INVESTIGATION OF BLUETOOTH COMMUNICATIONS
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ABSTRACT. Internet of things (IoT) sensor networks that monitor agricultural equipment can provide useful data to optimize
a farm’s productivity. For such a network to become widely adopted, the sensors should have battery lives at least as long
as a full farming season. While the standard low-power wireless sensor communication platforms, e.g., Zighee and ANT,
may potentially satisfy this requirement, they lack common hardware support in consumer devices. By using more ubiquitous
technology, such as cellphones and tablets, the costs and complexity and be significantly reduced. Nearly all mobile devices
currently on the market have Bluetooth capability, making it a viable wireless protocol choice. In addition, the recent release
and adoption of the Bluetooth 4.0 Low Energy (BLE) standard has solidified it as a strong candidate for use in very low
power, long battery life networking. This work investigates how various BLE configurations affect network size, network
throughput, and sensor battery lifetimes. We present a strategy to select network parameters that achieve at least a certain
sensor update interval and connection latency while simultaneously minimizing the sensor’s energy requirements and data
latency and conforming to network size and throughput constraints. We present a simple BLE energy model created from
current consumption measurements of the commercially available TI CC2540 BLE module. The combination of this BLE
energy model and a simple battery capacity model allows the estimation and validation of sufficient battery life. Sensor
lifetimes on the order of multiple years can easily be achieved for large update interval and connection latency sensors,
which would be typical in mobile agricultural equipment.
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arming has recently seen, and will continue to see,

arapid growth in the use of technology. Owners are

now better able to plan, manage, and work their

farms with precision (Sassenrath et al., 2008;
Heege, 2013). One obvious example of innovation is auto-
steer tractors that use high-quality GPS sensors to guide
steering. These systems not only ensure that an entire field
is worked without wasteful overlap (Li et al., 2009) but also
that it is worked with high efficiency and accurate placement
of materials. However, like many other state-of-the-art agri-
culture technologies, auto-steer is typically limited to the
sensors, monitors, and software installed, or approved, by
the manufacturer. Farming decisions could be made signifi-
cantly more effective if simple, low-cost, and flexible wire-
less Internet of Things (IoT) style sensors were available to
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easily collect the data that farmers need for their farming
practices (Ivanov et al., 2015; Taylor et al., 2014).

A significant body of research has been produced in the
area of agricultural wireless sensor networks. For example,
Zhang (2004) commented on the practicality of Bluetooth
3.0 by considering requirements such as coverage area and
the impact of the agricultural environment. ZigBee was sim-
ilarly studied by Hebel (2006). Over the course of a year or
a season, the environment in which a wireless sensor net-
work must operate changes because of land use and vegeta-
tion growth. The link quality over various terrains and crops
has been experimentally measured (Tate et al., 2008). Path
loss and other quality issues have been studied for indoor
applications as well. For example, Darr and Zhao (2008) de-
veloped models for the wireless environment in a poultry fa-
cility.

There has also been interest in the development of new
sensors that leverage wireless sensor networks. For example,
O’Shaughnessy et al. (2013) outfitted center-pivot irrigation
systems with a sensor network that could precisely control
the water applied to a sorghum crop, ultimately increasing
yield and reducing water usage. Another group used a net-
work of passive capillary wick samplers to estimate and
monitor real-time drainage fluxes in support of soil pollutant
transport modeling (Jabro et al., 2012). As a final example,
Kog et al. (2013) developed a Bluetooth 3.0 based controller
and Android application that remotely monitors and controls
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a pull-type field sprayer.

The current literature tends to be limited to sensor net-
work applications with predominately fixed infrastructures.
In this work, we demonstrate operator-centric IoT sensor
networks, similar to the above sprayer example, by consid-
ering network performance in the following real-life uses:

1. A wireless identification tag attached to every imple-
ment on a farm, whose sole purpose is to identify itself
to any nearby operator. This information is useful in
autogenic (Welte et al., 2013) and other systems. For
example, automatic logs of the day’s activities can be
generated from nothing more than the identification
tag data and GPS tracks of the equipment.

2. A sensor that records whether an implement is work-
ing, e.g., by monitoring pressure within a hydraulic
line, machine vibration, or shaft rotation. Data from
this sensor could also be used to improve the accuracy
of the above activity log.

