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Abstract—Wireless Sensor Networks (WSNs) offer distinctive
sensing solutions in numerous application domains which comprise harsh operating environments. Sensing in such environments expose sensing nodes to several performance degradation
factors which obstruct sensing and/or data reporting. Sprouts
WSN platform, developed by TRL, overcomes the challenging
factors of harsh environments. In this paper we introduce the
patch antenna design of Sprouts platform. Sprouts antenna is
designed, simulated, and tested to fulfill extended communication
range while adhering to fit within “coin sized” dimensions. In
addition, the antenna is adaptable to resonant frequency shifts
which result from protective encapsulation material.
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Radio Frequency (RF) antenna optimization is essential in
the development of wireless sensor nodes in wireless sensor
networks (WSNs). A harsh deployment environment for WSNs
is an unpredictable and uncontrolled environment where factors such as temperature fluctuations, precipitation, vibration,
humidity, chemicals, and physical damage may affect the
normal operation of WSNs or render them inoperable. In such
deployment, the antenna’s performance is affected, making RF
front end design a challenging problem.
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the antenna is designed to overcome encapsulation effect on
resonant frequency shift and shows a significant performance
gain compared to off-the-shelf UHF antennas. The proposed
antenna design is tested in our Sprouts WSN platform deployment in the oil sand filtration process in Fort McMurray,
Alberta, Canada.
The rest of the paper is organized as follows. In Section
II Sprouts platform is presented with an emphasis on its RF
interface. In Section III, the proposed antenna design and
simulations are presented. In Section IV field deployment of
the Sprouts platform in oil sand filtration process is given,
followed by the conclusion in Section V.

The prominent harsh environmental consequences on antenna performance are: 1) RF signal reflection, attenuation,
and refraction from metallic and non-metallic objects, 2) resonant frequency shifts from the sealing/encapsulation material
of the sensor nodes. For instance, since WSNs uses Ultra
High Frequency (UHF) bands for communication (to reduce
antenna size), precipitation plays a major role in reducing
communication range beside accelerating the corrosion of
unprotected connections on WSN nodes (e.g., antenna traces).
In addition, when the WSN node is covered by metallic and/or
non-metallic objects, the signal is attenuated, reflected, or
scattered. Sprouts WSN platform [1] is developed by TRL to
address WSN challenges in harsh environments, including RF
communication range optimization.

II.

S PROUTS PLATFORM

Sprouts is a WSN platform designed for deployment in
harsh industrial environments. Unique attributes of Sprouts
sensor nodes include: modular hardware and software architectures, low power consumption, rugged metallic enclosure,
standardized communication, wireless energy harvesting, remote triggering, plug-and-play (PnP) sensor module interface,
and small footprint. The layered system architecture of Sprouts
is shown in Fig. 1.

This paper addresses inherent requirements for implementing wireless sensor nodes with a robust UHF antenna. The
proposed antenna is designed to maximize communication
range and to overcome resonant frequency shifts in the Sprouts
WSN platform. We simulate several, fixed size, patch antenna
designs under different ISM frequency bands to optimize the
node’s communication range. The antennas are limited in size
to fit within the enclosure of Sprouts sensor node. Furthermore,
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Sprouts has a modular middleware architecture called
DREAMS [2], which allows the developer to compose applications using loosely coupled software modules. The operating
system of Sprouts utilizes a simple task scheduler supported
by the Zigbee application layer. Sprouts can support other
operating systems such as TinyOS or Contiki due to its mature
and widely supported 8051 MCU low power architecture.
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Fig. 3. Antenna comparison: (a) Circular patch 2.45GHz (b) Trapezoidal
short-ended patch 916MHz (c) Loop antenna 433MHz

(a) Stackable layers of Sprouts (b) Sprouts Node

the following, the design, simulation, and performance of the
proposed patch antenna are discussed.
Sprouts comprises a Plug and Play (PnP) protocol which
provides a unique customization method using sensor modules,
which allows the user to implement custom modules for specific applications. Custom sensor modules can be interchanged,
reused, or combined to make new applications as needed.

