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Abstract Printed circuit board antennas degrade considerably when the wireless node is
placed on or near metallic surfaces. One such application is wireless alarm network where
nodes are placed on a metallic fence. As wireless transmission is regarded as the most
expensive operation in terms of sensor node energy, it is more than a necessity to have a
good antenna design. We simulate the performances of typical printed circuit board (PCB)
antennas with proximity to metallic fence and simulations show that traditional antenna
structures exhibit poor performance for these applications. Instead, we propose a low-cost
two-antenna diversity system that utilizes two PCB antennas with different radiation pattern
coverage. Antenna diversity by means of radio frequency switches was implemented for two
configurations: single state antenna selection and equal-gain diversity combination. Diversity
gains were calculated for free-space and over-the-fence operating conditions, and the best
antenna configuration is suggested for practical applications.

Keywords Antenna - Switch diversity - Wireless sensor networks - PCB antennas -
Printed dipole

1 Introduction

In many applications of wireless sensor networks, small, low-power sensor nodes are desired.
These nodes are usually equipped with printed circuit board (PCB) antennas. Often these
antennas are designed to have omnidirectional radiation pattern. Indeed many reference
antenna designs possess this property for free space radiation conditions. However, it is
also well known that performance of PCB antennas is very prone to circuit board size and
nearby components. Real life operating environment significantly alter the radiation pattern
of the antenna which has been designed for free space applications. Especially, near metal
or metal-like structures, antenna radiation pattern deteriorates significantly, and high power
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transmission of the node becomes inevitable, which, in turn, drains more battery power. Near-
ground sensors or sensors placed on metallic fences are just some common applications of
these. In previous studies, it’s been shown that wireless transmission is the most expensive
operation in terms of wireless sensor node energy [1]. Therefore, a careful antenna design is
more than a necessity but a requirement to reduce energy consumption. However, operating
environment and physical size restrictions of sensor boards place severe limitations on the
antenna design. Instead, one can consider multiple antenna use in selection diversity.

Switch diversity setting may be the least optimal among the existing diversity techniques,
but it is the easiest to implement with little added cost to the sensor node. Antennas, however,
must be carefully designed to minimize not only their mutual interaction, but also their over-
lapping angular coverage and correlation coefficient. In addition, real operating environment
of the sensor nodes must be taken into consideration during the antenna design.

Instead of using two-antenna switch diversity, multiple antennas or antennas with parasitic
elements can be designed for switched beam configuration [2-9]. Quad corner reflector,
microstrip parasitic array, multi-element antenna arrays are some examples of these antennas.
However, most of these antennas require much larger space than conventional designs, and
therefore, they have very limited practical use.

In this study, we propose two-antenna system in a switch diversity setting to overcome
these difficulties without significantly increasing the board size and complexity of the wireless
node. Our goal is to enhance transmission/reception characteristics of the node in the direction
where the radiation/reception is desired. We are particularly interested in sensor nodes on
metallic fence. Hence, rather than omnidirectional or broadside coverage, we are interested
in coverage along the metal fence to the right or to the left of the sensor board. We studied six
different antenna configurations through 3D electromagnetic solver, and built two of these
antennas for measurements. Antenna correlation coefficient and diversity antenna gains are
also studied and presented.

2 Antenna Design

Typical over the fence WSN application is shown in Fig. 1. Wireless sensor nodes are placed in
proximity to fence (<10cm) and are separated by approximately 10 m. Vibration sensors are
inside the boxes to detect the presence of disturbance (intruder) on the fence. When the sensor
board is close to this metallic surface, the antenna characteristics get affected considerably.
Therefore, we placed two antennas on the wireless node sensor board and studied antenna
performance for this particular application. Our goal is to deduce the optimal antenna shape
among traditional antenna structures that would have the best communication link between
the two neighboring nodes for over-the-fence WSN applications. In addition, all antennas
must satisfy the impedance bandwidth requirement of |S;1| < —7.5dB.

