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Abstract — This paper discusses the opportunities that
exist to collect environmental data with the help of
portable devices such as mobile phones. Under indoor
environmental conditions, ambient data is vital in order
to improve the performance of solar energy chargers.
Sensing the light intensity and the temperature level
can significantly contribute towards improving the out-
put power of photovoltaics. For example, if the most
beneficial location is known for deploying solar charg-
ers in buildings, up to 100 times more solar energy can
be collected during the same amount of time in a less
suitable location. Moreover, the amount of gathered
energy can be predicted and provided as helpful infor-
mation for users. We analyse the performance of dif-
ferent types of ambient light sensors which are avail-
able in today’s smartphones. Additionally, we present
a measurement platform which allows the gathering of
ambient data with any type of mobile phone.

I. INTRODUCTION

Nowadays, mobile phones increasingly provide numer-
ous functionalities for their users, leading to the use of the
name smartphones for such devices [1]. Along with these
additional user features are embedded sensors which ob-
tain data from the surrounding environment. Due to the
high energy demand as a result of the increased amount of
hardware and software in today’s mobile phones, the bat-
tery life became a major issue and bottleneck for portable
devices. A few years ago significant improvements in
standby and operating times were achieved, many smart-
phones still need to be charged every day or even during
the day to maintain power levels [2—4].

This progression towards higher energy demands of
portable devices is only expected to continue into the fu-
ture [2—4]. Various gadgets have been recently introduced
which are helpful in prolonging the battery life of devices.
One of these accessories are solar energy chargers which
collect energy from the sun in order to charge an internal
battery pack. The collected solar energy can then be used
for charging portable devices such as mobile phones [5],
[6]. It is worth noting that the system structure of solar
chargers has to be efficient so that solar energy can also be
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Fig. 1. Basic system structure of solar energy chargers.

gathered from light sources both indoors and outdoors [7].

Fig. 1 illustrates the basic system structure of solar
chargers which we designed in previous research [5-7].
Due to variations in energy demands of users, the oppor-
tunity is given to connect more than one solar module at
the same time. This possibility is also helpful in overcom-
ing unfavourable or indoor environmental conditions. As
seen in Fig. 1, the solar charger contains a battery. As such
the solar charger does not require a permanent connection
with the mobile phone. The solar charger only needs to
be connected with the mobile phone during the charging
procedure [7], [8]. This feature is important to satisfy user
demands [1].

However, inside buildings, the position of solar chargers
is crucial. In [7], we described the output power of photo-
voltaics (Ppy [W]) as the following function:

Ppy = f(NT,, Voo, Ise, Apv,mpyv,apy) (1)

where A [W/m?] is the solar radiation level, T, [K] is
the temperature of the photovoltaic (PV) cell, V,. [V] is
the open-circuit voltage, I;. [A] is the short-circuit current,
Apy [m?] is the size of photovoltaics, mpy is the material of
photovoltaics, and apy [°] is the orientation of the photo-
voltaics towards the light source. In this paper, we focus on
the improvement of Ppy under indoor environmental con-
ditions. Instead of A\, we use the illuminance Ey [1x] for the
amount of light on surfaces. The light intensity depends
strongly on the distance (d [cm]) of the solar module from



the light source and the orientation of the solar module to-
wards the light source.

II. SMARTPHONE SENSORS

A.  Number and Varieties of Sensors

Smartphones which are currently available on the mar-
ket offer different types of sensors for their users. Com-
monly, the number of sensors depends on the price level
of the mobile phone. At a price level of about €100 or
$125, smartphones contain two or three sensors such as an
accelerometer and magnetic field sensor. At higher price
levels, > €200 or $250 several more sensors are included
as standard in mobile phones. In particular, an ambient
light sensor (ALS) is available which can provide vital in-
formation about the surroundings in indoor locations.

Table 1 summarises the types of installed sensors in the
smartphones which are part of this investigation. The con-
sidered mobile phones are the Samsung Galaxy S2 Plus
(GT-19105P), the Samsung Galaxy S3 LTE (GT-19305) and
the Samsung Galaxy Nexus (GT-19250). All three smart-
phones also feature the opportunity for near field commu-
nication (NFC) and Bluetooth (v3.0 or v4.0).

However, especially in case of the ambient light sensor,
the manufacturer and type of sensor varies between the in-
vestigated smartphones. Table 2 presents information on
the parameters of the light sensors. Range 1 is the spec-
ified range in which the accuracy of the measurement is
ensured by the manufacturer, while range 2 is the illumi-
nance when the sensor gets saturated.

