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ABSTRACT This article deals with frequency PWM (pulse-width modulation) control methodology and
experiments related to a deep characterization of InGaN (Indium gallium nitride) EELs (Edge Emitting
Lasers) and the influence of drive current shape on power and spectral characteristics. The aim is to study
wavelength tuning possibility and near-threshold region behavior that is usually not described in device
datasheets. The publication consists of three main parts where different possible methods of output control
are discussed. The CW (continuous wave) characteristics are displayed in the first part which describes the
behavior of the LDUT (laser diode under test) in more detailed manner than in the available datasheets. The
following part shows PWM control with a delayed rising edge of the drive current which enables frequency
control. The third part ultimately shows the behavior using PWM with a rectangular drive current shape.

INDEX TERMS CW, drive current influence, EEL, laser, laser diode, laser diode control, PWM, spectrom-

etry, radiometry, frequency control, laser diode metrology.

I. INTRODUCTION

Various scientific and industrial applications often demand
an additional modification of the original laser output to meet
the requirements for beam shape, diameter, peak fluence,
and other beam parameters in order to perform the specific
task or operation. For that purpose, laser light modulation is
employed. Light modulation can be achieved with the use of
different approaches. Laser light can be modulated internally
via simple control of injection or driving current, or via more
sophisticated approaches like intra-cavity modulators that
are directly affecting laser resonator parameters [1]. Direct
modulation of semiconductor lasers has been already studied
in the past [2] as well as its limitations due to the chip
parasitics [3]. Direct modulation of semiconductor lasers can
be achieved by amplitude, pulse or frequency modulation
[4]. US patent [5] describes an approach using a PWM cur-
rent drive. With the application of temperature feedback and
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PWM current control, it is possible to achieve maximum
optical output and efficiency. PWM driver modulation was
also tested for an Erbium Doped Fiber Amplifier with a pump
laser operating in such a mode [6]. There are major advan-
tages to such a type of driving. The first is the heat dissipation
reduction in the driver devices, leading to the possible use of
small-sized heatsinks and reduction of the area occupied by
the electronic circuit. There is, however, another advantage
not related to energy consumption and heat dissipation. Such
an approach is able to provide more stable optical power
emission at very low levels, near the threshold region. Also,
the relatively long relaxation time of erbium in the aforemen-
tioned study causes the laser emission occurs above a certain
frequency, the output signal generated by the erbium-doped
fiber does not vary significantly in power. Therefore, in such a
case the PWM-based output signal is approximately the same
as the one generated with the use of the regular CW mode. In
the literature, it is possible to find both simulations [7] and
also circuit designs [8] for PWM drivers designed to be used
in conjunction with semiconductor lasers as well.
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Nowadays, the PWM driving technique is mainly
employed for the fine-tuning of LEDs’ optical parameters
for example in the case of output PWM signal can be con-
trolled by tuning the power of the analog input [9]. This
is advantageous, especially for the RGB LEDs, to achieve
demanded color precision [10], [11]. Conversely, PWM driv-
ing is also of interest due to its influence on LED lifetime
[12]. In this case, the PWM current driving was tested up to
500 Hz. Another work [13] was focused on simulation and
practical demonstration that the frequency deviation of the
laser emission due to current (intensity) modulation alters
the dynamic state and boundary conditions of the system
such that even under large optical feedback strength, the
laser may attain stability and retain a single modal state.
Furthermore, applications of PWM in laser technology are
widely used, especially to control output power in various
industrial applications [14], [15], [16], [17], [18], [19], [20].
Laser diode (LD) PWM driving can be also advantageous
for LD lighting applications. In such a case PWM driving
enables speckle-free dimming as the PWM is more suitable to
suppress speckle contrast than DC driving [21]. The potential
to employ LDs is also rising in automotive, where the LDs
can be implemented as a part of headlights. This is studied
by Lin et al. [22] with the use of OSRAM PL TB405B LD.
In this case, duty cycles were adjusted from 10 to 100%,
as well as temperatures from -20 to 45 °C. The frequency
was set to 400 Hz. In their latter paper, they [23] investigated
the influence of three driving frequencies - 100, 250, and
400 Hz. Hence, it is of high interest to analyze how this
relatively simple modulation approach can be employed to
modulate the optical output of the commercially available
semiconductor LDs also from the perspective of other rel-
evant electrical and optical parameters modulated by PWM.
And moreover, to make these results available for the whole
scientific and engineering community, which might need
these additional performance characteristics usually not con-
tained within regular datasheets and are needed for specific
LD applications in the field. For the experiments described in
the presented paper two LDs made by OSRAM are chosen,
specifically, PL.T5 520B [24] and PLTS 450B [25]. Optical
power and spectral parameters are compared for the case of
CW and PWM input current drives in combination with the
aforementioned LDs.

In the presented paper the influence of various PWM
frequencies (10, 20, 30, 40, and 50 kHz, respectively) in
combination with duty cycles between 0 and 100% is demon-
strated and compared with the results acquired during the CW
current driving of selected LDs.

Il. LASER DIODES SPECIFICATIONS

Both of the chosen LDs OSRAM PLT5 520B [24]

and PLT5 450B [25], respectively, used for the experiments

described within this paper have an optical output power of

80 mW. Basic LDs parameters are contained within Tab. 1.
These LDs are low-cost, single-mode, edge-emitting lasers

(EEL). Semiconductor chips of these LDs made of Indium
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TABLE 1. LD basic parameters [24], [25].

LD | pLI55208 | PLT5450B
max. current 240 mA 165 mA
peak wavelength 515-530 nm 440 - 460 nm
FWHM 1 nm 2 nm
operating temperature | -20 to +60 C° | -40to +70 C°
threshold current 40 - 90 mA 17 - 60 mA

Gallium Nitride heterostructures are mounted in the hermet-
ically sealed metal case of TO56 type. This type is usually
used for projection systems, spectroscopy, biomedical tech-
nologies, etc. The internal structure of the PLT5 520B (with
cut-up cap) is shown in Fig. 1.

emmiter

submount

heatsink and
LD cathode

FIGURE 1. Internal structure of the PLT5 520B (with cut-up cap) magnified
by the microscope.

