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ABSTRACT An accurate wavelength modulation spectroscopy
based method to measure the dynamics of the wavelength mod-
ulation behavior of tunable diode lasers is introduced in this
paper. This method requires only standard equipment and a sim-
ple mechanical setup. Under the condition of a constant laser
modulation current, the wavelength modulation amplitude can
be determined by analysis of the distance between the two zero
crossings of the measured second harmonic spectrum of gas
absorption. When measuring at different modulation frequen-
cies, the frequency response of the current-to-wavelength tuning
coefficient can be obtained. The use of a frequency analyzer
instead of a lock-in amplifier to obtain the second harmonic
spectrum has two advantages: it provides a higher bandwidth
and allows for very precise detection of the zero crossings be-
cause of the logarithmic output. The results exhibit very good
agreement with a reference measurement performed with a fast
FTIR Spectrometer.

PACS 42.60.Fc; 42.62.Fi; 42.55.Fx

1 Introduction

Modulation of the wavelength of directly modu-
lated tunable diode lasers can be accomplished by tuning
the laser current. For small current variations, the current-
to-wavelength tuning behavior is linear, therefore a small
sinusoidal current variation causes a sinusoidal wavelength
variation with frequency dependent amplitude attenuation
and phase shift. In the following, the amplitude response
of the current-to-wavelength tuning rate is denoted as ‘FM
response’.

In wavelength modulation spectroscopy applications, it
is important to investigate the frequency dependence of the
current-to-wavelength tuning coefficient so that the wave-
length response can be determined from arbitrary current vari-
ation over time.

To measure a wavelength variation, a conversion of
frequency/wavelength modulation (FM) to amplitude modu-
lation (AM) is usually needed. There are several methods to
measure the ‘FM response’ [1–3]. Usually, a Fabry–Pérot-
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interferometer is used for that purpose [2, 4]. Another ap-
proach was presented by Schilt, who first used the change
in the amplitude of the harmonic spectra in WMS to deter-
mine the FM response [1]. Since the harmonic spectra are
caused by gas absorption, the FM to AM conversion is car-
ried out by the gas absorption in this case. In this paper, the
frequency dependent tuning rate is investigated by analyzing
the distance between the two zero crossings of the meas-
ured second harmonic spectrum and a simple experimental
setup is developed, allowing for a high speed tuning measure-
ment. Using this method, the FM responses of different kinds
of vertical-cavity surface-emitting lasers (VCSELs) [5] have
been investigated.

2 Theory and principle of the WMS measurement

In WMS [6] the current of the laser diode is sinu-
soidally modulated around a bias current I with a modulation
frequency f and a current modulation amplitude Ia:

I(t) = I + Ia cos(2π ft) , (1)

which causes a wavelength variation of

λ(t) = λ+λa cos(2π ft +Ψ) , (2)

with the wavelength modulation amplitude λa = λa( f ) =
|k( f )|Ia and the phase shift Ψ = Ψ( f ) = arg(k( f )), where
k( f ) denotes the complex frequency dependent current-to-
wavelength tuning coefficient. The wavelength modulated
light passes through a gas which absorbs light at specific
wavelengths and the resulting amplitude/intensity modulated
(AM) signal is detected with a photodetector. With a lock-
in amplifier, the n-th Fourier coefficient of the AM signal at
wavelength λ is selected. When sweeping λ slowly in a small
range around a gas absorption line, the n-th harmonic compo-
nents for each central wavelength λ form the n-th harmonic
spectrum Sn(λ).

Sn(λ) = fεn

1/ f∫

0

T(λ(t))PL (t) exp(−in2π ft)dt , (3)

where T(λ) is the transmission function that is given by gas
absorption profiles according to the Beer–Lambert law and
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PL(t) is the laser’s intrinsic intensity modulation caused by the
current modulation over time, which is a characteristic of the
laser device and will be modeled later in this section. The fac-
tor εn is given by εn = 2 − δ0n with the Kronecker-delta δij . εn

is 2 for n > 0 because the lock-in amplifier selects the Fourier
components both in positive and negative frequencies.

The n-th harmonic component is real if there is no phase
shift Ψ and complex otherwise. The second harmonic spec-
trum is therefore the second Fourier component over λ. It is
usually used for the WMS spectroscopy because there is lit-
tle influence of the additional laser intensity modulation on it
and less contribution from 1/ f noise. The width of the sec-
ond harmonic spectrum given by the distance of the two zero
crossings or minima not only depends on the gas temperature
and pressure, but also highly on the wavelength modulation
amplitude λa. This effect is shown in Fig. 1.

