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Abstract—Frequency locking of lasers is fundamental to a vast
number of applications within the field of optics. Usually, when
locking a laser to an optical reference wave, it is imperative that
locking can be maintained in spite of low reference powers. Previous
solutions to frequency locking involve injection locking and/or
optical phase locked loops. While previous works have shown
locking to weak waves, we extend the lowest demonstrated optical
power locked to by approximately 20 dB, realizing locking down
to —90 dBm, using a novel digital dither optical phase-locked loop.
Measurements of the locked laser phase error verify the perfor-
mance. The loop design circumvents the presence of a dither on the
locked laser light, hence avoiding dither penalties, and low-power
locking is realized via coherent detection gain without any optical
amplifiers. Low phase noise standard deviations of less than 20°at
—80 dBm optical power and Allan deviation of 3 - 10716 at 1 s
averaging time indicate great potential for a variety of applications
within optical sensing, communications, and metrology.

Index Terms—Communications, laser frequency locking, Low
power, metrology, Optical phase-locked loop, phase noise, sensing.

1. INTRODUCTION

REQUENCY and phase locking of optical waves is fun-

damental to many applications within optical metrology,
sensing, and communications. It can enhance individual fre-
quency comb lines, useful for laser spectroscopy [1] or time
transfer [2]. In optical coherent detection, frequency and phase
locking of the local oscillator (LO) can suppress phase noise in
the digital carrier recovery [3] and allows phase to be measured
in real-time. Homodyne optical frequency locking of lasers
further enables pump carrier regeneration in phase-sensitively
pre-amplified receivers [4] and coherent combining of laser light
in free-space laser applications [5].
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In many cases, the optical wave one wishes to lock to may be
of low optical power due to significant optical losses, such as in
vast fiber networks, free space channels or, for instance, in power
inefficient frequency comb generation. For these applications, it
is crucial that locking can be achieved despite the resulting low
power of the reference wave. Although Doppler shifts and added
phase noise from transmission media affect the locking, the
individual lasers’ non-deterministic phase noise and frequency
drift usually pose the main challenge.

Currently, optical frequency locking is most often achieved
using optical injection locking (OIL) [6] and optical phase-
locked loops (OPLLs) [7], either individually or combined. In
OIL, a continuous wave seed light is injected into a slave laser,
which adopts the seed frequency with a phase proportional to
the slave laser and seed frequency offset. The ratio between
injected and ejected power of the slave laser determines the
allowable offset frequency for maintained locking. In contrast,
most OPLLs lock at a frequency offset [7]. Here, the beat note
between a reference carrier wave (REF) and a local oscillator
wave (LO) from a slave laser serves as the error signal for a
control system controlling the slave laser frequency.

Locking at low powers has been demonstrated using both OIL
and OPLLs. For instance, a dither-based OPLL [8] forhomodyne
local oscillator locking has shown promising use for coherent
reception at low signal powers in [9]. Meanwhile, in [10],
locking down to —72 dBm optical power (lowest reported value)
was achieved using an OIL-OPLL [11].

Here, we present a novel digital dither-OPLL for locking to
a reference carrier wave and demonstrate homodyne locking of
two independent lasers at —80 to —90 dBm optical powers. The
OPLL impact on frequency locking is discussed and charac-
terized in terms of various performance metrics pertaining to
short-term phase noise and long-term frequency stability.

Our OPLL design has several features that promote its per-
formance and versatility at low-power frequency locking. The
locked laser light is extracted prior to dithering, allowing a
stronger dither and, hence, locking at lower powers without any
dither penalty. Our system further relies on coherent detection
gain from the strong slave laser light for the amplification of
weak reference waves. This allows implementation at a wide
range of wavelengths as opposed to the erbium-doped fiber
amplifier (EDFA) pre-amplified OIL-OPLL in [10]. The zero-
offset locking also makes it insensitive to any instability of the
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Fig. 1. Spectral domain depiction of frequency offset-locking and phase
dither-locking.

dither frequency, which would otherwise affect the long-term
stability of the lock, something which offset-locking OPLLs are
concerned with in terms of their offset frequency synthesizer
stability [12]. In contrast to OIL, our second-order, type 2,
OPLL [13], does not produce a phase error from frequency
offsets between the REF and the LO, thereby eliminating the
transfer of frequency offsets to phase noise and limiting its
effect on long-term stability. The spectral discrimination of the
dither-OPLL frequency lock can also be made much smaller
in comparison to OIL, e.g., enabling the distinction of tightly
spaced comb lines down to the sub 100 kHz level. The locking
bandwidth is further decided by the chosen OPLL loop band-
width, which can easily be changed, rather than the injection
ratio in OIL. Finally, the digital implementation allows for
versatile filtering and processing of the error signal, which could
improve system performance.