IIl. EXPERIMENT I. - CONTINUOUS WAVE (CW)

A. CONTROL METHODS AND REALIZATION

The aim of the presented experiments is to measure the power
characteristics of two selected LDs with the CW current
driving. These characteristics are the dependence of optical
power P, on the current through the LD /;4, the dependence
of central wavelength )\, on the current, and the dependence
of the threshold current I, on the LD temperature . A spec-

LD_mount sphere
LD
LD_driver LD_anode — ﬁ
— TEC_driver LD_cathode — *‘
TEC_driver_thor sig_gen AvaSpec
—t— sig_out optin —
t— TEC_drive — usb
usb
LD_driver_thar PC
asc
LD_drive usb— — AvaSoft
mod_in %é%* sig_in usbtme1
E* analog_out — usbtmc2

FIGURE 2. Block diagram of the experiment with CW and slow PWM
driving.
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trometer from Avantes, AvaSpec, is used for these tasks. The
block diagram is shown in the picture 2.

The used LD driver (TEC_driver_thor and LD_driver_thor)
made by Thorlabs does not have an IEEE interface imple-
mented for measurement automation. Hence, the temperature
setting is manually operated. Nevertheless, the current setting
can be modulated via BNC input “MOD IN”, which is
connected to the programmable voltage generator (sig_gen).
Unfortunately, the set voltage value did not always corre-
spond with the measured current on the LD driver meter.
A correction curve is, therefore, measured. During the mea-
surement itself, the set value of the voltage on the generator
is noted and then recalculated using a correction curve to
the value displayed by the LD driver ammeter. Thorlabs” LD
driver also features an “ANALOG OUT” output, to which a
voltage corresponding to the current LD current is applied.
For measurements in CW mode, this port is connected
to the oscilloscope only for indicative measurements and
the oscilloscope data are not further used. LD and TEC
drivers are connected to a dedicated mount made by Thorlabs
(LD_mount), which enables temperature stabilization of the
LD, and in which the LD itself is installed. The LD light
beam is collected by a passive integrating sphere, which
is connected by an optical cable to the spectrometer. The
Avantes spectrometer is supplied in the basic package with a
GUI only, therefore, without the possibility of programming
and automation. This obstacle is resolved by using the pro-
grammable mouse and keyboard interface of xdotool. Thus,
the AvaSoft GUI itself runs on a virtual PC with Windows 7,
which is accessed by the xdotool program. Communication
with the programmable measuring instruments (oscilloscope
and generator) is provided using the usbtmc driver imple-
mented in the Linux kernel itself.

set current or measure LD

duty power
10 times . ) is measured peak
measure and e ‘imeratlon power within 58k and
save vaues 60k adc counts?
_ turn LD off,
wait for
save dark
ETEEEE reference and
stabilize

turn LD back on

FIGURE 3. Concise flow chart of the measuring algorithm for a single
power characteristic.

A measurement program whose algorithm is outlined in the
flowchart 3, is running on the LXLE OS (Ubuntu derivative).
This program is connected to the two usbtmc ports. In this

VOLUME 11, 2023

OS the virtual system with the AvaSoft program is operated
as well and with the use of shared storage, the spectral data
are ultimately retrieved. The measurement program starts
by setting the initial integrating time and storing the dark
reference. It continues by setting the initial current, after
which the peak value of the spectral curve is analyzed. If this
value is not between 58k and 60k of the measured value of
the employed 16-bit resolution ADC, then a new integrating
time must be set and the test repeated until the spectrometer
is calibrated to the optimum saturation level. After this test,
the LD is briefly switched off to measure the dark reference.
While the LD is switched back on to its previous state, the
thermal stability of the LD is affected, so at this stage, it is
necessary to wait for the LD temperature to stabilize again.
The program determines the time of this delay based on the
current passing through the LD. Lower current values lead
to lower radiated LD power, which means less disturbance
of thermal stability, and thus shorter delays. For currents
above approx. 50 mA and duty cycles corresponding to these
currents, the temperature stabilization took 3 minutes. After
the described stabilization, 10 values of optical power and
central wavelength are measured, which are averaged by
Avasoft from 10 additional measured values. Upon recording
the required values for a single current value, the entire cycle
is repeated with the incremented current value. And then this
process is repeated until the maximum current values are
measured.

LDs used in this experiment are operated within a con-
tinuous wave (CW) regime - with a constant current
value. The experimental system consisting of laboratory
low-noise benchtop LD and temperature controller THOR-
LABS ITC510 and cooled LD mount TCLDM9 [26] is
employed. Benchtop LD controller’s current can be set up
to 1 A = 1 mA with a minimum step of 0, 1 mA.

The benchtop LD controller allows temperature control of
the LD housing from —45 °C up to the 4145 £ 0, 1 °C. The
LDs are attached by a contact surface to a copper plate heated
by a TEC (thermoelectric cooler) employing the Peltier effect.
Sample thermogram for the set value 9 = 50 £ 0, 1°C of
LD PLT5 450B mounted in this manner is depicted in Fig. 4
(captured by thermal imaging camera FLIR T200 - ambient
temperature in the laboratory ~ 23 °C). This figure proves the

FIGURE 4. Thermogram of non-emitting LD PLT5 450B at # =50 +0, 1°C.
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FIGURE 5. Optical power characteristics of both LDUT at different operating temperatures in CW mode.

accuracy of the temperature stabilization of the TEC driver
for all further experiments.

B. RESULTS

The first results obtained from the measurement are shown
in the figures 5 and 6 show the behavior of LDUT in CW
mode. Power and peak wavelength characteristics are mea-
sured from the range of temperatures 20 °C to 60 °C with
10 °C step.

The power characteristics in Figure 5 confirm the datasheet
data. It can be seen that for the LD 450B from the 24 mA value
the power increases linearly, which is the area that is suitable
for modulating the optical power. In contrast, the liner area for
the LED 520B is not as uniform and, therefore, less suitable
for modulating the optical power.

Threshold current is between and 16 - 24 mA
with max power between (220 mA) and
145 - 155 mW (150 mA). As the temperature increases, the
power decreases, and the threshold current increases. This
dependence of threshold current on temperature is shown
in Figure 6 and confirmed by the increasing exponential
character.

