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It is important to study the effect of injection current’s noise on the diode laser’s linewidth. In this paper, the effect
of the white noise applied to the injection current on the linewidth of diode laser is investigated theoretically and
experimentally. Theoretically, by adding the non-Markov noise term into the Langevin equation, the output laser’s
linewidth of the diode laser with the white noise current is obtained. In experiment, an optical Fabry–Perot (F–P)
cavity with a linewidth of ∼1.83 MHz and a finesse of ∼136 is employed to measure a 1560.5 nm distributed-
feedback (DFB)-type diode laser’s linewidth. With an increase of the white noise intensity, the laser linewidth is
broadened from ∼2 to ∼60 MHz gradually, and the line shape is characterized evolving from Lorentzian func-
tion to Gaussian function. At the same level of white noise intensity, the laser linewidth decreases with increase of
the injection current. The accuracy of our measurements is verified based on the fiber-delayed and acousto-optic
modulator (AOM)-shifted self-heterodyne scheme and the optical F–P cavity linewidth measurement method.
The 1560.5 nm laser is boosted by using an erbium-doped fiber amplifier (EDFA) and is frequency doubled to
780.25 nm by a fiber-pigtailed, single-pass PPMgO:LN waveguide module, and the laser linewidth is visually
observed and verified by broadening of the saturated absorption spectra of rubidium atoms. Clearly this linewidth
manipulation method of diode lasers based on broadband white noise current coupling can be extended to other
wavelength diode lasers and can be applied to laser measurement, laser communication, and other fields for
different requirements. ©2022Optica PublishingGroup

https://doi.org/10.1364/JOSAB.460608

1. INTRODUCTION

In recent years, diode lasers have been widely used in laser spec-
troscopy, laser cooling and trapping of neutral atoms, atomic
interferometers, atomic clocks, atomic magnetometers, quan-
tum communication, and other fields due to their small size,
long lifetime, and wide wavelength coverage [1]. The linewidth
of diode lasers is an important parameter to study the interaction
between light and matter experimentally. And the current noise
is a very important factor affecting the linewidth of diode lasers
[2,3]. Henry [4] and Welford and Mooradian [5] discussed the
effect of noise on linewidth in 1982. Subsequently, Agrawal
and Roy [6] and Agrawal [7] revised the early theoretical model
and obtained a relatively complete theory for calculating the
linewidth and line shape of diode lasers. In order to manipulate
the linewidth in a wide range, Burkett et al . [8] conducted exper-
imental research on the linewidth and line shape of diode lasers
after adding the white noise. In 2013, Li et al . [9] carried out the

development of sodium guide star laser through the control and
regulation of solid-state laser’s linewidth based on Fabry–Perot
(F–P) etalon. In 2021, Khazali [10] tuned interactions between
Rydberg atoms by manipulating laser linewidth. Achieving
the regulation of the laser linewidth opens up new directions
for research in the fields of frequency conversion control, laser
measurement, and laser communication. The demand for an
artificially controllable laser linewidth prompts us to summarize
relevant scaling laws.

There are a variety of methods developed to measure laser
linewidth. Among them, a fiber-delayed self-heterodyne scheme
proposed by Okoshi et al. [11] in 1980 is currently widely used
in the measurement of the laser linewidth [12], which can
measure narrower linewidth. Another commonly used method
to measure the laser linewidth is to use a high-finesse optical
F–P cavity [13]. This method requires the optical F–P cavity’s
linewidth to be clearly narrower than the laser linewidth to
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be measured, that is, the higher the fineness of F–P cavity, the
narrower the laser linewidth that can be measured.

