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Abstract—An Optical Phase Lock Loop (OPLL) is a feedback
control system that allows the phase stabilization of a laser to a
reference laser with absolute but adjustable frequency offset. Such
phase and frequency locked optical oscillators are of great interest
for sensing, spectroscopy, and optical communication applications,
where coherent detection offers advantages of higher sensitivity
and spectral efficiency than can be achieved with direct detection.
As explained in this paper, the fundamental difficulty in realis-
ing an OPLL is related to the limitations on loop bandwidth and
propagation delay as a function of laser linewidth. In particular, the
relatively wide linewidth of semiconductor lasers requires short de-
lay, which can only be achieved through shortening of the feedback
path, which is greatly facilitated through photonic integration. This
paper reviews the advances in the development of semiconductor
laser-based OPLLs and describes how improvements in perfor-
mance have been enabled by improvements in photonic integration
technology. We also describe the first OPLL created using foundry
fabricated photonic integrated circuits and off-the-shelf electronic
components. Stable locking has been achieved for offset frequen-
cies between 4 and 12 GHz with a heterodyne phase noise below
–100 dBc/Hz at 10 kHz offset. This is the highest performance yet
reported for a monolithically integrated OPLL and demonstrates
the attractiveness of the foundry fabrication approach.

Index Terms—Optical phase locked loops, photonic integrated
circuits, semiconductor laser, microwave photonics.

I. INTRODUCTION

R ESEARCH on optical phase lock loops started at an early
stage of laser development when the use of lasers for

optical communication applications began to be considered
[1], [2]. Subsequent development of semiconductor lasers cre-
ated demand for solutions to control the large free-running
linewidth (0.1 to 50 MHz) of semiconductor diode lasers. The
broad linewidth coupled with strong temperature and current
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dependence of the emission frequency (typically 10 GHz/K and
1 GHz/mA, respectively) required the implementation of special
control techniques to stabilise the laser emission frequency and
reduce the phase noise, which can reduce the receiver sensitivity
of the system [3].

Phase stabilisation of an independent laser source can be
achieved through a number of locking techniques that allow the
relative phase difference between two lasers to be minimised.
These are optical injection-locking (OIL), optical phase lock
loop (OPLL), and a combination of these two techniques – op-
tical injection phase-lock loop (OIPLL). OIL has been used in
numerous applications including generating frequencies above
100 GHz by injection locking to spectral lines from an optical
comb [4]–[6]. However, the application of this technique is re-
stricted by its homodyne nature and by a small locking range –
typically up to a few hundred MHz – thus it is necessary to con-
trol the laser temperature with milli-Kelvin precision [7]. This
latter requirement is overcome in the OIPLL technique, in which
wideband phase noise is suppressed, thanks to the injection-
locking mechanism, while the laser frequency drift and close-
to-carrier phase noise are controlled through a phase-lock loop
path. Systems based on OIPLL have been investigated for co-
herent receivers [8], satellite to ground communication [9], and
high frequency signal synthesis [10]. However, in applications
where a frequency offset between the optical reference source
and the controlled (slave) laser is required, the OPLL technique
offers a simpler system implementation in which the offset is
exactly equal to a supplied microwave reference. A single mode
laser is usually used as the optical reference tone, however a side-
band resulting from a modulated laser or a line from an optical
frequency comb can also be used as the reference tone for the
OPLL. OPLLs have proven advantageous in numerous applica-
tions, including coherent optical communication systems [11],
[12], high-purity mm-wave and THz signal generation [13]–
[16], coherent optical signal power combining [17], microwave
photonics [18], [19], coherent terahertz photonics [20], precise
measurements such as spectroscopy [21], [22], and astronomy
[23], [24]. Some of the OPLLs were developed with very spe-
cific functionality such as a Costas loop based on an homodyne
OPLL for coherent optical detection [25]. Others have been
generic designs, addressing a wider range of applications [26].

The heterodyne OPLL configuration (see Fig. 1) allows the
slave laser to be phase synchronised to the master laser (or
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Fig. 1. Heterodyne OPLL schematic block diagram (red and green lines are
optical end electrical paths, respectively).

reference optical tone) with variable frequency offset defined
by the microwave reference. Both lasers are photomixed on the
photodiode and the generated heterodyne is compared with a
microwave reference frequency in the phase detector, resulting
in a baseband phase error signal fed-back through the loop filter
to the slave laser to tune it to track changes in the master laser
phase. The OPLL can be challenging to realise in practice due
to the required short phase-error propagation time within the
loop. Extensive phase variation between broad-linewidth lasers
can be controlled only within the bandwidth of the loop, hence
the necessity for broad loop bandwidth. At the same time, the
stability of the loop must be preserved in the presence of the
delay. Therefore, the delay presents a fundamental limitation on
the loop bandwidth.