Figures in the annex (23 and 24) show the Peak wavelength
dependence on CW current. As in the case of the power
measurements, also in the case of spectral parameters, the
datasheet parameters were confirmed, i.e. the range below
the threshold and 456 - 449.,5 nm, above
threshold and 449,5 - 454 nm. The theoretical
assumption that the peak wavelength sharply increases with
increasing current below the threshold and then not so signif-
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icantly increases again with the current in the range above the
lasing threshold is confirmed.

55 \
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FIGURE 6. Dependence of threshold current on the temperature of both
LDUT in CW mode.

IV. EXPERIMENT II. - PULSE WIDTH MODULATION
(PWM)

In initial experiments, several measurements were made
with PWM slow, describing the rationalization of modula-
tion using a commercial driver with a “slow” leading edge.
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Results obtained from measurements of the selected LD
types’ behavior at set frequencies and relative optical output
power are presented, including distortion calculations.

A. CONTROL METHODS AND REALIZATION

1) THEORETICAL EXPRESSION OF POWER
CHARACTERISTICS

Modulation of the LD current waveform by pulse width
modulation (PWM), is used to achieve, among other things,
the desired mean optical power of the laser beam. Consider
the ideal case where the shape of the current waveform is
perfectly rectangular. Or when the rising edge time - the
duration for which the current rises from zero to its maximum
- is zero. And this would also be true for the falling edge. In
that case, the mean current of one period and their integer
increments can be expressed

Iy = Lpax - (wig/100) [A] (D

where I [A] is mean current, I, [A] is maximum current
and wyy [%] is duty cycle. At a 10% duty cycle, the mean
current is one-tenth of the maximum, at 50% half, etc. If the
dependence of the mean current on the duty cycle is plotted,
it can be seen that the resulting waveform is purely linear,
starting at zero and peaking at the value of the maximum
current. And the same formula would apply to the dependence
of optical power on the duty cycle

Py = Pax - (wia/100) [W]. @)

In the real-world situation, however, a rectangular current
waveform is not achievable. The rising and falling edge
times are always non-zero. Nevertheless, an integral part of
PWM control is the modulation frequency, which allows the
achievement of a nearly rectangular waveform even when
the edge duration is non-zero. The condition for this is that
the modulation period

Ipwm = 1/fpwm [s] 3

is significantly higher than the edge period #.4,. Simultane-
ously, it is assumed that the rising edge period is the same as
the falling edge period: t;j5e = tfai = teds-

Ps(Wia) X Pax - (Wi /100) [W], for towm >> ledg 4
Taking into account the duration of the duty cycle

twy = Wld/(fpwm -100) [s] (5)

which depends on the PWM frequency, the dependence of
the mean power on the duty cycle can be described even
more accurately. If the duty cycle duration is shorter than the
edge time, then the optical power will not reach its maximum.
Under such conditions, the mean power will be less than in
the ideal case. Similarly, if the duration of the duty cycle is
longer than the period duration without the edge duration,
then the optical power will not reach its minimum. Under
such conditions, the mean power will be higher than in the
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ideal case. However, to express this behavior mathematically,
several conditions need to be considered.

- First, the duration of the rising edge is equal to the
duration of the falling edge fyise = tfai1 = tedg- The real case
will be rather close to this simplification. This is because the
leading edge duration is caused by the same capacitance as
the falling edge duration.

- Second, the waveform edges can be considered to be
linear. In the reality, this will not be the case. However,
a linear waveform is a good compromise between realistic
behavior and the complexity of the approximating formula.

- Third, the nonlinearities in the LD power characteristic
are not taken into account. That is, the relative optical power
waveform is considered to have the same shape as the LD
current waveform. This simplification is appropriate since
their difference is not significant. Iy(wjy) ~ Py(wig).

In such a case, the real dependence of the optical power
on the duty cycle can be expressed using the following
function.

max

P
2
Ps(wig) = thd : fOV tyy, € (0, tedg)
ledg

= twy - Pmax for ty, € (tedg’ owm — tedg)

P
= (tpwm  Prax) — ((tpwm - twld)2 : max) [W],
Tedg

for tyy € (tpwm — ledg, tpwm) (6)

2) PERIOD MEASUREMENT

The measurements of this experiment are carried out in
almost the same configuration of measuring instruments as
outlined in figure 2. The only difference is that instead of
the integrating sphere, the LD illuminates the active pho-
todetector, which is connected directly to the oscilloscope.

tedg tedg
==

P‘mu:l.‘

Popt [W]

t\'Vld

tpwm

t [s]

FIGURE 7. Plot illustrating variables used in the formula 6.

| fpwm = 50 KHz, toqg = 4 pis
" Pmaz
3 __
£ —
5 LT
[aB) ///

0 —
0 10 20 30 40 50 60 70 80 90 100
Wi1d [%]

FIGURE 8. Example of theoretical power characteristic for a modulation
frequency of 50 kHz and edge time of 4 us.
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The control of the LD, i.e. the switching voltage, corresponds
to the driving voltage during the measurement of spectral
quantities.

The one-period pulse waveform for both LDs used are
shown in Fig. 9 and 10. The maximum resolution of the oscil-
loscope is used, which is 2500 points on the horizontal scale
and 2 bytes on the vertical scale, respectively. The periods of
some frequencies fit exactly into the entire horizontal scale of
the image, however, for some, it is necessary to export fewer
horizontal points than 2500. This is due to the fact that the
oscilloscope supports only a few specific horizontal scales
presets.

PWM slow, 450B, ¢ =30 °C

T 200
"

//“ /ﬂ 150
— /
L / 100
o)
£3
o
e
2 —
%* k= 50 =
— Ll 40 =
8 -
& L 30
o
Z ‘
ki ‘ | L1 20
e ‘ }\‘ I

h
wwﬁ'ﬁmmﬁ% i ‘ i 10
0 0.2 0.4 0.6 0.8 1
t/tperiod [7]

FIGURE 9. PLT5 450B relative optical power waveform per single signal
period at different frequencies.

