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Abstract
Energy saving is one of the most important issues for Internet of Things (IoT). An intuitive way to save energy of IoT
devices is to reduce the reporting frequency to the IoT server. However, to do so, the time-variant values are distorted, which
may be influential to the measured results. In this paper, we take PM2.5 application as an example to discuss the relation
between energy efficiency and data accuracy. Through analyzing PM2.5 concentration collected via LoRa at National Chiao
Tung University (NCTU) from 2016 to present, two reporting mechanisms based on timer and threshold, respectively, are
proposed. The experimental results demonstrate that the threshold-based reporting outperforms the timer-based reporting by
more than 37% in energy saving when the accuracies of these two reporting mechanisms are the same.
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1 Introduction

In the recent years, many cities utilize the environmental
information obtained from small sensors to improve living
experience. Small sensors collect data and forward them to
the server via wireless technologies such as NB-IoT [1],
LoRa [2], and SigFox [3]. After that, the server can analyze
the data and make strategic decisions based on the analytical
results. For instance, an intelligent ventilation system can
dynamically control intake/extractor fans based on the
amount of carbon dioxide emission sensed in a classroom.
By improving the air quality, students can breathe fresh air
which makes students doze off less and concentrate more in
the class.

To develop a smarter campus, NCTU is deploying several
IoT-based applications and devices to monitor temperature,
particulate matter (PM), carbon dioxide emission, etc. For
those devices deployed in hard-to-reach locations, replacing
batteries for these devices is a big issue. One could prolong
the life time of a device by letting the device reduce
the number of communication (i.e., reduce the reporting
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frequency to the IoT server). The device then could enter the
sleeping mode to save their energy [4, 5].

Nevertheless, environmental data is time variant, where
every trail of environment changes may be necessary for
IoT server to conclude a significant discovery. It is unwise
to trade all trails of changes for saving more energy. The
questions are how many trails and which trails to be traded.
Therefore, in this paper, two reporting mechanisms that
extend the battery life of the IoT devices are investigated.
The tradeoff between energy efficiency and accuracy of
the collected data are discussed. To our best knowledge,
most PM2.5 studies focus on forecasting the degree of
air pollution, dealing with large scale data, or searching
for the sources of air pollution which do not cover the
issue stated above [6–9]. This paper compares the reporting
mechanisms for the data accuracy and power saving. The
main contributions of the paper are as follows: (a) we
establish an IoT-based application on our campus including
sensor device deployment, wireless system establishment,
and IoT-based platform construction (front-end and back-
end systems), (b) we continuously collect massive PM2.5
data which is gathered from Aug 2016 to present, (c) we
observe the tradeoff between data accuracy and reporting
frequency with various interesting findings, which will be
presented in Section 4, and (d) we improve the data accuracy
and energy efficiency.

The paper is organized as follows: Section 2 presents
two reporting mechanisms, and some investigations on data
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Fig. 1 The PM2.5 measurement system on the NCTU campus

accuracy are given. Section 3 compares the performance of
these two reporting mechanisms. Experimental results are
provided. Finally, Section 4 concludes several interesting
findings.

2 Reportingmechanisms

In this section, two reporting mechanisms to collect the
sensed data from the IoT devices are investigated: (1) timer-
based reporting, and (2) threshold-based reporting. Here,
we use PM2.51 concentration measurement deployed on the
NCTU campus with 11 rooftop PM2.5 sensors as an exam-
ple to evaluate our proposed reporting mechanisms [10].
The collection of PM2.5 concentration reported per minute
since August 2016 is also used for cross validation [11].
Figure 1 shows eleven IoT devices and two IoT servers
deployed on the campus. Every IoT device is a PM2.5
sensor (PMS700) and a LoRa module (GL6509)2. The sen-
sor is used to measure PM2.5 concentration and the LoRa
module is used to transmit measurement results to the IoT

1PM2.5 is the suspended particulate matter smaller than 2.5
micrometers in diameter.
2The maximum working power for PMS7003 is 100mA × 5V= 0.5W
at most. The RF power with 20dBm for GL6509 is 0.45W. In other
words, almost 50% of the device’s energy is consumed by the LoRa
transmission.

server (see Fig. 1a). The IoT server is a LoRa outdoor
915 MHz gateway (WAPS-232N, see Fig. 1b) with two
antennas where the receiver sensitivity can be down to -142
dBm and the RF TX power is 0.5 W (up to 27dBm) [12].