The 1.5-µm lasers are widely used in optical fiber commu-
nication system. The frequency doubling of 1560.5 nm laser to
780.25 nm corresponds to the D2 line of rubidium atoms and
plays an important role in the cooling and trapping of rubidium
atoms, quantum information storage, and other fields [14–16].
In 2003, Thompson et al . [17] obtained a 900 mW continuous-
wave 780 nm laser by cascade frequency doubling with the
PPLN crystal and used it for laser cooling of rubidium atoms. In
2014, Han et al . [18] used the PPMgO:LN waveguide for fre-
quency doubling the 1560 nm laser to 780 nm, and locked the
laser frequency to the hyperfine transition of rubidium atoms.
Therefore, it is of great significance to efficiently frequency
double the 1560 nm laser to 780 nm and manipulate the laser
linewidth [19].

In this paper, we present theoretical analysis and experimental
measurement of the laser linewidth broadening of a 1560.5 nm
distributed-feedback (DFB)-type diode laser with different
intensities of white noise current under different driving cur-
rents. At the same time, the 1560.5 nm laser is boosted by using
an erbium-doped fiber amplifier (EDFA) and is efficiently
frequency doubled to 780.25 nm, and broadening of the laser
linewidth has been intuitively seen from the change of the sat-
urated absorption spectra of rubidium atoms. In the second
part, we mainly analyze the influence of the white noise current
on the laser linewidth and the line shape of diode lasers. In the
third part, we introduce the experimental scheme, experimental
results, and discussions. Finally, we summarize the experiments.

2. THEORETICAL ANALYSIS

In the diode laser, the change rates of the photon number den-
sity P , the light field phase φ, and the carrier density N can be
described by the Langevin equation as follows [6,20]:

Ṗ = (G − γ )P + R + FP (t), (1)

φ̇ =
1

2
α(G − γ )+ Fφ(t), (2)

Ṅ =C0 + Fc (t)− G P − S + FN(t), (3)

where P = c Pout, c is the speed of light, Pout is the output
light intensity, R is the probability of spontaneous emission,
R = nspG P , nsp is the spontaneous emission factor, G P is the
hole-burning effect coefficient, G is the gain, γ is the decay rate
in the cavity, α is the linewidth enhancement factor, C0 is the
laser current, S is the change rate of carrier number, Fc (t) is
the added white noise term. under the Markov approximation,
FP (t) is the unimpressed noise current fluctuation, Fφ(t) is the
phase fluctuation, and FN(t) is the carrier number fluctuation.

Consider injecting white noise current into the diode laser’s
driving current under free running, the added white noise can be
treated as a non-Markov approximation [8], namely,

〈F 2
c (t)〉 =

σ 2
I

q 2
, (4)

where σI = κ Ic , σI is the current at which the white noise
current enters the laser diode after being coupled by the radio-
frequency (RF) bias-T, κ is the coupling coefficient when the
white noise current is injected into the RF circuit board, Ic is the
input current of the white noise, and q is the unit charge.

By solving the above-mentioned Eqs. (1)–(3), the simplified
laser spectral distribution function I (ω) [21] is obtained as
follows:

I (ω)= P Re

{√
2π

β
exp

[
(γ − iω)2

2β2

]
erfc

(
γ − iβ
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2β

)}
, (5)

where γ ≈ R(1+α2)
4P , β = α0P σI

2q G P is the influence factor of exter-

nal noise, and 0P =
R
P + G P P . Simplifying Eq. (5), it can be

divided into the following two cases.
When the white noise is low noise (γ � β), we can obtain

I (ω)=
γ P

γ 2 +ω2

[
1−

β2(γ 2
− 3ω2)

(γ 2 +ω2)
2

]
, (6)

1 f =
R(1+ α2)

4π P

(
1+

2β2

γ 2

)
, (7)

where1 f is the laser linewidth.
When the white noise is high noise (γ � β), we can obtain

I (ω)=

√
2π P
β

exp

(
−
ω2

2β2

)
, (8)

1 f =
α0P

√
2ln2

2πq G
σI

P
. (9)

It can be seen from Eqs. (7) and (9) that, when the white
noise current is applied, the linewidth of the diode laser is jointly
determined by the light intensity Pout, the influence term of
spontaneous emission R , and the influence term of injected
white noise Ic . When the diode laser current is higher than the
pumping threshold, the laser linewidth is inversely proportional
to the output power: the higher the output power, the narrower
the laser linewidth [22]. With the increase of the applied white
noise current intensity, the laser output line shape evolves from
Lorentzian function to Gaussian function gradually.