We first took an inverted-F antenna utilized in Texas Instruments Inc. (TI) sensor boards
[10]. Although inverted-F’s are known to have narrow bandwidth, TI’s design is very robust
and covers the entire 2.4 GHs ISM band. Other attractive parts of the TI’s design are its good
radiation pattern coverage, less variation in gain as frequency changes, and its relatively small
form factor compared to its counterparts. These attributes make TI antenna as prime choice
for the designers. However, an antenna placed close to metallic surface creates a null along
the symmetry axis with its image. Thus, communication devices placed closed to metallic
surface experience major difficulties for establishing seamless communication. In the case of
metallic fence, the situation even gets worse as metallic grids distort the pattern by not only
creating a gain minima along fence surface but also tilt the beam to undesired directions. The
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Fig. 1 Over the fence alarm network application of WSN, a simulation model, b field application (Courtesy
of Genetlab Inc.)

grids are in the order of operation wavelength and are not electrically small enough to be
considered like a metal. Therefore, present application is even worse than placing antenna
close to metallic surface. Careful and extensive simulations of the antenna with the fence
are required. A straightforward determination of which antenna structure works best is to
measure the antenna radiation patterns on the fence. However, this is almost impossible
in an indoor antenna measurement system as the size of the fence is quite large. Instead
one can consider calibrated outdoor antenna measurement ranges, but these are scarce and
usually reserved for automotive and military testing. Thus, simulations play a critical role in
determination of antenna structures for this particular application.

Starting with TI's reference design, we placed two antennas in parallel and perpendicular
to each other as shown in Fig. 2. In parallel orientation, we hoped to cover complementary
patterns relative to sensor node, whereas in perpendicular orientation, we expected to receive
both polarizations if either one of the polarization was not matched to the antenna polarization.
We implemented the same reasoning with a printed dipole antenna as illustrated in Fig. 3.
Marchand balun was also implemented with the dipole to alleviate the effects of unbalanaced
currents on the antenna due to fence loading and the PCB ground. Balanced antennas are
usually less prone to environmental changes and nearby structures. Lastly, we took wire
monopole perpendicular to PCB as this type of antenna is very common in many applications
though hardly optimal in many applications. To decrease the increased height of the sensor
board, we also considered an inclined monopole for the study (Fig. 4).

All six antennas were modeled using FEKO (3D electromagnetics field solver) with
the metallic fence. Although FEKO utilizes integral equation based Method of Moments
solver and is ideal for free space radiation simulations, presence of metallic fence drastically
increases the computational burden. The metallic fence whose wire dimensions were less
than one fifth of wavelength at 2.45GHz, (i.e. around 10 mm) had dimensions 10m length
and 1m width where the wires were placed with 10 cm intervals in both horizontal and vertical
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Fig.2 Inverted F (Texas Instruments reference design), a parallel, b perpendicular configurations (dimensions
from [10])
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Fig. 3 Printed dipole antenna with balun, a) parallel, b) perpendicular configuration (L = 23.5mm, L, =
17.8 mm, L3z = 20.3mm L= 70 mm, W=60 mm)
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Fig. 4 Monopole on PCB, a vertical, b inclined (Ly = 29.5mm, L5 = 15.2mm, a = 60°)

directions. Wire grids were of square type. When two over-the-fence wireless sensor nodes
are separated by 10m, the signal coupling between the transmit and receive nodes placed on
the fence is calculated using scattering parameters (S-parameters) together with the average
gain in the 2.4-2.5 GHz frequency band. The results are presented in Table 1. To ensure that
the simulated results do not reflect a particular spacing or separation, a simple perturbation
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Table 1 Simulation results of

antennas Average S»1 (dB)

Gain (dBi) @2.45 GHz

Printed dipole antenna (parallel) 4.8 —55
Printed dipole antenna (perpendicular) 1.06 -73
Inverted F antenna (parallel) 2.07 —62
Inverted F antenna (perpendicular) 1.92 =75
Vertical monopole 1.05 —63.5
Inclined monopole 1.27 —63
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Fig. 5 a Simulated radiation pattern for dipole antenna pair on x — z plane (black solid line Dipole in free
space port 1 excited, red dashed line Dipole in front of fence, port 1 excited, green dashed with dotted line
Dipole in free space port 2 excited, blue thick dashed line Dipole in front of fence, port 2 excited) b Simulated
3D pattern of dipole pair in free space (single port excited). ¢ Simulated 3D pattern of dipole pair in front of
the fence (single port excited). (Color figure online)

analysis was performed by displacing the antenna 2 cm closer and farther from the fence and
displacing the receive antenna by 5 cm apart and closer to the transmit antenna. No significant
changes were observed and the same analysis was carried out with 4cm on antenna loca-
tion with respect to fence and 10cm with respect to each other. Simulation results revealed
that printed dipole in parallel configuration exhibited the best performance. Next possible
candidate was inverted-F in parallel configuration.