Previous analytical studies and experimental demonstrations
[27]–[29] showed that in order to phase stabilise two lasers with
summed linewidth of a few MHz, a loop with a few nanoseconds
delay is required, which can be achieved only through integra-
tion of loop components, as one metre of optical fibre contributes
approximately 5 ns delay. The first OPLL based on semicon-
ductor lasers used micro-optics components to tackle the delay
[17]. The present paper discusses how recent progress in pho-
tonic integration has enabled the development of OPLLs with
optical path delay reduced to tens of picoseconds and total delay
to a few nanoseconds or less.

In this paper we present a short introduction to the OPLL
operation principle, its key characteristics and the most impor-
tant parameters that need to be considered during the OPLL
design process. This is done to provide background for discus-
sion on the performance of several OPLL examples. Moreover,
we describe the OPLL design challenges, which originate from
the firm relationship between laser linewidth, loop delay, loop
bandwidth and optimised gain.

We then provide an extensive overview of semiconductor
laser-based OPLL systems developed over the years, with a
particular focus on the effect the improvements in photonic
integration have had on the progress in their development.

Finally, we present, for the first time, an OPLL realised us-
ing a generic foundry fabrication process and off-the-shelf mi-
crowave SMA-connectorised components. This novel OPLL is
based on a tuneable Distributed Bragg Reflector (DBR) laser,
which can be phase stabilised to the reference laser with a fre-
quency offset in the range 4 GHz to 12 GHz. The generated
heterodyne phase noise is less than −100 dBc/ Hz at 10 kHz
offset from carrier for a separation of 8 GHz between the lasers.
Despite its simple realisation, the performance of this OPLL

is comparable to systems developed previously using bespoke
fabrication processes.

II. OPERATION PRINCIPLE

The heterodyne OPLL is a negative feedback control sys-
tem where the phase of a current-controlled optical source –
the slave laser (SL) – is synchronised to that of an incoming
optical reference signal—the master laser (ML), but with the
addition of a frequency offset between SL and ML that is de-
fined by an external reference synthesiser. The offset can be any
frequency, although in practice it is limited by the bandwidth of
the photodiode (PD) or RF electronic components. A schematic
representation of the heterodyne OPLL is shown in Fig. 1.

The heterodyne OPLL operation can be explained as follows:
due to the incident ML and SL optical fields on the photodiode,
a photocurrent is generated and contains a component at a fre-
quency corresponding to the difference between the frequencies
of the two lasers polarised in the same direction. The photocur-
rent generated at the photodiode output can be described as:

ipd = R (PSL + PM L )

+ 2R
√

PSLPM L sin [(ωSL − ωM L ) t + ϕSL − ϕM L ]
(1)

where: R is the photodiode responsivity; PSL and PML are the
incident optical powers of the SL and ML; ωSL , ωML represent
the angular frequency of the SL and ML; and ϕSL and ϕML are
the absolute phase of the SL and ML.

The photodiode is followed by a phase detector, which com-
pares the heterodyne signal generated by the PD with an external
RF frequency reference signal. When the frequencies of the het-
erodyne and reference signals are equal, a baseband error signal
proportional to the phase difference between the two lasers is
produced. The generated error signal is filtered by a low-pass
loop filter and used to modulate the frequency of the SL. Ex-
tensive theoretical analysis and fuller description of the OPLL
are available in previous works [27], [28]. It could be, however,
restated that the effect of the loop propagation time delay and
the impulse responses of all the loop components will have an
effect on the error signal, which is fed into the SL and which
can be expressed as follows:

ie = kLF kmixkpdkamp

sin [(ωRF − ωSL + ωM L ) t + ϕRF − ϕSL + ϕM L ]

∗ hLF ∗ hmix ∗ hamp ∗ δ (t − Td) (2)

where: kLF is loop filter gain; kpd is photodetector gain
( 2R

√
PSLPM L ); kmix is phase detector conversion efficiency;

kamp is amplifier gain; ωRF , ϕRF are the reference signal an-
gular frequency and phase; hLF , hmix and hamp are loop fil-
ter, mixer and amplifier impulse responses respectively; and
δ(t − Td) is the Dirac delta function of time delay (Td ) in the
loop.