3) OTHER MEASUREMENTS

This measurement is implemented in accordance with the
block diagram 2. The maximum LD current, that is, the active
PWM level, is set using an oscilloscope to which the voltage
from the “ANALOG OUT” port of the LD driver is applied.
The current value represented by the voltage on this port
is slightly different than the LD driver ammeter indicates.
Therefore, for the correlation between the current on the LD
driver ammeter and the voltage on the “ANALOG OUT”
port, a correction curve is again measured to calculate a true
current value, which is considered to be the one indicated on
the LD meter. Exactly the same as in the CW mode case.
The generated voltage is corrected to the valid current value
displayed on the LD driver. From the maximum value of the
current and the duty cycle, the mean value of the current
passing through the LD can be calculated. However, the mean
value of the current cannot be included in the graphs due to
the imperfection of the pulse. For example, if the modulation
frequency is high enough, that a non-zero transition time
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PWM slow, 520B, ¢ = 30°C
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FIGURE 10. relative optical power waveform per single signal

period at different frequencies.

between zero and maximum LD current influences the power
characteristic (due to the fact that the rising edge is not steep),
then this characteristic will show that the LD does not start
to emit until 10% of the duty cycle is reached, while before
this threshold the LD does not emit at all and almost no
current flows through the LD. The value of the current, which
would be indicated in the graph e.g. at the point 8% of the
duty cycle, would not correspond to reality. Meaning, that
the traditional calculation of the mean current using the duty
cycle and the maximum current is only valid for a current
driving approaching an ideal square current waveform. The
measurement algorithm is almost the same as in the CW
mode. The difference is that only the duty cycle is set instead
of the current itself.

Maximum current amplitudes for PWM LD drive selected
with respect to recommended catalog values

. - 220 mA,

e PLT5450B - 150 mA.
Thus, the generator was set to a current corresponding to
220 mA and 150 mA respectively, after recalculation using
the correction curve, the real values of the current in the active
level were 216.1 mA and 148.1 mA.

B. PULSE DISTORTION DEPENDENCE ON FREQUENCY
From the data used to represent the current waveform in the
graphs 9, 10, 15 and 16, representation of the signal distortion
is calculated 11 17. For each current value “/,”’ measured
at a specific frequency and at a certain point of the period,
a specific measure is calculated. This measure expresses the
difference from the ideal current waveform ““I;”> within the
same point of the period, in relation to “p” peak-to-peak
value of the ideal signal.
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For each point of a given frequency, the deviation from
the ideal waveform is calculated, and the average of these
“n’ points is calculated separately for each frequency. From
the data used in the plots 9, 10, 15 and 16 showing the
relative optical power waveforms during one PWM period,
the optical output distortion waveforms as a function of PWM
switching frequency were calculated using the 7 equation, see

figures 11 and 17.
5 [J(Po,,,,(opo,ﬂ,.(r)ﬁ _ 100]
[%

Pref
A =

] (N

Since in the real world, when PWM switching is employed,
it is not possible to achieve an ideal waveform (orthogonal
edges of pulses) of optical power over time, it is advantageous
to have an approach to quantify this distortion. In this paper,
the following method is applied. Each measured point of
the optical waveform characteristic over time for a single
frequency P, (t) is compared to the value that an ideal
Popy;(t) waveform would have at that specific instance. From
this difference, using a reference value P, corresponding
to the value in the active level, the relative distortion for
one measured point in time is calculated. Finally, the total
waveform distortion for a single frequency is expressed as the
arithmetic mean of all partial distortions over time of a single
period. This approach is possible to apply due to the fact that
the image data taken from the oscilloscope are synchronized
with the input switching voltage.

Four values of P are determined. This is for each com-
bination of LD and PWM control circuits and it is necessary
since when changing the LD or PWM control method, the
position of the photodetector and LD needs to be optimally
set again. And since the photodetector is very sensitive to
this adjustment, each such change requires a new value for
the reference relative optical power in the active and passive
levels.

The reference points are determined as follows. One fre-
quency with the least distorted waveform is selected. From
this, a few points are selected at the end of the passive and
active levels. Their arithmetic average subsequently deter-
mined the reference value in the active P, or passive
part of the switching Py, . And the absolute value of their
difference finally determined the bias reference

- Pref,m I (8)

The function P,p;(¢) has an ideal PWM waveform with
a 50% duty cycle, a frequency corresponding to the real
waveform being compared, a passive level of Py, and an
active level of Py, .

In the graph 11 a linear increase in a distortion from 10%
to about 70% can be observed for both LDs. Starting from the
maximum distortion recorded around the PWM frequency of
120 kHz, the distortion decreases with increasing frequency.
The observed distortion trend is due to two effects. First,
the phase shift of the LD optical output from the switching
voltage (the trigger of the measured data is set to the input

n

Pref = |Prefak,
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switching voltage). This results in the active level of the LD
optical output being partially within the passive level of the
input voltage, which results in a higher difference between
the ideal and measured signal. This difference disappears
at higher PWM frequencies as the second effect becomes
more dominant. That is the gradual convergence of the output
signal, up to a steady mean value. This is caused by switching
so fast that the optical output fluctuates only on the pulse
edges and does not reach its maximum and minimum in
the active and passive levels. Thus, this way of interpreting
distortion is affected by both the change in phase of the signal
and the variation in its shape. The optical output of LD when
switched with PWM will always converge to a steady state
level with increasing frequency. E.g. if the PWM duty cycle
is 50%, and at the same time both edges of the pulses are
identical, then the steady-state level will be at 50% of the
active level optical output. In this case, the distortion plot
should converge to 50%. Such a case can be observed when
switching with a PWM slow. In the 9 and 10 plots, the optical
output converges to the steady-state level at the halfway point
of the active level.

PWM slow

80
70
60
50
40
30
20 520B, ¢ = 30 °C |
10 450B, ¥ = 30°C ——— |

A %]

0 40 80 120 160 200
f [kHz]

FIGURE 11. Distortion waveform of the real LD optical output compared
to the ideal PWM waveform at 50% duty cycle as a function of PWWM
frequency.