For the FM response, only the decrease of wavelength
modulation amplitude is of interest. Therefore, it is advan-
tageous to define a normalized correction function for the
measured distance of the zero crossings.

Let δλ(λa( f )) =: δλ( f ) be the distance of the zero cross-
ings of the second harmonic signal at modulation frequency
f and λa( f ) = |k( f )|Ia the corresponding wavelength mod-
ulation amplitude. The FM response H( f ) is the normalized
absolute value of the tuning coefficient:

H( f ) =
∣∣∣∣k( f )

k(0)

∣∣∣∣ = λa( f )

λa(0)
. (4)

It is expedient to normalize the distance of the zero crossings
as well:

∆λ( f ) = δλ( f )

δλ(0)
. (5)

It does not matter in which unit the distance of zero crossings
is measured, such as in time, current or wavelength, because
the variables are normalized. Practically, the distance of the
zero crossings at a modulation frequency near dc is chosen as
the normalization value. The function that is used to correct
the measured distance of the zero crossings shall be denoted
as F:

H( f ) = F(∆λ( f )). (6)

This function F always crosses the point (∆λ, H) = (1, 1) and
depends on many implicit parameters:

FIGURE 1 The second harmonic spectrum (Ψ = 0) and its dependence on
the wavelength modulation amplitude, with δλ(λa) representing the distance
of the two zero crossings at modulation amplitude λa

– The line parameters of the gas absorption.
– The current gas parameters (concentration, absorption

path length, pressure and temperature).
– The additional AM of the laser.
– The modulation amplitude at zero frequency λa(0) or

equivalently the distance of zero crossings in wavelength
δλ(0).

The linearity range of the F function should be large
enough that the wavelength variation can still be measured
even if it is very small.

Since the variation of the laser current generates an ad-
ditional intensity modulation, there is another AM effect in
the detector signal that also affects the shape of the harmonic
spectra. This effect has to be included in the calculation of
correction function F, thereby a model for the laser intensity
PL(t) over time with the laser injection current I(t) (1) should
be assumed. Three important models can be distinguished,
whereby P(I ) denotes the laser’s PI characteristic measured
at dc condition:

– ideal model:

PL(t) = P(I0) = const. ; (7)

– static model:

PL(t) = P(I(t)) = P
(
I + Ia cos(2π ft)

) ; (8)

– dynamic model:

PL(t) = P
(
I + Ia H( f ) cos(2π ft +Ψ( f ))

)
. (9)

The frequency dependent phase shift Ψ( f ) has only a neg-
ligible contribution to the distance between zero crossings.

Ideal model

In the ideal case, the laser intensity is constant (see (7)).
Arndt gives an analytical formula for the second harmonic
spectrum [7, 8], whereas the gas absorption line must have

FIGURE 2 Relationship between the distance of the zero crossings δλ of
the second harmonic spectrum and the wavelength modulation amplitude λa .
A constant laser intensity is assumed. An H2O absorption line at 1853 nm
with 20 cm path length and ambient laboratory air was used
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a Lorentz profile which is usually fulfilled under atmospheric
conditions. The relationship between the distance of the zero
crossings δλ and the modulation amplitude λa shown in Fig. 2
is computed by evaluating the zeros of the Arndt formula with
a standard iterative algorithm. There is an almost linear corre-
lation between δλ and λa, which however does not cross the
origin. It seems that the distance of the two zero crossings is
limited by the half-width at half-maximum (HWHM) of the
gas absorption line, which, in this case, is about 33 pm.

Static model

If it is assumed that the output power of the laser immediately
follows the laser current, then the static model is used (8).

However, this model is incorrect at high frequencies be-
cause the nonlinearity of the current to intensity behavior is
due to the temperature variation in the active region. With in-
creasing frequency, the amplitude of the temperature variation
decreases because heat conduction is a slow process. Thus,
the nonlinearity of the intensity variations should decrease as
well. This gives rise to the other model that represents the op-
posite extreme case as compared to the static model.

Dynamic model

For the dynamic model, it is assumed that the current to in-
tensity behavior is dynamic and has the same dynamics as in
the current to wavelength behavior (9). If the nonlinearities
of the PI characteristic are only due to the internal heating
of the laser, it is reasonable to assume that the frequency
behavior of the nonlinearities are the same as the current-to-
temperature (or current-to-wavelength) behavior. This model
can be simplified when the intensity scale of the PI character-
istic is translated to the wavelength scale. Then, the translated
PI characteristic can simply be multiplied with the transmis-
sion function to simulate the effect of the laser AM on the
second harmonic spectrum.