Table 1. Available sensors on the mobile phones

S2Plus S3LTE Nexus

Accelerometer X X X
Magnetic field sensor X
Ambient light sensor X

Proximity sensor X
Gyro sensor X
Pressure sensor -

Sensor Type

MR X )
L I B B

Table 2. Information on the sensors of the smartphones

S2 Plus S3 LTE Nexus

Manufacturer ~ Capella Capella Sharp

Type CM3663 CM36651 GP2A

Function ALS Color-ALS ALS
Range 1 16000 Ix 11796 1x 55000 Ix
Range 2 200000 1x  857451x 135000 Ix

Resolution 5.01Ix 1.0 Ix 0.11x
Consumption  0.75 mA 0.20 mA 0.75 mA

Additionally, the light sensors of the Nokia Lumia 520
and the Nokia Lumia 820 are analysed in this investiga-
tion. Windows Phone 8.1 allows applications to access

Fig. 2. Indoor conditions in a library.

hardware information and measure the illuminance (Ey)
with the help of the ALS. Here, the Nokia Lumia 520 is an
entry-level model with a retail price below €100 or $125.
Altogether, it can be said that Nokia smartphones offer a
similar variety on sensors than Samsung mobile phones.

B.  Requirement for Sensing the Environment

Sensing possible positions for solar chargers beforehand
can significantly increase the amount of solar energy which
can be gained during a particular period of time. Fig. 2
shows a typical example of an indoor location, an open
learning environment of a library. In such a location, no
electrical sockets are close by in order to charge smart-
phones with energy from the power grid. It is also im-
portant to know that at present only a small share of the
produced electricity worldwide comes from renewable re-
sources. The majority of our demand is satisfied with non-
renewable energy sources such as nuclear power and fossil
fuels which include coal, gas and oil [9].

C. Amount of Solar Energy Indoors

As seen in Fig. 2, there are many opportunities avail-
able to deploy solar chargers such as chairs, tables, book-
shelves, and so on. However, due to the different loca-
tion of light sources, it is vital to allocate the most bene-
ficial place for solar chargers. It is therefore advisable to
quickly sense the surrounding environment and collect am-
bient data to inform decisions on positioning. The ambient
light sensor can be used to gather the required information
quickly and efficiently.

Under indoor environmental conditions, PV cells made
out of amorphous silicon (a-Si) show superior performance
in comparsion with photovoltaics made out of monocrys-
talline silicon (mono-Si). Commonly, light sources are de-
signed to match the visible light range of the human eye.
Fig. 3 illustrates the spectrum of photovoltaics over differ-
ent wave lengths. It can be seen that the spectrum of a-Si
overlaps widely with the visible light spectrum.
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Table 3. Comparison of measurement results (Samsung smartphones)

Instrument 1  Instrument 2  Instrument 3

Instrument 4 Instrument 5  Distance to

Vernier Voltcraft S2 Plus S3LTE Nexus light source
396.4 Ix 401 Ix 315 1x 798 Ix 512.1 Ix 190 cm
427.8 Ix 430 Ix 340 1x 856 1x 550.5 Ix 182 cm
457.7 Ix 459 Ix 360 1x 914 Ix 583.4 Ix 175 cm
505.3 Ix 510 Ix 405 1x 1022 Ix 648.1 1x 164 cm
552.7 Ix 554 1x 440 Ix 1107 Ix 737.3 Ix 157 cm
687.9 Ix 690 Ix 545 Ix 1372 Ix 889.4 Ix 139 cm
831.8 Ix 836 Ix 660 1x 1644 1x 1048.1 Ix 125 cm
1222.7 Ix 1230 1x 950 1x 2292 1x 1388.6 Ix 100 cm
1964.2 1x 1982 1x 1410 1x 3371 Ix 1861.5 Ix 75 cm
2345.6 Ix 2380 1x 1775 Ix 4207 Ix 2615.2 Ix 63 cm
4462.8 1x 4490 1x 2710 1x 6421 1x 4229.2 Ix 40 cm

Table 4. Comparison of measurement results (Nokia smartphones)