C. RESULTS
Figures 12 and 13 show the dependence of power on pulse
width in PWM slow mode. Both figures consist of five char-
acteristics with frequency PWM from 10 kHz to 50 kHz
with (10 kHz step) and one additional characteristic with
frequency 50 kHz and temperature 60 °C. The slowed leading
edge of the signal here causes a change in the threshold and
therefore allows frequency control of the LDUT output.
Frequency control of the LDUT threshold is successful
only in the range of 10 kHz to 50 kHz, where the diodes could
be controlled so that the characteristics still have a linear
waveform. Leading edge distortions at frequencies above
50 kHz cause nonlinearities of the waveform and frequencies
below 10 kHz are not considered in the presented experiment.
The maximum power in 30 °C corresponds to approx.
and 147 mW which is equal to CW mode. For 60 °C
and 101 mW are obtained, respectively.
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PWM slow
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FIGURE 12. optical power characteristics in PWM slow mode.
PWM slow
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FIGURE 13. PLT5 450B optical power characteristics in PWM slow mode.

The dependence of thresholds in PWM slow control on
frequency is shown in the figure. 14. In the aforementioned
range of 10 kHz to 50 kHz, it is possible to control the
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PWM slow
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FIGURE 14. Dependence of threshold on the frequency of both LDUT in
PWM slow.

threshold in the range of PWM (I3 =216.1 mA)
and 2 - 6.7% PWM (I;; = 148.1 mA). The increased tempera-
ture causes the threshold to rise. This phenomenon increases
with increasing frequency and, therefore, with distortion of
the control signal. Peak wavelength characteristics are shown
in the annex (Figure 25 and 26).

V. EXPERIMENT IIl. - PULSE WIDTH MODULATION
(PWM) USING EXTERNAL CIRCUITS

In the next section of this paper measurements with PWM
fast are performed. It describes the implementation of mod-
ulation using a proprietary external electronic driver with a
“fast” leading edge. Within this section, information regard-
ing the circuit design of the driver is presented and the results
are compared with the measurements performed in the previ-
ous chapter for PWM slow.

A. CONTROL METHODS AND REALIZATION

1) PERIOD MEASUREMENT

This experiment is carried out in almost the same configu-
ration of measurement instruments as indicated in Fig. 18.
The difference is that instead of the integrating sphere, the
LD illuminates the active photodetector, which is connected
directly to the oscilloscope. The control of the LD i.e. switch-
ing and supply voltages corresponds to the control during
the measurement of spectral quantities. The results of period
measurements in PWM fast mode can be seen in the graphs 15
and 16. The distortion plot calculated from these data is
shown in figure 17. As a result, the switching times became
significantly faster than in the previous (slow) driver case.
Since the bandwidth was no longer limited to only about
50kHz, the results show a better correlation between the
control signal and the output power. Output signal distortion
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is now under the 10% for all tested frequencies. [see Fig. 11.].
The distortion here is primarily caused by the too-short dura-
tion of the rising and falling edges. In this case, oscillations
are created at the beginning and end of the pulse, which is
more noticeable with increasing frequency. (Fig 18 and 19).

PWM fast, 520B, ¥ = 30 °C

200
150
L 100
o)
2
1)
o
E —
= k= 50 =
> Ll 40 =
8 -
= L1 30
(5]
2
= F4 20
L
| | | | i 10

0 0.2 0.4 0.6 0.8 1
t'//tperiod [_]

FIGURE 15. PLT5 5208 relative optical power waveform per single signal
period at different frequencies in PWM fast mode.

PWM slow, 450B, ¢ = 30°C
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FIGURE 16. PLT5 450B relative optical power waveform per single signal

period at different frequencies in PWM fast mode.

With fast PWM switching, see 17, the distortion wave-
forms are highly non-linear. This is caused firstly by the
oscillations of the LD optical output at the rise and fall
of the pulse edge, secondly by the gradual decrease of the
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optical power in the active level with increasing frequency,
and finally by the small frequency range of the measurement.
These factors can be observed in the plots of 15 and 16. The
maximum measuring frequency is too low to determine to
what steady-state level the signal will converge. However,
it can be said with confidence that the LD optical power
waveform during a single PWM period is significantly less
distorted for switching with PWM fast than it is with PWM
slow.

PWM fast
9
8
7 -l
6
S —
a ., /
3 _
520B, 9 = 30 °C
2 450B, ¥ = 30°C —— |
1 T T T
0 40 80 120 160 200
f [kHz]

FIGURE 17. Distortion waveform of the real LD optical output compared
to the ideal PWM waveform at 50% duty cycle as a function of PWM
frequency.

2) OTHER MEASUREMENTS
This measurement is implemented in accordance with the
block diagram 18.

LD_mount sphere
LD
LD_driver LD_anode — g
TEC_driver LD_cathode — ‘*’
TEC_driver_thor sig_gen AvaSpec
sig_out opt_in
TEC_drive usb
usb
LD_driver_sharp PC
0sC
LD_drive usb AvaSoft
V-gate | iain usbtmcl
current_sense ——! /| 9-
usbtmc2
V_cc
power_supply
V_out

FIGURE 18. Block diagram of the fast PWM driving experiment.

The maximum LD current, i.e. the active PWM level, is set
using an oscilloscope to which the voltage from the ““current

66785



IEEE Access

M. Slouka et al.: Laser Diode PWM Control and Its Consequences on Optical Characteristics

sense’” port of the LD driver is applied. This value is then
also converted to a true value using a correction curve - the
value is the one that would be displayed on the LD driver
meter by Thorlabs. This setting is accomplished using the
output voltage of the power supply, with full saturation of the
switching transistors. Setting the maximum LD current using
the switching gate voltage is not used due to temperature
stability. The design of the driver is shown in Figure 19.

Its main goal is to keep its structure as simple as possible.
This is in order to achieve fast edges in LD switching. Possi-
ble current sources and other elements of a proper LD driver
could deteriorate this parameter.

SwWi
V_cc
o— 0
L DL
’ N
+ c1  + Cc2 R1
100u 100u 1.5K
R2
Lot oolle =,
-9 | LD_drive
— = || i
Q2A
R3
10 BS170
Ll
R4 - I
33K current_sense

FIGURE 19. Circuit diagram of the fast PWM control driver.