3. Weight sensors on carts that report real-time weight
measurements directly, and therefore yield measure-
ments indirectly, during silage and similar harvests. A
similar Bluetooth-based sensor has been proposed by
Lee et al. (2002).

The above list of uses is not exhaustive, but many IoT
devices fit within this framework. For example, the identifi-
cation tag represents a sensor with slowly changing data, the
implement status sensor has data with a slow to moderate
change rate but requires low latency, and finally the weight
sensor has a high change rate.

Until recently, most traditional wireless communications
protocols, such as ZigBee and ANT, have had certain short-
comings. These include, but are not limited to, energy usage,
consumer-level availability, and ease of use and deployment.
Many of these issues are mitigated by the new Bluetooth
Low Energy (BLE) section of the Bluetooth 4.2 specification
(Bluetooth SIG, 2014). BLE has been shown to have lower
power requirements in [oT applications than ZigBee or ANT
(Dementyev et al., 2013; Siekkinen et al., 2012), and the
popularity of previous versions of Bluetooth in cell phones
and tablets has enabled rapid adoption of BLE at the con-
sumer level. ZigBee and ANT provide more advanced net-
working architectures, such as star, tree, and mesh topolo-
gies, as compared to BLE’s lone point-to-point network with
one master and many slaves, i.e., a piconet. Even so, the sim-
plicity of BLE has helped lower the barrier for development
and reduce deployment complexity. Additionally, mobile
device operating systems, such as Android and iOS, offer
users and developers flexible, extendable, and familiar soft-
ware environments that are already portable and battery op-
erated. Therefore, the inexpensive and ubiquitous mobile de-
vice, often already owned by individuals, can be easily made
into an IoT network clusterhead. However, some unan-
swered questions remain about BLE’s ability to meet the
technical constraints of sensors:

e Can a BLE network support enough sensors?

e Does a BLE network have sufficient throughput?

e Is a BLE sensor low-power enough to last at least an

entire growing season?

1022

This article investigates those questions and presents ev-
idence suggesting that BLE is a viable technology for use in
agricultural IoT sensor networks. The work presents a sim-
ple description of the physical and link layers and the asso-
ciated configuration parameters. Using that knowledge, we
present a scheme of selecting the parameters such that bat-
tery life and latency are jointly optimized while still meeting
or exceeding requirements for the network’s maximum num-
ber of sensors and throughput. Finally, to show that sensors
configured with this scheme can achieve sufficient battery
life, a basic usage model is formulated using the sensor’s av-
erage current draw in its various modes of operation and a
simple battery capacity model. To develop the usage model,
we experimentally measured the current needs of the Texas
Instruments CC2549 BLE module (Texas Instruments,
2013). With these results, it is clear that sensors equipped
with BLE can satisfy typical agricultural requirements.

BLUETOOTH LOW ENERGY

BLE, most recently defined by the Bluetooth 4.2 specifi-
cations (Bluetooth SIG, 2014), simplifies portions of the
Bluetooth 3.0 protocol (Bluetooth SIG, 2009), in order to
achieve energy savings. The physical layer is similar to the
Bluetooth 3.0 design with relaxed requirements, such as tim-
ing accuracy, channel bandwidth, and modulation filtering.
In-depth details of BLE are outside the scope of this work
(e.g., see Gomez et al., 2012, and Bluetooth SIG, 2014, for
further information). Here we focus only on the components
of BLE that are important for energy consumption, particu-
larly on the sensor side.

BLE has five major operating modes: Scanning, Adver-
tising, Connected, Initiating, and Standby. The Advertising
mode broadcasts data or connection requests, in the form of
advertisements, to other sensors. The Scanning mode re-
ceives advertisements, and the Initiating mode forms the
connection. Once a connection is established, the Connected
mode transmits packets to the connected sensor. The
Standby mode is simply a lower power setting reserved for
use when the device is not participating in a BLE network.

Figure 1a illustrates the various paths taken to activate a
mode. If a device activates Connected mode via the Initiating
mode, it becomes a master. On the other hand, if a device
activates the Connected mode via the Advertising mode, it
becomes a slave. At any given time, a slave may only be
connected with one master. However, a master may have
many simultaneous slave connections, e.g., a piconet. There-
fore, a sensor network clusterhead must operate as a master,
and a sensor must operate as a slave. All communications are
between master and slave. Slaves do not talk with other
slaves, nor masters with other masters. A connected sensor
may transmit advertisements by simultaneously being in the
Connected and Advertising modes as long as the two modes
do not need to transmit at the same time.

