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Abstract: We demonstrate a compact and low-cost all-fiber-based locking setup for frequency-
noise suppression of a 420 nm external-cavity diode laser. Frequency noise reduction in the 100
Hz to 800 kHz range is demonstrated up to 40 dB associated with a linewidth narrowing from 850
kHz to 20 kHz for 10 ms integration time. This simple locking scheme might be implemented for
a large range of wavelengths and can be integrated on a small footprint for embedded applications
requiring narrow linewidth blue laser diodes.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Blue laser diodes (405-460 nm) are used in a large variety of applications ranging from lightening
to wireless [1] or underwater [2,3] optical communications. These sources may also have many
applications for gas sensing [4,5] atomic clocks [6], laser cooling [7-9] and pumping of alkali-
metal-based 4-level active optical clocks as Cesium or Rubidium [10,11]. However, precision laser
spectroscopy applications are demanding in term of laser performances [12—16]. In particular
narrow linewidth, high stability, large output optical power and low power consumption are
requested. Moreover, those needs are more and more associated with the quest for compactness to
fit with lab-to-market technology transfer. In the infrared (IR) part of the spectrum, the laser diode
technology is mature to address those kind of specifications [17] but for shorter wavelengths there
are still technological issues. Currently, commercial blue laser diodes based on gallium nitride
(GaN) have a wide multimode optical spectrum. Recently, demonstrations of DFB-like GaN laser
diode have been reported [18-20] paving the way towards fully integrated devices. Indeed their
compactness, efficiency and therefore power consumption make them more interesting devices
than frequency-doubled lasers, which suffer from low conversion efficiency. To improve the
frequency noise performances of laser diodes, the use of an external cavity (external cavity diode
laser, ECDL) has been proven [12-16,21] to favor single mode behavior and, depending on the
cavity finesse, it enables the natural laser-linewidth to be reduced. Nevertheless, opto-mechanical
instabilities of the external cavity generate various low frequency noises, which limit the laser
linewidth to a few MHz for integration times on the order of tens of ms. Various methods
were developed in the near- (NIR) and mid- (MIR) infrared for laser stabilization in order to
reduce the frequency-noise (FN) and achieve narrow and stable linewidths. The common feature
of these methods is the use of a low-noise frequency reference, which can take various form
depending on the level of stability to be reached. Reference based on molecular or atomic
absorption lines enable laser linewidths of a few kHz over tens of seconds [22—-24]. There also
exists optical references independent from the laser wavelength like interferometers [25-27] or
fiber-ring cavities [28-30] to provide mid-term stabilization over a few seconds. Nevertheless,
the complexity of implemented servolocking schemes implies the use of fibered optical elements
like acousto-optics modulators, isolators or attenuators, which are either not available nor provide
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good performances at blue wavelengths. Thus, those techniques are not directly transferable to
the blue range. Until now and to our knowledge, only atomic spectroscopy-based techniques were
applied in the blue-violet range [31,32] to stabilize the emission wavelength at long time scale (up
to 1 second average). In this paper, we present a versatile and compact optical reference based
on an all-fiber-ring resonator to reduce short term frequency fluctuations, up the us range, of a
GaN based laser emitting in the blue range. The noise reduction performances are demonstrated
on an ECDL laser by analyzing its frequency noise. In the following, section 2 describes the
experimental setup for frequency noise reduction and in particular the fiber-ring resonator optical
reference, the frequency noise measurement bench and the servolocking scheme. Section 3
aims to model the locking scheme performances. In section 4, we report on the frequency noise
reduction performances of the system by comparing the experimental results to the simulations,
which enables us to identify the origin of the noise reduction limitation.

2. Experimental setup for frequency noise reduction
2.1. Fiber-ring frequency reference

The schematic of the experimental setup is depicted in Fig. 1. The optical fiber ring, used as
a frequency reference, is composed of a 2 m-long single-mode optical fiber spliced to a 60/40
coupler (60 % transmission and with 2.75 dB of optical losses). Those parameters are chosen
to reach critical coupling regime to optimize the locking performances. The laser to lock is an
ECDL emitting 40 mW at a wavelength of 420 nm. The laser frequency is modulated over a few
GHz, by applying a saw tooth modulation on the current controller, to scan the transfer function
of the optical cavity. The output cavity signal is collected by a fast photodiode with a DC-200
MHz bandwidth. Figure 2 displays the normalized optical cavity transfer function (blue curve).
The transmission at resonance T,;,, drops down to 0.03, the free spectral range is closed to 103
MHz and the full-width at half maximum (FWHM) reaches 20 MHz. This leads to a quality
factor Q of 3 x 107 at 420 nm. To reduce environmental acoustic and thermal perturbations, the
fiber ring is sandwiched between two slices of foam (40x100x20 mm). The optical reference is
then inserted and covered in a cardboard box (100x150x210 mm) with walls covered by anechoic
shaped foam.

