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We propose a method to directly measure phase-related noise characteristics of single-frequency lasers in the 728–
980 nm band based on a 120◦ phase difference interferometer. Differential phase information of the laser under test is
demodulated via the interferometer. Other parameters related to the phase noise characteristics such as linewidth at different
observation time, phase/frequency noise, power spectrum density of phase/frequency fluctuation, and Allan deviation are
further obtained. Frequency noise as low as 1 Hz2/Hz can be measured using our system. Then the phase-related noise
characteristics of two commercial lasers frequently used in cold atomic clocks are studied systematically by the method.
Furthermore, several influencing factors and their relative evolution laws are also revealed, such as the pump current and
frequency-locking control parameters. This would help to optimize the laser performance, select laser sources, and evaluate
the system performance for cold atomic physics applications.
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1. Introduction
The frequency of 780 nm corresponds to the D2 line of

rubidium (Rb) atoms, this implies that the lasers in the 780 nm
band are useful in quantum mechanics and atomic physics. For
example, they play an important role in pumping Rb atoms in a
Rb fountain atomic clock.[1–4] Additionally, it is vital for laser
cooling and imprisoning atoms,[5] atomic interferometry,[6] as
well as establishing new quantum frequency standards.[7]

Phase-related noise characteristics are essential aspects of
laser performance, especially the linewidth parameter. Most
atomic physics applications involving atomic fine structure
sub-levels, such as Rb fountain atomic clocks, laser cooling
and atom imprisoning, and high-resolution spectrum, require
laser sources with good phase noise characteristics to pump
atoms. Specifically, it is necessary to select laser sources
with a linewidth at the MHz scale or below for the purpose
of measuring the spectroscopy of the D1 and D2 lines of
Rb due to the natural linewidth of the corresponding transi-
tion (6 MHz).[5] Several methods for laser phase-related noise
characteristics are developed, including optical spectrum ana-
lyzers, Fabry–Perot resonators, coherent discrimination detec-
tion techniques, and self-delayed heterodyne/homodyne and
heterodyne methods.[8–12] But the resolution of the system
or the integrity of parameters under test is not high enough
to characterize the phase-related noise features of a narrow

linewidth single frequency laser. With the development of

quantum mechanics and atomic physics, scientists have inves-

tigated the fundamental dynamics of lasers with wavelength

of 780 nm. In 2015, Xu et al. proposed a method based on a

120◦ phase difference interferometer to investigate the phase-

noise characteristics of lasers in the 1550 nm band,[10] which

provides a direction for us to further investigate the phase-

correlated parameters of lasers in the 780 nm band. But the

adaptability improvement of the method for 780 nm band is

necessary.

In this paper, we present a robust method based on a 120◦

phase difference interferometer to directly measure the phase-

related noise characteristics of single-frequency lasers in the

780 nm band used in quantum physics and cold atomic physics

research. The interferometer determines the differential phase

information of the laser, thereby, allowing a more complete

characterization of the noise of lasers that are tested. In par-

ticular, the linewidth at different integration time and Allan

deviation of the laser are subsequently calculated from the fre-

quency fluctuation power spectrum density (PSD). The equip-

ment is used to characterize the phase-related noise of a laser

and investigate several influencing factors, such as the pump

current and frequency locking.
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2. Experimental setup
The system structure diagram of the measurement setup