In the work considered here, we are primarily interested
in the sensor side. Therefore, the relevant mode activations
are the Advertising and Connected modes, as the Scanning
and Initiating modes are for masters only. In an agricultural
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Figure 1. (a) Diagram of the allowable paths a BLE module can take to
activate a mode. A sensor would activate Connected mode through Ad-
vertising and a clusterhead through Initiating. (b) State diagram of a
BLE module exclusively in the Advertising mode. (c) State diagram of
a BLE module exclusively in the Connected Mode.

sensor network, sensors will exclusively be in the Advertis-
ing mode or the Connected mode. We make this assumption
because a sensor design intended to minimize energy usage
should not waste energy advertising itself to others while it
is actively connected to a master.

ADVERTISING MODE

As shown in figure 1b, a BLE device exclusively in the
Adpvertising mode has only two possible states: standby and
advertising. The standby state has no required BLE tasks,
and therefore most of the hardware will enter a low-power
mode. However, the advertising state requires the hardware
to periodically transmit advertisement packets. Transmitting
is typically a high-power operation that may result in peak
currents that could affect the selection of battery chemistry.

As shown in figure 2, the Advertising mode is character-
ized by only one parameter, advinterval, which is the de-
signed length of time between advertising states. However,
to help prevent different BLE devices with equal advinterval
values from repeatedly interfering with each other, each de-
vice automatically adds a random delay, advDelay, to advin-
terval at the beginning of every advertising state. The value
of advDelay is between 0 and 10 ms and is chosen inde-
pendently each time it is used.

All devices may have their own value for advinterval;
however, it must remain between 0.02 to 10.24 s and can
only be incremented in steps of 0.625 ms. As advinterval
increases, the device transmits less often, resulting in lower
energy consumption.

CONNECTED MODE

As shown in figure 1c, a BLE device exclusively in the
Connected mode has only two possible states: standby and
connection. The standby state has no required BLE tasks,
and therefore most of the hardware will enter a low-power
mode. However, the connection state requires the hardware
to periodically transmit at least one packet, even if there is

|———— advinterval + advDelay

|——advinterval + advDelay ——|

i advertising H standby advertising i standby
state H state : state i state

Time

Figure 2. Example of the advertising packets transmitted during Ad-
vertising mode. Transmissions are represented by solid-line rectangles;
Adv 1, Adv 2, and Adyv 3 are transmitted on a separate radio frequency
reserved for advertisements only, and advDelay is a random delay
added by the BLE physical layer to avoid continuing collisions with
other advertising devices. Also noted are the states of the device over
time, represented as dotted rectangles.
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Time

Figure 3. Example of the interaction between a connected master and
slave. In this particular connection, connSlaveLatency is set to 3, and
the slave elects to miss the full length of time. The first connlntervai
shown has only the initial round-trip event. However, in the last con-
nlnterval shown, the master has initiated several round-trip events.
Solid-line rectangles labeled M—S are packets sent from the master to
the slave, and the response packets from the slave to the master are
labeled S—>M. Also noted are the states of the slave device over time,
represented as dotted rectangles.

no data to send. Transmitting is typically a high-power op-
eration that may result in peak currents that could affect the
selection of battery chemistry.

As shown in figure 3, the Connected mode is character-
ized by the connlnterval, connSlaveLatency, and connSuper-
visionTimeout parameters. All three parameters are shared
by both the master and the slave and are agreed upon as part
of the connection process. The conninterval parameter is the
designed length of time between connection states. During a
connection state, the master addresses the slave by transmit-
ting a packet, and the slave responds by transmitting a packet
back, completing a so-called round-trip event. If the master,
slave, or both have no data queued, then they may send an
empty payload packet. A slave using the slave latency fea-
ture to save energy may skip the connection state for up to
connSlaveLatency consecutive lengths of conninterval time.
Figure 4 is a flowchart showing the decisions made when
considering whether to enter the connection state or not.

Data Yes
Ready?

No

Yes

atency

Exceeded?