100 m Fiber

Passive
Stabilisation

error amplifier 1 Fiber ring
Servo signal ’ 4x Tl o - ——
controller """I > l a

Fig. 1. Experimental setup for the locking of an ECDL on a 2 m passively stabilized fiber
ring. The 60/40 coupler is characterized by a transmission coefficient x = 60% and optical
losses y = 2.75 dB. The 420 nm single mode fiber used for the cavity is a non-polarisation
maintaining fiber (non-PM) from NUFERN.
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Fig. 2. Normalized transmission of the fiber ring cavity (blue curve) and normalized error
signal at the output of the locking amplifier (red curve).

2.2. Frequency noise measurement

To evaluate the locking scheme performances, the frequency noise of the ECDL is characterized
using a correlated delayed self-homodyne measurement setup composed of an unbalanced
fiber-based Mach-Zehnder interferometer [33] enabling to characterize the laser frequency noise
power spectral density between DC and 1.3 MHz with a noise floor level below 100 Hz?/Hz in
this configuration. The noise floor is mainly determined by the laser intensity noise, captured
by the measurement bench, which is at least 25 dB below measured laser frequency noises.
The free-running frequency noise (FN) of the ECDL is presented in Fig. 4 (red curve). The
ECDL FN displays the usual behavior of such a laser with a 1/f slope at low frequency (below
100 kHz) followed, at higher frequency, by a white frequency noise-like contribution. This
FN can be modeled by the expression S, (f) = h_1 /f + ho, with h_; = 144 x 10° Hz’ /Hz and
ho = 40 x 10° Hz?/Hz. The free running laser parameters are extracted experimentally. For
the free running laser, the intrinsic linewidth is then deduced from Av = 7 X hg, which gives
126 kHz. The integrated linewidth can be estimated using the beta-line approach [34]. For an
integration time of 10 ms, the free running laser integrated linewidth reaches 850 + 146 kHz.

2.3. Servolocking scheme

To reduce the laser frequency noise, the ECDL laser frequency has to be locked on the
transmission minimum of a cavity resonance. To do so, a Pound-Drever-Hall (PDH) [35]
technique is implemented as shown in Fig. 1. The laser frequency modulation is obtained by
direct modulation of the current controller driven by a RF signal generated by the lock-in amplifier.
The signal at the output of the ring is detected and amplified by a transimpedance photodetector
subsequently mixed with the RF signal and then filtered by the lock-in. The resulting error signal
is plotted on Fig. 2 (red curve). Its shape corresponds to the derivative of the transfer function of
the cavity (blue curve) as expected for such an open-loop configuration. Then, the error signal is
sent to the servo controller box (see Fig. 1), which is a PI (Proportional Integral) card, to produce
a correction signal sent to the current controller for laser frequency correction. In this work, the
PDH technique is implemented using a 25 MHz modulation frequency, which is of the same
order as the fiber ring linewidth (20 MHz). Indeed, we do not observe side bands as it is usual for
PDH error signals. To evaluate the degradation of the error signal slope versus the modulation
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frequency we run simulations using the model of the optoelectronic feedback loop described in
section 3. The error signal slope variation is of the order of 8% for modulation ranging from 25
MHz to 50 MHz confirming that no high speed modulation is needed in our configuration.

The ECDL is then locked onto a fiber ring resonance thanks to the generated error signal. The
resulting frequency noise of the locked laser is presented in Fig. 4 (blue curve). From 100 Hz to
1 kHz the FN level continuously decreases to reach 5 x 10 Hz? /Hz, corresponding to a noise
reduction in respect to the free running laser of more than 30 dB at 1 kHz. The locked laser FN
displays a constant level between 1 kHz to 300 kHz. This behavior demonstrates the relative
stability of the ring cavity compare to the ECDL laser. The noise level increases progressively
above 300 kHz to reach the free running FN at 800 kHz corresponding to the upper limit of the
locking bandwidth for which, the accumulated phase in the servoloop reaches 180°. Using the
betaline estimation, the laser linewidth integrated over 10 ms is reduced from 850 kHz + 146 kHz,
for the laser in free running regime, to 20 + 3 kHz for the locked laser, which corresponds to a
reduction factor of 40 demonstrating that even a simple locking architecture can offer interesting
performances in terms of FN and linewidth reductions. To identify the limiting contribution to
the measured FN, we propose a model of the servolocking architecture in the next section.