The slave laser transfer function can be represented as fol-
lows:

dφSL

dt
= kSLie ∗ hSL (3)
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where kSL [ rad
sec /mA] and hSL represent slave laser frequency

modulation sensitivity and impulse response.
To simplify calculations, the loop components (such as the

mixer, amplifier, photodetector, transmission lines, wirebonds
and other interconnections) are considered to have uniform fre-
quency response over the range of operation. Thus, the equations
(2) and (3) are merged into:

dφSL

dt
= K ϕerror ∗ hLF ∗ hSL ∗ δ (t − Td) (4)

where ϕerror = ϕRF − ϕSL + ϕM L represents the relative
phase difference between the SL and ML, which is assumed
to be small, so sin (ϕerror) ≈ ϕerror . The open loop gain in the
loop is described as:

K = kLF kmixkpdkampkSL (5)

Loop gain (K) has a primary effect on OPLL bandwidth
and residual phase noise level. More detailed analyses of the
feedback loop theory, including loop transfer functions, lock
acquisition mechanisms, lock-in and hold-in range, can be found
in [28], [30], [31].

One of the main characteristics of the OPLL is that it attempts
to maintain a constant phase difference between the signals
Δ = ϕRF −ϕSL + ϕM L , (Δ does not have to be zero) even if
the frequency of the incoming signal (ωML ) varies over time.
Assuming that the OPLL is in the locked condition and that
the phase (ϕML ) of the incoming signal increases slightly, the
phase difference between the SL and ML signals will begin
to increase in time. As a result, the error signal generated by
the loop changes and, in consequence, tunes the SL, whose
output phase (ϕSL ) increases until it matches the change in ML
phase (ϕML ).

The same principles apply in homodyne OPLLs, the only
difference being the absence of the mixer and reference synthe-
siser. In this system, phase error is detected by the photodiode.
The locked condition is defined when the frequency between
the two lasers is equal (ωSL = ωML ) and the phase difference
is fixed.

A. Loop Order and Type

OPLLs are generally classified according to the loop order
and type, which depend on the type of the loop filter used. The
order is determined by the order of the polynomial in the de-
nominator of the loop transfer function. The type is the number
of perfect integrations within the loop [31], [30]. All OPLLs are
at least type 1, as the SL performs as an integrator because of
its frequency tuning mechanism.

The purpose of the loop filter is to define the dynamics of
the loop and preserve the stability by passing the DC and low-
frequency portions of the error signal while attenuating high-
frequency components, including spurious mixing products.

To ensure wide tracking capabilities, hence increased tem-
perature stability of the system and improved phase noise sup-
pression at lower frequency offsets from the carrier, an active
integrating loop is required [30]. By using an integrating loop
filter, a type 2 loop may be realised. However, including an op-
erational amplifier in the feedback loop can introduce excessive

Fig. 2. Spectrum of unlocked and locked signals at an offset of 3.2 GHz
obtained by the OPLL described in [32]. RBW = 3 MHz.

delay. This can be reduced by implementation of a filter con-
sisting of two separated paths: a high-speed proportional path
and a slower integral path. The former offers a short propaga-
tion delay and better tracking of fast changes. The integral path
tracks larger frequency changes, such as those caused by laser
thermal drift [13].

B. OPLL Performance

The linewidth, together with wavelength fluctuations (low-
frequency drift) of the two lasers can be well observed in the
electrical domain when the two lasers are heterodyned on a PD.
In the same way, the improved spectral purity of the hetero-
dyne signal can be observed when the OPLL is in operation.
Fig. 2 shows an example of the measured electrical spectra of
free-running and phase-controlled heterodyne signals from two
lasers separated by 3.2 GHz. The total power of both signals
remains unchanged, however the spectral distribution shows a
large reduction in linewidth and increase in spectral power den-
sity at the beat frequency.