Parts of this work were presented in [14], where the operation
of our dither-OPLL was verified for pump carrier regeneration
in a phase-sensitively amplified receiver at —83 dBm power.
Here, we focus on the OPLL and expand upon the previous
demonstration by further describing the working principle of
the dither-OPLL and relevant performance metrics. Additional
results are presented in terms of coherence functions, Allan
deviations, and phase slips. We further include and compare
with numerical simulations of phase error standard deviation as
well as Allan deviation and noise-induced phase slips. Further
discussion and ultimate limits are also included.

II. THE DITHER-OPTICAL PHASE LOCKED LOOP

The key difference between a dither-OPLL and a frequency
offset-OPLL is the use of a phase dither (sinusoidal phase
modulation) on the LO rather than a fixed frequency offset
to create the error signal. The locking process of both the
offset and dither-OPLL is illustrated in Fig. 1. In a frequency
offset-OPLL, the beat note obtained on a photodetector (PD)
from interference between the REF and LO, is demodulated
using a radio frequency (RF) oscillator at the offset frequency
fre. This generates a baseband signal containing information of
the phase error. In a dither-OPLL, when a dither is applied, the
spectral line of the LO is redistributed at multiples of the dither
frequency f;. When these lines beat with the REF at the PD, the
same baseband phase error information is obtained after demod-
ulation at the dither frequency. Note that the inherent zero-offset
frequency lock of the dither-OPLL makes it insensitive to any
variations in fg. In contrast, any fluctuation in frr would result
in a frequency variation of the locking in an offset-OPLL w.r.t.
the REF. It is moreover required that f;, as with fgp in an
offset-OPLL, is chosen much larger than the spectral content
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Fig. 2. Schematic of the dither-OPLL laser locking setup. The LO light is
dithered in ¢4-mod and interfered with the REF at the BPD. The detected signal
is amplified, sampled by the FPGA, then high-pass filtered and mixed with
a synchronized copy of the dither into a baseband error signal. The low-pass
filtered error signal then drives two integrators for phase and frequency control
in ¢.-mod and via current control in the local laser, respectively.

of phase and frequency variations between the LO and REF to
be compensated.

To phase-lock the LO to the REF, the OPLL must actively
control the LO frequency and phase to minimize the phase error.
Our OPLL design, presented in Fig. 2, achieves this via current
control of the local (slave) laser and an electro-optic phase
modulator (¢.-mod) on the laser output for frequency and phase
control of the LO, respectively. Incorporating ¢.-mod provides
an extra parameter of control and has previously been shown
to extend the OPLL bandwidth [9]. After frequency and phase
control, the LO is locked to the REF.

A splitter is used to obtain a part of the LO light, which is sent
through a secondary electro-optic phase modulator (¢4-mod)
that adds a phase dither ¢4 cos(27 f4t) of magnitude ¢, to create
the error signal. Introducing the dither in a separate phase mod-
ulator after extracting the useful locked LO eliminates the effect
of spurious tones and phase error penalty from the dithering.
This allows increasing the dither magnitude to maximize the
fa-beatnote and the resulting OPLL signal-to-noise ratio (SNR),
enabling improved locking performance at lower REF powers.

The dithered LO of power P, interferes with the weak REF
light of power P, in a 50/50-coupler. A balanced photodetector
(BPD) is used to detect the beat note, which helps to reduce
the transfer of intensity noise from the comparatively strong LO
to the error signal. The BPD signal is subsequently amplified
in a low noise amplifier (LNA) of 1 MHz bandwidth before
sampling, filtering, and demodulation at f,; in a Red Pitaya field-
programmable gate array [15] with a 125MS/s, 14-bit analog to
digital converter. The choice of dither frequency in this work,
fa = 1 MHz, was limited by this LNA bandwidth.