to investigate the phase-related noise characteristics of single-
frequency laser sources in the 780 nm band is shown in Fig. 1.
The 120◦ phase difference interferometer is composed of a
3× 3 optical coupler (OC) and two Faraday mirrors (FRMs).
The laser under test as an input signal is adjusted to an appro-
priate power level through an optical power control unit and
input to port1 of a circulator (CIR). Then, the light is split
into three beams via the OC after exiting from port2 of the
CIR that is connected to the input port1 of the OC. Two of
the laser beams mutually interfere at the OC with a different
time delay of 140.8 ns (the corresponding free spectral range
is 7.1 MHz) by using a delay fiber after being reflected by the
FRMs. The FRMs effectively suppress polarization fading.
The output port2 of the OC is empty. The interference beam is
then split into three beams again, which enter port3 of the CIR
and the input port2 and port3 of the OC. All the fiber com-
ponents are designed specially and made of Corning HI780
fiber with large bandwidth and low loss as high as possible in
order to obtain the maximum range of light and minimum in-
sertion loss. The CIR has almost 100 nm bandwidth with less
than 2 dB insertion loss and higher than 25 dB isolation; the
OC has almost 100 nm bandwidth with less than 3.3 dB in-
sertion loss; and the FRM has almost 100 nm bandwidth with
less than 1.3 dB insertion loss. Besides, we add an additional
high-quality and low-noise optical amplifier to conduct power
calibration if the input signal is small, which has no influence
on the measurement results according to existing studies.[13]

The input signal can be as low as −50 dBm, and the output
can be set to 10 dBm in automatic power control mode (APC)
for further measurement. The interferometer is packaged in
an ambient insulation box with controlled temperature, sound,
and vibration. Subsequently, they are detected by three iden-
tical detectors and collected by a high-speed acquisition card
for analysis. Besides, the entire system is powered by dry bat-
teries for lower noise floor and the power is monitored by a
battery monitor unit. An embedded computer system manages
the analysis of the acquisition data and loading the calculated
results to the cloud. As a result, it is convenient for the users
to upload and investigate the relative measurement results.

The phase-related noise parameters of the single-
frequency lasers in the 780 nm band are reconstructed via dif-
ferential phase information demodulated by the 120◦ phase
difference interferometer, which is consistent with extant
studies.[10] The differential phase accumulated by the 120◦

phase difference interferometer at the differential delay time
τ is as follows:

∆ϕ(t) = ϕ(t)−ϕ(t− τ) = arctan
(X ′2(t)

X ′1(t)

)
− arctan

(X ′2(t)
X ′1(t)

)
,

where ϕ(t) denotes the instantaneous phase of the laser that
is to be tested at time t, and X ′1(t) and X ′2(t) are expressed as
follows: X ′1(t)

X ′2(t)
X ′3(t)

=

 η1 ς1 ξ1
η2 ς2 ξ2
η3 ς3 ξ3

−1 I1(t)
I2(t)
I3(t)

 ,

where In(t) (n = 1, 2, 3) denotes the output electrical current
of the interferometer with a 120◦ phase difference, and the
parameters ηn, ζn, and ξn denote constants for the setup. Sub-
sequently, the differential phase PSD of the laser, S∆ϕ( f ), is
calculated from the differential phase information. The other
parameters related with the phase-related noise of the lasers
are

Sϕ( f ) =
1

4(sin(π f τ))2 S∆ϕ( f ) = 2L( f ),

Sν( f ) =
f 2

4(sin(π f τ))2 S∆ϕ( f ) =
1

(sinc(π f τ))2 S∆ν( f ),

σy(τ) =

[
2

ν2
0

∫ fh

0
Sν( f )

sin4(π f τ)

(π f τ)2 d f
]1/2

,

where Sϕ( f ) denotes the phase noise PSD, L( f ) denotes the
single-sideband phase noise PSD, S∆ν( f ) denotes the differen-
tial frequency noise PSD, Sν( f ) denotes the frequency noise
PSD, σy(τ) denotes the Allan deviation,[14] and fh denotes the
integral upper limit frequency.
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Fig. 1. Structure diagram of the measurement setup. OC, optical cou-
pler; τ , fiber delay; FRM, Faraday rotator mirror; PD, photodiode;
DAC, data acquisition card.
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Based on the geometric approach of the β -separation
line,[15] we estimate the linewidth at different observation time
from the frequency noise PSD as follows:

FWHM = (8ln(2)A)1/2,

where A denotes the surface of the high modulation index area,
which is the overall surface under the portion of S∆ν( f ) that
exceeds the β -separation line 8ln(2) f/π2. The expression is

A =
∫ fc

1/T0

H(S∆ν( f )−8ln(2) f/π
2)S∆ν( f )d f ,

where H(x) denotes the Heaviside unit step function (H(x)= 1
if x≥ 0 and H(x) = 0 if x < 0), fc denotes the intersection fre-
quency of the β -separation line and S∆ν( f ), and T denotes the
measurement time which prevents the observation of low fre-
quencies below 1/T .