The peaks arising on either side of the phase-locked signal
in Fig. 2 are the indicators of the loop bandwidth, which is
the maximum frequency at which the phase of the SL can be
controlled, so that the phase-error between the ML and SL is
reduced. At higher frequencies, outside the loop bandwidth, the
phase noise of the locked signal is the same as that of the free-
running heterodyne signal. The loop bandwidth is defined by
the loop gain, loop filter, loop delay and frequency response
of the components. In fact, semiconductor laser characteristics
can impose restrictions on loop bandwidth; there can be a peak
related to relaxation oscillation in FM response, or a phase
reversal in the FM response, which is typical of conventional
single-section DFB lasers and occurs at frequencies between
0.1 and 10 MHz [33]. The dip in the laser FM response can be
however reduced in the laser design process [34].

The spectrum of the heterodyne electrical signal contains a
measurable residual phase noise that can be used as a precise
metric to evaluate the quality of phase locking. The spectral pu-
rity of the heterodyne signal, and therefore loop performance,
can be evaluated, based on phase noise power spectral density
(PSD) or by the phase-error variance [31]. The former can be
measured using a spectrum analyser or a dedicated phase noise
measurement instrument [35]. The latter can be obtained by in-
tegrating the phase noise PSD over a specified frequency range.
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The phase-error variance is extensively used to evaluate the
quality of various oscillators as it quantifies the total amount of
residual phase noise [36], making it a useful parameter to com-
pare the performance of different locking techniques. A variance
of 0.03 rad2, measured over the offset frequency range from
1 kHz to 1 GHz, is often used as a target value as it corresponds
to a phase-error standard deviation of 10°. However, it is not
an ideal parameter for assessing OPLL performance due to the
peak that is often present near roll-off in phase noise PSD of
the OPLL-controlled heterodyne signal. The presence of this
peak at higher offset frequencies from the carrier increases the
variance value and consequently causes under-estimation of the
OPLL’s ability to suppress the phase noise at frequencies closer
to the carrier.

III. OPLL DESIGN AND CHARACTERISTIC PARAMETERS

The OPLL is used as a building block in various system ap-
plications. Nevertheless, an OPLL can be considered a rather
complex sub-system on its own. Design principles and param-
eters are known from phase stabilisation techniques used in
electronic systems [31]. However, a fundamental difference be-
tween the optical and electronic phase lock loop (PLL) is the
short loop delay required in an OPLL which is critical in de-
termining the loop stability. This is directly linked to the nature
of the voltage/current controlled oscillator whose phase noise
needs to be controlled. The short cavity, quantum shot noise and
other quantum processes result in the MHz-range linewidth of
semiconductor lasers [37], [38]. For comparison, the linewidth
of the voltage-controlled oscillator in an electronic PLL rarely
exceeds tens of Hz. This enhanced linewidth of lasers creates
considerable challenges in OPLL design, requiring a particu-
larly large loop bandwidth and short loop delay.

A semiconductor laser intended for use as the SL must have
good static spectral properties such as wavelength tuneability
and a narrow linewidth. Moreover, the FM characteristic, in-
cluding the tuning sensitivity, flatness and bandwidth of the FM
response of the laser should also be well characterised to assess
if the laser is suitable for use in the OPLL. The laser phase
section tuning sensitivity and FM response are also of great im-
portance as they are factors in the open loop gain, as seen in
equation (5).

A. Propagation Delay and Laser Linewidth Trade-Off

Many OPLL systems have been analysed, assuming a neg-
ligible loop propagation delay time, which is acceptable if
the loop is implemented with lasers with kHz-range linewidth
[14], [39] or if line-narrowing techniques are used [40], [41].
Nevertheless, propagation delay is present in all types of
feedback systems, and is particularly relevant in the broad-
bandwidth loops required to control the phase of wider linewidth
lasers. Consequently, as the transit time of the error signal
around the loop becomes important, it must be considered in
the loop design and kept very small, being less than a fraction
of the inverse of loop bandwidth [28], [27]. To ensure loop
stability and avoid performance degradation, a compromise be-
tween laser linewidth, loop bandwidth and loop propagation
delay must be found.

Fig. 3. Relationship between the summed linewidth of master and slave laser
and delay in the loop with optimised gain, for different phase-error variances.

To quantify the delay requirements, the maximum tolerated
linewidth for a given target phase error variance can be cal-
culated as a function of loop delay [27], [42]. The relationship
between phase-error propagation delay and the sum of the lasers’
linewidth for a first-order type 1 loop with optimised gain is il-
lustrated in Fig. 3 for phase-error variance ranging between
0.03 rad2 and 0.09 rad2, which corresponds to a phase-error
standard deviation between 10° and 17°. The lasers were as-
sumed to have Lorentzian power spectra, and the phase er-
ror variance was obtained by integrating over frequencies from
1 kHz to 1 GHz.