3. Performance model of the locking scheme

The model developed in this section aims to identify the limiting contribution to the FN of the
locked laser. In particular, we address the contribution of the Q-factor and coupling regime of
the ring cavity as potential candidate to explain the overall behavior of the measured FN.

The block diagram of the experimental setup is described on Fig. 3. The input variable of the
servoloop is the central frequency v, of one of the ring resonances. The output of the close
1oop Vjoer is compared to the reference frequency vy to produce a frequency difference. The
frequency difference is converted into a voltage error signal € through the frequency discriminator,
represented by K, (an expression of K, can be found in Eq. 18) in the appendix), which results
from the combination effects of the ring resonance, the photodiode, the transimpedance gain
and the demodulation of the lock-in amplifier. The error signal € is then converted into the
correction signal S, through the PI corrector coefficients. Finally, the signal is converted
back into a frequency correction signal through the actuator corresponding to the current driver
represented by K. The frequency of the free running laser S, is then added at the actuator
output summing point. The laser frequency is considered as a perturbation of the servoloop. The
discriminator noise Ng;s, corresponding to the shot noise is added by the photodetection process.

Nais[ V] Veepl[HZ]

Vrel HZ] Viock[HZ]

Fig. 3. Close loop block diagram of the ECDL locked on the optical fiber ring resonance
(Vref)- Various noise contributions are considered as the noise of the discriminator (N;s)
and the FN noise (VgcpL)- Vioer corresponds to the FN of the locked laser.

We can then express the open loop transfer function by:
Gor(w) = KxC(w)K (w) (1)

with C, the transfer function of the corrector described by:

1
C() =g+ (P+7-) @
[jw
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where g is the gain of the corrector with a maximum value of 26 dB, and P and I the proportional
and integral parameters respectively. Those values are chosen to reach a 1 MHz-correction
bandwidth. Finally, the K coefficient (in Hz/V) describing the actuator is experimentally
evaluated by using a swept sine method [36].

To evaluate the performances of the close loop, in particular to determine the ability of the
stabilization scheme to reduce the frequency noise of the laser, we observe the closed loop
transfer function. As we manipulate random signals, we need to consider the power spectral
density (expressed in Hz? /Hz):

2 2

SNdi.v +

1 2

K2

Gor

GoL
1+ GoL

S =
lock 1+ GOL

SVECDL (3)

Vief 1+ Gor

The frequency noise of the laser is composed of three noise contributions. The first one is
associated with the noise of the fiber ring cavity, the second term is linked to the noise of the
discriminator, and finally the last term is related to the frequency noise of the free running laser.
In the following, we will study the contribution of those three terms. In a first approximation, we
consider the fiber ring frequency noise, Sy, as a negligible contribution to the locked laser FN,
which implies Sy, > S,,,. This seems to be a reasonable assumption since we experimentally
observe a drastic reduction of the FN of the laser when locked to the fiber ring. Omitting the
discriminator contribution N, Eq. (3) reduces to :

1

m SVECDL (4)

Siock = ‘

From Eq. (4), we plot on Fig. 4 the expected locked laser FN (purple curve) feeding the model
from experimentally determined coefficients of the open loop gain (Eq. (1)) and the measured free

10G
3 Free running laser
1G 3 Locked laser
100M : — Simulation without limitation
— Simulation with discriminator nois
[ 10M
= 3
= M3
2 100k 4
N
. 10k
by E
S ]
s 1k +
= E
I 3
£ 100
3 Limitation by
10 3 I:} acoustic noise
b in the fiber
13
100m +—s——"-"+r——Lrr————————————r
100 1k 10k 100k M

Frequency (Hz)

Fig. 4. Comparison between frequency noise of the free running laser (red curve), the
locked laser (blue curve), the simulation without limitation (purple curve, Eq. (4)), and the
simulation with the discriminator noise contribution (black curve, Eq. (5)). Frequency noise
measurements have been averaged over 300 spectra.
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running FN S, (red curve). We observe a clear discrepancy between the measured FN of the
locked laser and the modeled FN without considering any limitations. This difference between
simulated and measured locked laser FN indicates that other noise sources might contribute to
the observed performances. In the following, we discuss the contribution of those noise sources.

