azimuth plane is realized with the help of
high-impedance surface (HIS). Although thickness of the
antenna substrate is greatly reduced by utilizing the HIS, its
area size increases considerably. Moreover, no actual switches
are attached, and no practical biasing method is provided.
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Fig. 1. The geometry of the beam-steering spiral antenna: (a) top view and (b)
perspective view.
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In [7], we proposed a novel SARSA, capable of covering
wider azimuth space. Its novelty lies in having additional
bridges attached between different turns of the spiral and
the critical switches added in the center. Unlike [4], extra
switches near the bridge serve to stop the flow of the
current in the opposite direction along the spiral. In simula-
tion, RE-MEMS capacitive switches have been used to
achieve the best possible performance. While RF-MEMS
switches have remarkable performance in terms of insertion
loss, isolation and linearity, their fabrication process is costly
and time consuming. Furthermore, the seven RF-MEMS
switches need seven DC signals to bias successfully. Multiple
bias lines have to be laid underneath the spiral arm; then
cross talk and coupling may ensue.

This paper reports a cost effective solution using printed
circuit board (PCB) panels and PIN diodes. Some of the
switches are connected in series; this enables biasing with no
more than three DC signals. In the last section we give a sys-
tematic comparison, over all the key features, of our design
with those found in the open literature.
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II. DESIGN CONSIDERATIONS

To confirm the possibility of achieving wider azimuth
coverage with a structure similar to the existing designs, the
dimensions that were used in [1] and [2] have also been
used here. As a result, our device operates at 3.3 GHz. The
antenna is designed using Rogers 4350 substrate with dielec-
tric constant 3.66 and thickness 11.43 mm; approximately a
quarter-wavelength at the operating frequency. The spiral
arm, shown in Fig. 1, starts with a unit length segment a =
4.8 mm and increases progressively: a, 24, 24, 3a, 34 ... 74,
7a, 8a, with the arm width set to 1.4 mm. The central top
metallization is connected to the SMA connector with a pin
through the substrate.

The reconfigurability is achieved by adding seven switches
and two bridges to the antenna; a gap of 1 mm is reserved for
each switch. Their positions are critical to generating the
desired beam directions. Chang won et al. [5] simplified
the beam steering of a spiral antenna by considering only
the length of spiral arm. However, to model more accurately,
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Fig. 2. Current density plots for spiral antenna with only three switches and one bridge defined. RHCP radiation patterns are shown to the right, with peak value in
red and green indicating around 3-dB lower than the peak: (a) scale for current density plots; (b) SW1 is ON, SW2 is OFF, SW3 is ON; (c) radiation pattern for (b);

(d) SW1 is OFF, SW2 is ON, SW3 is OFF; and (e) radiation pattern for (d).
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Fig. 3. Current density plots for spiral structure with BR2 added: (a) SW1 is ON, SW2 is OFF, and SW3 is ON; (b) radiation pattern for (a); (c) SW1 is OFF, SW2 is
ON, SW3 is OFF; and (d) radiation pattern for (c).
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the segments that have been cut off by the switches have to be
considered as well. It is because the couplings between differ-
ent segments are strong and cannot be neglected.

All of the simulation work in this paper was performed using
Ansys HESS. As yet, no theoretical equations have been devel-
oped to predict the positions of the switches; the work relied, in
the main, on simulation and parametric sweep. Switches and
bridge locations can be determined with the aid of the surface-
current density plots produced by simulators.

Table 1. State of the switches.

SW1 SW2 SW3 SW4 SW5 SWeé SW7
Case 1 OFF ON OFF OFF ON ON OFF
Case 2 OFF ON OFF ON OFF OFF OFF
Case 3 ON OFF ON ON OFF OFF ON
Case 4 ON OFF ON OFF ON ON ON
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(b)

Fig. 5. Geometry of the antenna: (a) Top view and (b) Perspective review.

Fig. 6. Photograph of the fabricated antenna ready for testing.
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Firstly, a bridge (BR1) and three switches (SW1, SW2, and
SW3) are placed at the innermost part of the spiral. As they
are located near the feeding point and in the highest current
density area, they play the most significant role in altering
the current distribution and are re-forming the spiral.

Therefore, the design process begins with the structure
with only three switches attached in the spiral center. In
Fig. 2, picture (b) presents the complex magnitude for the dis-
tribution of the current density over the spiral, when both
SW1 and SW3 are ON, and SW2 is OFF; picture (d) is for
the opposite settings. The simulated 3-dimensional (3-D)
radiation patterns (in top views (c) and (e)), show beam
directions, respectively, in —Y and +X in azimuth plane.
Figure 2(a) shows the scale shared by all the current density
plots in Figs 2 and 3.

