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The article deals with the main circuitry and software aspects of the creation a LED 
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functional status.
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В статье рассматриваются основные схемотехнические и программные аспекты 
создания светодиодной, динамически управляемой системы высококачественного 
освещения в широком диапазоне цветовых температур Tc = 1700 – 10 000 K в составе 
экспериментальной установки аппаратно-программного комплекса для воздействия 
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на функциональное состояние человека. Приведены результаты исследований 
воздействия освещения с различной цветовой температурой на организм человека 
на основе изменений показателей электрической активности мозга, сердечной 
активности, артериального давления и других параметров. Обработка результатов 
измерений выявила степень влияния и характер воздействия света с разными цветовыми 
температурами на психофизиологическое и функциональное состояние человека.
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Introduction

Urban dwellers are used to spending long 
periods of time under artificial light. Since 
light is an environmental factor always ac-
companying people, it is crucially important 
to adapt and optimize light-emitting devices 
to preserve human health and wellbeing in 
view of psychophysiological aspects, fatigue 
and individual biorhythms. Devices based 
on color mixing in LED sources seem to be 
the most attractive for these purposes. Mul-
tichip RGB modules called “smart light” [1] 
provide a wide range of possibilities. Firstly, 
their parameters can be adjusted to specific 
environmental changes, such as time of year, 
daily dynamics, etc.; secondly, the devices 
can be adopted to the specific working condi-
tions, individual psychophysiological param-
eters and functional state. 

Advances in technologies allow tailoring 
the lighting sources to physiologically opti-
mal characteristics and to specific require-
ments in industrial, in residential and pub-
lic buildings. Lighting can greatly affect the 
mental and physiological state of a person 
and is actually capable of improving it (for 
example, eliminating disorders or alleviating 
extreme psychological stress). Light exposure 
can be not only static but also dynamic if the 
parameters of illumination and color tem-
perature are varied depending on the given 
conditions (for example, time of day, state 
of a group of people or an individual). Light-
ing with controlled parameters has advantag-
es over light sources that are traditional in 
some professions (for example, surgery or 
architecture).

Сontrolled LED lighting is as an 
important tool for new biomedical 
technologies for treating and modulating 
the psychophysiological state of a person 
[2]. Certain parameters of light exposure are 

known to significantly rearrange the electri-
cal activity of the brain [3].

Changes in the psychophysiological sta-
tus of a person in response to light exposure 
can be assessed by different methods, includ-
ing electroencephalography. It was found that 
EEG readings change in response to both 
photostimulation with colored monochromat-
ic light [4] and light exposure with different 
color temperatures Tc [5] and depend on the 
spectral characteristics of the lighting used. At 
the same time, it was discovered that individual 
neurophysiological reactions to the same light 
exposure may vary [5].

The characteristics of the lighting mode that 
actually provides optimal physiological effect 
are a matter of debate. Studies often yield con-
flicting results. This is partly because there are 
diverse lighting modes with no common stan-
dards. In practice, the optimal lighting mode 
is achieved by choosing a light source that can 
quickly and accurately change the lighting pa-
rameters, relying on methods for diagnosing 
the psychophysiological state of a person that 
help decide which lighting mode is necessary in 
each particular case. 

Available light sources are yet unable to re-
produce color with the required quality and 
change the color temperature smoothly.

It is because instrumentation for these pur-
poses is poorly developed that there have been 
practically no systemic and comprehensive 
studies on the effects of dynamically controlled 
(“smart”) lighting, with the color temperatures 
Tc varying in the range of 1,700–10,000 K, on 
the human brain. 