3. EXPERIMENTAL DESIGN AND RESULTS

With the injected white noise current in the diode laser’s DC
driving current, the linewidth and line shape of the output
laser will be modified greatly. The accurate measurement of
laser linewidth and line shape is particularly important. This
experiment setup is mainly divided into three parts, as show
in Fig. 1. We used a 1560.5 nm DFB type diode laser (JDSU)
14-pin-butterfly-packaged controlled by a current source
(Thorlabs, Model LDC-205C) and a temperature controller
(Thorlabs, Model TED-200D). In addition, the white noise can
be coupled the diode laser’s DC driving current through a RF
bias-T module with a bandwidth of ∼100 MHz. A frequency
synthesizer (SRS, Model DS345) can provide 0–30 MHz white
noise signals with varying intensities. In the first two parts, we
hope to verify the accuracy of the measurement by using the
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Fig. 1. Schematic diagram of experimental setup. (a) Schematic diagram of laser linewidth measurement with optical F–P cavity; (b) schematic
diagram for measuring laser linewidth based on fiber-delayed and AOM-shifted self-heterodyne scheme; (c) schematic diagram for observing the
change of rubidium saturation absorption spectra with applied white noise current. DFB-LD at 1560.5 nm, 1560.5 nm distributed feedback type
diode laser; OI, optical isolator; EOPM, electro-optic phase modulator; AOM, acousto-optic modulator; PBS, polarization beam splitter cube;
EDFA, erbium-doped fiber amplifier; PPMgO:LN waveguide, a fiber-pigtailed PPMgO:LN waveguide module for frequency doubling; DM,
dichroic mirror.

F–P cavity and the fiber-delayed and acousto-optic modulator
(AOM)-shifted self-heterodyne scheme to measure the laser
linewidth. Figures 1(a) and 1(b) are diagrams of two devices for
measuring laser linewidth. In the third part, the frequency of the
1560.5 nm laser is doubled to 780.25 nm, and the experimen-
tal measurement is further verified by the modification of the
saturated absorption spectra of rubidium atoms. Figure 1(c) is a
diagram of the device for frequency doubling and the saturated
absorption spectra.

A. Using an Optical F–P Cavity to Measure the Diode
Laser’s Linewidth with the White Noise Current
Applied

First, we use the F–P cavity to measure the laser linewidth to
study the linewidth evolution with the applied white noise
current. The beam passes through the electro-optic phase
modulator (EOPM) for applying the RF modulation signal to
the 1560.5 nm laser. The laser linewidth is measured by calibrat-
ing the ±1-order sidebands of the transmission peak through
the F–P cavity to obtain a frequency scale.

The optical F–P cavity we used is a homemade symmetrical
confocal cavity with a cavity length of 300 mm and two plano–
concave mirrors with a curvature radius of 300 mm, and the free
spectral range (FSR) is about 250 MHz. One side of the cavity
mirror is equipped with PZT, which can be applied with high-
voltage triangle-wave voltage signal to scan the cavity length.
A 1560.5 nm DFB-type EDFL with a calibrated linewidth of
∼600 Hz is employed to calibrate the optical F–P cavity after
passing through the EOPM. Figure 2 shows the transmission
cavity mode and the ±1-order sidebands. The modulation
frequency is 10 MHz, the cavity linewidth is 1.83 MHz, and the
fineness is∼136.