Another bridge (BR2) between the outer turns can trans-
form, from a certain point, the single-arm spiral into a
two-arm spiral. It is a metal strip connected to the spiral
arm. While SW4 determines the current flow, SW5 is used
to stop the current flowing in the opposite way; otherwise
cross polarization would increase. Once the position for BR2
is defined, the positions for SW4 and SW5 are determined.
Normally, BR2, SW4, and SW5 can be placed into current
dense zones, like ® and @ marked in Figs 2(a) and 2(c), to
steer the beam significantly. Reference [7] chose @ for the
position of the BR2 and achieved two back-to-back directions.
In this article we select@® to seek for more of the available
directions.

Figure 3 illustrates the current density distribution and the
radiation patterns for two cases with current flowing thorough
BR2. They are beaming in the —X and 4V directions.

It is worth noting that [4] also has similar bridges placed in
the gap of the spiral. However, there are no elements to help
cut out the spiral arm near the bridges. In this work, SW3
and SW are used to stop the current from flowing clockwise,
lest it generates unwanted left-hand circular polarization
(LHCP) radiation after passing through the bridges.

Two more switches, SW6 and SW7, are added along the
spiral arm to further increase the gain and optimize the cross-
polarization. To avoid a considerable reshaping of the pattern,
the areas of less dense current are selected for locating the
switches.

All these cases have to be inspected simultaneously, thus
the trade-off between the gain, return loss, and polarization
purity has to be carried out in the design phase. Parametric
sweep is necessary for satisfying the expected specifications.
Positions of BR2, SW6, and SW7 should slide along the
spiral arm (e.g. for BR2, all positions along the second spiral
turn in 1 mm increments) to optimize the desired beam direc-
tion for each case. For applications run at different frequency,
spiral arm width, unit length a, and substrate thickness (as in
Fig. 1(a)) also need to be adjusted; they are inverse propor-
tional to the operating frequency.

Figure 1 shows the spiral structure with all switches.
Table 1 lists the combinations of the states of switches that
produce the separated beam directions. They are labeled as
Cases 1—4.

The MA4AGBLP912 PIN diode model from M/A-COM
used in the design gives the series resistance of 4 () in the
ON-state, total capacitance 28 fF, and isolation 30 dB in the
OFF-state. Current threshold for switching the diode is
around 10 mA. Typical voltage at which 10 mA current is
obtained is approximately 1.4 V.
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Fig. 8. Frequency dependence. (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.
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The orientation settings of the diodes are also shown in
Fig. 1(a). DC biasing voltages are required to be connected
with spiral arm to input bias signals. Three DC bias signals,
DC1, DCz2, and DC3, along with a DC ground, are connected
to the spiral arm to actuate the switches. DC1 can be superim-
posed through the inner conductor of the coaxial cable by a
bias-tee, while DC2 and DC3 are biased using side biasing pads.

Figure 4 provides an equivalent circuit for the biasing pur-
poses. Both positive and negative voltages are required to
satisfy the switch states for Case 1-4. For example, voltages
of —2.8, —1.4 and oV are to be set for DC1, DC2, and
DC3, respectively, to enable Case 2. For the measurements,
we use resistors of 68 () to limit the current increment and
to prevent damage. Extra Ampeéremeters are used for moni-
toring the current. The resistors and ampere meters are not
mandatory when the voltage can be adjusted very precisely.

. FABRICATED ANTENNA

As a panel of thickness of 11.43 mm is not available for Rogers
4350, multiple thinner laminates are stacked together to con-
struct the substrate. Here seven laminates of 1.524 mm and
one of 0.762 mm are stacked together to accumulate the
needed 11.43 mm. The air gaps between laminates introduce
loss and interference; this can be minimized by tightening
the four plastic screws located in the corners. In commercial
manufacture, these laminates can be glued together using
multilayer technology. The same model of diode is used for
the fabricated antenna: two pads of width 0.2 mm are added
to attach each PIN diode.

DCz2 is connected to the spiral arm segment that is con-
nected to the cathode of SW4. As a result, a bypass is
needed to avoid the outermost turn of the spiral. Therefore,
two via holes are drilled and a copper trace is also placed on
the backside of the first laminate as shown in Fig. 5(b).

In general, bias networks and filters, which consist of capa-
citors and inductors, are necessary for biasing PIN diodes to
prevent RF energy from flowing through the DC channels.
Drilling via holes is unavoidable as a result. However, in this
design, the substrate is too thick, making difficult the via
holes from the top to the bottom ground layer. Instead,
quarter wavelength stubs that make the RF signals open-
circuit are applied.