The goal of our study has consisted in creat-
ing a hardware and software system for assess-
ing the psychophysiological state of a person, 
based on a controlled smart lighting source 
with an optical system generating a luminous 
field of uniform brightness and color.
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Color components for the LED module

The first problem in developing multichip 
polychrome emitters is selecting the synthesized 
colors using the CIE 1931 XYZ color space, 
and the second one regarding white light is 
selecting the range of color temperatures and 
achievable color rendering indices. More 
detailed analysis involves assessing the discrete 
color reproduction (in other words, the 
number of synthesized colors) and maintaining 
stable color characteristics upon changes in 
brightness and environmental conditions. 
The latter problem is complicated because 
semiconductor LEDs are characterized by 
a strong (usually nonlinear) dependence of 
power and emission spectra on the supply 
current and, accordingly, on the temperature 
of the p-n junction. An additional issue in 
maintaining stable color characteristics is 
that the emission spectra and efficiencies 
of emitters of different colors have different 
temperature dependences. 

Preserving stable color coordinates in 
a wide dynamic range is one of the key 
requirements for a controlled light source. It 
was found in [6] by comparing three types 
of full-color LEDs with four chips, namely, 
RGBA, RGBWc and RGBWn, where R, G, B, 
A are red, green, blue and yellow chips, and 
Wc and Wn are phosphor-coated chips as cold 
and neutral white light sources, respectively, 
with Tc ≈ 6,500 and 4,000 K, that total color 
rendering index Ra for the RGBA system 

changes only slightly as white light changes 
from cold (Tc ≈ 6,500 K) to warm (Tc ≈ 2,700 
K) and averages 80.

Ra for the RGBWc and RGBWn systems is 
90 for white light in the region of cold and 
neutral shades of white light and drops to 58 
in the region of warm shades.

Thus, the RGBA system provides a more 
uniform distribution of Ra in the entire range 
of white light temperatures, compared to 
RGBW.

OSRAM OSTAR Medical 
LEACWUWVS2W LEDs that appeared 
recently [7] contain four chips: amber (617 
nm), green (505 nm), warm white with color 
coordinates x = 0.460, y = 0.410 (CIE 1931 
XYZ color space) and cold white with x = 
0.305, y = 0.325 (same color space). White 
light with a set of correlated color temperatures 
(CTC) (2,700, 4,000, 5,000, 6,500, 10,000 K) 
and general and special color rendering indices 
R1–R14 was synthesized in experimental studies 
of emission spectra of LED sources from this 
series, with varied spectral power fractions of 
different LEDs.

It was established that LEDs of this 
series can help achieve higher Ra (about 90), 
compared with the RGBA system, as well 
as higher special (R1–R14) color rendering 
indices for different color temperatures and 
obtain a smooth spectrum (Fig. 1). Thus, this 
LED system is the one that best meets the 
requirements for synthesizing white light.

Fig. 1. Main characteristics of OSRAM OSTAR Medical LEACWUWVS2W LED system: 
spectra of synthesized white light for different Tc (a); 

general Ra and special (R1–R14) color rendering indices for different Tc (b).
Color temperatures Tc, K: 2700 (1), 4000 (2), 5000 (3), 6500 (4), 10 000 (5)
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 Dynamically controlled 
semiconductor light source 

 The experimental setup is based on a 
modified version of a powerful controlled RGB 
luminaire with OSRAM OSTAR Medical 
LEACWUWVS2W LEDs. A general diagram 
of the luminaire is shown in Fig. 2. 

 A dynamically controlled semiconductor 
light source incorporates a power supply (PS) 
and a cooling system (CS); an emitting matrix 
(LED-M) consisting of four-color LEDs 
1–4; an optical system; peripheral electronics 
including a microcontroller (MC), drivers of 
pump currents for LED sources (Ds), a radio 
channel for data exchange; a controlling 
computer (CC). Feedback loops for controlling 
the color temperature and the corresponding 
software for managing the power drivers are 
introduced into the system.

To assemble the smart light source as part of 
the hardware and software system, the emitting 
module was made as a separate unit, similar in 
appearance to a computer monitor. 

The LED’s housing is made of plastic 
molding, the main bearing component is an 
aluminum radiator board with a matrix of 
powerful multi-color LEDs mounted on it, 
control driver boards and forced cooling fans.