Simulated radiation patterns and impedances were analyzed for printed dipole and
inverted-F. The radiation patterns and gain for parallel printed dipole are shown in Figs. 5
and 6, respectively. Gain and radiation patterns of printed dipole are compared to those of
free-space conditions to understand the extent of change in antenna characteristics. Presence
of metallic fence does not significantly alter the maximum gain, but it definitely impacts the
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Fig. 6 Simulated gain on x — y plane of dipole antenna. (black solid line Dipole in free space, red dashed
line Dipole in front of fence). (Color figure online)
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Fig. 7 Simulated S—parameters versus frequency plot for Dipole antenna pair. (red solid line S11 magnitude

in free space, thick black solid line S»1 magnitude in free space, blue thick dashed line S11 magnitude in front
of fence, green bullet series Sp1 magnitude in front of fence). (Color figure online)

radiation patterns. Nevertheless, the antenna had directional pattern towards the side where
the antenna was placed, which was the main motivation behind this configuration.

The S-parameters of printed dipole are shown in Fig. 7. Presence of metallic fence does
not significantly change the S-parameters (impedance match and transmission/reception) of
printed dipole due to its balanced nature.

We carried out a similar analysis for inverted-F parallel configuration antenna for over-
the-fence and free-space conditions. The results are shown in Figs. 8 and 9.

Itis obvious that inverted-F gets considerably affected from the presence of metallic fence.
Although post tuning have been performed to optimize antenna performance for metallic
fence presence, its gain and radiation pattern are very different than its free-space counterpart.

Antenna simulations with antennas placed on metallic fence revealed that printed dipole

with integrated balun in parallel configuration produced superior results for two-antenna
diversity system.
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Fig. 8 a Simulated radiation pattern for inverted-F antenna pair on x — z plane (black solid line Inverted-F
in free space port 1 excited, red dashed line Inverted-F in front of fence, port 1 excited, green dashed with
dotted line Inverted-F in free space port 2 excited, thick blue dashed line Inverted-F in front of fence, port 2
excited) b) Simulated 3D pattern of inverted-F pair in free space (single port excited). ¢) Simulated 3D pattern
of inverted—F pair in front of fence (single port excited). (Color figure online)
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Fig. 9 Simulated gain on x — y plane for inverted-F antenna (black solid line inverted-F in free space, thick
red dashed line inverted-F in front of the fence). (Color figure online)

3 Antenna Diversity

To assess the performance gained by using two antennas, the correlation between the antennas
is studied first. Diversity gain of a two-antenna system can be defined as

Piiy

Gdiv = (1)

Psingle
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Fig. 10 Calculated envelope correlation coefficient for printed dipole antenna pair. (red solid line p, in free
space, black dashed line p, in front of fence). (Color figure online)

where Py, is the power level after diversity combining, Py;pg/e is the power level at the single
antenna, and both power levels are read at the same cumulative distribution function value
[11,12]. If Pyipgre is replaced with that of an ideal single antenna with 100 % efficiency, the
diversity gain is called effective diversity gain. The envelope correlation for a two-antenna
system can be stated as [13]

- - 2
I[Fr6.9) B2 0. 0)]a2]
Pe = - 3 - 2
(ff |71 0.0) dsz) (ff 709 dsz)
where 17“, (@, ) is the radiation pattern of the antenna system when ith antenna is excited

and the port is terminated with matched load, and “-”” denotes complex Hermitian product.
It is possible to express p, in terms of S-parameters of the two-antenna system as:

(@)

’ST1512+S§1522|2
Pe = 2 2 2 2
(L= (IS111* + 15211%)) (1 = (18221 + 1S121%))

When p, < 0.5 and almost equal power levels appear at the terminals of the both antenna,
diversity gain can be achieved. In a typical selection diversity application, minimum p, will
result in maximum diversity gain [3,14-16]. Envelope correlation coefficients for parallel
printed dipoles using simulated S-parameters are shown in Fig. 10 for free-space and over the
fence conditions. The envelope correlation coefficient is very low over the entire operation
band. Coupling can occur through free space and through ground currents as they share
common ground. Although the physical separation between the antennas is about 0.454,
where A, represents the free space wavelength, the coupling is very small due to balanced
nature of the antennas.