Temperature of the 1560.5 nm DFB diode laser is fixed at
29.6◦C, and the DC driving currents are 30 mA, 40 mA, 60 mA,

Fig. 2. Typical transmission spectra of the F–P cavity with linear
scanning laser frequency with a 10 MHz phase modulation.

and 120 mA, respectively. The corresponding laser output
powers are 1.21 mW, 3.54 mW, 7.65 mW, and 19.61 mW,
respectively. Under each group of the driving currents, the
white noise current 1I provided by the frequency synthe-
sizer is changed to measure the laser linewidth, and the
transmission peaks under different noises are fitted by Voigt
function, respectively. Voigt function is the convolution form
of Lorentzian function and Gaussian function, which can
be used to reflect the similarity between the spectrum and
the two functions. When fitting with the Voigt function, the
Gaussian linewidth component 1G and Lorentzian linewidth
component 1L can be obtained. We get the laser linewidth
[23,24] by 1V =

1
2 (1.06921L +

√
0.866391L

2
+ 41G

2).
Figure 3(a) shows the relationship between the laser linewidth
and the applied white noise at different DC driving currents,
in which the influence of the F–P cavity on the laser linewidth
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Fig. 3. Laser linewidth of the 1560.5 nm DFB-LD is measured by a high-finesse F–P cavity. (a) Variation of laser linewidth with applied white
noise current under different DC driving current. (b) Transmission peak and fitting curve of F–P cavity under different white noise current at 80 mA
DC driving current. (c) Variation of laser Gaussian linewidth component and Lorentzian linewidth component in Voigt function under different
white noise current at 60 mA DC driving current. With the increase of the white noise current, the laser linewidth becomes wider, and the laser line
shape changes from Lorentzian function to Gaussian function.

measurement has been considered and removed. It can be seen
that, under the same white noise level, the higher the laser
current, the narrower the linewidth. When the DC current is
kept, the laser linewidth is broadened with the increase of white
noise, and the laser linewidth evolves from ∼2 to ∼60 MHz.
When the white noise current is small, the linewidth changes
gently, and the increase of the laser linewidth is squared with the
white noise current. When the white noise current is large, the
linewidth changes greatly and tends to change linearly. We can
see that the result conform to Eqs. (7) and (9). At the same time,
we can theoretically obtain the expression describing the change
of laser linewidth when the white noise of the injection current is
large according to Eq. (9):

1 f =
αnsp
√

2In2

2πq
σI

P 2
+
αG P
√

2In2

2πq G
σI . (10)

It can be seen that the square of the power as a parameter term
affects the change of laser linewidth in an inverse relationship
so that the white noise current has a more significant impact
on the laser linewidth when the laser output power is small. It
is worth noting that, when the laser power is high enough, the
contribution of the laser power to the laser linewidth reaches
saturation. Figure 3(b) shows the transmission peak and fitting
curve of the F–P cavity under different white noises when the

DC driving current is 80 mA. With the increase of the white
noise current, the laser line shape changes from Lorentzian
function to Gaussian function. Figure 3(c) shows the varia-
tion of the Gaussian linewidth component and Lorentzian
linewidth component in Voigt function under different white
noise currents at 60 mA DC driving current. We can see that,
when the white noise current is small, the Lorentzian linewidth
component accounts for the main proportion. But, when the
white noise current is large, the Lorentzian linewidth compo-
nent decreases until it is almost close to 0, while the Gaussian
linewidth component is on the contrary. When the white noise
current is large, the Gaussian linewidth component accounts for
the main proportion.