Fig. 3 indicates that, if 0.03 rad2 variance is set as a target, a
loop with 1 ns delay should successfully control the phase of a
laser with linewidth of less than 3 MHz (based on the assumption
that an external-cavity laser with much narrower linewidth is
used as ML). However, if the variance target is relaxed to 0.06
rad2, which corresponds to an average time between cycle slips
of approximately 1 day [31], the same laser could be stabilised
by the loop with 2 ns delay.

For comparison, 1 ns propagation delay corresponds to
300 mm of free-space path length or 200 mm of optical fibre.
This highlights the importance of integration as using discrete
diode lasers and optical fibres to build an OPLL with semicon-
ductor lasers would be rather challenging.

IV. EARLY WORK

The first optical phase lock loop was demonstrated for nar-
row linewidth gas lasers at an early stage of laser development
[1], [2]. These first homodyne approaches faced technological
difficulties due to the system bulkiness and free-space optical
components being sensitive to acoustical and mechanical distur-
bances. Moreover, the cavity mirror could not be modulated at
rates higher than 100 kHz, which often limited the application of
the system to carrier tracking loops only. Over the years, several
heterodyne systems have also been reported, demonstrating, for
instance, phase-locking of He-Ne lasers at 5 MHz offset from
the reference laser [43], or phase-locking of two diode-laser-
pumped solid-state Nd:YAG lasers with a difference frequency
tuneable in bands from 6 GHz to 34 GHz [44].

All of these systems were realised using very narrow-
linewidth lasers; thus the implemented loop bandwidth was
not limited by the phase-error propagation delay. This changed
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TABLE I
OVERVIEW OF OPLL SYSTEMS BASED ON SEMICONDUCTOR LASERS, WITHOUT LINEWIDTH NARROWING TECHNIQUES

with the introduction of semiconductor laser diodes into OPLL
systems, which enabled a breakthrough in terms of system di-
mensions and laser tuneability through direct current injection.
However the wider laser linewidth of semiconductor lasers (up
to 50 MHz) created a significant issue that needed to be properly
addressed.

The first heterodyne system based on two semiconductor
lasers achieved only short-term stable locking when an addi-
tional external-cavity was implemented [40], [41]. However,
such a line-narrowing technique came at the cost of reduced
ability to tune the lasers with current, as well as the introduction
of frequency jitter into the signal due to acoustic vibration of the
external-cavity mirrors. In an experiment aimed at achieving co-
herent power combination, two external-cavity semiconductor
lasers with 3-dB linewidths of 0.5 MHz were phase-locked at
850 MHz from a common reference [17]. The loop propagation

delay of the OPLL was about 5 ns; however, the loop band-
width was severely limited to about 3 MHz by the characteristic
phase reversal of the FM response of the laser due to competing
thermal and free carrier effects [33], [45]. Another linewidth-
narrowing technique employed high finesse resonators to
stabilise the semiconductor laser, offering an unlocked hetero-
dyne signal linewidth of less than 30 kHz [46], or 20 kHz
permitting a group delay time in the loop of approximately
20 ns [47].

Subsequent improvements in the electronic part of the loop
and the use of micro-optics allowed a reduction of the loop prop-
agation delay into the ns range, hence increasing the loop natural
frequency into the MHz range. Consequently, several OPLLs
based on semiconductor lasers with moderate linewidth and
without line narrowing techniques, were realised. Considering
this and further progress in photonic integration, an overview of
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the most important milestones in the development of OPLL sys-
tems used to phase-stabilise a diode laser is presented in Table I
in chronological order. The listed systems are compared based
on the key parameters in the loop design and characterisation
(see Section II).