The generated baseband error signal s, after demodulation is
proportional to 2J1 (¢4)+/ P, P, sin ¢. where J; () is the Bessel
function of the first kind and ¢, is the residual phase error
between LO and REF after locking. A ¢4 equal to 0.597 rad
then maximizes the power of s. and the OPLL SNR. However,
due to the limited voltage supply to ¢4-mod, the maximum ¢4
in this work was limited to 0.277 rad.

For small ¢., the error signal is proportional to the phase
error (s, < ¢.), and a linear second-order OPLL of type 2 is
achieved as s is fed to two separate integrators with equivalent
total loop gains %y and k for the frequency and phase control,
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respectively. The choice of loop gains further determines the
OPLL bandwidth, typically several tens of kHz in this work,
which provides a much narrower frequency discrimination than
the often > 1 MHz locking ranges in OIL systems.

It should be noted that when using only one BPD, the dither-
OPLL with ¢4 = 0.597 has a fundamental SNR advantage of
a factor 4.J1(0.597)? ~ 1.35 (2 if all LO power was modulated
onto the 1 f4-tones) compared to an offset-OPLL, as the error
signal of a dither-OPLL is contained in one quadrature phase
only in contrast to the offset-OPLL beat tone. Also, as adding a
phase modulator (¢4-mod) and driving it using a synchronized
copy of frr as the dither are the simple steps of converting an
offset-OPLL into a dither-OPLL, conversion between the two
types is straightforward by using commercial components.

A. Residual Phase Error

In the ideal case, the LO should adopt the exact frequency
and phase characteristics of the REF via locking in the OPLL.
Although the dither-OPLL design minimizes ¢, it will exhibit
a non-zero value that fluctuates with time. It is, therefore, of
interest to understand the residual phase error in terms of its
time and frequency characteristics to evaluate the quality of the
locked LO w.r.t. the REF and the performance of the OPLL.
While we will cover these aspects in later sections, we here focus
on the phase error variance O’;E, which provides an important
quality metric of the OPLL as well as the metric of minimization
when optimizing the OPLL parameters.

There are two main contributions to the residual phase error.
One is the uncompensated phase variations between LO and
REF beyond the OPLL bandwidth B, = kg /27 [9]. The other
is the transfer of noise within the OPLL noise bandwidth B,, =
g(% + %)[16] (= kg/4, typically) from the baseband error
signal to the residual phase error. Minimizing the phase noise
contribution involves increasing the OPLL bandwidth, whereas
minimizing the OPLL noise contribution means reducing the
OPLL bandwidth. Minimizing Jie therefore requires optimizing
the OPLL bandwidth given the external conditions: REF power
P,, the power spectral density (PSD) of the relative phase noise
between LO and REF S and the OPLL noise PSD S,,.

The exact theoretical treatment of phase error contributions
is covered in the Appendix. Assuming zero loop delay, slow
environmental-induced frequency drifts, Lorentzian phase noise
PSD S, = 2Ay/7rf2 with linewidth Av and white OPLL noise,
the minimized phase error variance can be written

9 TAvS,,
Oy =\ =55 -
Pe 2.J1(¢q)2P, P,

In our OPLL, S,, = NEP?/2 where NEP = 14 pW/v/Hz is the
noise equivalent power of the used BPD. The LO power was set
at P, = —17 dBm to avoid saturation. With improved detection,
the ultimate limit is reached for a shot-noise (SN) limited system
for which S, = hv P, (assuming BPD quantum efficiency n =
1), where h is Planck’s constant and v is the optical frequency.

The variance in (1) provides the theoretical minimum phase
error variance of the demonstrated OPLL and relates the impact
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Fig. 3.  Measurement setup for the residual phase error in the time and fre-

quency domain. PD: Photodetector with 125 MHz bandwidth. AOM: Acousto-
optic modulator. ESA: Electrical spectrum analyzer. PRer = PLo ~ —22 dBm.
Time box: interference of REF with the Locked LO. Frequency box: Delayed
self-heterodyne interferometry.

of the stated external conditions on the final phase error. Of note
is that halving the linewidth Av allows for halving the REF
power P, at maintained OPLL performance. A narrow laser
linewidth is, therefore, essential to reach low OPLL sensitivities.
Additional but smaller contributions to aie for the investigated
OPLL arise from its digital implementation and finite frequency
resolution of the frequency control (14-bit digital to analog
converter) as well as the phase error produced by frequency
drifts in a second-order, type 2, OPLL.