4. Results and limitations

We focus on the performances limitations related to the Q-factor of the fiber-ring cavity. As we
mentioned previously, the fiber ring acts as a frequency discriminator and then converts frequency
variations into amplitude variations that are subsequently detected by the photodiode. To be able
to detect the laser frequency noise, the slope of the error signal has to be sufficiently sharp to
generate a corresponding intensity noise level larger than the shot noise level of the photodiode.
This corresponds to the noise Ny;; added after the discriminator on the block diagram of Fig. 3.
The expression of the locked laser FN becomes:

GoL
1+ GorL

SZOCk = SVECDL (5)

1+ Gor

where S¢ represents the equivalent noise in Hz? /Hz of the discriminator. The complete derivation
of Sg from the cavity and PDH parameters is given in the appendix and rise to :

1 2
l (6)

+
Tmax] % Tmin] (2)

2 2

gAv
87 SP

So = 7 SNus =

with Sy, the power spectral density of the shot noise taken after the lock-in amplifier, g the
elementary electrical charge, Av the width of a resonance, S the photodiode sensitivity, P the
power at the input of the fiber ring, 7,,;, the cavity minimum transmission, 7, the cavity
maximum transmission and J; the Bessel function taken at the modulation index.

On Fig. 4, we plot the Sp white frequency noise (black curve). All the parameters introduced
in the model are experimentally evaluated. The simulated curve is superimposed to the measured
locked laser FN (blue curve) above 1 kHz showing that the Sy contribution is limiting the
frequency noise reduction of this locking scheme (black curve). In the following we propose to
draw the origins of this limitation.

Firstly, we can underline the fact that the closed loop has no regulation effects on the white
noise contribution introduced by Sp. Indeed, as expressed in Eq. (5), the open loop gain Goy, is

GoL
1+Gor

possible to optimize the locked laser FN.

Secondly, the design of the cavity has to be optimized to reduce the discriminator noise
contribution Sy (see Eq. (6)). In particular the Av? dependency of S suggests that the resonance
linewidth has to be as small as possible meaning that a large cavity Q-factor is need. Nevertheless,
fiber ring resonator Q-factor at short wavelengths is bounded by (i) the attenuation loss in single
mode optical fibers (> 30 dB/km @ 420 nm) and (ii) the coupler losses y (2.75 dB). Those
main limitations should be overcome by further improvements of fiber based optical elements
performances at short wavelengths allowing to further reduce this FN limitation. Introducing
the experimentally evaluated parameter values in Eq. (6) we obtain an estimation of Sy equal to
4074 + 1267 Hz?/Hz.

The Sp limitation can usually be omitted in state-of-the-art frequency locking scheme at
infrared wavelengths since fiber ring cavity Q-factor can rise up to 10° [37], which leads to an
estimated Sp of 0.1 Hz? /Hz corresponding sub-Hz intrinsic linewidth.

Below 1 kHz, locked laser FN is not anymore superimposed to the simulated S curve. This
low-frequency noise contribution might be related to acoustic noise captured by the fiber either

2
much larger than 1, which reduces to 1. This noise contribution should then be as low as
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through the fiber ring or the homodyne bench acting as an efficient environmental sensor [25,26].
To reduce this noise input, long-term stabilization on a molecular transition can be coupled to the
present frequency noise scheme to extend the FN noise reduction below 1 kHz [32].

5. Conclusion

We demonstrate, with a simple opto-electronic loop, a large frequency noise reduction using
an all-optical fiber ring as a frequency reference. The performances of the locking scheme
are demonstrated on an external cavity diode laser emitting at 420 nm. We achieve a noise
reduction up to 40 dB below 1 kHz and a reduction of the laser linewidth up to a factor of 40.
Simulations of the optoelectronic feedback loop allows to identify that the limited Q-factor of
the blue fiber-based resonator bounds the noise reduction to a white frequency noise level close
to 4 x 10° Hz?/Hz. This noise reduction scheme could be, in a near future, applied to a single
mode DFB GaN laser diode for further integration.

Appendix

In the following, we describe the complete derivation of Sp (Eq. (6)) from cavity and PDH
parameters. The response of the cavity, used as an optical reference, can be express as:

Cv) = m‘l/; - \/K_cexp(—fﬁ(V)L)

— kK exp(—if(v)L)

where L is the cavity length and 8(v) = 2nvn/c the propagation constant ( is the refractive

index of the fiber and ¢ the speed of light in vacuum). vy corresponds to the optical losses, « is the
transmission coefficient of the optical coupler and k. represents the round trip loss of the ring.