Stay in
Standby
State

Figure 4. Logic used by a BLE device when deciding whether or not to
enter the connection state.
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The conninterval parameter can be set to a value between
0.0075 and 4 s in steps of 1.25 ms, and connSlaveLatency
can be any integer between 0 and 499 connection states. As
connlnterval increases, the device transmits less often, re-
sulting in smaller energy consumption. When a slave in-
creases connSlaveLatency, it can choose to transmit less and
thereby reduce the energy consumption further.

The example in figure 3 indicates that there may be more
than one round-trip event per connection state. The master
determines the number of round-trips that occur. If either the
master or the slave has more data to send, the master can
elect to continue the conversation. However, communication
must not be continued if any of the following conditions oc-
cur:

o The master has commitments to other slaves.

There is not enough room in the current conninterval
to complete a full round-trip.

Neither side has more data to send.

Too many errors have occurred.

Connection mode can be terminated upon the request of
either the master or the slave, or because the physical radio
link is broken for longer than connSupervisionTimeout sec-
onds. Therefore, equation 1 must be satisfied:

(connSlaveLatency + 1) x connlnterval )

< connSupervisionTimeout

In agricultural scenarios, it is unlikely that sensors would
need to quickly disconnect from one clusterhead and connect
to another; therefore, it is assumed that connSupervision-
Timeout should always be set to its maximum value of 32 s.
As an example, if the tractor driver changes, all of the trac-
tor’s sensors need to establish a connection with the new op-
erator’s mobile device (clusterhead). However, the sensors
would not know to do this until the connection with the old,
now unavailable, clusterhead is determined lost, connSuper-
visionTimeout seconds later. Even with the maximum
timeout, the new connections would typically form before
the operator had the opportunity to begin any work. In the
event that this is not true, a sensor may buffer data during
the outage, ensuring no data loss. The connSupervision-
Timeout parameter may range from 0.1 to 32 s in steps of
10 ms. The connSupervisionTimeout value has no direct ef-
fect on energy consumption. However, as shown in equa-
tion 1, if the parameter is set too small, it may impose a limit
on the maximum value of connSlaveLatency and connlnter-
val that results in a configuration with higher energy usage.

HIGHER LAYERS
Higher layers of BLE include features to help facilitate

communication and data transfer; in general, these protocols
are not important when selecting the physical layer parame-
ters. However, to calculate network throughput, it is im-
portant to know how many data octets are in a packet. We
assume that the sensor will use the Generic Attribute Profile
(GATT) framework, which defines a set of procedures that
a device can use to read, write, and discover stored data
points, called characteristics. A GATT notification allows a
slave to automatically send up to 20 octets, or 160 bits, of
data in the next available connection interval after it changes
in the device’s internal GATT table. The notification is sent
using a BLE L2CAP B-frame, which allows for up to 20 oc-
tets of data plus 7 octets of headers, resulting in a maximum
frame size of 27 octets (Bluetooth SIG, 2014). Therefore, the
master does not need to waste any time or throughput send-
ing specific read requests. For the remainder of this work,
during Connection mode, we assume that all packets sent by
the slaves are GATT notifications and all packets sent by the
master are empty, which represents the most common sce-
nario of sensors generating data to be used at the clusterhead.

PARAMETER SUMMARY

A BLE network is completely configured by the four pa-
rameters advinterval, connlnterval, connSlaveLatency, and
connSupervisionTimeout. For the Advertising mode, advin-
terval is the designed length of time between advertising
states. For the Connected mode, conninterval is the designed
length of time between connection states, connSlaveLatency
is the number of connection states a device is allowed to
skip, and connSupervisionTimeout is the length of time a de-
vice will wait before leaving the Connected mode if it is has
not received any packets. Table 1 reviews the allowable
range, step size, and the impact on the master and slave en-
ergy and data latency for each of these parameters.

NETWORK DESIGN PROBLEM

The Advertising mode parameters do not influence the
Connected mode, and vice versa; therefore, we can view
them as two independent problems that can be solved indi-
vidually. The Advertising mode design is simple; it only re-
quires the selection of advinterval. When a nearby cluster-
head is initiating, advinterval sets the worst-case connection
latency; advinterval does not impact the network’s maxi-
mum size, data latency, or throughput.

