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Optical Multispectral Camera Communications
Using LED Spectral Emission Variations
Daniel Moreno , Julio Rufo , Victor Guerra , Jose Rabadan, and Rafael Perez-Jimenez

Abstract— This work proposes using the changes in the LEDs’
spectral emission induced by temperature variations to imple-
ment emitters for new communication channels in Optical Cam-
era Communication (OCC) systems. If a camera can discriminate
the shift in LEDs’ spectral response, these modifications can
be contemplated as a new data channel. The main advantage
is that new channels can be obtained from the same physical
optical emitter device, only temperature changes are needed.
Thus, in this work, the use of multispectral or hyperspectral
cameras as OCC receivers is proposed to increase the number of
available communication channels, taking advantage of the high
spectral resolutions of the camera devices.

Index Terms— OCC, multispectral, hyperspectral, LED, tem-
perature dependence, peak wavelength.

I. INTRODUCTION

OPTICAL Camera Communication (OCC) has gained
momentum in the last few years. The ubiquity of embed-

ded optical cameras into consumer electronic devices such as
Smart Phones, Tablets or laptops is expected to facilitate the
mass adoption of this technology in the near future. In this
sense, it is worth highlighting that this technology has been
included in the revision of the IEEE 802.15.7 standard on Vis-
ible Light Communications [1], occupying a significant part of
the document. Most recent OCC CMOS-based sensors allow
high-speed communication due to the rolling shutter scanning
mode; however, since OCC is based on image-forming optics,
the maximum achievable speed depends on the light source’s
projected size [2].

On the other hand, multispectral cameras (and hyperspectral
cameras) have been intensively used in several sectors such
as agriculture [3], failure inspection in industry [4], and
biotechnology [5]. Multispectral and hyperspectral cameras
provide a higher number of communication bands, much more
numerous than the three RGB channels available in conven-
tional cameras. In this way, Optical Multispectral Camera
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Communication (OMCC) opens up a range of possibilities
in this area. Nevertheless, in order to carry out Wavelength
Division Multiplexing (WDM), several devices presenting
different peak wavelengths are usually needed. This leads to a
channel-crosstalk compensation problem similar to the channel
matrix estimation and inversion problem of Multiple Input
Multiple Output (MIMO) systems.

Moreover, LED devices are affected by temperature. The
most important effects are a variation on the emitted spectrum
and a reduction of the luminous efficiency. The LED spec-
tral changes induced by temperature variations are analyzed
as a potentially positive phenomenon in this work. Taking
advantage of the spectral richness of LED emissions and the
significant number of bands that a multispectral (or hyperspec-
tral) camera may present, several separable communication
channels can be established using the same kind of device,
reducing the system’s complexity and cost.

In this letter, Section II presents the theoretical framework
that supports the work. Sections III and IV present both
the characterization methodology and results regarding the
effects of temperature on the used LED devices. Further-
more, the application of this characterization is presented in
Section V using a CMOS-based multispectral camera. Finally,
several conclusions are extracted in Section VI.

II. EFFECT OF TEMPERATURE ON LED

The photons emitted by an LED present a wavelength that
is related to the energy gap of the semiconductor substrate.
In addition, the energy gap is affected by the p-n junction tem-
perature, which is usually modeled using Equation 1. Accord-
ing to [6], in most semiconductor materials the energy gap
diminishes as temperature increases. Therefore, as wavelength
is inversely proportional to this gap, the peak wavelength of
the LED increases with temperature.

Eg = E0 − αT 2

T + β
(1)

where T is temperature, E0 is energy gap at 0 K temper-
ature condition, and α and β are semiconductor-dependent
constants, which are empirically determined.

Nonetheless, the metallic content in the LED material must
be taken into consideration. In [7], the authors demonstrated
that depending on the Indium (In) content in InGaN alloys
(green and blue LEDs), the band gap may increase with
temperature.

