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Optical and Visual Performance of PWM Controlled
InGaN and InGaAlP LEDs for Automotive
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Abstract—This research investigates the light quality and ther-
mal management of InGaN and InGaAlP Light Emitting Diodes
(LEDs) under various light regulation methods. We compare Con-
tinuous Wave (CW) and Pulse-Width Modulation (PWM) modes,
examining their impacts on luminous flux, temperature, total color
shift, and angular color shift. Our findings reveal that the CW
mode offers higher luminous flux and reduced temperatures, while
the PWM mode ensures enhanced color stability across different
currents and viewing angles, especially for white LEDs; however,
this stability does not extend to other LED types. From both
optical and visual performance perspectives, the study emphasizes
optimizing the driving current to meet regulatory requirements
and ensure consistent color perception. These insights are crucial
for automotive lighting design, contributing to improved regulatory
compliance and aesthetic quality.

Index Terms—Automotive exterior lighting, colorimetry, color
shift, LED, lighting technology, photometry, PWM.

I. INTRODUCTION

A S THE automotive lighting landscape advances, transi-
tioning from traditional incandescent bulbs and halogen

lamps to more efficient Light Emitting Diodes (LEDs) signi-
fies a significant step toward innovation and energy conser-
vation [1]. This shift involves a change in the light source
and reflects the pursuit of enhanced efficiency, superior light
quality, and refined thermal management [2]. These aspects are
influenced by the method of light regulation, which is crucial
for determining the operational characteristics of illumination
devices. In automotive applications, brightness control methods
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include Continuous Wave (CW) and Pulse-Width Modulation
(PWM) [3]. This article scrutinizes the usability of PWM in
various semiconductor lighting applications [4].

For non-luminophore LEDs, the color change is different
depending on the material and structure of the chip. In InGaN
LEDs (blue and green), the color shift with increasing current is
primarily caused by the band-filling effect. As electrons occupy
higher energy levels, the transition energy increases, leading to a
blue shift [5], [6]. This effect is dominant at higher currents. With
increasing temperature, a red shift occurs, which is attributed to
the thermal narrowing of the bandgap. However, this shift is
relatively small compared to other types of LED [7]. In contrast,
AlInGaP LEDs (red) show a more significant red shift with in-
creasing temperature due to this thermal band gap narrowing [8].
Unlike InGaN LEDs, the current has a much smaller influence on
the color shift in AlInGaP LEDs, where the temperature remains
the dominant factor [5], [6]. Current is a significant factor in
InGaN LEDs, and temperature plays a crucial role in AlInGaP
LEDs. The quantum-confined Stark effect, caused by internal
polarization fields, can also contribute to the redshift. However,
this effect is independent of temperature and is more pronounced
in larger quantum wells [9].

Phosphor-converted (PC) LEDs are used to realize a white
color. The phosphor is, therefore, another element that gen-
eralizes the color change. This change is mainly influenced
by its concentration. Higher phosphor concentrations convert
blue light into yellow, producing white light but also leading to
increased backscattering and heat, which can reduce efficiency,
especially in constant current operation [10], [11]. Phosphor
configurations in LEDs typically follow two approaches: a con-
formal structure, where the phosphor layer is coated on the
LED die, or a dispensing structure, where the phosphor forms
a dome around the LED. To achieve a smaller Angular Cor-
related Color Temperature Deviation (ACCTD), allowing the
light rays emitted from the blue die to travel the same path
within the phosphor volume [12] is imperative. ACCTD can
be improved using screen-printed multilayer phosphor-in-glass
(PiG) designs, significantly reducing ACCTD values. Cone-
shaped PiG structures enhance light mixing and minimize color
variations [13]. In addition to the mechanisms mentioned above
for the occurrence of non-uniformities related mainly to the
driving of LED and omnidirectional observation, there are other
material phenomena such as phosphor degradation [14] that
might cause a blue, green, yellow, or red shift as well. These
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might be related to the oxidation processes, cracks, increases in
or reductions in the quantum efficiency of the phosphor, etc.