The Connected mode design is slightly more complex, re-
quiring the selection of conninterval, connSlaveLatency, and
connSupervisionTimeout. From an earlier assumption,
connSupervisionTimeout is set to 32 s. The values of con-

Table 1. Relationships between energy usage and data latency of the master and slave with respect to the individual BLE parameters.

Advertiser/Slave  Scanner/Master
Mode Parameter Range Step Energy Energy Latency

Advertising advinterval 20msto 10.24s  0.625 ms Inversely Directly Directly proportional
proportional Proportional

Connected connlnterval 75msto4s 1.25 ms Inversely Inversely Directly proportional
proportional proportional

connSlaveLatency 0 to 499 1 Inversely Not affected Slave — master: no affect;
proportional Master — slave: directly
proportional
connSupervisionTimeout 100 ms to 32 s 10 ms N/A N/A N/A
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ninterval and connSlaveLatency have many possible op-
tions. The following sections develop a strategy for selecting
conninterval and connSlaveLatency such that battery life is
maximized and the data latency is simultaneously minimized
while still meeting or exceeding requirements for the net-
work’s maximum number of sensors and throughput.

NETWORK SIZE CONSTRAINTS

A network configuration scheme needs to respect a nec-
essary minimum number of sensors, or network size. The
BLE specifications technically allow a network to have a
nearly unlimited number of sensors; however, there is a bot-
tleneck. For a master to ensure that it will not miss any con-
nection states, it may not schedule a connection state to
begin during the first round-trip of another. Therefore, as
shown by equation 2, the maximum number of slaves sup-
ported in a network () is the number of complete round-
trips that fit within the smallest conninterval of the entire
network. The length of a round-trip for the notification-only
networks considered in this article is 676 pus (Bluetooth SIG,
2014):

connlnterval
= {—J 2

676 us

where L‘J is the floor operator, i.e., round down.

BLE piconets are point-to-point networks, and farm
equipment and infrastructure tend to be spread out over a
large geographical area. Therefore, the number of supported
slaves is, in general, large compared to the number of sensors
in range of any one clusterhead. However, the network be-
comes limited if there is a sensor with a small update inter-
val. An example of this would be a low update interval sen-
sor operating with large connSlaveLatency to reduce energy
consumption that also uses the smallest conninterval
(7.5 ms) to improve its data latency. In this case, the network
is limited to 11 total sensors (7.5 ms / 0.676 ms).

If network size is of concern, the network designer should
use equation 2 to determine a lower bound on connlnterval
based on the projected maximum network size.

NETWORK THROUGHPUT CONSTRAINT

Similar to the network size constraint, the network de-
signer must understand how throughput is restricted in order
to design a configuration strategy. The maximum achievable
throughput is a completely full notification (20 octets or
160 bits), multiplied by the number of round-trips per sec-
ond. The restriction on the number of packets per second is
based on the requirement that a master not miss the begin-
ning of any connection states. Therefore, assuming the mas-
ter has scheduled all of the slaves such that there is not any
wasted time, the number of packets that can fit within the
smallest connInterval of the entire network is also the largest
block of consecutive packets. For example, either the net-
work has the maximum number of slaves, each completing
only one round-trip, or there are fewer slaves, some trans-
mitting multiple notifications per connection state. There-
fore, the total network throughput (7)) follows equation 3:
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conninterval 676 us

As shown in figure 5, the network throughput staggers up
and down. The stagger becomes less in amplitude and ap-
proaches an asymptote of 236.68 kbits s as connlnterval is
increased. This stagger is a result of there not being enough
time to complete a round-trip communication at the end of
some connlntervals, and therefore the time is wasted. As
conninterval becomes larger, the wasted time is a smaller
percentage of the total transmitting time, so throughput is
less affected.