1041-1135 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: UNIV DE LAS PALMAS. Downloaded on May 21,2021 at 08:50:31 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-1336-7365
https://orcid.org/0000-0002-2269-6729
https://orcid.org/0000-0002-6264-7577


592 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 33, NO. 12, JUNE 15, 2021

Furthermore, in general, the conversion efficiency decreases
and the spectral width grows as temperature increases [8].
In this work, these generally undesired changes on the LED
emission are grasped to improve communications by increas-
ing the number of communication channels. Although these
spectral variations may be subtle, the use of high spectral
resolution cameras (such as multispectral cameras) is proposed
as suitable and commercially-available receivers.

III. METHODOLOGY

The main objective of this letter is to take advantage of
the spectral changes of the LED caused when its temper-
ature increases, in the sense that the wavelength variation
could be captured by a multispectral camera and then find
an OCC application. This goal is achieved by carrying out
the characterization of some LEDs to determine how the
temperature affects their spectrum. In addition, those LEDs
have been used in combination with a multispectral camera to
form a communication link. Finally, some performance metrics
regarding channel separability have been obtained to assess the
feasibility of Optical Multispectral Camera Communications
(OMCC), taking advantage of temperature-induced variations
on the LEDs.

In order to induce different junction temperatures, the LEDs
(common cathode RGB LED) were driven using currents
ranging from 10 mA to 130 mA. For each current, the junc-
tion temperature, the emitted spectrum, and the multispectral
signature were obtained. Due to temperature diffusion effects,
the system was stabilized for 5 minutes before acquiring the
measurements mentioned above, in spite of the fact that the
LEDs under test reached their thermally stable state after
about 3 minutes. The devices were under ambient conditions,
no external sources were employed to increase the LED’s
temperature and they were not externally thermally stabilized.
Just their driving current was used to induce thermal variations
owing to the Joule effect.

The experiments were carried out using the setups depicted
in Figs. 1a and 1b. The devices under test were driven using
an Ethernet-controlled current source (Yokogawa GS820). The
LED junction temperature was measured using a thermo-
graphic camera (FLIR A645), while the emission spectra were
obtained using a spectrometer (Spectral Products SM442).
In order to complement this spectral measurement, the radiant
power of each LED at the different tested currents was mea-
sured using an integrating sphere and an LED tester (Gigahertz
BTS256).

Once the LEDs were characterized, a multispectral camera
(SILIOS Technologies CMS-C1-C-EVR1M-GigE) was used to
capture the wavelength variation. This 9-bands camera (8 color
narrow bands and 1 panchromatic band) covers the wavelength
range from 400 to 1000 nm. Those bands are the result of
eight band-pass filters (narrow bands) and a filter sensitive
to the entire wavelength range (panchromatic band). It has a
CMOS sensor and a resolution of 1280 (H) × 1024 (V) in
the raw picture and 426 (H) × 339 (V) for multispectral
images. Furthermore, it was ensured that the images were not
saturated, and the spectral signatures at several temperatures
were extracted from them.

Fig. 1. System setup schemes.

Since the main objective of this work is to demonstrate
the feasibility of grasping the spectral variation of LEDs with
temperature, the channel separability of a combined emission
using an arbitrary number of devices was evaluated using the
condition number (Equation 2). This number is an algebraic
metric that shows how small variations on a matrix may pro-
duce great variations on its inverse. In other words, this metric
provides an indication as to whether several emissions can
be separated as different channels. Well-conditioned matrices
present condition numbers close to one, while ill-conditioned
ones have high-value metrics.

cond(S) = �S� · �S−1� (2)

S is the matrix comprising the spectral signatures. The spectral
responses are added to the matrix S so that it has one signature
per column. Thus, the matrix dimension is sb × sr , where sb
is the number of spectral bands (in this case, 9) and sr is
the number of signatures appended. This strategy has been
proposed in VLC MIMO systems [9], and also in traditional
RF MIMO works as a suitable mathematical tool. Additionally,
condition number penalizes the signal-to-noise ratio (SNR)
depending on the required spectral efficiency [10].