In our study, the reporting frequency (f ) and the
expected error (ε) are used as the metrics to evaluate the
energy efficiency and the accuracy of collected PM2.5
concentration, respectively. Their definitions are given as
follows and are summarized in Table 1. An IoT device (a
PM2.5 sensor) measures the PM2.5 values and reports them
to the IoT server. Let vi be the PM2.5 value at time ti , and
V be the set of PM2.5 values measured by the IoT device
during an observation time period T , which are reported to
the IoT server. The timing diagram is shown in Fig. 2. Then
the reporting frequency f is defined as:

f = ||V ||
T

(1)

Let V (ti) = {vj ∈ V |tj ≤ ti} and tI = max
vj ∈V (ti )

tj .

Then vI is the PM2.5 value reported to the IoT server at
the latest moment before ti . In the measured system, we
consider the PM2.5 value at ti as vI . Therefore, the reporting
accuracy at ti is determined by the measured error ε(ti)

defined as ε(ti) = |vi−vI |
|vi | , and the reporting accuracy for V

is determined by the expected error ε expressed as:

ε =
∫ T

ti=0

ε(ti)

T
dti (2)

In the timer-based reporting, the IoT device periodically
sends the measured PM2.5 values with the fixed intervals τ .
Let Vτ be the set of the PM2.5 values reported to the IoT
server during T . Then from Eq. 1, the reporting frequency
fτ of the timer-based reporting mechanism with the interval
τ is:

fτ = ||Vτ ||
T

= 1

τ

and the measured error ετ is the ε value computed for Vτ

using Eq. 2.
In the threshold-based reporting with the threshold ε, the

IoT device sends the PM2.5 value at ti to the IoT server if
|vi − vI | is larger than the threshold ε (i.e., |vi − vI | > ε).
The reporting frequency fε of the threshold-based reporting
mechanism with the threshold ε is:

fε = ||Vε ||
T

and the measured error εε is the ε value computed for Vε

using Eq. 2.
Figure 3 depicts the measured PM2.5 values at location

‘A’ from December 2016 to January 2017 where PM2.5
concentration was sampled every minute (62 days × 24
hrs/day × 60 mins/hr = 89,280 samples). That is, the
unit for ti is minute. These sampled values vi will be
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Table 1 List of parameters
T The obvervation time period

τ The timer interval for timer-based reporting

ε The threshold for threshold-based reporting

vi The PM2.5 value measured at time ti

vI The latest reported PM2.5 value measured by the IoT device before ti

V The set of reported PM2.5 values measured by the IoT device during the observation period T

Vτ The set of reported PM2.5 values measured per τ period

Vε The set of reported PM2.5 values where |vi − vj | > ε for vj ∈ Vε

||V || The number of reported PM2.5 values in V

ετ The expected error with timer interval τ

εε The expected error with threshold ε

fτ The reporting frequency with timer interval τ

fε The reporting frequency with threshold ε

utilized for both timer-based and threshold-based reporting
mechanisms in the following sections3.

2.1 Timer-based reportingmechanism

The timer-based reporting mechanism reports the measured
data every moment when the timer τ is expired (Zero-Order
Hold [13]). Figure 4a demonstrates that most expected
errors ετ gradually ascend with the increase of τ . A smaller
τ expires sooner than a larger τ and causes a larger ||V ||,
which in general makes the data reporting to the server more
accurate but consumes more energy. What is interesting is that
several error reversals4 appear, e.g., when τ = 64 (mins),
τ = 88 (mins), and τ = 106 (mins) as shown in Fig. 4a.