A. Frequency selection
Our Sprouts platform is designed to be physically small
for easier customization in larger scope of applications. The
Sprouts platform has an external diameter of 25.4mm (including the rugged metallic enclosure) to fit a standard CR2032
coin battery. The physical limitations of the Sprouts platform
introduces a number of challenges including the amount of
surface area available for the antenna and its effect on communication range. Within the available area, three industrial,
scientific and medical (ISM) bands are tested. DASH7 (ISM
433MHz) Zigbee (ISM 916MHz) and Bluetooth Low Energy
(BLE)/Zigbee (2.45GHz) antennas are simulated using Ansoft
Designer. To support small size sensor nodes, we assume a
limited space of 30mm diameter or square area as close to
the CR2032 size which allows for a tapered patch antenna
at 916MHz. DASH7 at 433MHz cannot utilize any type of
patch antenna within this space. Therefore, we implemented
a loop-type antenna instead with a ground center to simulate
the underlying components. Zigbee at 916MHz can establish
a tapered patch antenna, while BLE and Zigbee at 2.4GHz
can utilize a full patch antenna, as seen in Fig. 3 a-c. The
simulation results in Fig. 4 show that with limited space
restrictions, directivity gain (DG) is greatly reduced from the
nominal 0dBi. Similar DG results are discussed in [5].

Energy harvesting management layer monitors energy
levels and controls wireless power transfer (WPT), remote
wakeup trigger, and recharging a backup battery. Sprouts nodes
employ wireless power transfer (WPT) where RF signal power
is amplified by AC-DC charge pump. The amplified charge is
stored in relatively large capacitor to replenish the battery.
The antenna is a vital component in Sprouts sensor nodes
design. It supports data communication, energy harvesting,
and remote triggering functionalities. Considering the small
footprint feature of Sprouts nodes, antenna design is a challenge. In addition, since Sprouts nodes have a unique rugged
metallic protective enclosure, extra design considerations are
required to minimize the effect of the enclosure on the node’s
communication performance.
The hardware architecture is tightly coupled with the
enclosure due to the antenna design and the Plug-and-Play
external modular customization architecture of Sprouts. Fig. 2
highlights the stackable layers of the Sprouts platform.
Upon completely encapsulating the platform within the
metallic enclosure, the inside of the enclosure is filled with
insulation material for extra protection against water leakage
into the node. The combination of the epoxy encapsulation and
the copper enclosure provides the platform with a structure that
is extremely tough; however, a robust performing antenna is
required to overcome the attenuation from the encapsulation.
III.

Using the basic form of Friss’ free-space path loss transmission equation that is given as:
Ploss (R, f ) = Pt + 20log(c/f ) − 20log(2πR) + Gt + Gr ,
(1)
where R is the radial distance in metres between the
wireless receiver (e.g., sensor node), and the transmitter (e.g.,
sink node), Pt is the source transmit power in dBm, f is the
frequency in Hz, c is the speed of light in m/s, Gt is the power
source antenna directivity gain, and Gr is the receiver antenna
directivity gain.

A NTENNA D ESIGN

In harsh environments, the antenna is the most susceptible component of the platform to the outside environmental
factors. In particular, corrosion, electrical shock, and physical
damage can irreversibly damage the antenna. Therefore we
utilize a novel miniature patch antenna, which is also used as
protective cover to the node’s components as shown in Fig.
2-b. Ideally, having the patch antenna completely enclosed
within the metallic enclosure would protect the antenna from
breakage. However, metallic rugged enclosures act as an RF
shield which prevents RF signal transmission or reception. In

Using equation 1, we show how communication distance
between two identical antennas is greatly reduced from the
nominal 0dBi when sensor node size restrictions are applied,
as seen in Fig. 5. A common sensitivity level of -85dBm
is assumed for comparison, which can vary depending on
transmission data-rates.
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Fig. 4. Directivity gain simulation results for DASH7, Zigbee, and BLE for
small sensor nodes within a 30mm diameter area

(c)
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14 mm

Fig. 6. HFSS design of Sprouts patch antenna (a) Simulation includes the
effect of the copper enclosure (b) top view with enclosure (c) top view of
patch only (d) Implemented
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Fig. 5.