The circuit includes a mechanical switch for switching on
and also LED to indicate that the circuit is turned on. Further-
more, coupling capacitors C1 and C2 with a total capacitance
of 200 uF are employed. Resistor R2 is there for the stability
of the set current and serves as a current source for the LD.
Capacitor C3 is implemented to compensate for the induction
on the wire to the LD, which stabilizes the current sweeps
during switching. BS170 N-channel DMOSFET in the TO92
package is chosen as the switching transistor because of its
good dynamic characteristics for current switching. To opti-
mize the power load, two transistors are connected in parallel.
On their gate is resistor R4 for base grounding, which is very
desirable in unipolar transistors. And also R3 for additional
gate protection. Resistor R5 is used to measure the current
through the LD. The circuit was implemented using THT.

The measurement algorithm is almost identical to the CW
mode. The difference is that instead of a current only the duty
cycle is being set.
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B. RESULTS

The optical power characteristics in PWM fast mode are
shown in the figures 20 and 21, they are presented in the
same manner as in the PWM slow case, i.e. five curves from
the 10 to 50 kHz in steps of 10 kHz and an additional curve
at 50 kHz at 60 °C. Also, the maximum power is consistent
with previous measurements. It can be seen from the char-
acteristics that with a nearly rectangular drive signal, there
is no dramatic shift in the threshold when the frequency is
changed in comparison to the PWM slow control. The change
in threshold is only observed in the range and
0.05 - 0.195%. Another difference in this type of control is
the effect of temperature on the threshold change. In this
case, it is only minimal and in the range under 0,02% for
both LDUTs, as shown in Figure 22. The waveforms of the
peak wavelength characteristics are shown in the appendix as
(figures 27 and 28).

PWM fast
].30 T T T T T T T T
520B, 9 =30°C, f=10kHz —
120 =1 520B, 9 = 30°C, f=20kHz —— ||
110 - 520B, 9 =30°C, f=30kHz — ||
520B, 9 =30°C, f=40kHz ——
100 | 520B, ¥ = 30°C, f =50 kHz i
520B, 9 =60 °C, f=50kHz —
90
80 ya—
E ’
é 70 //‘
%’- 60
B}
50
40 020
30 / 0.15 il
5 0.10 /
0 0.05 1
10 0.00
0 0: 0.1 0.2:0.3
0 10 20 30 40 50 60 70 80 90 100
wia [%]
FIGURE 20. optical power characteristics in PWM fast mode.

V1. ICT510 CORRECTION CURVE

LD current measurements are performed in a different man-
ner for each experiment. However, all the recalculated data
are related by a correction curve to the value of current that
the ICT 510 LD driver would show on its display.

- In CW mode, the LD current is set using the generator
voltage applied to the “MOD IN” LD driver input. This
voltage is recorded via USB port and recalculated using a
correction curve to the current indicated by the LD driver.

- In PWM mode with slow edges, the current in the
active PWM level is set before the measurement started.
The steady-state voltage from the generator is applied to the
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PWM fast
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FIGURE 21. PLT5 450B optical power characteristics in PWM fast mode.
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FIGURE 22. Dependence of threshold on the frequency of both LDUT in
PWM fast.

“MOD IN” input of the LD driver, and set to a value such
that the oscilloscope measures a voltage corresponding to
the required maximum current (150 mA or 220 mA) at the
“ANALOG OUT” output of the LD driver. Next, the required
current is recalculated using a correction curve to the value
that would be displayed by the LD driver.
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- In PWM mode with fast edges, the current in the active
PWM level is also set before starting the measurement. The
voltage at the switch gate is set to provide full saturation of
the conductive channel. The switch supply voltage is then set
to a value such that the oscilloscope would measure a voltage
corresponding to the required maximum current (150 mA or
220 mA) at the “CURRENT SENSE” LD switch output.
Next, the required current was recalculated using a correction
curve to the value that would be displayed by the LD driver.

The voltage to the current ratio for both ports of the LD
driver is 10:1 D;, = 10 VAL,

TABLE 2. Correction curves. Measured values of current displayed on LD
driver /4., generator voltage on LD driver “MOD IN” Ugep, and voltage
from LD driver"/ANALOG OUT” Upsc. And relative current correction for
generator Kgen and oscilloscope Kosc-

Loy [mA] | Ugen [V] | Uosc [V] | Kgen [%] | Kosc [%]
9,7 0,1 0,100 -3,093 -3,093
19,9 0,2 0,205 -0,503 -3,015
40,3 0,4 0,417 0,744 -3,474
60,7 0,6 0,622 1,153 -2,471
81,0 0,8 0,833 1,235 -2,840
101,4 1,0 1,040 1,381 -2,564
121,8 1,2 1,220 1,478 -0,164
142,2 1.4 1,440 1,547 -1,266
162,6 1,6 1,650 1,599 -1,476
183,0 1,8 1,850 1,639 -1,093
203,4 2,0 2,070 1,672 -1,770
224,1 2,2 2,280 1,830 -1,740
2445 2,4 2,490 1,840 -1,840
254,7 2,5 2,590 1,845 -1,688

To calculate the real value of the LD current from the
voltage value at “MOD IN” the following equation applies:

Ugen Ugen  Kgen ( Ugen)
. A 9
Diy | ( D, 1o )BT O

To calculate the true LD current value from the voltage value
at “MOD OUT” the following equation applies:

U()SC U(JSC K()SC(U()SC)
1, = . A 10
dr Dio + (Dio 100 ) [ ] ( )

Idr -

VIl. MEASUREMENT UNCERTAINTIES

There are two basic types of uncertainties. Type A uncertainty,
uy (hereafter TAU), which is determined experimentally by
repeated measurements.

It is the sample standard deviation of the sample mean
sy, where x is the repeatedly measured quantity, X is the
arithmetic mean of the measured quantity, and 7 is the number
of measurements.