Optical system 

The hardware and software system for 
assessing the psychophysiological state of 
a person needed a powerful controllable 
semiconductor light source with a large 
radiation area. The optical system, made by an 

original design, generates a luminous field that 
is uniform in brightness and color of the light 
source [9]. 

Calculations and optimization of the optical 
scheme were carried out in accordance with 
the theory of architecture of optimal optical 
systems. A similar approach was also used 
with the ZEMAX 13Release 2 SP1 Premium 
program (64-bit, Radiant ZEMAX LLC, USA). 

The reflector consists of two rectangular 
boxes, each with its own diffusing screen, one 
of the sides of which has an inhomogeneity 
providing a given scattering angle (Fig. 3,a). 
The diffuser is separated into primary and 
secondary parts, which yields the best ratio 
between the transmission of the system and 
uniform illumination of the screen: the two 
diffusers installed one after another provide a 
high degree of uniformity in color and radiation 
angle. One of the scatterers maintains uniform 
color parameters, and the next scattering screen 
largely provides a uniform radiation angle. 

The overall picture of color and 
illumination depends on the positions of the 
color components of polychrome LEDs in 
the luminaire. Even if a diffuser is used, the 
overall picture obtained with the same spatial 
arrangement of multiple LEDs is fairly non-
uniform in color and field of illumination, 
which distorts the color scheme. To eliminate 
this drawback and to minimize the aberrations 
generated by the diffuser, we carried out 
corrected calculations ensuring more uniform 
light colors. We found the optimal arrangement 
of LEDs with alternating orientations on the 

Fig. 2. Functional diagram of dynamically controlled semiconductor light source 
(the radio channel is controlled at 2.4 GHz and 868 MHz):

emitting module EM, power supply PS, microcontroller MC, drivers Ds, emitting module EM, 
LED array LED-M, cooling system CS, photosensor for light control PhS LC, temperature sensor TS, 
controlling computer CC; LEDs at λ = 617 nm (1), 505 nm (2), warm white (3) and cold white (4)
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board, which is necessary to compensate for 
the non-uniform angular spectrum (Fig. 3,b). 

Because the LED chips are arranged this 
way, the radiation output becomes almost uni,-
form in color, and the energy heterogeneity is 
no more than 20%.

Calculations and experiments (Fig. 4) 
indicate that color non-uniformity is no more 
than 7% and the energy heterogeneity is no 
more than 20% for the given optical system.

 Circuit design for a radio channel 
in a dynamically controlled 
semiconductor light source

The dynamically controlled semiconductor 
light source designed for a hardware and 
software system for assessing and adjusting a 
person’s functional state is very versatile. This 
means that the device can be used to illuminate 

diverse educational and industrial premises 
(for example, operating rooms, classrooms, 
gyms, stadiums, supermarkets, etc.), which are 
typically large in all three dimensions: length, 
width, height. In this case, it should be taken 
into account that the ground reflects incident 
radio waves in the direction of the illuminated 
object, producing associated interference 
effects (Ground reflection (2-ray) model). 
Model [10], including reflections from the 
ground during propagation of radio waves in 
free space, is commonly used to numerically 
calculate the range of a radio channel. This 
model was updated in [11] with the specifics of 
controlling LED sources. 

We used LabView software to develop and 
implement a program for modeling a personal 
radio link capable of controlling light sources, 
taking into account their specific practical 

Fig. 3. Optimized optical system of LED module (schematic image): system 
with two diffusers and a reflector (a), LEDs alternating on board to generate uniform color 

at module output (calculation result) (b)

a) b)

Fig. 4. Calculated (a) and experimental (b) distributions of light emission characteristics: 
color (a, left) and emittance (a, right) at module output; 

luminous intensity and color temperature depending on angle (b)

a) b)
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applications and technical characteristics of the 
equipment to be installed. 