The human eye can detect a color shift when it exceeds the
Minimum Perceptible Color Difference (MPCD). This value
represents the smallest discernible change in color and is quan-
tified by changes in the chromaticity coordinates (u, v) [15].
According to study [16], a deviation greater than Δuv = 0.002
is unacceptable; thus, this value has been selected as the MPCD
to ensure consistent color perception. In addition to color per-
ception, it is important to address that PWM may affect humans
in other ways, particularly due to flicker, as discussed in a
study [17]. Contrary to common belief, electroretinogram stud-
ies show that the human retina can detect modulation frequencies
up to 200Hz, even if the flicker is too rapid to be consciously
perceived [18]. Non-visual effects of flickering light, such as
blood pressure modulation, have also been reported [19]. How-
ever, the experimental study presented here does not account
for the impact of flicker on human perception or potential health
risks associated with the application of PWM. Visible flicker can
pose risks, including seizures or neurological symptoms such as
headaches or malaise, while invisible flicker may lead to issues
like eye strain and headaches [18]. Although the current study fo-
cuses on color perception, these non-visual flicker effects should
not be overlooked in future research or practical applications
of PWM.

The experimental study presented provides two main results.
The first compares the photometric and colorimetric proper-
ties of three commercially available LEDs. The second result
provides insight into the color rendering of the selected LEDs
and their impact on human visual perception. This information
is useful to experts in various fields, including the biomedi-
cal industry, automotive design, and lighting design, as it is
not readily available in the datasheets provided by most LED
manufacturers. Typically, datasheets contain information on the
chromodynamic coordinate shift as a function of the junction
temperature and forward current. The main goal of the presented
study is to assess the specifics of PWM LED driving and to deter-
mine whether it may have substantial consequences on lighting
scenarios where color rendering is a crucial parameter for human
color perception or for meeting regulatory requirements, such
as those imposed in the automotive sector.

II. MATERIALS AND METHODS

A. LED Sources Under Test

We selected a suite of OSRAM SYNIOS LEDs that emit
light in the red, yellow, and white spectra for our experimen-
tal analysis. The specific models chosen for this study were
the KR DMLN31.23 [20], KY DMLN31.FY [21], and KW
DMLN31.SG [22]. The selected parameters for these LEDs
show in Table I. Each LED variant shares the same chip dimen-
sions of 500 μm, highlighting uniformity in their construction.
The red KR DMLN31.23 LED, which falls underthe InGaAlP
ThinFilm category, which functions without a phosphor coating,
relies solely on its p–n junction to define its light emission
color. The KY DMLN31.FY yellow LED employs ThinGaN
technology and is enveloped in a phosphor dispensing structure

TABLE I
LED PARAMETERS [20], [21], [22]; λDOM - DOMINANT WAVELENGTH, CCT

- CORRELATED COLOR TEMPERATURE, I - CURRENT, TMAX - MAXIMUM

TEMPERATURE, Rth - THERMAL RESISTANCE, AND Pth STANDS FOR

THERMAL POWER

Fig. 1. CFD simulation results of different LED: Displaying the temperature
distribution across the test fixture surfaces, these results validate the design of
the heat-dissipating surfaces to keep soldering area temperatures at 100 ◦C.

with a coating encompassing the entire chip housing, refining its
spectral output. The KW DMLN31.SG white LED, also using
ThinGaN technology, features a targeted phosphor conformal
structure where the coating is applied directly to the chip die,
ensuring precise color temperature control.

These LEDs were mounted on a glass-reinforced epoxy lami-
nate material (FR4) Printed Circuit Board (PCB) with a standard
copper thickness of 35 μm. The Littelfuse FF 250 mA fuses and
SS14 1 A 40 V DO-214AC diodes were utilized as protective
elements for the LEDs connected in series with the tested LEDs
in the circuit.

The geometry of the heat-dissipating surfaces (extended sol-
der pads) was designed to maintain the temperature beneath the
LED soldering area of 100 ◦ C under maximum current load. The
Computational Fluid Dynamics (CFD) method was employed
for calculations, and the results are depicted in Fig. 1, providing
a detailed visual representation of the thermal behavior of the test
fixtures and reaching the desired temperature in the simulation.
These pictures also show how the PCBs were oriented towards
the colorimeter during angular measurement. To measure the
real temperature and validate the simulated data, a K-type ther-
mocouple (Cr-Al) was soldered to the solder LED pad, ensuring
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Fig. 2. Schematic diagram of the PWM control circuit.