The error reversal phenomenon can be explained in
Fig. 4b, c by re-examining the τ configured as 106 (mins)
and 107 (mins) extracted from 9:14 a.m. to 5:34 p.m. in
the day of Dec. 29 of Fig. 3. When τ is set to 106 (mins)
in Fig. 4b, the reporting moment around 190 (μg

m3 ) resulting
large ε106 in the following 106 minutes. On the other hand,
the sample points shown in Fig. 4c do not lead to large
differences between vi and vI when τ is set to 107 (mins).
Even though the process that the PM2.5 concentration
reaches the highest value and then slowly goes down for
almost 2 hours (i.e., 13:24∼15:29), it is a relatively high
variation as far as large τ is concerned.

Observation 1:

The expected error ε does NOT always increase by
enlarging the timer interval τ . In some cases, reducing τ

3 The observation period lasted 4 months with 174,240 sampled data
(121 days × 24 hours × 60 minutes). Figure 3 illustrates partial
results.
4Error reversal is defined as an incident where the reporting accuracy
obtained by a smaller timer is worse than that by a larger timer.

counterintuitively increases the expected error ε due to the
error reversal phenomenon.

Observation 2:

For vj in V , when f is low, changes of vi are relatively dra-
matic. In this case, the number of error reversals is greater in
a time period with more severe fluctuation of PM2.5 values.

2.2 Threshold-based reportingmechanism

In the threshold-based reporting, the PM2.5 sensor sends
the data only on critical changes of data values. That is,
when the difference between the latest reported data and
the current measured data exceeds a certain threshold ε.
Figure 5a depicts the relation between the threshold ε and the
expected error ε where ε is enlarged as the ε is augmented.
Similarly, some threshold sizes, e.g., when ε = 20 ( μg

m3 ),
ε = 25 (μg

m3 ), ε = 29 (μg

m3 ), have larger ε than their
successors, i.e., ε = 21 (μg

m3 ), ε = 26 (μg

m3 ), and ε =
30 (μg

m3 ), respectively. The reason causing error reversals in
the threshold-based reporting mechanism is the same as that
in the timer-based reporting mechanism (see Fig. 5b, c).

Observation 3:

The expected error εε does NOT always increase by
enlarging the threshold ε.

Observation 4:

Error reversal phenomenon typically occurs when PM2.5
values instantly ascend/descend and then keep in similar
values for a long time. For the reporting point of a
relatively smaller τ or ε is located at the beginning of
ascending/descending PM2.5 values. On the other hand, the
reporting point of a larger τ or ε has a value closer to the
upper/lower plateau.
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Fig. 2 Timing diagram of the
notations

3 Performance discussion

In this section, we investigate the accuracy performance of
the timer-based and threshold-based reporting mechanisms
with and without considering packet loss.

3.1 Performance without packet loss

Figure 6 demonstrates that when the expected errors of
both reporting mechanisms are fixed at 0.5, the threshold-
based reporting (’+’ marker) outperforms the timer-based
reporting ( ’�’ marker) approximately by more than 37%
in energy saving. This phenomenon is due to the fact
that the threshold-based reporting mechanism only reports
when a critical change occurs, whereas the timer-based
reporting mechanism reports at every instant when the timer
interval has expired even if there is no change between
the previously reported data and the next. Additionally,
the number of error reversals in the timer-based reporting
mechanism is more than that in the threshold-based
reporting mechanism, which is true even when τ is small.
The reason is that the timer-based reporting mechanism
cannot instantly react to the environment changes and thus
cause to misuse previously reports severely.

3.2 Packet loss effects

To observe how packet loss affects both reporting mech-
anisms, an actual packet loss distribution is used. Table 2

Fig. 3 Histogram of PM2.5 data at location ‘A’

shows the distribution of the number of consecutive packet
loss which is acquired from extensive experiments by trans-
mitting packets at specific moments and recording whether
the packets were received or not [14]. The distribution is

Fig. 4 Timer-based reporting. b and c are extracted from Fig. 3 during
9:14 ∼ 17:34 on Dec. 29, 2016
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Fig. 5 Threshold-based reporting. b and c are extracted from Fig. 3
during 12:54 ∼ 18:45 on Jan. 25, 2017

obtained by the measurement of LoRa packet transmission
on NCTU campus (see Fig. 1). A uniform loss of packet is
used for comparison. In other words, every time the mea-
sured data reported to the IoT server is lost uniformly or
based on Table 2.