1 . _
@) =se= | ;m -%% (1D

Type B uncertainty, up (hereafter TBU), which is defined
by other means than repeated measurements and may be
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determined by the specification of the measuring instruments.
In this case, the TBU is equal to:

- Uinstr (12)
X

where u;,s, is the value obtained from the data sheet and
x is the distribution coefficient of the random variable. The
coefficient of the normal distribution x = 2 was used for all
calculations. The total TBU is determined by the geometric
sum of all TBU sources:

ug = (13)

Subsequently, the combined standard uncertainty, uc (hence-
forth CSU) is defined as the geometric sum of the TAU and

TBU:
uc =Juj + uj (14)

The probability that the true value of the measured random
variable lies within the interval given by the combined stan-
dard uncertainty uc for a normal distribution is 68%.

And finally, the Extended Uncertainty, ug with an exten-
sion coefficient k.. For all calculations, k, = 2 is used for the
normal distribution, which means that the measured value is
within the range given by ug with 95% probability.

ug = ky - uc (15)

It implies that if the uncertainty is given only by the accuracy
of a single instrument, then the extended uncertainty is equal:

uR =2-up =2 ”2 = Uinstr (16)

1) LD TEMPERATURE UNCERTAINTY

LD temperature uncertainty is manifested in both the spec-
trometer and photodetector measurements. Only the TEC
driver actually contributed to the LD temperature uncer-
tainty. The accuracy of the AD590 temperature sensor used is
Uee = £0,1 °C [27]. The LD temperature uncertainty is
ur_tec = *£0, 1 °C according to the equation 16.

2) PHOTODETECTOR MEASUREMENT HORIZONTAL
UNCERTAINTY

Only TBUs are determined in the photodetector measure-
ments, i.e. uc = up. Two factors are playing a major role
in this case: the uncertainty of the photodetector and the
oscilloscope.

The horizontal uncertainty is only contributed by
the oscilloscope, which has a horizontal accuracy of
Uosc_hor = E£50 ppm = £0, 005% [28]. This is related to the
value of the time base used. Thus, the horizontal uncertainty
is ug_¢_por = 0, 005% according to the formula 16.

66788

3) PHOTODETECTOR MEASUREMENT VERTICAL
UNCERTAINTY

Both the photodetector and the oscilloscope contribute to the
vertical uncertainty. The vertical accuracy of the photodetec-
tor is us_yerr = £2% [29], of which the TBU according to the
formula 12 ugy_f_yer = £2/2 = +1%. The vertical accuracy
of the oscilloscope is Upsc verr = £3% [28], of which TBU by
formula 12 up; y yer = £3/2 = %£1, 5%. The total vertical
TBU of the photodetector data is according to the formula 13
U f ver = 12+1,5% = =£1,8%. Finally, ug ¢ yerr =
2-%1,8 = %3, 6%.

4) LD CURRENT UNCERTAINTY
The LD current is recalculated according to the ICT 510 cor-
rection curve. With this correction, the relatively high
inaccuracy of the ICT 510 ports is eliminated from the cal-
culations. For the LD current, only TBU (uc = up) is
calculated. This varies according to the experimental setup
and is divided into TBUs in CW mode up s ; o and in PWM
mode UB s jmax_pwm- In CW mode, only the uncertainty of the
LD driver current output g, ; = £1 mA [27] contributes
to the current TBU. The uncertainty of the current in CW
mode is ug s ;i cw = £1 mA according to the formula 16. In
PWM modes, both ug,;, ; = 1 mA [27] and the oscilloscope
uncertainty Uysc versr = 3% [28] contribute to the LD current
TBU in PWM mode. The LD current TBU in PWM mode
UB s i pwm has to be expressed only for maximum currents.
Separately for green LD UB_s_imax_pwm_gr and for
blue LD PLT5 450B up_s_jmax_pwm_bi> respectively.

The maximum currents and PLT5 450B are
according to the formula 10:

2,2 (2,2 —-1,77
+ .

Imax_pwm_gr = W W 100 ) =216, 1 mA

—1, 266
100

1,5 1,5
Imax_pwm_bl = —+ W .

=148, 1 mA
G )

7)

Then, according to the formulae 12, 13 and 15:

2 2
Udriv_ild Uosc_vert
UB_s_imax_pwm_gr = —_— | | —
X X

2
+1m]? N 2o m . (£3)
2 2

= 13,2798 mA
UR s_imax_pwm_gr = 2+ (£3,2798m) = £6, 6 mA

2
+1m 2 1418651’11 . (:|:3)
UB_s_imax_pwm_bl = — | | —

2 2

= 42,2771 mA
UR 5 imax_pwm bl =2 - (£2,2771m) = +4,6 mA  (18)
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5) OPTICAL POWER SPECTROMETER MEASUREMENT
UNCERTAINTY

For each iteration of the current, 100 measurements are made
with the spectrometer. However, only 10 values are available
from which is possible to calculate the TAU using the for-
mula 11. For each spectrometer measurement, the internal
spectrometer function and the Avasoft program are employed
to take multiple measurements and average the measure-
ments. This function offers the possibility to set the number
of measurements to be taken after pressing the start icon in the
GUI The user is then presented with the arithmetic average
of the number of measurements that the user has specified. In
all experiments in this paper, this number is set to 10.

As a result, the recalculated values of P, and CWL are
computed from the ten values from the raw data measured by
the script, from which the TAU is consequently computed,
and each of them is the result of ten measurements averaged
in the Avasoft interface.

The use of this feature has two main implications for
the experiments conducted. Firstly, the time for accurate
measurements is reduced. By this is meant that if 100 mea-
surements are averaged using only the measurement script,
then the measurement time would increase dramatically due
to the slow automation mechanisms of the GUI. Secondly,
one has to take into account that the TAU is related to the
measurement of ten averaged values. The variance and, there-
fore, the TAU is lower than when measuring without using
Avasoft’s internal averaging.

According to the calibration sheet of the spectrometer, the
inaccuracy of the optical power is Ugpec_popr = £5%. After
calculating the TAU and TBU, it turns out that ua_s pep: is
two orders of magnitude smaller than up g pop, for all mea-
surements. Therefore, the uncertainty in the average of the ten
optical power measurements is determined by the formula 16
UR s popt = £53%.