B. Measuring the Diode Laser’s Linewidth with the
Applied White Noise Current Based on the
Fiber-Delayed and AOM-Shifted Self-Heterodyne
Scheme

When measuring the narrower linewidth with the optical F–P
cavity, the cavity linewidth is required to be narrower than the
laser linewidth. The optical F–P cavity we used is placed in
an atmospheric environment, and its stability is susceptible
to mechanical vibrations and the environment. Although the
fiber-delayed and AOM-shifted self-heterodyne scheme can
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Fig. 4. Laser linewidth is measured by the fiber-delayed and AOM-shifted self-heterodyne scheme. (a) Laser beat note signal and fitting curve. It
shows the same law as measuring the laser linewidth with the F–P cavity, the laser line shape is characterized evolving from Lorentzian function to
Gaussian function. (b) Comparison of the laser linewidth measured with the applied white noise current by the fiber-delayed and AOM-shifted self-
heterodyne scheme and by the F–P cavity.

avoid the low-frequency interference of the environment to
the system for reducing the error, the electronic noise of the
fast photodetector and the laser phase noise caused by the
delay fiber will cause deviations in the measurement of the laser
linewidth. We hope to jointly verify the accuracy of the mea-
surement by using these two common methods for measuring
laser linewidth. Figure 1(b) is the diagram of the fiber-delayed
and AOM-shifted self-heterodyne scheme. After the laser beam
passes through the optical isolator, one part passes through
the AOM to generate the first-order diffraction beam with a
frequency shift of 80 MHz. The other part is delayed by a 20-
km-long single-mode fiber. After a combined by polarization
beam splitter (PBS), the two beams enter a fast photodetector
(New Focus Model 1554-B) with the same polarization and
power, and the beat note signal is analyzed by a RF spectrum
analyzer. Theoretically, when the fiber delay time is greater than
6 times of the laser coherence time, the measurement is accurate
and reliable [25].

Figure 4(a) shows the beat note signal and fitting curve of
the laser linewidth measured by the fiber-delayed and AOM-
shifted self-heterodyne scheme when the DC driving current
is 120 mA and the white noise current is 0.06 mA, 0.16 mA,
and 0.32 mA, respectively. Figure 4(b) shows comparison of the
laser linewidth with the applied white noise current measure
by the fiber-delayed and AOM-shifted self-heterodyne scheme
and by the optical F–P cavity when the DC driving current is
120 mA. The linewidth values obtained by the two methods are
roughly the same, and the maximum deviation is about 2 MHz,
which may be caused by the fluctuation of the laser frequency
and the measurement error. It can be considered that the results
obtained by the two methods are accurate and reliable.

C. Efficient Frequency Doubling of 1560.5 nm Laser
to 780.25 nm and Observation of Linewidth
Broadening Using Rubidium Saturated Absorption
Spectra

The frequency doubling of 1560 nm laser to 780 nm is of great
significance in terms of quantum information, and laser cooling
and trapping as well as manipulation of rubidium atoms, and
the master oscillator power-amplifier (MOPA) system based
on lasers and EDFA makes it possible to produce stable and
efficient frequency conversion in harsh environments [26]. In
order to more intuitively observe and verify the laser linewidth
broadening with the white noise current applied, we obtained
the saturation absorption spectrum of rubidium atoms by fre-
quency doubling the 1560.5 nm laser to 780.25 nm. Figure 1(c)
shows the experimental setup. After the laser power is boosted
by an EDFA, it passes through a fible-pigtailed PPMgO:LN
frequency-doubling waveguide module (HC Photonics). One
part of the generated frequency-doubling light at 780.25 nm
passes through the saturated absorption spectra device of rubid-
ium atoms, and the other part is steered into the homemade
symmetrical confocal F–P cavity.

Figure 5 shows the frequency-doubling output at 780.25 nm
and conversion efficiency versus the 1560.5 nm fundamental
frequency laser input power. When the input of fundamental
frequency light in front of the input fiber coupler of the wave-
guide module is 300.0 mW, the maximum frequency-doubling
light after the output fiber of 34.8 mW is achieved, so the
conversion efficiency is 11.6%. The optimal phase matching
temperature is 56◦C. The PPMgO:LN frequency-doubling
waveguide module we used has single-mode polarization-
maintaining fibers at 1560 nm (780 nm) at the input side (the
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Fig. 5. Frequency-doubling output at 780.25 nm and conversion
efficiency versus the 1560.5 nm input power. When the input of
fundamental frequency light in front of the input fiber coupler of the
waveguide module is 300.0 mW, the maximum frequency-doubling
light after the output fiber of 34.8 mW is achieved, and the conversion
efficiency is 11.6%.