III. PHASE ERROR MEASUREMENTS

To demonstrate and evaluate the frequency locking using the
presented OPLL, the residual phase error was measured using
the setup shown in Fig. 3. In addition, relative intensity noise
(RIN) on the locked LO was measured to investigate any effect
of the locking on the LO intensity. During all measurements, the
OPLL bandwidth was optimized for the best OPLL performance.
Raw data and processing code is available in [17].

The performance of the OPLL depends on the characteristics
of the LO and REF as well as the OPLL parameters. In this
work, a Thorlabs distributed fiber Bragg (DFB) external cavity
laser served as the local (slave) laser, acting as the LO. The REF
was generated from an NKT fiber laser. Both lasers emitted
at a wavelength of A = 1550.65 nm and exhibited sub-kHz
linewidths, which together sum to roughly Av = 350 Hz. The
REF light was separated using a splitter where one output served
as a REF reference, and the other was sent to the REF input of the
OPLL. Prior to interference in the 50/50-coupler of the OPLL,
a variable optical attenuator (VOA) was used to sweep the REF
power (P, in Fig. 2) to investigate the locking performance at
different powers. Polarization controllers were used throughout
the setup to match the polarizations of all waves at all points.

A. Time Domain Measurement

To directly sample the residual phase error in time, the
locked LO and the reference REF of equalized optical pow-
ers were interfered in a 50/50-coupler with one output de-
tected in a PD (Time box in Fig. 3). The generated PD signal
I =14+ Ipsin ¢, was then sampled in the Red Pitaya sam-
pling oscilloscope and saved for offline processing where the
phase error was extracted using characterized values of 4
and I, as ¢, = sin"'([I — I4]/Ig). This evaluation assumes
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Fig. 4. Top: ¢, vs. time from a 1.04 ms time frame (64 ns sampling time).
Bottom: The ¢, distribution averaged from the 16.7 ms time frame measure-
ments (spectral content of f € [60Hz, 0.98MHz]) for different REF powers P;.
The inset shows the associated phase error standard deviations.

¢e € [=%, 5] which was verified for the used measurement
batches. Five batches of 16,384 points for each measured power
P, and four different time frames of 0.13 ms, 1.04 ms, 16.7 ms,
and 0.13 s were captured.

B. Frequency Domain Measurement

The phase noise PSDs of the free-running and locked lasers
were measured in an electrical spectrum analyzer (ESA) using
self-heterodyne interferometry [18] with an 80 km fiber delay
and a 20 MHz AOM (Frequency box in Fig. 3).

IV. PHASE AND INTENSITY NOISE

For applications using coherent reception of signals, such as in
sensing and communications, phase noise caused by the OPLL
must be minimal and well characterized. Here, we cover the
phase error in terms of its probability distributions, standard
deviation, PSD, and degree of coherence.

The time domain characteristic of the residual phase error was
obtained via the time domain measurement and is presented in
Fig. 4. The Top shows a typical phase error time variation at
P, = —60 dBm. The phase error probability densities in the
Bottom demonstrate the normal distribution of ¢. and how the
corresponding standard deviation increases with a decrease in
the REF power, similar to (1).

Phase error standard deviations over a broader spectral con-
tent (f € [7.5Hz, 15MHz]) are presented in Fig. 5 (averaged
from time frames 0.13 s and 1.04 ms). Numerical simula-
tions of optimum o,_ are also presented as well as theoret-
ical curves based on (1). Simulations incorporate the loop
delay of the OPLL (characterized to be ~ 2 us), see the
Appendix.
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Fig.5. o4, vs. P with standard deviation error bars, from the time domain
measurement averaged over time frames 0.13 s and 1.04 ms. Simulated curves
are also included as well as theoretical limits with ¢4 = 0.597 for both .S,, =
NEP?/2 and S,, = 2hv P, based on (1).