Complex correlation coefficient can be expressed in terms of envelope correlation coeffi-
cient as:

3

|05 = /Pe- )

On the other hand, apparent diversity gain (Gpp) can be approximated as

Gapp = 101 =I5 %, )
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Fig. 11 Diversity gains, a apparent diversity gain (red solid line Gqpp in free space, black dashed line G qpp
in front of fence.), b effective diversity gain (red solid line G.fy in free space, black bullet series Goff in
front of fence). (Color figure online)

and effective diversity gain becomes

G, f = nradGapp (6)

where 1,,4 is radiation efficiency. Diversity gains for printed dipole using simulation results
are displayed in Fig. 11. It can be seen that presence of metallic fence did not impact diversity
gains as free-space and over the fence simulations are very close to each other. This is expected
as the radiation pattern of the dipole antenna was not considerably affected by the fence as
illustrated in Fig. 5.

The block diagram of the two-antenna diversity system with single switch and dual-
switch are shown in Fig. 12. In single switch mode, either antenna A or antenna B is selected.
In dual-switch mode either single A or single B or A-B together can be selected. First
switch determines which of the mode will be selected between single modes (A or B). If
microcontroller selects two-antenna together mode, then first switch is not necessary for the
rest of the operation, and received signal strength indicator (RSSI) level for the measurement
is the average of the both of the antennas. Radio frequency (RF) output of the first switch
is also a RF input for switch 2. RF switch, AS214-92LF is used in the configurations. It is
selected for its low insertion loss (0.4 dB), low DC power consumption and good isolation
(26 dB) at 2.4 GHz.

4 Measurements

Prototypes were built on 1.56 mm thick FR4 substrate material with 1oz copper. The antenna
measurements were carried out to validate the simulation results of S-parameters. The pictures
of the prototypes are shown in Fig. 13. Measurements were carried out with network ana-
lyzer (Rohde & Schwarz ZVA-40). Measured S-parameters for printed dipole and inverted-F
are shown in Figs. 14 and 15. They exhibited good match within the frequency band of
interest. Moreover, measured coupling between the antennas were very low as evidenced in
simulations. There is an apperant frequency shift in impedance match of printed dipole to
higher frequencies and to lower frequencies for inverted-F antenna. Although both are below
—10dB match within the frequency band of interest, we attribute this discrepancy to variation
in the dielectric constant of FR4 substrate. Antenna radiation patterns were not measured
as it would require a large indoor anechoic chamber or a calibrated outdoor measurement
facility, which are scarce.
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Fig. 12 Antenna diversity, a single switch, b dual-switch (three modes)

Fig. 13 Prototypes of antennas a printed dipole top layer, b printed dipole bottom layer, ¢ inverted-F top
layer, d inverted-F bottom layer
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Fig. 14 Measured S—parameters for printed dipole antenna pair (red solid line S11 magnitude, black bullet
series Sp1 magnitude, blue diamond line Sy magnitude). (Color figure online)
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Fig. 15 Measured S—parameters for inverted-F antenna pair (red solid line S11 magnitude, black bullet series
So1 magnitude, blue diamond line Sy> magnitude). (Color figure online)

5 Conclusions

Wireless node antennas for over-the-metallic fence application of WSN are studied with
two-antenna configuration. Antenna types and locations on PCB board are investigated for
antenna performance in terms of S-parameters and gain. For pattern diversity, antennas placed
on opposite sides of the PCB had better characteristics. Using simulations, six different
antenna configurations were compared to each other, and only two were further analyzed for
reception and diversity implementation. Among the traditional antenna structures, balanced
printed dipole antenna with integrated PCB balun exhibited superior performance in simula-
tions. Diversity gains were calculated using envelope correlation coefficient. Switch diversity
system with single switch where either one of the antennas can be selected or dual-switch
configuration where both antennas combined for equal gain diversity is also proposed for
WSN over the fence applications.
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