Frequency range and technologies of the 
control system are critical for safety of operations 
(in surgery), environmental and psychophysical 
environment in the operating room, energy 
efficiency and stable optical and electrical 
characteristics of the luminaire. Developing 
a dynamically controlled semiconductor light 
source, we have analyzed in detail the main 
technologies used for constructing short-range 
devices (SRDs), such as wireless personal radio 
networks: ISM (Industrial, Scientific, Medical) 
with frequencies of 868 and 2400 MHz, 
Bluetooth (IEEE 802.15.1), Wi-Fi (IEEE 
802.11), ZigBee (IEEE 802.15.7) [12–16].

A wireless personal radio link includes, besides 
hardware components, the software controlling 
the radio protocol. Standard stacks (Bluetooth, 
Wi-Fi, ZigBee) require larger microcontroller 
flash memory for different protocol stacks, from 
tens of kilobytes for ZigBee to one megabyte 
for Wi-Fi (32–70 KB ZigBee 2.4 GHz, 250 KB 
Bluetooth 2.4 GHz, 1 MB 2.4 GHz WLAN). 
Aside from larger memory, standard protocols 
involve more powerful microcontrollers. Since 
standard protocols are redundant and complex, 
developers of wireless personal radio networks 
in the sub-gigahertz band of 868 MHz use the 
so-called proprietary protocols (unpublished 
and not available to other users), which may 
be less expensive. We chose this option for data 
exchange and interaction between the light 
source’s systems. It does not matter in this case 
whether standard technologies are compatible 
with equipment from other manufacturers [17]. 

A surgical lamp take a long time to connect 
to the Bluetooth network (about 3 s), so using 
this technology in medicine is problematic. 
Bluetooth devices are typically used in medicine 
to debug and configure medical equipment 
in the preoperative period. Simulation and 
experimental data indicate that the ISM 868 
MHz radio link has significant advantages in 
energy efficiency (the link margin), range and 
environmental factors compared to the 2400 
MHz radio link using ZigBee technology. 

The link margin of a radio link is estimated 
(in dBm) by the expression

LM = TX power – RX sensitivity + Ant gain – Ptr , 

where TX power is the transmitter power, RX 
sensitivity is the receiver sensitivity, Ant gain is 
the total gain of the transmitting and receiving 
antennas, Ptr is the total energy received.

Stable operation of a radio link requires an 

LM value of at least 10–20 dBm. Allocating 
the frequency band of 863–870 MHz (the 
frequency is 865.564 MHz (in the EU) for 
medical devices with an effective radiated 
power not exceeding –10 dBm, and a 
total gain of the receiving and transmitting 
antennas not exceeding –10 dBm makes it 
possible to obtain a +22 dBm budget of an 
LM transceiver, even with the radiated power 
of –20 dBm. Semtech (USA) developed and 
fabricated the SX123X family of transceivers 
[18]. The transceiver a sensitivity of –124 
dBm at 1.2 kbps, its adjustable power lies in 
the range from –20 to +20 dBm. In practice, 
these transceivers are mainly used in remote 
controls. The link budget of the SX128 
transceiver is (in dBm): 

LM = –20 + 124 – 10 – 71.9 = +22.1, 

ensuring successful transmission of packets 
via the radio link at a distance found for the 
idealized Friis model. 

In this regard, the 868.7 MHz ISM band 
is better (from an environmental standpoint) 
than the 2.4 GHz ISM band where the standard 
power of an electronic transmitter typically 
lies in the range from 0 to 3 dBm. This was 
used for developing a network version of the 
LED source, since maintenance personnel 
and patients should have minimal exposure to 
RF signal.

Programmable control 
 of hardware and software system

The light parameters of the source are 
controlled from a remote computer using 
the software developed.

At the same time, the module for 
controlling the smart light source operates 
in the 2.4 MHz frequency range and has the 
following characteristics:

autonomous operation;
user can change and control operation 

modes through a personal computer (PC); 
luminaire can be controlled from mobile 

devices using Android OS.
Communication between the luminaires 

and the PC is established via Bluetooth. 
There are interfaces for Windows and 
Android. 