The minimum of the cavity transmission, observed at the resonance frequencies, is given by:

)

2
Toin = (1 =) VK~ vk (8)
min ’y 1 _ \/K_KC
and the maximum cavity transmission obtained between two resonances is:
2
VK + ke
Tnax = (1 —7)(1— ©)
+ VKK,
For frequencies close to a resonance center vy (v = vp), C(v) can be linearized as:
C(v) = NTpin[1 + ib(v = vo)] (10)
with: .
— K)VK 2
(1 = K)vke n (an

[Vk = ke[l = VK] VESR
where vrsg = ¢/(nL) is the free spectral range of the ring cavity. The input laser field of optical
frequency vy and amplitude M is frequency modulated at the frequency F. For a small value
of the modulation index 3, the expression of the field is written by retaining only the terms of
frequency v;, and v, + F in the Fourier development of m(¢):

m(t) = My[Jo(B) exp(i2 mvpt) + J1(B) exp(i2 n(vy + F)t) + J_1(B) exp(i2 n(vy — F))] (12)
where J;(.) is the i-order Bessel function. The cavity output field is thus of the form :
r(t) = Mo[Jo(B) exp(i2 wv t)C(ve) + J1(B) exp(i2 n(vy + F))C(vL + F)
= Ji(B)exp(i2 n(vy — F))C(vy — F)]

in which we have made J_;(8) = —J1(8). When the laser frequency is close to the resonance
center (vi ~ vp), the amplitude response of the cavity, C(vz) can be given by Eq. (10). In the

13)
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PDH technique, the modulation frequency have to be greater than the resonance linewidth. This
situation is shown on Fig. 5. Considering that this condition is fulfilled, which means that
C(vp + F) = C(vy — F) = \T 4y (as shown in Fig. 5), the cavity output field can be expressed as:

r(t) = Mo[X + iY]exp(i2 mvit) (14)

with X = VT ,inJo(B) and Y = bNTinJo(B)(ve — vo) + 2N T a1 (B)sin(nFt).

Cavity
transmission

Tmin _________________

»

Frequency'

B T —

vL+F

—p — e, —————

v

v

4_.

L

Fig. 5. In the PDH technique, when the laser frequency vy, is close to the resonance center
Vo, the sidebands do not experience any attenuation or phase shift.

The photodiode generates a photocurrent proportional to »*r of the form i(r) = Kr*(¢£)r(t)
leading to the output signal of the photodetector:

V(1) = KZM}(X* + Y?) + Z.n(1) (15)

where Z, is the transimpedance gain and n(r) represents the noise of the photocurrent. The output
signal expressed by Eq. (15) can be rewritten as:

V(t) = Vo + Vi(2 nFt) + V, cos(4 nFt) + Z,n(t) (16)
with the following voltage component expressions:
_ 2 2 2 2 2 2
Vo = KZrM() [Tmin]()(ﬁ) +b Tmin-’o(ﬂ)(vL —v) +2 Tmale B]

Vi = 4 KZ MG\ Tin TnaxJo(B)V1 (B)(ve. = o) a7

Vi = =2 KZ,M§ Tax)1 (B
The signal component at F detected by the lock-in amplifier at the cavity output, is proportional
to the frequency detuning x = K(vy — vg) where the frequency discriminator coefficient is

expressed as:
Ky=2 LOKZngb TminTmaxJO(ﬂ)Jl (,8) (18)

with Ly is the gain of the lock-in amplifier.
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Considering that the shot noise is the main contribution to the photocurrent noise, the unilateral
power spectral density (PSD) of the photocurrent noise n(t) is given by S,, = 2glp where Ip is
the mean photocurrent. When the laser frequency is locked onto the center of the resonance
(vL = vy), the mean photocurrent is expressed as:

Iy = KM2[Tind2(B) + 2 TruaxJ2(B)] (19)

In the bandwidth of the lock-in amplifier, the unilateral PSD of the detected noise is found to
be Sy, = (LoZg)*qlp which can be expressed as a frequency noise in Hz? /Hz as:

2
LoZ
So = (—,(’QR) aly (20)

Using Egs. (18) and (19), one finds:

q 1 2
= 212 2t 2
4 KMZD | Toaed?  Toind?

So @21)

In the following we reformulate the Eq. (20) in terms of measurable quantities. Noting that
KMS = SP where § is the photodetector sensitivity and P the input power of the cavity, and
introducing the FWHM of the resonance deduced from a Lorentzian approximation of the line

vEsR(1—v/KKc)
7

shape Av = , the equivalent frequency noise of the discriminator can be rewritten as :

gAY 1 2
50 = 16 5B 2P
Tmale TmanO

(22)

. 1-K)yKe . - .
With B = %:7 The experimental measurement of the transmission coeflicient x and the

round trip loss of the cavity . give B> = 5.4 in our study which leads to the Eq. (6) given in the
manuscript.
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