Fig. 3. Oscilloscope trace of a 50% duty cycle PWM voltage signal: The image
displays a rectangular waveform.

the CFD predictions’ reliability and the LED system’s thermal
design.

B. Experimental Setup and Procedure

A dedicated electrical circuit with PWM control was designed
for this study to regulate the LED’s brightness. This circuit,
depicted in Fig. 2, is powered by 12V and steps down to 5V via
a 7805 voltage regulator, supplying power to an Arduino Nano,
which serves as the central processing unit. User interaction is
enabled through PWM+ and PWM- buttons, allowing dynamic
adjustment of the PWM duty cycle, visually represented on a
display.

The signal processed by the Arduino is driven through a
MAX4420 IC to control an IRF9540 Metal Oxide Semiconduc-
tor Field Effect Transistor (MOSFET), modulating the current
to the LED. Additionally, a current-limiting subcircuit with an
LM317 ensures that the LED receives a constant maximum
current, as specified in Table I. The switching frequency was
set to 1 kHz (1ms period), sufficient for automotive lighting
applications. Fig. 3 shows an oscilloscope trace that captures a
PWM signal at a 50% duty cycle, displaying the characteristic
rectangular waveform of the PWM’s on-off pattern.

The experiment involved two different measurement setups
to achieve results. The first part aimed to measure the total light
output. The scheme, therefore, includes a spherical integrator

Fig. 4. Schematic for the total light output measurement.

Fig. 5. Goniocolorimetry measurement setup.

AvaSphere-50, and the overall luminous flux and chromatic-
ity coordinates were detected by spectrophotometer AvaSpec-
HS2048. The circuit was powered via KEITHLEY 2302, and a
thermometer OMEGA CL3512A sensed the temperature. In the
case of CW control mode, the PWM circuit has been omitted.
The luminous flux measurements were associated with an un-
certainty of 3.5% for this assembly according to the calibration
data [23]. Spectral measurement uncertainty was quantified as
follows:

ub =
1/2 · FWHM√

3
= 1.56 nm, (1)

where the Full Width at Half Maximum (FWHM) is catalog-
listed at 5.5 nm, and

√
3 represents the coefficient associated

with a uniform distribution [24]. This is shown in Fig. 4.
The second part of the experiment dealt with angular mea-

surements of color coordinates using a set of LMT1660 go-
niophotometers with the fast scanning colorimeter LMT C3300
as shown in Fig. 5(a). This is an a Type A goniometer according
to IES LM-75-01 [25] with the range of V ± 90◦ (vertically)
and H ± 90◦ (horizontally) with the uncertainty of 0, 01◦ for
both axes [26]. The colorimeter was 1.7m from the LED to be
measured. This device simultaneously acquired and integrally
determined X, Y, Z tristimulus values, eliminating measurement
errors caused by fluctuations in test object characteristics over
time. The resolution is according to the calibration list [27] 0.001
for both x-coordinates and y-coordinates in x = 0,4480 and y =
0.4083. The detector area is circular with a radius of 5 cm [28].
A photo of the lighting lab measurement is shown in Fig. 5(b).
A Jäger MLNG laboratory power supply was used in this setup.
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Fig. 6. Comparative analysis of luminous flux (φ) and soldering ad temper-
ature (T ) against the current (I), comparing the performance under CW and
PWM mode. The data points are fitted with a Bezier curve.

III. RESULTS

Figures detailing the results of an experimental study on
the performance of OSRAM SYNIOS LEDs are shown in
Figs. 6–10. These results illustrate the behavior of these LEDs
under two different control methods: CW and PWM modes.