Then 780 nm-band-related components are specially fab-
ricated for the purpose of improving the 120◦ phase difference
interference performance. Before conducting the measure-
ment, we first test the pass-through spectrum of the equipment
as shown in Fig. 2. Specifically, an amplified spontaneous
emission (ASE) source is used as the input and the correspond-
ing three-output spectrum measured by an optical spectrum
analyzer is shown in Fig. 2. The results indicate that the laser
wherein the frequency ranges from 728 nm to 980 nm is well
detected by the measurement system and the testable range is
limited by the bandwidth of the optical fiber components used.
The measurement accordance within the whole range can be
maintained by calibrating the instrument constants for differ-
ent wavelengths. And the splitting ratio of the 3×3 coupler is
almost 1 : 1 : 1, and the extinction ratios of the three interfer-
ence fringes are 121, 106, 110. All the parameters are good to
ensure that the instrument works properly.
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Fig. 2. The pass-through spectrum of the measurement system.

3. Experimental results and discussion
We investigate an integrated commercial semiconductor

laser produced by Sacher Lasertechnik (Micron series lasers).

The laser is a narrow-linewidth external-cavity semiconductor
laser wherein the grating and shaping prism are solidified in
the package to achieve miniaturized packaging and stable me-
chanical performance. However, it is not possible to change
a few settings of the laser in such a structure. We operate
the laser at 24.54 ◦C and 120 mA. Subsequently, the corre-
sponding wavelength is 780.24 nm, the side mode suppression
ratio exceeds 45 dB, and the output power is 10 dBm after
it is coupled to a fiber patch cord through a series of space
lenses under the frequency-locking condition. The output light
is maintained at 10 dBm and is connected to the measurement
system without any attenuation and then to the frequency fluc-
tuation PSD of the laser. Thus, the linewidth at different inte-
gration time is obtained by introducing the β -separation al-
gorithm as shown in Fig. 3. For example, the linewidth is
about 2.8 MHz@100 ms, and 0.7 MHz@10 µs, which is larger
than the value in the datasheet for worse pumping conditions
and work status settings.[16] The integration time denotes the
reciprocal of the corresponding frequency. As shown in the
measured results, the integration-time linewidth slightly re-
duces within the frequency-locked bandwidth although it sig-
nificantly decreases as the test time decreases when the in-
tegration frequency exceeds the bandwidth. The linewidth
is almost the same at the frequency lower than 1 kHz be-
cause the peaks around 1 kHz possess most of the energy that
causes the broaden of the linewidth. Additionally, the mini-
mum linewidth is approximately 0.1 MHz, which corresponds
to the point of the intersection between the β -separation line
and the frequency fluctuation PSD line. The spikes at 750 Hz
and their harmonics are introduced by the frequency-locked
circuit, and the high-frequency spurs are due to the temper-
ature control circuit. The grey line in Fig. 3 represents the
frequency fluctuation PSD background of the measurement
equipment, and the value is 1 Hz2/Hz when considering the
frequency band exceeding 10 kHz.
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Fig. 3. The measured frequency fluctuation PSD and linewidth at dif-
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fluctuation PSD; and red dots, linewidth at different integration time.
The blue, purple, and grey lines correspond to the left axis while the red
line to the right axis.
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Figure 4 shows the Allan deviation of the laser calcu-
lated from the frequency fluctuation PSD. The values are about
5.2×10−9@100 ms, 2.1×10−9@1 ms, and 1.2×10−9@1 µs.
The sharp peak in the laser frequency noise PSD at the fre-
quency of 750 Hz and its harmonics significantly degrade the
Allan deviation. The parameter is extremely important in char-
acterizing the stability in the time domain of frequency signals
in the optical domain and the radio-frequency domain and is
widely used in several applications such as time and frequency
transfer[17,18] and atomic clock.[19] Furthermore, it could be
extended to measure the long-term stability of lasers provided
that the interferometer is free from outside disturbances.