Comparison of measurement and simulation (purple dash-
dot) in Fig. 5 indicates good OPLL optimization at the investi-
gated P, with only a few dB of difference in P,, coming from
system implementation penalties. The 3.5 dB difference between
the ¢4 = 0.277 and ¢4 = 0.597 cases further emphasizes a
potential sensitivity improvement of the OPLL for an optimized
value of ¢4. The difference between the solid lines and dotted
lines further emphasizes the degrading OPLL performance due
to the loop delay. The blue vs. purple curve comparison indi-
cates a potential improvement of OPLL performance when the
ultimate shot noise limit is reached. A potential 25 dB sensitivity
improvement is observed at o, = 17° between measurement
and the SN-limited theory.

To quantify the benefit of separating dither and control signals,
04, was also measured with phase dithering in ¢.-mod. A 1.73
times larger o, at P, = —80 dBm was obtained, which shows
the advantage of phase dithering (in ¢4-mod) after extraction of
the locked LO in our design.

Figs. 4 and 5 demonstrate locking down to —90 dBm optical
powers. At P, = —83 dBm, the locking performance for pump
carrier regeneration in a phase-sensitively pre-amplified receiver
resulted in a 0.2 dB sensitivity penalty, as demonstrated in [14].
Below —90 dBm, the system experienced increased instability
due to significant phase errors, and locking was challenging to
maintain.

The frequency domain characteristics of the locked and free-
running lasers were obtained via the frequency domain measure-
ments and are presented in Fig. 6(a) in terms of phase noise PSDs
at two different .. We note that the locked LO adopts the phase
noise of the REF up to a frequency of 38 kHz, indicating a limited
phase compensating (loop) bandwidth of the OPLL. Below this
frequency, the phase noise with lower P, is higher. This agrees
with the increased o4, for lower P, in Figs. 4, 5, and in (1).
Beyond 38 kHz, the locking system adds phase noise until about
1 MHz, corresponding to the bandwidth of the control signals.
The increase in phase noise above 100 kHz for P, = —80dBmis
due to 27 phase slips in ¢.-mod as the driving voltage limit was
reached. The occurrence of phase slips scales with kg /k ¢, which
was larger for P. = —80 dBmin Fig. 6(a). These (= 1 s duration)
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phase slips are discussed further in the next section. However,
slips can be circumvented either by using an additional phase
modulator as in [19] or by exchanging ¢.-mod for proportional
control of the LO frequency directly (assuming high enough LO
frequency modulation bandwidth). These slips, hence, do not
pose a fundamental limitation to the locking.

At smaller laser linewidths, transmission media-induced
phase variations may become non-negligible. Atmospheric tur-
bulence, for instance, may add significant phase noise, al-
beit typically contained within a 1 kHz (< 38 kHz) band-
width [20]. For weak signals, phase noise from fiber prop-
agation is typically negligible unless for exceptionally long
links [21].

Another important characteristic is the coherence of the LO,
which is used in self-referenced interferometric measurement
applications like optical tomography. From the phase noise
PSDs in Fig. 6(a), the corresponding normalized degree of
coherence |g| (optical field auto-correlation) was calculated to
investigate the OPLL impact on the locked LO coherence. These
were normalized using the auto-correlations of the time domain
measurements of ¢, and are presented in Fig. 6(b). Here, the
locked LO is observed to inherit the coherence characteristics
of the REF for delays 7>10 us. The dotted lines show the pure
phase error coherence as would be obtained from the locked LO
and a perfect REF coherence |g(7)| = 1. As such, the dotted
lines represent the impact of the OPLL on the coherence. As
can be seen for decreasing P, the locked LO’s coherence is
degraded, reflecting the degrading OPLL performance for lower
P..

For certain applications, it is of interest to know the effect of
the OPLL on the intensity. The RIN spectrum of the locked LO
was measured by directly detecting the locked laser on a 10 GHz
bandwidth PD and is compared to that of the free-running case
in Fig. 7 at the same P, as in Fig. 6(a). Above a few MHz,
the RIN of the locked and free-running LO are identical. At
frequencies within the control signal bandwidth (< 1 MHz),
we note a P.-dependent RIN-degradation due to the locking
system. However, the impact of this RIN-degradation on the
various phase error measurements is negligible, as it will be for
most other phase-sensitive systems.

(a) Measured phase noise PSDs. (b) The degree of coherence vs. delay 7, calculated from the PSDs in (a) and normalized using time domain data.
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Fig. 7. RIN spectrum. At > 2 MHz frequency, all curves except REF lie on

top of each other. L-LO is Locked LO.