A. Light Flux and Temperature

The results in Fig. 6 present a thorough analysis of the
luminous flux (φ) and soldering pad temperature (T ) against the
average current (I). The differences (Δ) of the displayed curves

TABLE II
PEAK DIFFERENCES IN LUMINOUS FLUX (Δφ) AND SOLDERING PAD

TEMPERATURE (ΔT ) BETWEEN CW AND PWM MODES: THE SIGN OF Δ
INDICATES WHETHER THE VALUE IS HIGHER (POSITIVE) OR LOWER

(NEGATIVE) IN CW MODE COMPARED TO PWM MODE

Fig. 7. The Δuv with normalized current In up to Imax. Bezier fit was used.

between CW and PWM modes are shown in the inset graphs.
In CW control mode, the temperature is maintained at a lower
level, allowing for a higher luminous flux, suggesting a more
efficient operation in luminous output than in PWM mode. This
indicates that CW control mode is beneficial from the standpoint
of luminous efficacy. On the other hand, when PWM control is
employed, there is a noticeable increase in temperature and a
reduction in average luminous flux for the same average current
level, which may imply a less efficient operation. The LED in
PWM mode heats more because the instantaneous power value
is higher here than in CW mode. There is always a constant value
of instantaneous voltage and current with PWM; only the time
for which this power is delivered changes.

The Table II shows the comparative analysis of luminous flux
and soldering pad temperature variances between modes. The
red LED exhibits a luminous flux change of 1.8lm, an 8.4%
difference, and a temperature shift of 4.1 ◦C, a 9.5% variance
when comparing CW to PWM modes. The yellow LED shows
a slightly higher flux change at 2.1 lumens (13.3%) and a more
minor temperature change of 2 ◦C (2.9%). The white LED
presents the most substantial flux change at 6.6 lumens (19.9%)
and a temperature difference of 2.7 ◦C (6.1%). These figures
indicate that the control mode significantly affects LEDs’ power
and thermal performance.

B. Total Color-Shift

The color shift in total light output with increasing current
in both modes is shown in Fig. 8. Corresponding Δuv shows
Fig. 7 where the Δuv is calculated as the Euclidean distance
between the current and reference data point at Imax.
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TABLE III
Δuv IN TOTAL LIGHT OUTPUT

The figures are presented in the CIE 1931 color space [29],
with marked areas indicating compliance with ECE R148 [30]
and nominal CCT categories according to ANSI C78.377-
2017 [31]. The LED KR 31.23 exhibits a significant color shift
in both CW and PWM modes and has the highest Δuv values,
confirming this statement. The difference between CW and
PWM modes is minimal, with the maximum difference around
Δuv = 0.003 at minimum current, showing a linear trend as the
current increases. For LED KY 31.FY, the color shift is only
slight, with the PWM mode showing a more pronounced shift
than the CW. It shows the lowest Δuv values. The difference
between CW and PWM modes for KY 31.FY is also minimal,
with a maximum difference of Δuv = 0.0019 at minimum
current, following a linear trend with increasing current. The
LED KW 31.SG exhibits a significant color shift in CW mode,
but the chromaticity remains within the 5700K CCT ANSI range
even with this notable color shift. In contrast, in PWM mode,
the color remains significantly more stable with changes in
current. Δuv values confirm the following statements, but the
difference between the CW and PWM modes for KW 31.SG is
significant, with nearly a Δuv = 0.01 at the minimum current,
which decreases exponentially as the current increases. These
trends are summarized in Table III.

C. Angular Color-Shift

Angular color shifts in CIE 1931 are shown with an increasing
horizontal angle from 0◦ to 80◦ with 5◦ step in the CW and PWM
modes in Fig. 9 and Δuv in Fig. 10. The LED KR 31.23 shows
a minimal angular color shift up to 60◦, then changes manifest,
especially at low currents, reaching approximately Δuv = 0.01
for CW and Δuv = 0.006 for PWM. All points are on the
edge of the trichromatic diagram, showing that changing the
angle does not affect the chromaticity of the LED. For LED
KY 31.FY CW 20 and 200mA hardly change color with angle,
Δuv displays a moderate increase with an angle that peaks at
0.002. However, at a PWM of 20mA, a shift at angles above 70◦

reached Δuv = 0.6 at 80◦. LED KW 31.SG exhibits notable
shifts in chromaticity within the ANSI CCT area. The CW is
from 6500K over 5700K areas to protruding from the chromatic
region at angles above 70◦. For PWM at 20 mA, there is a shift
of the total shifter range, which starts in the 5700K region and
leaves at an angle of 50◦. The shift continues longer in the yellow
area of the trichromatic diagram and at an angle of 60◦, the
light output becomes illegal regarding ECE R148 regulation.
The Δuv curves exhibit similar trends for both CW and PWM

modes. They consistently increase, reaching a maximum value
close to Δuv = 0.03 at 80◦.