The module can generate a library of 
spectra that can be adjusted with individual 
settings. However, the main operation mode 
is automatic, according to the given lighting 
scheme. Lighting algorithms are set in the 
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programming environment depending on the 
specific tasks of the light exposure. The time 
and light parameters can also be adjusted in 
these programs. 

Effect of light exposure 
on psychophysiological state of a person 

The hardware and software system for assessing 
the psychophysiological state of a person includes 
a powerful controlled smart light source with 
a large radiation area, taking into account the 
effect of direct illumination on the test subject 
and the Telepath-104D electroencephalograph 
(St. Petersburg). Monopolar EEG was recorded 
using indifferent electrodes placed on the subject’s 
earlobes. The Fp1, Fp2, F3, F4, F7, F8, C3, C4, 
P3, P4, T3, T4, T5, T6, O1, O2 montages were 
used for the recordings (the 10-20 system). The 
sampling frequency of the signals was 250 Hz, 
the high frequency pass filter 35 Hz, and the time 
constant 0.3 s. 

The experimental goal was to study the 
effects of dynamically controlled light from 
a semiconductor source with CCT, varying 
in the range from 1700 to 10,000 K, on the 
functional state of the human brain. The 
luminous flux of the light source was 1,000–
4,000 lm depending on the CCT. 

The EEG readings were first taken in a 
darkened room for two minutes, generating 
the conditions for the initial control state. 
The subjects were then exposed to two-minute 
illumination (in a series with two-minute 
breaks) with five different color temperatures 
pre-programmed in the LED source.

The data obtained were processed using 
spectral analysis with the WinEEG (Version 1.3) 
software. The spectral powers of the standard 
EEG ranges (delta, theta, alpha, and beta 
rhythms) were found, the epoch length was 4 s. 
The averaged spectral parameters were calculated 
for all recorded EEG fragments under background 
conditions and under light exposure. 

Analysis of the data revealed two characteristic 
types of changes in the EEG, in the dynamics 
of alpha and theta rhythms with the subjects 
exposed to the given illuminations. Additional 
changes in the spectral characteristics of the 
delta rhythm were observed in some cases but 
the effect of the light exposure used on the 
power of the beta rhythm was found to be 
inconsiderable. Thus, it can be assumed that 
an increase or decrease in the spectral power 
of alpha and theta rhythms provides the most 
data for assessing the effect of light. 

The variation in the spectral powers of alpha 

and theta rhythms exceeded 25% of the initial 
level upon exposure to light with a CCT of 
10,000 K. This lighting mode apparently has 
a pronounced effect on the functional state of 
the human brain; such light exposure can be 
considered physiologically active.

The variation in the spectral power of theta 
rhythms did not exceed 25% upon exposure 
to light with a CCT of 3800 K. However, 
the spectral powers of alpha rhythms in 
the right mid-temporal, posterior temporal 
and occipital regions of the brain decreased 
by more than 25%. This means that light 
exposure with a color temperature of 3800 K 
can also be considered physiologically active. 
Lateralization with a more conspicuous effect 
on the right hemisphere was observed in this 
case. 

The spectral powers of alpha and theta 
rhythms increased by more than 25% in most of 
the recorded regions (with the exception of the 
P4 and T6 electrodes) upon exposure to light 
with a CCT of 1700 K. Thus, light exposure 
with a CCT of 1700 K is also physiologically 
active.

The variation in the spectral power of alpha 
and theta rhythms did not exceed 25% in any 
of the electrodes upon exposure to light with 
a CCT of 7000 K; this light exposure can be 
characterized as physiologically neutral.