V. LONG-TERM STABILITY

For metrology applications, such as spectroscopy and time
transfer, the long-term stability of the laser frequency is of
importance. The locking performance over time is also vital for
a continuously operating communication link. Here we discuss
the long-term stability between locked LO and REF in terms of
Allan deviation of the fractional frequency stability. We also
discuss the presence of phase slips, both due to the limited
voltage supply to ¢.-mod and slips caused by OPLL noise.

A. Allan Deviation

Locking was generally maintained for several minutes, during
which the measurements were conducted. It was also observed
that the lock was maintained when the relative frequency of
the free-running LO and REF were kept within the frequency
tracking range of the OPLL (which was ensured by manually
tuning the LO current control). Although no long-term tests were
made, stable locking for more than 1 h was observed for powers
down to —80 dBm. All measurements were performed in a lab
environment at room temperature.

The Allan deviation was calculated from the time domain
measurements and is presented in Fig. 8 for three different P,
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Fig. 9. (a) Typical relative frequency drift between the LO and REF. (b) The
probability density of the drift A f in (a).

at averaging times up to about 0.1 s. Simulated Allan devia-
tions are included to compare and extrapolate measurements
for longer averaging times. A theoretical Allan deviation limit
o, = \/§O‘¢E /27v7[16], with 04, based on (1) for the shot-noise
limited case and P, = —60 dBm, is also presented.

The measured curves reach a minimum slope of ~ 3-
10716771, roughly ten times larger compared to the theoretical
limit (at P, = —60 dBm) as well as the reported measured
values in [22] for an OIL-OPLL at P, = —41 dBm. Closer to
0.1 s averaging time, an increase in Allan deviation is observed
due to the phase instability of the used interferometer, limiting
the use of any longer measurement times. Before this limit,
we observe good agreement with simulations (specifically at
P, = —80dBm with S,, = NEP?/2), which extend beyond 0.1's
averaging time and provides a promising indication of excellent
long-term frequency stability of the OPLL.

For OPLL compensation of phase noise only, the Allan de-
viation remains at a 7~ ! slope. Laser frequency drift, however,
translates to phase noise on the locked LO by the OPLL (being
of second order and type two). Simulations under the same
conditions as in Fig. 8 indicated a transition into an Allan
deviation slope oc 7-1/2 only above 10° s averaging time for
a constant drift of 1.5 MHz/s. The value 1.5 MHz/s is based on
the maximum frequency drift recorded between the free-running
lasers used in this work, see Fig. 9(a) and (b).
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Fig. 10. (a) ¢ vs. time from a 1.04 ms time frame measurement (64 ns

sampling time) with visible 27 phase slips due to the limited ¢.-mod voltage
supply. (b) The OPLL slips/s rate due to noise for different 13,, as well as the
corresponding outage rate, which is independent of B,,, vs. OPLL SNR.

By increasing the frequency control gain, the effects of drift
can be mitigated with negligible impact on OPLL performance,
as long as the ky-term in B,, remains negligible. The effect of
drift and other higher-order time derivatives of the phase between
REF and LO may also be reduced by increasing the order of the
OPLL, something which is made simpler thanks to its digital
implementation. At much longer averaging times, other effects
not considered here, such as aging electronics, may also impact
long-term stability.

B. Phase Slips

Phase slips in the OPLL consist of short periods where the
phase error transitions from zero mean to a mean of 27, which
acts as a neighboring and repeating operating point of the loop.
During the transition, the OPLL is momentarily out of lock,
which can have adverse effects depending on the application. In
communications, this would result in a large error burst.

Phase slips in the OPLL occur whenever the voltage limit to
¢.-mod is reached, when the OPLL is programmed to perform
a voltage step back, i.e., a 27 phase-jump. A phase error time
measurement containing such phase slips is shown in Fig. 10(a).
The 1 MHz bandwidth of the phase control signal limited the
27 transition time to 1 us, and slips were observed to occur
with close to 1 kHz rates for the OPLL parameters used. As
previously mentioned, these phase slips can be eliminated by the
implementation of a boundless phase control [19] or by adding
proportional frequency control of the LO.