We change the pump current of the laser in steps of 10 mA
to examine the relationship between the phase-frequency noise
characteristics and pump current, as shown in Fig. 5. Even-
tually, we measure the frequency fluctuation PSD at currents
of 90 mA, 100 mA, 110 mA, 120 mA, and 130 mA and the
corresponding optical powers are 6.5 mW, 8.0 mW, 9.5 mW,
11.0 mW, and 12.5 mW, respectively. The driving temperature
is maintained at 24.54 ◦C during the process. In this case, we
investigate the phase-frequency characteristics under the con-
dition of free running because it is difficult to adjust the pump
current when the laser is frequency-locked. To eliminate the
effects of instrument response at different power levels, we
adjust the optical attenuator to maintain the incident light at
6.5 mW. The test results indicate that when the frequency is
below 200 Hz, the laser under test and the measurement sys-
tem are more susceptible to disturbances from the external en-
vironment. This implies that it is more difficult to eliminate
the effects of vibration and sound. Therefore, the measured
frequency fluctuation PSD of the laser shows a feature of ran-
domness. In the frequency range of 200 Hz–300 kHz, the PSD
increases with increasing pump current, and this is caused by
the thermal effect. In particular, the operating temperature of
the laser increases when the pump current increases, causing
an increase in the flicker noise of the laser at low frequencies.
However, when the frequency exceeds 300 kHz, the PSD de-
creases when the pump current increases because the laser is
about to enter the white noise regime based on the Schawlow–
Townes–Henry theory (the Gaussian white frequency noise

level is inversely proportional to the laser power).
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Fig. 5. The frequency fluctuation PSD at different pump currents.

We readjust the pump current to 120 mA and continue
to investigate the phase-frequency noise characteristics of the
laser before and after frequency lock by locking the laser to
the D2 line of a saturated Rb absorption cell as shown in
Fig. 6. The results indicate that the frequency fluctuation PSD
of the laser is significantly suppressed in the frequency band
below the frequency-locked bandwidth Bw (750 Hz) and sub-
sequently gradually reverts to the state of free running when
the frequency exceeds Bw. The frequency fluctuation PSD at
the state of frequency locking exceeds that of free running in
the frequency band around Bw because the frequency-locked
gain increases at the same time when the output power of the
laser increases. Additionally, the spikes at the frequency of
750 Hz and their harmonics indicate that the locking condi-
tion is not adjusted to the optimal state. This is because the
value potentially exceeds that of free running by an order of
magnitude, and this is not a slight increase such as an ideal sit-
uation. We can evaluate and optimize the performance of the
frequency-locked lasers based on the measured results.
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Fig. 6. The frequency fluctuation PSD before and after frequency locking.