Instrument 2 Instrument 6  Instrument 7

Instrument 8 Instrument 9 Distance to

Voltcraft Lumia 520  Lumia 820 (1) Lumia 820 (2) Lumia 820 (3) light source
400 1x 3223 1x 1295.6 Ix 926.3 Ix 1239.2 Ix 190 cm
427 Ix 345.7 Ix 14149 Ix 989.9 Ix 1370.3 Ix 182 cm
455 Ix 366.5 Ix 1461.1 Ix 1035.2 Ix 1420.8 1x 175 cm
514 1x 418.6 Ix 1638.6 1x 1174.0 1x 1609.7 1x 164 cm
548 1x 430.7 Ix 1719.6 1x 1242.7 Ix 17143 1x 157 cm
690 Ix 556.9 Ix 2122.6 Ix 1518.0 Ix 1984.5 Ix 139 cm
835 Ix 665.1 Ix 2432.7 Ix 1752.1 Ix 2417.8 Ix 125 cm
1242 1x 971.0 Ix 3348.0 Ix 2415.7 Ix 3226.0 Ix 100 cm
1978 1x 1459.8 1x 4803.7 Ix 3411.1 Ix 4606.5 Ix 75 cm
2380 1x 1829.1 Ix 5813.8 Ix 4085.1 Ix 5619.6 Ix 63 cm
4010 Ix 2778.2 1x 9438.5 Ix 6792.4 1x 8593.6 Ix 45 cm
gether with the Vernier SensorDAQ, the sensor provided
—— ::‘;’:‘*Si a 13 bit-resolution up to 150000 1x. The sensor itself is
spectrum a Hamamatsu S1133 photodiode which provides a volt-
age that is proportional to the light intensity. The other
measurement instrument was a Voltcraft BL-10L, a basic
instrument to evaluate illuminance, for example in office
buildings. This can measure up to 40000 Ix.

Table 3 provides an example measurement with Sam-
sung smartphones while Table 4 illustrates measurement
results from Nokia smartphones under the same condi-

o e 06 - o S m > e tions. The different distances to the light source can be

Wave length [um]

Fig. 3. Spectrum of PV cells and visible light spectrum.

III. MEASUREMENT OF THE ILLUMINANCE
A. Measurement Equipment

Beside the three smartphones, calibrated measurement
equipment was used to measure the illuminance under dif-
ferent distances to the light source. The first measurement
instrument was a Vernier light sensor (LS-BTA) and to-
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established by the use of an office table, a few books, a
personal computer (PC), a bookshelf, a closet, and so on.
€reri12 18 the relative error between measurement instru-
ment 1, the Vernier light sensor, and 2, the Voltcraft BL-
10L, which is obtained as follows:

Erel,r1,12 = 0.72 £ 0.48 %

Ereli213> Ereli2.i4» and €25 are the error levels for
the Samsung Galaxy S2 Plus (GT-i19105P), the Samsung
Galaxy S3 LTE (GT-i9305) and the Samsung Galaxy



Nexus (GT-19250), respectively, compared with the illumi-
nance measured by the Voltcraft BL-10L. Afterwards, the
error 1evels €ye11216 Erel 12,175 Erel 12,18, AN Erer 12,19 fOr one
Nokia Lumia 520 and three Nokia Lumia 820 are calcu-
lated.

Erel, 12,13 = — 23.99 + 5.52 %
Erel 12,74 = + 88.10 £ 17.39 %
Erel, 12,15 = + 18.92 £ 13.45 %
Erel, 12,16 = — 21.76 £+ 3.55 %
Erel, 12,17 =+ 190.91 4 34.70 %
Erel,12,18 = t+ 107.63 4= 24.64 %
Erel, 12,79 = + 180.84 £ 36.67 %

In Table 3, it can be seen that the Samsung Galaxy
S2 Plus consistently provided a light intensity that was
too low, whereas the Samsung Galaxy S3 LTE regularly
measured twice as much. The Samsung Galaxy Nexus
obtained the closest value to the two conventional mea-
surement instruments. In Table 4, the Nokia Lumia 520
provided the most acceptable measurement results, while
one of the Nokia Lumia 820 measures up to three times
the available illuminance. However, it is worth noting
that the error levels between measurement instruments and
smartphones are non-linear over the measured illuminance
range.

B. Linear Increase of Output Power

Fig. 4 shows the theoretical output power (P, [W]) of a
solar module (size: 20 x 16 cm) which was measured un-
der the same distances to the light source as in Table 3 and
Table 4. It can be seen that the amount of power is propor-
tional to the illuminance which increases linearly with the
light intensity. Hence, if measurements of ambient light
sensors are correct, it is possible to estimate the amount of
solar energy.