Both biasing lines and matching stubs are a quarter-
wavelength to ensure that the signals are open-circuited at
the pads. The positions of the quarter-wavelength stubs
together with the biasing pads also can be selected based on
the current density distribution plots. Lower current-density
areas are recommended for their locations, in order to minim-
ize interference. Since various cases have different current
distribution, parametric sweep is needed to find the best posi-
tions for these stubs to optimize performance.

Figure 5 shows the spiral antenna geometry with biasing
lines, pads, and quarter wavelength stubs. Figure 6 provides
a glimpse of the fabricated antenna.

IvV. MEASUREMENT RESULTS

All of the measurements were carried out in an anechoic
chamber at the CSIRO. The gain and radiation pattern measure-
ment method is described in more detail in [8]. S-parameter is
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measured using Agilent E8363B PNA Network Analyzer.
Figure 7(a-d) shows both the simulated and measured
S-parameters for various cases. It can be seen that the return
loss is better than 10 dB for Cases 1 and 2, and better than
8 dB for Cases 3 and 4. The mismatch occurs mainly because
of the coupling effects due to the biasing line beneath the
spiral arm. In practice, an extra matching network can be intro-
duced to further improve matching,

For radiation pattern measurement, theoretically, it would
require 3-D radiation pattern and gain measurements to
determine the maximum beam directions and gain for such
tilted beam antennas. However, that requires too many mea-
surements for various cases at various frequency points.
Therefore, the actual measurements are based on the simu-
lated max phi and then the radiation patterns are plotted
with respect to theta.

The maximum beam directions and the peak gains depend
on frequency. Figure 8 provides a view for such dependence by
showing the simulated maximum right-hand circular polar-
ization (RHCP) gain, the direction (phi, theta) in which this
gain is achieved, and the axial ratio (AR) at peak beam
directions.

Data are generated only in frequency range 3.0-3.6 GHz
for this antenna. The gain drops dramatically outside this
frequency range and the main beam may split. Even in this
frequency range, the gain, as well as max phi, fluctuates con-
siderably. Nonetheless, they are relatively stable for all the
cases over 200 MHz, with the band centered at 3.3 GHz.
Therefore, the radiation pattern measurements are only con-
ducted at 3.2, 3.3 and 3.4 GHz, respectively.

Figure 9 shows the radiation pattern measurement config-
uration. One should note that the azimuth direction is only
adjusted manually by rotating it on the antenna stand. A
digital protractor is used to set it at the 9o° angle.

Both the simulated and measured radiation patterns for
both LHCP and RHCP are shown in Fig. 10. The measured

-
-
2
¢
°

Fig. 9. Measurement configuration - the azimuth angle (phi) is manually
adjusted.
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(g) Case 3, 3.2 GHz phi=266 degrees

(j) Case 4, 3.2 GHz phi=188 degrees (k) Case 4, 3.3 GHz phi=184 degrees (1) Case 4, 3.4 GHz phi=186 degrees

——RHCP sim. * * *RHCP meas. = =LHCP sim. = * ' LHCP meas.

Fig. 10. Radiation patterns at 3.2, 3.3, and 3.4 GHz for Cases 1-4.
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Table 2. Summary of the simulated and measured maximum beam directions and RHCP gains (simulated); AR-at-peak and RHCP gain directions

(measured).
Freq. Phi Max Max RHCP AR Max theta Max RHCP gain at AR
(GHz) theta (sim.) gain (sim.) (sim.) (dB) (meas.) max theta, phi (meas.) (dB)
(dBic) (meas.) (dBic)
Case 1 3.2 46° 29.0° 4.67 3.04 34.5° 4.69 dBic 3.90
3.3 21° 37.5° 3.99 6.66 21.5° 1.59 6.92
3.4 352° 35.5° 3.79 12.96 43.5° 1.66 12.19
Case 2 3.2 102 36.5° 4.13 5.24 39.5° 3.82 2.75
3.3 89° 38.5° 5.37 2.60 43.0° 4.15 2.42
3.4 79° 40.0° 5.44 0.86 32.0° 2.30 4.71
Case 3 3.2 266° 39.5° 3.24 7.58 43.5° 1.97 11.65
3.3 273° 38.0° 4.23 5.70 44.0° 2.22 6.08
3.4 268° 35.5° 5.08 4.46 35.5° 2.20 2.97
Case 4 3.2 188° 38.5° 3.97 6.66 33.5° 2.14 5.73
3.3 184° 35.5° 3.38 3.96 42.0° 0.96 5.43
3.4 186° 34.0° 2.67 3.43 31.0° 1.30 1.79