In order to further examine the effects of the optimized
frequency-locking loop on the phase-frequency noise charac-
teristics of the lasers, we replace the laser under test with
another commercial external cavity semiconductor laser pro-
duced by Toptica Photonics (DL100). We set the operating
temperature at 25 ◦C and pump current at 150 mA. Subse-
quently, the output power of the optical fiber is 30 mW through
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a series of space lenses. We measure the frequency fluctuation
PSD under the conditions of free running and frequency lock.
Additionally, we apply a modulation frequency on the laser,
and the selected value is 200 kHz and 111 kHz as shown in
Fig. 7. The results indicate that the applied modulation sig-
nal does not change the phase-frequency noise characteristics
of the laser in the low frequency band while spikes appear at
the corresponding modulation frequency and harmonics. The
changes in the corresponding spikes are evidently observed
from the measured results, and the frequency fluctuation PSD
slightly changes when we change the modulation frequency.
This is used to optimize the system and select a more suit-
able modulation frequency. The frequency PSD of the laser
is significantly suppressed below the frequency-locked band-
width Bw (2 kHz), this is consistent with the case when it is
free running and the frequency exceeds Bw, just like the anal-
ysis in Fig. 6. Nevertheless, the results indicate that the peak
around Bw is extremely low, thereby indicating that the laser
is in a stable frequency-locked state with optimum parame-
ters. Additionally, the frequency fluctuation PSD of the laser
in the frequency band below 10 Hz slightly exceeds that when
the frequency exceeds 10 Hz, and this is caused by sudden
changes in the frequency of the frequency-locked loop at the
beginning.
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Fig. 7. The frequency fluctuation PSD before and after frequency lock-
ing and modulation.

4. Conclusion and perspectives
Based on a 120◦ phase difference interferometer, we pro-

posed a short-delay homodyne interference method to directly
test the phase-related parameters of single-frequency lasers in
the 780 nm band commonly used in cold atomic clocks. We
obtained the differential phase information of the laser by de-
modulating the three-way interference signals of the interfer-
ometer and subsequently calculated other parameters includ-
ing differential phase noise PSD, phase noise PSD, single-
band phase noise PSD, differential frequency noise PSD, fre-
quency noise PSD, linewidth at different integration time,
and Allan deviation based on the relationship between them.
The pass-through spectrum of the measurement system ranged
from 728 nm to 980 nm and could be expanded via specially

designed fiber devices. Additionally, the measurement noise
floor was approximately 1 Hz2/Hz when the frequency ex-
ceeded 10 kHz and could be further improved by reducing
the thermal noise of the system. Examples include using an
integrated fiber system structure as opposed to discrete op-
tical components; using a photonic crystal fiber instead of
a traditional single-mode fiber as the delay fiber; and opti-
mizing the interferometer package to better resist the distur-
bances such as external environmental noise and specifically
the acoustic noise, vibration noise, and thermal noise. Sub-
sequently, it could be used in more applications that require
laser sources with ultra-low phase noise. Additionally, the
testable frequency range increased via utilizing interferome-
ter with higher FSR and suitable acquisition parameters.

Several phase-frequency noise characteristics of two
commercial semiconductor 780 nm lasers used in integrating
sphere cold atomic clocks were directly measured. Firstly, the
linewidth increased with the increase of the integration time.
Furthermore, spikes in the frequency fluctuation PSD signif-
icantly degraded the Allan deviation. Secondly, the phase-
frequency noise of the laser in the low-band (< 300 kHz) in-
creased with the pump current, and this was potentially due to
the thermal effects caused by the increase in current. While
considering the frequency range from 300 kHz to 1 MHz, the
frequency noise PSD decreased with increase in the current
due to the decrease in the white noise component based on
the Schawlow–Townes–Henry theory. Thirdly, when a satu-
rated Rb absorption cell was used to stabilize the laser fre-
quency, the locking parameters significantly affected the noise
performance. The frequency fluctuation PSD was significantly
suppressed when the frequency was lower than Bw and subse-
quently returned to the level of free running. The value around
Bw slightly increased if the optimal frequency-locking param-
eters were set. Conversely, it corresponded to high oscillating
spikes. Fourthly, when a modulation frequency was applied
to the laser, it did not affect the frequency fluctuation PSD at
most frequency bands apart from the corresponding frequency
and its harmonics. At the modulation frequency, new spikes
appeared and the values around the frequencies increased.

The measurement method and the obtained phase-related
noise characteristics could be applied for the development, op-
timization, and characterization of lasers, the selection of laser
sources used in specific applications, and helping the evalua-
tion of atomic clock system performance.
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