A second cause of phase slips is noise in the control system
and is inherent to any phase-locking system, affecting all OIL
and OPLL implementations. Given enough time, the noise in
a control system will eventually push the phase error close
enough to a £27 loop operating point for a transition to take
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place. The expected time for a slip to occur T's;;, in an OPLL
is described in [16] based on the OPLL SNR and noise band-
width. Based on this, we present in Fig. 10(b) the expected
number of slips per second at different OPLL SNRs (SNRopr 1, =
4.J1(¢q)? PP,/ S, By,) and noise bandwidths B, (~ 1.6By) as
well as the outage rate ty;;,/Tsi, Where tg;, ~ 1/B,, [23] is
the slip duration.

It can be seen from this result that noise-induced phase-
slipping occurs more than once a second at low SNR (< 7 dB),
whereas for larger SNR, the frequency of these slips rapidly
reduces with increasing SNR. In our work, due to stability
reasons, the OPLL was operated at minimum SNRs close to
10 dB where from Fig. 10(b) (B,, = 80 kHz) we expect more
than a thousand seconds between recurring noise-induced phase
slips. Although uncommon at high SNR, phase slips may cause
issues, for instance, error bursts in a communication link, which
cannot be averted. The minimum bit error rate (BER) of a
link requiring a locked OPLL is equivalent to the outage rate,
which indicates a minimum 12.2 dB OPLL SNR to achieve
BER< 10~ !, For our OPLL, this corresponds to P,>-85 dBm
and a practically indefinite time without slips (7T, > 108 s)
according to Fig. 10(b). At lower SNR, redundancy measures
should be taken to achieve a tolerable BER.

VI. CONCLUSION

We have presented a novel dither-OPLL and demonstrated
frequency locking of two lasers of hundred Hz linewidths at
1 MHz/s frequency drifts and optical reference wave powers
down to —90 dBm, approximately 20 dB less than the lowest
demonstrated carrier recovery using OIL [10]. The locking
was verified and characterized in terms of measured phase
noise PSDs, phase error standard deviations, and coherence
between the locked lasers. We have demonstrated the benefit
of separating the dither in the OPLL design to avoid dither
penalties. Simulations verified the optimized performance of
the OPLL and together with theoretical limits, we highlighted
the potential improvements in OPLL performance (up to 25 dB
in sensitivity) with optimal dither magnitude, loop delay and
detection schemes.

A minimum Allan deviation slope versus averaging time 7
was measured as ~ 3 - 1071671 at the investigated powers. This
result was extrapolated to averaging times greater than 1 s using
simulations, which in the case of pure phase noise maintained
the same slope, indicating the potential of the dither-OPLL for
applications requiring long-term frequency stability. For signif-
icant frequency drifts, simulations showed degraded long-term
stability, something which can be mitigated by increasing the
frequency control loop gain.

To summarize, the presented dither-OPLL, which we pre-
viously verified for use in a phase sensitively pre-amplified
receiver [14], exhibits no dither penalty, consists of relatively
inexpensive components, and is versatile thanks to its digital
implementation. It is wavelength flexible, requiring no EDFA,
and may enable homodyne locking of waves at ultra-low optical
powers for a wide range of applications.
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APPENDIX
PHASE ERROR CONTRIBUTIONS

Here we provide the exact phase error variance relations.
According to PLL theory, the contributions to the residual phase
error variance O’ie from phase (0’3)) and system noise (02) can
be calculated as [16]

o2 = / S,(f) | Hy(G2m )P @
0

where index ¢ indicates phase ¢ or noise n for the corresponding
PSD S; and OPLL transfer function H;.

The OPLL phase and noise transfer functions are calculated
from the open loop transfer function

—T¢S

e e—'TfS
KEHC(S) = k’d,i + 27Tk‘f
S

3)

where s = j27 f, K. = 2J1(¢q)v/P, P and 74 and 7 are the
phase and frequency control loop delays, characterized to be
2.2 ps and 1.5 us, respectively. The phase and noise transfer
functions in turn are given, respectively, as

52

H.(s)
1+ K.H.(s)
Simulations in this work were based on the above relations,

including stability constraints of 7r /6 radian phase margin of the
open loop transfer function and OPLL SNR > 10 dB.

Hy(s) =1+ K Hy(s), Hy(s)= 4)
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