The PI characteristic of the laser causes a background dis-
tortion of the harmonic spectra [9], whereas its quadratic term
causes an offset of the second harmonic spectrum that changes
the distance of the zero crossings. It means that the curve rep-
resenting the relationship between ∆λ and H will be shifted.
A comparison for different models for the InP-based 1853 nm
VCSEL [10] is shown in Fig. 3.

Generally, the linearity range of the F function and the
range of agreement between different models are improved by
– enlarging the ratio between the gas absorption and the

background of the second harmonic. Since the nonlinear-
ity of the laser’s PI characteristic is fixed, this is accom-
plished by using a higher absorption line strength, gas
concentration or absorption path length;

– narrowing the absorption line width (HWHM) by lower-
ing the gas pressure;

– choosing a larger wavelength modulation amplitude near
DC frequency, i.e., larger current modulation amplitude.

Here the wavelength modulation amplitude λa at the lowest
frequency was six times the HWHM of the gas absorption
line, while the optimum modulation amplitude for a max-
imum second harmonic is about twice the HWHM [7]. As can

FIGURE 3 The correction function F in double-logarithmic scale. The
solid curve represents the simulation result of the Arndt formula (ideal
model, (7)). The dotted and broken curves resemble the models of (8) and (9),
respectively. An H2O absorption line at 1853 nm with 20 cm path length and
ambient laboratory air was used

be estimated from Fig. 3, this allows measurement of a wave-
length modulation drop up to a factor of about 5.

For a GaAs-based 763 nm VCSEL [11], the background
signal due to the quadratic term of the PI characteristic is
smaller than the background of the 1853 nm VCSEL, so that
the different models behave less distinctly from each other and
the measurement range is increased.

3 Experimental setup and characterization
of the FM response of VCSELs

3.1 Measurement with WMS

The measurement setup, as shown in Fig. 4, is the
basic setup for a WMS system measuring a second harmonic
spectrum apart from the fact that a frequency analyzer is
used instead of a lock-in amplifier and that the laser diode is
driven directly by the function generator. The internal clock
frequency of the function generator and the internal clock of
the frequency analyzer have to be synchronized. Two func-
tion generators are used to produce a ramp and a sinusoidal
voltage which are added by a simple analog circuit. Thus, the
wavelength of the laser is varied sinusoidally around a cen-
ter wavelength which is swept slowly with a frequency of

FIGURE 4 Experimental setup for measuring the FM response with the
WMS method. LD: laserdiode, PD: photodiode, OAP: off axis parabola
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0.5 Hz. Current offset and ramp amplitude are chosen so that
the second harmonic spectrum is centered and fills the display.
Because of bandwidth limitations, a commercial laser con-
troller is not used to control the laser current. Instead, the laser
chip is connected to the function generators directly by an ad-
ditional shunt resistance of 100 Ω to monitor the laser current.
The heat sink temperature of the laser chip is kept constant
with a temperature controller (Profile LDC 402B).

An off axis parabola (OAP) is used to focus the light onto
the detector and to extend the path length so that the signal-to-
noise ratio is increased and the interference fringes between
the laser and the detector are minimized. The pre-amplifier
(Hamamatsu C6438) used has a cutoff frequency of 2 MHz at
a gain of 103 V/A. The frequency analyzer (HP 3585A) mea-
sures a single point at twice the modulation frequency f , for
which its internal frequency sweep has to be turned off. The
resolution bandwidth is set to 10 Hz to enable a very sensitive
measurement. Therefore, the synchronization of the oscilla-
tor frequency becomes very important. It is a notable advan-
tage that the frequency analyzer outputs the logarithm of the
absolute value of the second harmonic spectrum log |S2(λ)|
because the two zero crossings are transformed into two very
easily detectable sharp peaks as shown in Fig. 5. It is also
possible to determine the maximum and minima of the sec-
ond harmonic spectrum which correspond to the primary and
secondary maximum of the signal of the frequency analyzer.
The distance of the two minima as well as the ratio between
the maximum and minimum could be also taken as a meas-
ure for the modulation amplitude λa as well. The minima are
not sharp peaks like zero crossings on a logarithmic scale and
are therefore not detectable with a great deal of precision. The
amplitude of the detector signal always depends on the band-
width of the measuring equipment such as the pre-amplifier,
which is the reason for the upper frequency limit in Schilt
measurement [1]. The measurement of a time distance is, in
principle, insensitive to bandwidth and noise issues.