Network throughput may not be the most important con-
sideration for an agricultural BLE sensor network because
even the minimum theoretical throughput, 219.4 kbits s, is
significantly larger than the needs of most sensors. As an ex-
ample, again consider the weight sensor used for mapping
silage yield. If the tractor were using a low-cost GPS, with
roughly 3 m of error, and traveling at the speed of 5 mph
(2.2m s, the sensor would need an update interval of
roughly 1.3 s to produce a yield map with the same level of
spatial error. Assuming the weight measurement requires
five octets of data for each set of axles, and that the silage
cart has three axles, then an overall measurement is 15 octets
in length. Therefore, the sensor’s throughput needs are
15 octets of data per 1.3 s, or 0.09 kbits s’!. If the GPS was
of the best quality, with roughly 3 cm of error, then the sen-
sor would require an update interval of 13.6 ms and therefore
a throughput of roughly 8.8 kbits s!. It is unrealistic to
achieve a silage yield map with a resolution of 1 cm or even
a weight sensor that could provide accurate measurements
that quickly, so it is likely the network designer would
choose a larger update interval. However, this is a good ex-
ample of the throughput requirements for a quickly updating
sensor.

If the network throughput is of concern, the network de-
signer should use equation 3 to determine a lower bound on
the value of comninterval based on the required network
throughput.
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Figure 5. Theoretical maximum network throughput (notifications
only), shared among the slaves, as a function of the smallest connInter-
val in the entire network. The trend continues, eventually reaching a
maximum of 236.68 Kkbits s, as connlntervalis increased to 4 s.
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PARAMETER SELECTION

This section presents a simple method that a network de-
signer could use to select the parameters that meet the re-
quired update interval, connection latency, network size, and
network throughput.

Advertising Mode

There is only one parameter to select in the Advertising
mode, advinterval. As mentioned previously, this parameter
is entirely based on the sensor’s required connection latency.
To maximize battery life, advinterval should equal the max-
imum connection latency that the sensor can tolerate,
thereby minimizing the required number of advertisement
transmissions and minimizing the mode’s power. For exam-
ple, an identification tag on a tractor can easily use the larg-
est connection latency (10.24 s) because, in general, it takes
a much longer time for an operator to begin work then for
the identification, or connection, to be made. However,
weight sensors on a silage cart may need a small connection
latency because the cart typically pulls alongside a harvester
that is already in operation.

Connected Mode

An obvious strategy for picking conninterval and
connSlaveLatency is to maximize connlnterval and then
maximize connSlaveLatency, ensuring that the desired up-
date interval is achieved, i.e., conninterval x (connSlavelLa-
tency + 1) = update interval. However, this method provides
the worst-case data latency. If the data are ready early or if
errors caused the initial round-trip to fail, then the slave may
have to wait the full connlnterval again to transmit. Because
of this, we alternatively opt to minimize connlnterval and
maximize connSlaveLatency while still meeting the update
interval requirement.

The alternative method achieves the maximum battery
life because the sensor is still only required to transmit once
per update interval. However, because conninterval is mini-
mized, the potential data latency is reduced. Equation 4 pro-
vides the value of connlnterval that maximizes battery life
and minimizes data latency and still achieves the network
requirements. However, connlnterval may be set to a larger
value if required for network size and/or network throughput
constraints. Equation 5 calculates the necessary connSlavel-
atency to meet the update internal requirement and still min-
imize energy consumption, given a particular conninterval.
As written, the three-input minimize function of equation 5
ensures that equation 1 is satisfied and that the allowable
range of connSlaveLatency (maximum of 499) is respected.
If the update interval is not exactly achievable, then equa-
tion 5 will slightly undershoot the interval. If preferred,
equation 5’ can be used instead to produce a configuration
that meets or slightly overshoots the update interval. Note
that these equations only differ in the use of the ceiling ver-
sus the floor operator in the first argument of the minimum
function:

connlnterval =
7.5ms 0 < Update Interval < 3.7425 4)
Update Interval
————  [x1.25ms  3.74255s < Update Interval < 32s
500x1.25 ms
65 ms Update Interval > 32s
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connSlavelatency =
(%)
min Update Interval ’ 32s 500 |1
connlnterval connlnterval
connSlaveLatency =

(5

min Update Interval , 32s 500 |1
connlnterval connlnterval
where [0—| is the ceiling operator, i.e., round up.

If the update interval exceeds connSupervisionTimeout
(32 s), then the method is no longer able to minimize the
slave’s power in the same sense. In this case, the sensor can-
not be silent for the full update interval because a supervision
timeout would occur. Therefore, the method selects network
parameters such that a slave connection event occurs once
per connSupervisionTimeout as well as minimizes con-
ninterval.