From Fig. 5, small antenna size has a significant impact on
the communication range. DASH7 range is reduced from 1Km
to 15m and Zigbee 916MHz is reduced from 500m to 40m.
BLE and Zigbee operating in the 2.4GHz ISM band remain
almost unaffected at a 200m communication range.

(a)

(b)

Fig. 7. Patch antenna simulated using 2D Ansoft Designer, implemented
using Altium Designer, and fabricated on a PCB

B. parachute-like antenna
Sprouts utilizes a novel patch antenna derived from a
trapezoidal patch antenna [3]. Using antenna simulation tool
Ansoft HFSS, we modified the trapezoidal patch design into a
circular pattern to better fit our circular enclosure. Thus, our
patch antenna has a parachute-like shape (18mm x 14mm),
as seen in Fig. 6. The parachute patch antenna plays an
important role in the platform, such that it allows the platform
to be completely bounded within the rugged circular metallic
enclosure (25.4mm in diameter), as seen in Fig. 6-d). In
addition, no external components are susceptible to breakage
or damage from the harsh environment as would be the case
if a monopole whip antenna was to be used. However, the
tradeoff of having a physically small patch antenna comes at
the cost of reduced performance in return loss (i.e. -15 dB)
and gain (i.e -4.5dB) as seen by our simulation results from
Ansoft HFSS in Fig. 8. Ideally, a non-tapered square patch
antenna operating at 2.45GHz has an approximate dimensions
of 29mm x 29mm, return loss greater than -20dB, and a typical
directivity gain of approximately +1 to +2 dB.

Designing the parachute patch antenna in HFSS allowed us
to take into consideration the metallic enclosure of the Sprouts
platform and the epoxy dielectric material. The effect of adding
the enclosure and the epoxy in the simulation dropped the
resonant frequency by approximately a 100MHz (i.e. from
2.45GHz to 2.35GHz). This shift in resonant frequency would
render the antenna useless for operation and greatly reduce
received signal strength. Therefore, the overall dimensions of
the parachute patch antenna had to be reduced in order to
accommodate for the 100MHz shift. Initially we designed
the parachute patch antenna using Ansoft Designer, which is
limited to 2D structures, and implemented it as shown in Fig. 7.
The antenna in Fig. 7 exhibited the 100MHz shift in frequency
upon binding it with epoxy inside the enclosure. Therefore,
we later resorted to a full 3D structure implementation using
HFSS and took the metallic enclosure and epoxy material into
consideration, as seen in Fig. 6.
The design and implementation of the parachute patch
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Fig. 8.

Patch antenna simulation results for return loss (dB) and gain(dB)

antenna is essential for harsh environments. The benefits of
such a novel design include the following:
•

Takes into consideration the enclosure and epoxy
material effect on operating frequency, which is not
considered in the off-the-shelf antennas.

•

Is flat and does not protrude the enclosure making it
ideal for harsh environments since any externally used
antenna would be susceptible to breakage.

•

Ultra lightweight (approximately 1.2g) when compared to external antennas that have the same gain
(e.g., passive ceramic patch antennas about 12g).

•

Reduces the cost of the platform and obviates the need
to purchase an antenna, such that the PCB material is
the only cost factor.

•

Can be mounted on top of metal without exhibiting
any performance degradation to operating frequency
or directivity gain as opposed to any non-patch antenna. This is mostly due to the ground plane on the
opposite side (back-side) of the patch layout.

•

Allows us to use a metallic enclosure and acts as its
cover. Other platforms such as the SAND platform
[4] must use a plastic enclosure because their antenna
is designed as a wire-loop around the main board.
Thus, the enclosure must be plastic to allow the RF
signal to escape. Plastic enclosures are naturally more
susceptible to breakage.