Although in theory any harmonic spectrum may be cho-
sen, the second harmonic was selected. The influence of the
laser AM on the second harmonic spectrum is small enough
compared to the first harmonic, while the amplitude of the sec-

FIGURE 5 The second harmonic spectrum when measured with a fre-
quency analyzer: log |S2(λ)|. The characteristic points are the maximum
(square), the two minima (triangles) and the zero crossings (circles) of the
harmonic spectrum

ond harmonic is still relatively large compared to the higher
harmonics.

3.2 Measurement with a step scan spectrometer

To guarantee the correctness of the new method,
reference measurements with a step scan spectrometer (Bruker
Vertex 70) were carried out. The laser was modulated with
a sinusoidal current at frequency f with the same amplitude
as in the WMS measurement. The temperature of the laser was
also stabilized with a temperature controller. A step scan spec-
trometer uses a short time fourier transform (STFT) to get the
momentary spectrum of the light at certain short time inter-
vals. The time intervals were shifted until at least one period
of the modulation signal (i.e., T0 = 1/ f ) was covered. The
emission peak of the spectrum taken at each interval is de-
tected and taken as the momentary wavelength of the laser
diode. With sinusoidal injection current, a sinusoidal variation
of the emission peak is expected and practically observed. The
wavelength modulation amplitude is then determined with
a curve fit.

With increasing modulation frequency, the wavelength
modulation amplitude decreases. The factor of decrease of the
wavelength amplitude at different frequencies results in the
FM response.

3.3 Measurement procedure

To summarize, the measurement procedure works
as follows:

– Select a gas absorption line in the tuning range of the laser
which gives a strong enough absorption so that the offset
of the second harmonic spectrum due to the laser PI char-
acteristic is minimized.

– Measure the second harmonic spectrum at different mod-
ulation frequencies with a spectrum analyzer instead of
a lock-in amplifier.

– Detect the distance of the two sharp peaks (zero crossings)
off-line.

– Normalize the distances with the distance of the zero
crossings at a near dc frequency.

– Use the correction function F to get the normalized FM
response.

3.4 Measurement data of the FM response

In Fig. 6, the measurement data for the InP-based
1853 nm VCSEL from the WMS method and step scan spec-
trometer are shown. Both methods show very good agree-
ment. Due to the automatic control of the WMS measurement
equipment, it was possible to take more samples around the
cutoff frequency (about 100 kHz) and to measure the FM re-
sponse up to at least 1 MHz. Compared to the spectrometer
measurement, the correction with the ideal model gave a max-
imum error of 6%, the dynamic model 8% and the static model
5%. Since all the models describe extreme cases, the correc-
tion should be good enough to approximate the real case. It is
important to note that these error values not only depend on
the PI model, but also strongly on the strength of the gas ab-
sorption. In Fig. 6, the static model is used for the correction.
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FIGURE 6 The measurement data of FM response of a InP-based 1853 nm
VCSEL using the WMS method (gray curve) and spectrometer (black curve)

The measured FM responses of VCSELs exhibit no typ-
ical first order low-pass behavior, but follow a square root
law [12]. To determine the cutoff frequency, step response
measurements with an interferometer are therefore not suit-
able or difficult because the laser’s step response is completely
different from an exponential function.

4 Conclusion

In this paper, an accurate extraction method using
wavelength modulation spectroscopy is introduced that mea-
sures the FM response of a laser using a gas absorption line.
Absorption lines of ambient gases at atmospheric conditions
were used and thus the additional complexity of a gas cell
was avoided. The distance of the zero crossings of the second
harmonic spectrum is detected for each modulation frequency
for a constant modulation current amplitude. The correction
function to compute the FM response H( f ) from the normal-
ized distance of zero crossings ∆λ was investigated. For this
purpose, the Arndt formula can be directly used if the second
harmonic spectrum is large enough compared to the back-

ground signal due to the nonlinearity of the PI characteristic
of a laser. To estimate the error due to the PI characteris-
tic, two different models which describe extreme cases have
been developed. The measurement range is determined by the
agreement between the models (Fig. 3), which is dependent
on the current modulation amplitude and the ratio between the
background signal and the absorption. Here it was possible to
measure up to a wavelength amplitude drop factor of about 5,
which in this case corresponds to a frequency of 1 MHz. The
measurement range is enhanced for lasers with low PI nonlin-
earities or if a stronger gas absorption, lower gas pressure or
higher current modulation amplitude is used.

A reference measurement with a step scan spectrometer
was carried out, which validates the WMS measurement.
The WMS method requires only standard equipment and
a simple mechanical setup compared to an interferometer
measurement.
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