As an example of the method’s usage, consider the weight
sensor for silage yield mapping, discussed earlier. It required
an update interval of 1.3 s and 13.6 ms for the low-cost and
high-quality GPS situations, respectively. Therefore, using
equation 4, conninterval is set to 7.5 ms in both cases. Equa-
tion 5 produces a connSlaveLatency of 173 for the low-cost
GPS, resulting in sensor update every 1.2975 s, and 1 for the
high-quality GPS, resulting in a sensor update every 7.5 ms.

As an additional example, consider the implement-en-
gaged sensor that reports if a tractor’s implement is working
the ground. Assume that it is updating at a speed suitable for
pairing with a low-cost GPS and is in a network that has a
size restriction of at least 55 sensors. In this case, conninter-
val must be at least 37.5 ms to allow for that many sensors.
However, equation 4 suggests that the optimal value, consid-
ering only energy usage optimization, is 7.5 ms. Because the
network size restriction requires 37.5 ms, this larger value
must be chosen instead of 7.5 ms, sacrificing some power
usage in order to support a large network size. As a result,
connSlaveLatency is set to 35, resulting in a sensor update
every 1.3125 s.

BLE BATTERY MODEL

In order to estimate the battery life of a BLE sensor, an
energy usage model is required. Therefore, we measured the
average current draw of a Texas Instruments CC2540 BLE
module on the CC2540DK-MINI development board (Texas
Instruments, 2013) while it transmitted advertisements and
maximum payload GATT notifications. However, the devel-
opment board has various sensors and components unrelated
to Bluetooth that affect the current measurements. As sug-
gested by the AN092 application notes (Kamath and Lindh,
2012), we modified the board by removing those compo-
nents, leaving only what is necessary for the BLE module to
function. We also modified the on-board 3.0 V coin cell bat-
tery holder so that an external Agilent E3631A power supply
(Agilent, 2013) could be used as the source.

To measure the current draw versus time, we installed a
0.47 Q) shunt resistor between the external power supply and
the development board’s modified 3.0 V coin cell battery
holder. An Agilent MSO-X 4024A oscilloscope (Agilent,
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2014) captured the voltage waveform dropped on the sense
resistor after being amplified by a Texas Instruments
INA210 bi-directional zero-drift series current shunt moni-
tor (Texas Instruments, 2014). The oscilloscope was config-
ured to trigger on a voltage spike caused by an inrush current
when the BLE module transitioned states. As a result, all the
captured waveforms start directly at the beginning of each
transmission event.

Figures 6 and 7 are several examples of the collected
waveforms recorded during the advertising and connection
states, respectively. Clearly, there is some small variation in
the length of these events, although the size and shapes of
the various curves are quite predictable. An advertising state
requires an average current draw of 8.6 mA and takes 4.0 ms
to complete. A connection state requires an average current
draw of 7.8 mA and takes 3.0 ms to complete. The average
current consumption during the standby state is 1.1 pA. We
rounded the average measurements to two significant digits
to reflect our estimation of the measurement error.

The BLE standard does not specify a power control
scheme, so we assumed there is not one in use. All transmis-
sions in this work were done at a constant transmit power of
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Figure 6. Selected current profiles from a CC2540 during the advertis-
ing state. The profiles were captured by triggering on a current rush
caused by the transition from standby state. The CC2540 transmit
power was set to 0 dBm.
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Figure 7. Selected current profiles from a CC2540 during the connec-
tion state. The profiles were captured by triggering on a current rush
caused by the transition from standby state. The CC2540 transmit
power was set to 0 dBm.
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0 dBm. As aresult, the distance between the master and slave
does not affect the energy usage. It has been shown that
0 dBm transmit power provides a BLE communication
range on the order of 100 m (Ekstrom et al., 2012). BLE’s
physical layer bit rate is 1 Mbits s (Bluetooth SIG, 2014).
We assumed that the maximum amount of data transmitted
in a connection state is the 20 octets of payload data in a
GATT notification. As a result, the time required to transmit
the sensor’s data is at most 5% of the entire connection state,
and therefore payload length does not appreciably affect the
average current draw. To be on the safe side, figure 7 was
captured using 20 octet data payloads; therefore, at worst,
the average current will be slightly overestimated for smaller
payloads.