IV. DISCUSSION AND STUDY LIMITATION

To analyze driving current influence on optical and visual
performance, three typical automotive LEDs were chosen for ex-
perimental testing. These were red KR 31.23, yellow KY31.FY
and white phosphor-converted KW 31.SG. Firstly the light flux
and solder pad temperatures were measured. With the CW drive
current, all tested LEDs achieved higher flux levels and lower
solder pad temperatures. Most significant changes were ob-
served with the white 31.SG LED illustrates how important the
driving current tuning is, especially for the white color functions,
while reaching an almost 20% increase in the luminous flux
and 6.1% lower temperature. The red KR31.23 LED achieved
almost 10% increase in soldering pad temperature and the yellow
KY 31.FY achieved the least significant temperature increase
reaching almost 3% while using PWM mode. Both luminous
flux values were increased similarly in the case of red and
yellow LEDs, which gave approximately 2 more lumens while
employing CW mode. Luminous flux differences between the
CW and PWM driving modes are typically maximal in the
middle of the current range while blurred around the lowest
and highest values. The temperature difference trends among
the chosen LEDs are less similar. Hence, the lighting designer
or engineer should choose the appropriate driving current mode
based on the cost-benefit analysis, which assesses the luminous
flux and temperature increase for a specific current level while
considering the thermal design of the whole system.

From the visual performance point of view, PWM driving
might provide with important advantage, especially for white PC
LEDs. If a single type of white PC LEDs should provide several
illumination levels, the PWM can provide a dimming option with
a minimized color difference across several dimming states. This
can be useful, for instance, if the same LEDs provide parking
or position functions together with daytime running lamps.
The difference between CW and PWM drive is significant, in
comparison with red or yellow LED, in which case the CW is,
unlike the previous two, providing with lower color difference
while dimming is applied. Hence, this advantage diminishes for
color LEDs.

It was also shown that for both red and yellow LED, the light
output remains within the boundaries of ECE red and yellow,
respectively, as defined within the ECE R148 regulation. This
is also true for the white LED, for which the light output is also
within the ECE-defined region. It can be seen that with the PWM,
it is easier to remain within the nominal CCT quadrangle, which
corresponds to the statement from the previous paragraph. With
the PWM driving, the light output tends to have a higher CCT,
whereas with CW, the light covers a broader CCT range and
achieves much lower CCT than with the PWM driving mode,
especially for lower current values.

Another important aspect that is less often assessed in this
level of detail is the color constancy of LEDs not only when dif-
ferent drive current modes are selected but also when perceived
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Fig. 8. Color-shift in the total light output with increasing current of 1mA to Imax with 25mA step in CW and PWM mode. The view is in the CIE 1931 color
space [29] with marked areas indicating compliance with ECE Regulation No. R148 [30] and nominal CCT categories with ANSI C78.377-2017 [31]. Data were
obtained using a spectrophotometer. The arrow shows the direction of increasing current.

Fig. 9. Angular color-shift with increasing horizontal angle from 0◦ to 80◦ with 5◦ step in CW and PWM modes. The view is again in the CIE 1931 color
space [29] with marked areas indicating compliance with ECE Regulation No. R148 [30] and nominal CCT categories with ANSI C78.377-2017 [31]. Data were
obtained using a goniocolorimeter. The arrow shows the direction of increasing angle.

Fig. 10. Angular Δuv with increasing horizontal angle from (αH ) from 0◦ to 80◦ with 5◦ step in CW and PWM modes. The Δuv is calculated as the Euclidean
distance between the current and reference data point at 0◦ . The selected currents are 20mA, 100mA, and Imax. The MPCD value is marked.