RHCP patterns seem to follow the same trend as the simulated
ones. The measured LHCP results do not always resemble the
simulated ones; this suggests possible polarization degrad-
ation. This could be due to biasing cables attached to the
biasing pads, the uncertainty in the location of small struc-
tures like the blind holes and the thin line beneath the
spiral. The former cannot be fully accommodated in the simu-
lation frame, even though several quarter-wavelength stubs
have been applied to open circuit the RF signals for the
cables. The latter may introduce a significant error in the
simulation process because of the mesh level and precision
of the PCB fabrication.

Table 2 summarizes relevant parameters for all the cases in
our design (at different frequency points: 3.2, 3.3, 3.4 GHz), in
terms of their maximum beam directions, maximum gain, and
the AR in this direction. Since there was no sweep for the
azimuth plane angle, neither the maximum gain nor the
related beam directions can be found. Therefore, the gains
in Table 2 are the gains in the directions defined by phi and
theta, rather than max gain.

Measured data do not coincide with the predicted ones,
suggesting the beams may have shifted away from the simu-
lated max beam directions. This is mainly due to the buried

thin conducting line and two blind holes necessary for
biasing. Their coupling with the spiral arm has caused signifi-
cant interference, which reduces the gain and impairs match-
ing. The line has to be as thin as possible to minimize this
coupling effect. On the other hand, simulation and fabrication
errors increase as the structure becomes smaller, which makes
the prediction of radiation pattern less accurate.

The discrepancy may also lie in the conductor loss and
poor manual alignment of the azimuth angle with the simu-
lated max phi. In addition, the biasing lines, pads and open-
circuit stubs, even though finely tuned, become radiating
elements of the antenna, making inevitable some performance
deterioration. Errors can also be caused by the bias voltage
source, multimeters, or cables placed in the anechoic
chamber, as well as from the interference caused by the wire
connected to the biasing pads.

V. COMPARISON WITH EARLIER
DESIGNS

We compare our design in Table 3 with those earlier proposed
in the literature, indicating the reference numbers of the

Table 3. Summary of design features.

Ref. Azimuth coverage Switching technology Bias method  Gain (dBi) AR (dB) Freq. (GHz)
[1] N/A (fixed beam) N/A N/A 6.7 1.3 3.35
[2] 16 cases, pointing in directions from No actual switches applied; N/A 6.5 N/A 3.3
240° to 350°, that cover around needs to have shorting pin
110° azimuth angle placed manually
[3] N/A (endfire and broadside beams) Packaged RF MEMS switches Provided N/A N/A 6.85
(4] N/A (it functions more like a Hard wired connections and N/A 3-7 N/A 3-4.5, 5.8-6.8
frequency reconfigurable antenna) equivalent RLC elements
[5] Five beam directions (18° 36°, 43°, Monolithically integrated RF Provided 4-6.1 1.9-2.3 10
93°), covering 75° azimuth angle, MEMS switches
and an endfire beam
[6] Nearly whole azimuth range with 16 Hard wired manually N/A 5.7-7.7 N/A 3.3
cases
7] Two back-to-back beams (69° and PIN diodes Provided 5 1.5-3 3.3
282°)
This work Four beams covering nearly the whole PIN diodes Provided 3.4-5.4 2.4-6.9 3.3

azimuth range (21°, 89°, 184°,
273°)
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relevant papers. We address six key features: azimuth cover-
age, switching technology, bias method, gain, AR at the peak
beam, and the operating frequency. We use N/A for ‘not avail-
able’ — when it was not discussed in the surveyed paper. As
shown in the table, our design makes certain compromises
in gain, polarization, and matching, to achieve larger
azimuth coverage with automatic switching.

VI. CONCLUSIONS

A beam steering spiral antenna is realized using PIN diodes as
switches. Wide beam coverage is achieved around 3.3 GHz.
Antenna radiation patterns are plotted at 3.2, 3.3, and
3.4 GHz. RHCP patterns are almost identical to the simulated
patterns, while a large discrepancy occurs for LHCP ones.
Measured RHCP gains are much lower than the predicted
maximum beam directions due to poor alignment, to the
attached cables required by DC biasing currents, and, especial-
ly, to the coupling of the thin line under the spiral arm.
Although there is some disagreement between the simulations
and measurements, the present work validates the proposed
solution for a reconfigurable spiral antenna and gives confi-
dence to its possible RF-MEMS version.
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