After obtaining the spectral signatures and the correspond-
ing S matrix, the OCC system performance was simulated
assuming an On-Off Keying (OOK) transmission. This sim-
ulation involved a transmission signal composed of a bit
stream b (generated as a uniformly distributed pseudo-random
sequence) and a normally distributed noise signal n, whose
level depends on the selected SNR and the reference power
(estimated from the relative maximum power inside S). Then,
a reception process based on a zero-forcing (ZF) equalization
(Equation 3) is applied to the transmitted signal for obtaining
the received bit stream b̂. Finally, the system’s BER per-
formance is evaluated for the considered SNR values (from
10 dB to 40 dB). Sequences of 106 bits per simulation were
used, limiting the maximum accuracy to 10−6, and matrices S
with all the 2-channel combinations were assessed in order to
analyze channel separability.

No different channel models have been considered in the
simulation because the targeted-effect of temperature varia-
tions in a Tx-Rx link would not be affected by them.

b̂ = (b · S + n) · S+ (3)

where S+ is the Moore-Penrose pseudoinverse of channel
matrix S.

Authorized licensed use limited to: UNIV DE LAS PALMAS. Downloaded on May 21,2021 at 08:50:31 UTC from IEEE Xplore.  Restrictions apply. 



MORENO et al.: OMCCs USING LED SPECTRAL EMISSION VARIATIONS 593

TABLE I

SPECTRAL INFORMATION AT DIFFERENT TEMPERATURES

IV. CHARACTERIZATION RESULTS

Table I summarizes the temperature-induced effects on the
LED emission. The peak wavelength, the Full Width at Half
Maximum (FWHM) and the peak spectral radiant power
values of each spectrum are shown. It can be observed that,
in most cases, the emitted peak wavelength grew (the energy
band gap decreases) as the junction temperature increased. The
largest shift was obtained for the red LED with a difference
of 21.1 nm for a temperature span of 38 ◦C. The blue LED
presented a 13.5 nm shift for a temperature variation of 50 ◦C.
Finally, the measurements on the green LED showed that the
peak wavelength slightly decreased with temperature. In this
case, the highest peak wavelength was found at the minimum
temperature. This behavior differs from the other colors’
because of the metallic content in the green LED, as discussed
in Section II.

Furthermore, it must be noted that the spectral width
changed with temperature. The most remarkable variation was
obtained in blue, in which the dissimilarity between the width
at 28 ◦C and 66 ◦C was approximately 30 nm (Table I).

Finally, concerning the spectral radiant power, the highest
levels were obtained for the blue LED, followed by green
and red. Note that this measurement did not take into account
the electrical power, which would have shown that the red
LED presents the highest quantum efficiency. Moreover, it can
be noted that at the maximum temperature (driving current
130 mA), the power decreases with respect to the second
maximum. Therefore, temperature affected the LED efficiency
as expected.

V. MULTISPECTRAL CAMERA RESULTS

From the pictures taken by the camera, it can be seen how
the wavelength changed when the temperature of the LED was
modified. This effect is observed in the spectral signature of
the LEDs (Fig. 2). As an example, Fig. 2c depicts the energy
captured by each band of the multispectral camera for the blue
LED. Focusing on bands 1, 2 and 3 (centered in 427, 461 and
501 nm, respectively), the wavelength shift can be slightly
noticed. In the first place, as temperature increased, part of the
emission captured in band 1 was displaced to band 2, which
caused growth on its level. While the blue LED was at 10 mA
and 50 mA, the level of bands 1 and 2 barely varied, keeping
their levels near 75 and 300, respectively. However, when this
LED was at 100 mA and 130 mA, the level from band 1 to

Fig. 2. Spectral signatures of the RGB LED at different temperatures. Solid
line, dashed line, dotted line and dash-dot line correspond to 10 mA, 50 mA,
100 mA and 130 mA, respectively.