== Py, [MW]

E 1500 Va
=

1000 /
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theoretical output power Py, [mW]

Fig. 4. Increase of the theoretical output power:

C. Repeatability of Measurements

At various distances to the light source, measurement
of the illuminance was repeated in order to obtain statis-
tical information (mean value and standard deviation). At
each position, the ambient light sensor was covered for a
short period of time so that Ey was about 0 Ix. Afterwards,
the sensor was uncovered and Ey was measured again. At
the same position, the measurement was repeated 10 times.
The following values were obtained with the Nokia Lumia
820 (instrument 8):

Ey =92434201x atd=190cm
Ey =979.5+45lz atd=182cm
Ey =1036.6+4.31z atd=175cm
Ey =11727+6.1lz atd=164cm
Ey =12473+3910z atd=157cm
Ey =1511.0+250z atd=139cm
Ey =1713.9+ 1421z atd=125cm
Ey =242144 1451z atd=100cm
Ey =3406.5+261lz atd=75cm

Ey =4089.8+8.2lx atd=63cm

Ey =6797.6+ 1231z atd=45cm

D. Calibration of Ambient Light Sensors

For energy predictions, it is possible to calibrate the am-
bient light sensor of smartphones, for example, with the
help of luxmeters. In Fig. 5, the measurement results of
one Nokia Lumia 820 (instrument 7) are compared with
the measured illuminance by the Voltcraft BL-10L (instru-
ment 2). A linear regression can be used to calibrate the
ALS of the smartphone, as obtained from Equation (2).
Therefore, at least two measurements must be made at two
different distances (d; and d>) in order to solve Equations
(3) and (4).
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Fig. 5. Calibration of a smartphone with a luxmeter.

ylx) =ax+b (2)
o= y1($1) —yz(wz) 3)
X1 — T2
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Fig. 6. Example for the absolute error after calibration.

After the calibration of the Nokia Lumia 820 (a = 0.4481
and b = — 220.31), there is still an error present. Fig. 6
illustrates the absolute error (¢, [1X]) at different light in-
tensities. However, the relative error at different distances
to the light source is reduced significantly, obtained as fol-
lows:

Before calibration:
Erel, 12,17 =+190.91 £ 34.70 %
After calibration:
Erel, 12,17 =4 0.56 +4.19 %

IV. MEASUREMENT WITH EXTERNAL SENSORS

Fig. 7 illustrates the system structure of the developed
platform that was used to connect smartphones via NFC
external sensors. Thus, mobile phones are able to receive
information, for example from ambient light and temper-
ature sensors. It is possible to use a Bluetooth communi-
cation interface instead of the NFC architecture. As seen
in Fig. 5, sensors can be connected via the inter-integrated
circuit (I>C) bus.

NFC architecture

| 1
| 1
: NFC NFC . i
| physical Iayer]_r logic ]—rE PROM !
| 1
I 1

sensor

il

Fig. 7. System structure to integrate external sensors.

microcontroller
unit (MCU) 2c

Sensors which do not feature an I12C interface, for ex-
ample light-to-voltage converters, can be connected to the
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analog-to-digital converter (ADC) of the microcontroller
unit (MCU). As a result, many different types of sensors
can be integrated in an easy way into the measurement
platform. Collected data is transmitted to mobile phones
for user support and therefore, it is possible for users to
get an understanding of the surroundings and maximise the
performance of solar chargers.

V. DISCUSSION AND CONCLUSION

Ambient light sensors of the investigated smartphones
show a surprisingly large error in comparison to conven-
tional measurement equipment. Even though manufactur-
ers provide an accuracy of & 15 %, measured values dif-
fered up to 200 % from each other. The non-linear error
level makes it difficult to calibrate the ambient light sen-
sors of smartphones. For example, a false reading due to
a screen protector film of 10 % (clear film) or 20 % (matt
film) could be corrected by shifting sensors readings hori-
zontally. Current ambient light sensors of smartphones are
capable of providing basic information. Users are able to
evaluate locations which are more or less suitable to deploy
solar chargers.

However, accurate readings of sensors are helpful and
contribute to improve output performances and shorten
recharging times. Moreover, energy predictions are inter-
esting for the users of smartphones. Therefore, we propose
the calibration of ambient light sensors of smartphones
with the help of luxmeters. As a result, the relative error
of measurements on the light intensity is reduced substan-
tially. Additionally, we suggest the use of a measurement
platform for smartphones without ambient light sensors to
obtain vital ambient data and carry out predictions on the
amount of solar energy which can be gathered during a
particular period of time.
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