To calculate the average current, there needs to be an as-
sumption of the sensor’s usage. Here, we define a parameter,
yearly usage, which is the number of hours per year that the
sensor is in connected mode, i.e., entering the connection
state every update interval seconds. The rest of the time, the
sensor is in advertising mode, i.e., entering the advertising
state every connection latency seconds. The total time per
year that the device is in the connected state is therefore 7. =
yearly usage x 66 x 20 s, and the time spent in the advertising
state is 7, = 365 x 24 x 60 x 60 — T. s. When in the advertis-
ing state, the total time spent transmitting advertisements
equals:

Td
Connection Latency

! :4.0x10_3(

and the total time in standby is 7,5 = T, — T,,” s.
Similarly, for the connected state:

T,

7l =3.0x1073 (—CJ s

Update Interval
and 7.5 = T, — T." s. Therefore, the average yearly current
(mA) is a function of update interval, connection latency,
and yearly usage, through 7,7, T.7, and T, and it is given by
equation 6:

8.6mAXT, +7.8mAxT. +0.0011 mAx(TCS +TaS)
T,+T,

(6)

I=

A simple battery capacity model, shown in equation 7, is
used to estimate the time until a battery would die under the
average yearly current usage:

Capacity

R (7

Tieath =

Figure 8 shows example battery life estimate curves as a
function of update interval, connection latency, and yearly
usage, assuming the sensor was configured as suggested in
equations 4 and 5. Clearly, the connection latency is very
important and can have dramatic effects on the sensor’s life-
time. This is due to a combination of advertising being cost-
lier in terms of energy than notifications and the sensor
spending the majority of its life in the Advertising mode.
This leads to a curious result: large update interval sensors
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Figure 8. Expected years of life per 100 mA-h of battery capacity for
various connection latency, update interval, and yearly usage values as-
suming the sensor has the configuration given by equations 4 and 5.

have longer battery lives when in use more often because,
for large update interval sensors, the connected state is the
lower-power state. In fact, the lifetime curves cross each
other at the update interval where the energy spent in the Ad-
vertising mode equals the energy in the Connected mode. To
the left of the crossing point, the Connected mode uses the
most energy; to the right, the Advertising mode is more ex-
pensive. For very large update intervals, not shown here, the
battery life model can predict unbelievably large lifespans.
In this case, second-order battery effects, such as self-dis-
charge, non-constant current discharge, and battery ineffi-
ciency, would be the limiting factor for battery lifetime.

Considering only the energy used by the BLE radio itself,
the expected battery lives per 100 mA-h, given reasonable
values of update interval, connection latency, and yearly us-
age, are longer than a typical farming season. Only for very
low connection latency and update interval sensors, which
are rare in agricultural sensor networks, would sensors re-
quire a battery change midseason. For example, an identifi-
cation sensor tag that has been configured with the largest
connection latency (10.24 s) and an update interval of 15 s
can be expected to last anywhere from 2.6 to 3.1 years on a
single 100 mA-h coin cell battery (e.g., Energizer, 2014) for
usages between 300 and 3600 h year.

As a slightly more intense data example, an implement-
engaged detection sensor is expected to last approximately
2.3 years when configured for a low-cost GPS (update inter-
val of 1.3 s), connection latency set to the maximum
(10.24 s), and a yearly usage of 300 h year!. However, a
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weight sensor for silage yield mapping, configured the same
way but with a more appropriate connection latency of
2.56 s, is expected to last 0.8 year, or about 10 months.

Finally, as a high data rate sensor example, consider the
weight sensor for silage yield mapping configured for a
high-quality GPS. That is, a sensor with an update interval
of 13.6 ms, connection latency of 2.56 s, and yearly usage of
300 h year! is expected to last 0.14 year, or about two
months.

CONCLUSION
The viability of several basic yet representative examples
of sensors that would be used in agricultural wireless sensor
networks has been demonstrated. In particular, this article
presented:
o Evidence that BLE-equipped sensors in an agricultural
sensor network can easily achieve sufficient support
for the network size and throughput, and most im-
portantly provide battery lives that are at least as long
as a normal farming season.
e How BLE parameters affect the possible network size
and throughput.
e A strategy to configure the network to maximize the
battery life and reduce data latency.
e A battery life model that can estimate the life of a sen-
sor in a certain configuration to verify that the sensor
will operate over a sufficient lifetime.
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