6) SPECTROMETER MEASUREMENT CENTRAL WAVELENGTH
UNCERTAINTY

The central wavelength (CWL) values are part of the same
data set as the optical power values. That is, they are obtained
in the same way. The TAU is calculated in the same way
according to the equation 11. The CWL uncertainty is cal-
culated using the equation 19, where the FWHM value is
obtained from the calibration protocol. For the spectrometer
used, which has a grating of 500 lines/mm and a slit of 50 um,
the calibration protocol gives FWHM = 5,5 nm.

[y

Uspec_cwl = 5 - FWHM
, 75 nm (19)

After calculating the TAU and TBU, it is again observed
that ug_ cwi <K< up s cwi- Therefore, the uncertainty in the
average of the ten measured CWL values is determined by
the formula 16 as ug s ¢ = £2.75 nm.
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7) OVERVIEW OF UNCERTAINTIES
For convenience, a summary of the measurement uncertain-
ties is shown in the table 3.

TABLE 3. Overview of uncertainties.

Uncertainty
description

uncertainty symbol uncertainty value

LD temperature +0,1°C

uncertainty
Photodetector
horizontal
uncertainty
Photodetector
vertical
uncertainty

UR_TEC

UR_f_hor 40, 005%

UR_f_ver +3, 6%

Spectrometer +1 mA
CwW mode
LD current

uncertainty

UR_s_i_cw

Spectrometer

PWM mode
LD current
uncertainty  for

+6,6 mA

UR_s_imax_pwm_gr

Spectrometer
PWM mode
LD current
uncertainty  for
PLTS5 450B

Averaged

optical power
measurement
uncertainty

+4,6 mA

UR_s_imax_pwm_bl

uR_S_prt :l:5%

Averaged central
wavelength
uncertainty

+2,75 nm

UR_s_cwl

VIIl. DISCUSSION AND LIMITATIONS

A major limitation of conducted experiments is the use of
a relatively simple design of an electronic circuit that was
manufactured by hand using THT (Through Hole Technol-
ogy). Furthermore, to achieve high-frequency performance,
an application of SMD parts and ceramic capacitors would
be beneficial. From that point of view, there might be some
limitations on the impact on the generality of observations,
as the results are affected both by the LDs as well as the
driving circuitry. Though there are limitations caused by the
rather simple technology that is applied in the presented case,
the obtained results for the power characteristic are in good
correlation with the expectations given by the theory.

Three types of experiments were performed to test and
subsequently characterize the selected LDs. The LDUTSs were
first measured in CW mode, which confirmed and extended
their catalog parameters and characteristics.

Then followed PWM slow mode or pulse width modulation
with a slow rising edge. It is the rising edge delay that enables
PWM frequency control of the LUDT output, which is best
seen in the ability to change the lasing threshold depending
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on the frequency of the control signal. In this mode, it was
possible to change the threshold from PWM
(I1g = 216.1 mA) and 2 - 6.7% PWM (I;; = 148.1 mA), for
frequencies between 10-50 kHz. Frequencies higher than the
aforementioned range caused nonlinearities in the waveform,
and lower frequencies lead to measurement error. As the
frequency increases, the characteristics converge to the CW
regime, and this is consequently associated with the increase
in the impact of elevated temperature.

The third control method applied was the PWM fast mode,
where the aim was to control the LDUT using as rectangular
PWM signal as possible. An electrical circuit was constructed
for this purpose and the following measurements confirmed
linear waveforms, with minimal lasing threshold shift as
well as the minimal effect of temperature on the threshold.
The measurements were conducted again in the frequency
range of 10-50 kHz, where the lasing threshold change was

(Ilg = 216.1 mA) and 0.05 - 0.195% (I;y =
148.1 mA). Table 4 shows a summary of the most important
experimental results obtained within the conducted research.

TABLE 4. Range of LD threshold possible frequency control 10-50 kHz.

| LD \ | PLT5450B |
threshold Wy, PWM slow | 2.5-9.9% 2-67%
threshold W, PWM fast | 0.06 - 0.195% | 0.05-0.195%

By redesigning the control circuit for LD switching,
an increase in operating frequency was achieved. Compared
to the PWM slow variant, which was based on the test func-
tion of a commercially available current driver, PWM fast
characteristics are more linear. The aim was that the test
frequency range would not be significantly influenced by the
control electronics itself (see Fig 25 and 27). Also, lower
Popr [W] levels were easier to achieve with PWM compared
to CW control, as it was not necessary to overcome the current
threshold. As the effect of switching frequency was minimal
for the PWM fast version, the temperature remains the pri-
mary factor to assess LD parameters. In conclusion, it can
be therefore concluded that with proper LD control, optimal
control can be achieved even with simple PWM modulation
without the need for complex control with adjustable current
sources.

IX. CONCLUSION

The presented paper shows how the PWM current drive
changes the optical parameters of two specific commercially
available LDs. Acquired results represent specifications
beyond the readily available datasheet parameters that might
be usable for researchers and engineers to apply these LDs
in settings that require high-precision driving of the LD
optical output achievable via the PWM method. Due to the
increased interest in these performance characteristics of LDs
among the scientific and engineering community, it might
be worth considering for both LD and LD driver manu-
facturers to make these characteristics readily available to
their prospective users. For those who might be interested in
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measuring these characteristics on their own, this paper also
provides a methodology to follow. aw

Experiments demonstrated that with the chosen LDs, it is
possible to fine-tune the output spectral bandwidth in the
order of units of nanometers. For the follow-up experiments,
it is, therefore, planned to measure coherence length with the
use of an interferometer. Author considers another following
experiment which will deal with the measurement of near-
and far-field using the same modulation methods to inves-
tigate energy profile distribution. Other applications may
include use for reflectometry (optical time domain reflectom-
etry) or precise pulses telecommunication systems, or even
medical applications.

APPENDIX A
PEAK WAVELENGTH CHARACTERISTICS
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FIGURE 23. peak wavelength characteristics in CW mode.
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FIGURE 24. PLT5 450B peak wavelength characteristics in CW mode.
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FIGURE 25. PLT5 520B peak wavelength characteristics in PWM slow
mode.
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FIGURE 26. PLT5 450B peak wavelength characteristics in PWM slow
mode.
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FIGURE 27. PLT5 520B peak wavelength characteristics in PWM fast
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