output side). Accurately measuring the actual power coupled
into the waveguide is not possible. Figure 6(a) shows the absorp-
tion spectrum of rubidium atoms calibrated by the longitudinal
mode of the F–P cavity. The F–P cavity length is 100 mm,
the FSR is ∼750 MHz, and the frequency-doubled light at
780.25 nm is continuously swept over 11 FSRs, which means
the 780.25 nm laser can be continuously tuned over 8.25 GHz
(11× 750 MHz). From the two Dopplor broadened dips of
rubidium-87 atoms and the two Dopplor broadened dips of

rubidium-85 atoms in Fig. 6(a), we can clearly know the laser
frequency tunability. Figure 6(b) shows the variation of the
saturated absorption spectra corresponding to rubidium-87
5S1/2 (F = 2)→5P3/2 (F′ = 1, 2, and 3) transitions with the
applied white noise current values. With the increase of the
white noise current, the saturated absorption peak becomes
wider and gradually submerged, which proves broadening of the
laser linewidth when increasing the white noise current.

4. CONCLUSION

In conclusion, the expression of laser output line shape and
linewidth is obtained by adding non-Markov noise term to
the Langevin equation, and the influence of the diode laser’s
DC driving current and the applied white noise intensity on
the linewidth of the diode laser is theoretically analyzed. In the
experiment, the variation of the diode laser’s linewidth with the
diode laser’s DC driving current and the applied white noise
intensity is investigated by using the high-finesse optical F–P
cavity and the fiber-delayed and AOM-shifted self-heterodyne
scheme, and the linewidth broadening from ∼2 to ∼60 MHz
is measured. The laser linewidth narrows with the increase of
the DC driving current and broadens with the increase of the
white noise current, and the line shape evolves from Lorentzian
function to Gaussian function when increasing the white noise
intensity. At the same time, the 1560.5 nm laser is boosted by
using an EDFA, and the PPMgO:LN frequency-doubling
waveguide module is used to efficiently frequency double the
1560.5 nm laser to 780.25 nm. Through the modification of the
saturated absorption spectra of the rubidium atoms, broadening
of the laser linewidth has been clearly seen. The above exper-
imental results are in agreement with the theoretical analysis.

Fig. 6. Transmission spectra of the rubidium atomic vapor cell are measured by the frequency-doubling laser at 780.25 nm. (a) Transmission
spectra of the rubidium vapor cell are calibrated by longitudinal modes of 780 nm F–P cavity with 750 MHz of free spectral range (FSR). The two
transmission dips on the top left and right correspond to rubidium-87 (87Rb) atoms, and the two transmission dips in the middle correspond to
rubidium-85 (85Rb) atoms. (b) Saturated absorption spectra for 87Rb 5S1/2 (F= 2)→5 P3/2 (F′ = 1, 2, and 3) transitions with the four sets of the
white noise current values.
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Clearly this linewidth manipulation method of diode lasers
based on the broadband white noise current coupling can be
extended to other wavelength diode lasers and can be applied to
laser measurement, laser communication, and other fields for
different requirement.

Here, we are also concerned about two assumptions, which
may be of great significance to the work introduced in this
paper. First, the bandwidth of bias-T is much larger than the
0–30 MHz white noise added by the frequency synthesizer
(DS345). We think that, if we use a frequency synthesizer with
a larger bandwidth, the change of laser linewidth may acceler-
ate. Second, if we continue to increase the current white noise,
will those factors determine the upper limit of laser linewidth
increase? At the same time, if we use different types of lasers, is
it more effective for us to increase the laser linewidth through
current white noise? In conclusion, the control methods of the
laser linewidth are different, and the method introduced in the
paper provides a new choice.
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