Fig. 9. The vibration mesh screen at Syncrude showing steam and rejected
large rocks which get further crushed and fed back to the mesh screen

Harsh conditions at the oil sands production site can
be very demanding and difficult for commercially-off-theshelf (COTS) WSN solutions. The vibration mesh screen is
composed of multiple mesh sheets bounded together to form
one large mesh screen as shown in Fig. 9. The vibration mesh
screen is inclined 15o and vibrates at 13Hz a total distance of
one inch allowing larger ore particles to naturally slide off the
mesh screen into a secondary crusher for further refinement.
For field deployment, we hand-assembled and deployed
12 Sprouts nodes on one mesh screen (as shown in Fig. 10a), which was deployed in Syncrudes Aurora mine site. The
nodes are placed within a metallic housing and are covered
by translucent epoxy compound, MG-Chemicals-832C. The
translucent epoxy hardens within 24 hours to a tensile strength
of 55.7N/mm2, which is similar in tensile strength to glass
(20 to 70 N/mm2), but without being brittle. The Sink-node is
placed 30 metres from the mesh screen within a heavy duty
box (Fig. 10-b). The sink node communicates with the nodes
through Zigbee Z-stack at 2.45GHz. The collected data from
the nodes is transmitted to a database server through WiFi and
3G cellular network.
The harsh environment surrounding the operation of the
vibration mesh screen introduces several challenging on the
RF propagation:

C. Field Deployment
The antenna efficiency is tested in our deployment of
Sprouts in Syncrudes oil sand filtration process in Fort McMurray, Alberta, Canada. Syncrude uses large vibration mesh
screens to separate larger ore particles from the slurry mixture
by means of mixing hot water with oil sand. The dry feed rate
of oil sand averages 8,000 tons/hour and is delivered seven
days a week, year round. The problem lies with the high
volume and velocity of the slurry falling on the mesh screen
and the abrasive nature of sand in the slurry mixture. Sprouts
is deployed to sense the thickness of the mesh screen to alarm
if the sheet is about to break.
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•

Non-line of sight communication: Sensor nodes cannot be located in direct contact with the abrasive flow
of the slurry mixture. As a result, the sensor nodes are
forced to be located underneath the mesh screen for
maximum physical safety.

•

Extended communication distance: The size of the
vibration mesh screen force the sink node to be placed
at far distance from the nodes which reduces the RF
signal magnitude.

•

Constant jet of warm water creates several problems
with wireless communication. The water turns the
sand into mud that wraps the wireless sensor nodes

Vibration Screen

Sink-Box

1

Sink node
4

Zigbee Network
2
3
5

Sprouts (Source nodes)

6

(a)
Fig. 10.

6

(b)

Sprouts deployment: (a) sensor nodes are placed under the mesh screen and covered by epoxy (b) sink node is placed inside a heavy duty setup

absorbing some of the signal power. The steam that
surrounds the vibration mesh screen increases humidity, which further absorbs signal energy.
•

4

resonant frequency. These properties make our Sprouts sensor
nodes rugged, long communication range, and fit within one
cubical inch. We deploy our sensor nodes (with the parachutelike antenna) in an actual harsh environment and the antenna
showed a robust performance that conforms to the results in
our simulations.

Reflection/refraction from the vibration mesh screen:
The vibration mesh screen is similar to a metallic
cage and the location of the sensor nodes underneath
the mesh screen surrounds the nodes with a metallic
mesh increasing multi-path interference and signal
scattering.
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In our deployment, the received signal from the sensor
nodes (with the design in Fig. 7) was successfully decoded
at -40dBm while adhering to the required ISM band carrier
frequency of 2.45GHz.
IV.

C ONCLUSION

We have successfully designed and implemented a low
cost rugged UHF antenna considering the center operating frequency and size. The proposed parachute-like is designed and
simulated to overcome several harsh environment factors; it is
PCB based (unbendable), maximizes the gain for the given size
constraints, and overcomes the encapsulation material effect on
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