TABLE II

CONDITION NUMBER OF THE MATRICES OF SPECTRAL SIGNATURES

band 2 increased roughly 100 times (see the slope from band 1
to band 2 in Fig. 2c). The same occurred with bands 2 and 3.
This happened noticeably not only due to the red-shifting of
the peak wavelength but also to the increment of the FWHM.
Apart from the wavelength variation, an evident increment on
these bands’ level was observed since the temperature was
modified by varying the driving current. Besides, the band 9
(panchromatic) increased with current as well, since this band
capture data from the entire visible spectrum, being more
sensitive in the blue wavelengths. Thus, it can be understood
as a power averaging due to the almost flat response of its
filter. Similar effects are noted in the spectral signatures of
the other tested devices (Figs. 2a and 2b).

The condition number was applied to the matrix of spectral
signatures (channel matrix) to mathematically prove that a
combined emission of identical devices subject to different
temperatures can form separable channels. With the informa-
tion obtained during the characterization mentioned above, all
the available combinations of channel matrices were analyzed.
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Fig. 3. Minimum condition number obtained for each combination of RGB
colors depending on the channels added.

Fig. 4. BER performance of each RGB LED combining two spectral
responses at different temperatures. The line color represent the LED color
(red, green and blue) and the current values presented in the box are the LEDs
driving current for the channel matrix generation. Solid line, dotted line and
dashed line correspond to best, worst and average condition number cases,
respectively.

Table II highlights the best results depending on the number
of target-independent channels. It was observed that the more
signatures are added, the more the condition number increases.
A striking result that emerged from these data is that the lowest
condition numbers were obtained for the red LED. On the
other hand, the green LED presented the worst condition
number combining four channels. Finally, the blue LED’s
condition number had a steep growth from two to three
channels. This result was obtained for the matrix that included
the LED responses at 50 mA and 100 mA, even though the
largest wavelength variation was obtained between 10 mA (and
50 mA) and 130 mA. These values were obtained only by
combining spectral signatures of a single color at different
temperatures.

Moreover, the best combination of channels in terms of
condition number (using the three RGB devices) can be
observed in Fig. 3, ranging from 2 to 9 channels (theoretical
maximum). As was expected, lower condition numbers were
obtained when a combination of different colors was possible,
i.e., for 2 and 3 channels. Not surprisingly, as the number
of channels increases, so does the condition number. These
results offer compelling evidence about the feasibility of
providing additional communication channels from a single
type of device.

Lastly, the BER performance results are compared in Fig. 4.
They correspond to several examples of each RGB color while
combining two channels at different currents. These examples
show the best, the worst and the average cases regarding the
condition number of the matrix S. As can be seen, the best
results were expectedly obtained for those well-conditioned
matrices (21.9 dB, 29.9 dB and 24.5 dB for red, green and

blue, respectively). On the contrary, in the ill-conditioned
matrices (47.9 dB, 52.3 dB and 50.7 dB for red, green and blue,
respectively), the added noise significantly affected their BER
performance, even at high SNR levels.

VI. CONCLUSION

In this work, the effect of the junction temperature on an
LED’s emitted spectrum has been experimentally character-
ized. Furthermore, the spectral variation has been recorded
using a multispectral camera. The measurements showed a
significant difference between the spectral signature of each
LED at different temperatures.

The main objective of this letter was to demonstrate that
the aforementioned differences could be used to establish
independent communication channels in an OMCC applica-
tion. In order to assess this, the condition number of the
resulting channel matrix was evaluated. It was observed that
it is feasible to multiplex several data channels using the
same kind of device driven at different average currents (and
hence, different temperatures). Additionally, a simulation was
developed assuming an OOK transmission to evaluate the
OCC system performance. From the BER curves, it could be
noted that the better conditioned were the channel matrices,
the better the BER performance.

Traditionally, the number of available independent channels
using RGB emitters has been assumed to be three (generally,
one per device). Nonetheless, this work has demonstrated that
using the combination of wavelength-shifted emitters, grasping
temperature effects, this limitation that usually damages the
transmitted signal can be exceeded, allowing reach up to the
number of the receiver’s available bands.
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