Based on the data obtained, we can 
conclude that the spectral powers of theta and 
alpha rhythms reflect the resulting effect of 
light exposures with color temperatures in the 
range of 1,700–10,000 K. The threshold value 
of 25% relative to the initial level of spectral 
power can be used to distinguish between 
physiologically neutral and physiologically 
active light exposures. The spectral powers of 
alpha and theta rhythms decreasing by more 
than 25% of the background values may be due 
to increasing levels of activation of the cerebral 
cortex (the activating effect of light exposure), 
while the spectral power of the alpha rhythm 
increasing by more than 25% and the theta 
rhythm by 25% may be associated with the 
decreasing levels of activation of the cerebral 
cortex (the relaxing effect of light exposure).

The ratio of the alpha and beta rhythms can 
be regarded as an indicator of the balance of 
excitation and inhibition in the brain cortex 
[19–21]; the alpha rhythm is mainly associated 
with inhibitory processes. Therefore, increasing 
spectral power of the alpha rhythm can be 
treated as the relaxation effect due to increased 
inhibition in the central nervous system, and 
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decreasing spectral power of the alpha rhythm 
as an activating effect due to attenuated 
inhibitory processes [22–24]. 

The role of theta rhythm shifts may be more 
complex, since this rhythm participates in such 
phenomena as fatigue, emotional processing, 
attention, memory, error handling [25, 26]. 
Importantly, however, alpha and theta rhythm 
shifts seem to follow a single pattern in this case: 
variation in the power of the alpha rhythm is 
not accompanied by compensatory variation in 
slow rhythms. Similar combined shifts of alpha 
and theta rhythms may indicate a change in 
the level of wakefulness, activating or relaxing 
effects in the cerebral cortex [27, 28].

Conclusion

We have proposed a fundamentally new 
design for a hardware and software system aimed 
at assessing the psychophysiological state of a 
person, including a powerful controllable smart 
light source and an optical system generating 
a light field that is uniform in brightness and 
color. Using this system as a tool for generating 
to white light with a variable color temperature, 
we have found that white light with the color 
temperatures closest to daylight (3,800, 
4,800 and 7,000 K) does not significantly 
affect the spectral characteristics of the main 
EEG rhythms. Such light exposure can be 
characterized as physiologically neutral, and 
LED sources with similar color temperatures 
can be recommended for continuous artificial 
lighting of residential and public buildings, if 
there are no specific requirements for lighting 
parameters. On the contrary, white light with 
color temperatures of 1,700 and 10,000 K is 
physiologically active, considerably affecting 
theta and alpha rhythms of the brain. This is 
particularly pronounced for light with a color 
temperature of 10,000 K.

To summarize, white light predominantly 
composed of mid-wavelength radiation is 
physiologically neutral, while warmer and colder 
shades composed of radiation from the edges of 
the visible spectrum are physiologically active. 

Since such lighting affects the EEG parameters, 
it can be used to adjust the psychological and 
functional components of human physiology.

We have detected two main types of light 
exposure: activating and relaxing. The effect is 
individual and can differ for different people 
even in the same lighting mode. This means 
that lighting modes that can be used to adjust 
a person’s functional state should be selected 
individually in view of personal reactions and 
the initial functional state. The type of reaction 
itself can apparently be detected by the EEG 
response to standardized LED lighting with a 
certain color temperature, and the magnitude 
of this response during the procedure can serve 
as a characteristic of the functional state of a 
person.

The techniques developed make it possible 
to select specific lighting modes to adjust the 
functional state of a person; this was proved in 
tests using the hardware and software system at 
the Center for Aerospace Medicine (Moscow) 
[29] and the State Research Institute of Military 
Medicine of the Ministry of Defense of the 
Russian Federation (Moscow) [30]. 

The system was used for biomedical 
collaborations with research institutions such as 
the Center for Aerospace Medicine (Moscow, 
Russian Federation), the First Pavlov State 
Medical University (St. Petersburg, Russian 
Federation), the Bekhterev Psychoneurological 
Research Institute (St. Petersburg, Russian 
Federation) [31–33]. 

Measurements of light parameters were made at 
the Collective Use Center “Hardware components 
of radiophotonics and nanoelectronics: 
technology, diagnostics, metrology”. 
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