from different observing angles or even in their combination.
Hence, angular color uniformity (ACU) was assessed for both
driving modes. ACU was assessed as it also possesses the
possible consequences on the legality of light sources from the
perspective of regulatory bodies. To assess conformity, we used
the boundaries for red, yellow, and white colors as defined in
the ECE regulations, while to assess consistency of color, we

applied MPCD based on the color distance of Δuv > 0.002.
This threshold is rather strict and allows testing whether the
LEDs can be applied in high-performance use cases requiring
precisely maintained color rendering. The ACU analysis showed
that the red LED ACU is better achieved with PWM than with
low-current CW. The difference between CW and PWM for
high current values becomes less significant. Low-current CW
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operation for the white PC LED also leads to the highest risk
of producing white light that does not conform to the ECE
regulations. This might be an issue when the light is collected
from a broader part of the beam. For the yellow LED, the PWM
driving mode is less appropriate from the regulatory point of
view, where with the increasing angle, the light output is close to
the ECE Yellow borderline. Regarding ACU, our results indicate
that for maximum angular deviations, the ΔCCT values for
the white PC LED are greater than those achieved with LEDs
using specific methods to mitigate ACU, such as those described
in [12]. In this study, the light emitted from the white LED spans
three adjacent nominal CCT quadrants. It extends beyond the
ECE-defined boundaries for white color, indicating a substantial
color shift. ACU presents less of a challenge for the red and
yellow LEDs; however, ACU is notably lower for the yellow
LED under PWM control than CW mode. These findings suggest
that, particularly for white PC LEDs, it would be advantageous
for potential LED users to access an MPCD-based viewing angle
in LED datasheets, as this angle is significantly narrower than
the conventional 50% intensity viewing angle. For the white
LED used in this study, an MPCD-based viewing angle with a
threshold of Δuv > 0.002 would be approximately one-third of
the standard viewing angle at half of the maximum intensity.

The main limitation is that the results represent only the
behavior of 3 specifically selected and commercially available
LEDs. However, these were carefully chosen to represent exam-
ples of LEDs applicable to main and signal headlamp and rear
lamp functions. In these applications, the ability to maintain
constant color rendering is of crucial importance, mainly due
to regulatory requirements. Nevertheless, it is also important
for high-quality color rendering, leading to the best visual per-
ception and aesthetic requirements especially when combining
LEDs with plastic optical components and other optical compo-
nents that are prone to chromatic aberrations. Those components
might additionally cause further color shifts. In that matter, the
provided information might also be purposeful for developers to
precompensate chromaticity coordinate shifts induced mainly
by the absorption in plastic optical components (e.g., light
guides) with the readily available PWM driving circuits together
with the fine-tuning of their electrical current parameters and
thermal management of the applied setup.

Another limitation of the presented paper is that it does not
provide any information about the resulting LED flicker or its
influence on the observer’s visual performance, as this was
not the main goal of this paper. Prospective LED users should
conduct their flicker measurements to achieve the desired results
with the PWM driving circuitry that assures the desired safety
and the observer’s visual comfort. It needs to be stressed that
the visual and non-visual effects that might arise from the PWM
application leading to LEDs’ flicker were not studied in the
presented article.

V. CONCLUSION

This study presents a methodology for assessing LEDs’
optical and visual performance in automotive applications.
The focus is on meeting regulatory requirements and

ensuring consistent color perception together with heat disi-
pation and energy efficiency. These requirements are growing,
especially in electric vehicles. These results provide valuable
insight into optimizing current control to maintain these specific
requirements.

In tests on three automotive LEDs, differences in luminous
flux, thermal behavior, and color shift were observed between
CW and PWM control. Under PWM control, all LEDs tested
exhibited lower luminous flux and higher heat sink tempera-
tures. For red non-luminophore InGaAlP LEDs, there were no
significant color differences between the CW and PWM control.
CW control was more advantageous in yellow InGaN LEDs
with a dispensing phosphor structure, providing better resistance
to total and angular color shifts. From the perspective of color
stability, PWM control proved beneficial for white InGaN LEDs
with a conformal phosphor layer, where it improved color sta-
bility and allowed compliance with color output requirements
even at wide viewing angles.

The choice between PWM and CW control should always
consider the application’s specific requirements, including reg-
ulatory standards, safety, thermal management, and visual prop-
erties. This study’s findings indicate that PWM control is suitable
for color stabilization in white LEDs, while CW control is better
suited to applications where optical performance is prioritized.
The study also recommends including MPCD-based viewing
angles in datasheets for high-precision applications, providing
valuable information for optical engineers and designers when
optimizing LED performance.
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