Figure 6 shows how packet loss affects both reporting
mechanisms when uniform-loss and measured-loss distribu-
tions are applied in the processes of reporting. As we can
see, the results for both the uniform-loss and the measured-
loss distributions are about the same (’∗’ and ’×’ marks, or
’◦’ and ’�’ markers). With packet loss in the process, one

Fig. 6 Expected error ετ (εε ) vs. reporting frequency fτ (fε ).
Note that, the value in a threshold-based marker represents ε under
particular fε

may instinctively think that the degradation of the threshold-
based reporting mechanism will be more serious than that
of the timer-based reporting mechanism because informa-
tion of critical changes may be lost more easily. However,
Fig. 6 demonstrates that the declined percentages in the
timer-based and threshold-based reporting mechanisms are
similar. In other words, the threshold-based reporting mech-
anism is still a better choice even when packets are lost
in the communications, which is not trivial5. Specifically,
the threshold-based reporting outperforms the timer-based
reporting by more than 40% in energy saving when the
expected errors of both reporting mechanisms are fixed to
0.5. Note that, the expected errors with the loss rate of 0.5 is
approximately twice as greater as that with the loss rate of
zero, which is a reasonable outcome.

Observation 5:

The threshold-based reporting is a better choice than the
timer-based reporting with or without packet loss.

Observation 6:

Based on the PM2.5 data histograms, the basic strategy to
select a τ or an ε depends on how much energy to save and
how accurate it is required. That is, if ε must be reduced
from 0.5 to 0.25, f could be increased from 1/120 to 1/40 by

5Here, we only demonstrate the results where the packet loss
probability is set to 0.5. The results with other packet loss probabilities
are similar.
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Table 2 Distribution of the number of consecutive packet losses

# of consecutive packet losses Frequency Percentage Cumulative

1 18,660 84.85 84.85

2 2,596 11.80 96.65

3 496 2.26 98.91

4 123 0.56 99.47

5 30 0.14 99.61

6 22 0.10 99.71

7 18 0.08 99.79

8 8 0.04 99.82

9 7 0.03 99.85

10 4 0.02 99.87

>10 28 0.13 100.00

Total 21,992 100.00

using the threshold-based reporting when there is no packet
loss. Additionally, a particular τ or ε value that may incur
error reversal should not be chosen.

Observation 7:

Without from PM2.5 data histogram information, there
are several ways to restrain error reversal: (1) using
hybrid reporting method by combining the timer-based
and threshold-based reporting mechanisms, i.e., reports
data either when timer condition or threshold condition is
met, (2) irregularly advancing/postponing some reporting
points to alter their following reporting points, or (3)
cross reporting with multiple settings of τ or ε (i.e.,
interleaved reporting: multiple conditions are used in turn).
For example, if two thresholds, ε1 and ε2, are used, a
PM2.5 value at ti will be reported when |vi − vj | > ε1 is
met. The following PM2.5 value will be reported at ti+x if
|vi+x − vj | > ε2. The reporting behavior will repeat the
above two processes one-by-one over and over again [13].

4 Conclusion

In this paper, we investigated two reporting mechanisms to
save the energy of IoT devices which are typically installed
at hard-to-reach locations on NCTU campus. We discussed
howmuch energy could be saved and how close the reported
data to the time-variant environmental information could be.
Several interesting findings are provided, including:

1. The threshold-based reporting mechanism is a better
choice to report data.

2. Reducing reporting frequency may not decrease the
data accuracy, and

3. Being irregular on reporting at some particular time
helps restraining the occurrence of error reversals.

In the future, we will apply the adaptive reporting
mechanisms to reduce the error reversal phenomenon. We
will also incorporate AI learning techniques to predict the
reporting frequency.
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