The first non line-narrowed semiconductor laser diode OPLL
was implemented in an homodyne system with less than 1 ns
delay and 134 MHz bandwidth, allowing an 830 nm wavelength
slave laser with 7.5 MHz linewidth to be phase-locked [48]. This
demonstration – included as System I in Table I – proved that
an OPLL based on a slave semiconductor laser operating with-
out a linewidth-narrowing technique could be realised albeit
with rather higher phase noise variance. The first experimen-
tal demonstration of an heterodyne OPLL, using semiconduc-
tor lasers, without any linewidth-narrowing methods reported
phase-locking of 830 nm wavelength lasers with offset frequen-
cies from 5 GHz to 7 GHz. System II in Table I was realised
with 3 ns loop propagation delay and 20 MHz bandwidth [49].
Similar solutions based on semiconductor lasers operating at
1.5 μm, the wavelength around which silica optical fibres have
the lowest loss coefficient, proved the ability to generate car-
riers in a continuous range between 3 GHz and 18 GHz. The
OPLL included in Table I as System III had a bandwidth of
180 MHz, and propagation delay was assessed at the level of
400 ps. Such a small delay was achieved thanks to the im-
plementation of a passive low-pass filter and miniature bulk
optics [50], [51].

The first fully packaged OPLL based on two semiconductor
lasers functioned as a microwave photonic transmitter generat-
ing carriers in the range of 7 GHz to 14 GHz [52], [53]. Sys-
tem IV in Table I was based on two lasers with a free-running
summed linewidth of 6 MHz, and the OPLL had a feedback
bandwidth of 70 MHz. The total estimated loop propagation
delay was below 0.4 ns, thanks to the micro-optic solutions ap-
plied. In consequence, a noteworthy performance was obtained,
with a total phase-error variance of 0.05 rad2 [54].

V. INTEGRATION ON INP

Over the last decade, progress in the design and fabrication
of integrated photonic devices has enabled wider tuneability of
semiconductor lasers [55] and even sub-MHz linewidths [56],
thus potentially relaxing the requirement for extremely broad-
bandwidth OPLLs. Moreover, a considerable effort has gone
into implementing advanced integration technologies, including
the introduction of photonic integrated circuits (PICs) compris-
ing numerous optical components integrated onto a single chip,
allowing the physical length of the critical path between the SL
and the PD to be reduced to a minimum of tens of picoseconds.
Developments related to the InP platform, which inherently sup-
port light generation, were of the greatest significance. They
resulted in one of the first integrated OPLLs suited for laser ho-
modyne and offset locking to the 5 GHz sideband generated by
an on-chip modulator. System V included in Table I was based on
an InP PIC consisting of two sampled-grating DBR (SG-DBR)
lasers, semiconductor optical amplifiers (SOAs), phase modula-
tors, balanced photodetectors, and MMI couplers/splitters [57].
The loop was estimated to have 300 MHz bandwidth and the

Fig. 4. Layout of motherboard for hybrid integration (red lines are optical
waveguides, yellow are electrical connections) [42].

Fig. 5. OPLL photonic integrated circuit containing DBR laser and PD [26].

ability to suppress phase noise in the heterodyne signal to an
estimated value of phase-error variance of 0.03 rad2 [58].

System VI in Table I refers to the first twin-OPLL system,
which was designed to phase-lock two DBR lasers to the sep-
arate lines of an optical comb with variable frequency offset,
introducing the concept of a compact continuously tuneable
photonic oscillator for high-purity THz signal generation [59].
The hybrid integration platform was used to integrate active
InGaAsP components onto a daughter board with silica waveg-
uides and electrical connection, which was then flip-chip bonded
to a silicon motherboard (see Fig. 4). The delay caused by the
optical path was reduced to less than 50 ps. Although the elec-
tronic part of the loop still contributed 1 ns of delay [60], the
OPLL was able to phase-lock a laser with 1 MHz linewidth.
The synthesised heterodyne signal achieved phase noise lower
than −80 dBc/Hz at an offset of 10 kHz [42]. The electronic
circuit used in this system included also auxiliary circuitry for
lock detection and lock acquisition [60].

Subsequently, System VII in Table I was built using the same
custom-made, logic electronic circuit with dual-path loop filter
as System VI. However, the optical path between the SL and
photodiode was further reduced to 15 ps, thanks to monolithic
photonic integration of two DBR lasers, photodiodes and opti-
cal waveguides [61]. The components on the PIC were arranged
in such a way as to form a dual-arm OPLL used in an het-
erodyne system to generate high spectral purity signals of up to
50 GHz [61]. At the same time, a single OPLL (see Fig. 5) based
on the same components was also realised as a generic OPLL
reported in [26]. With the loop in operation, phase-error vari-
ances between 0.038 rad2 and 0.22 rad2 were achieved within
a bandwidth of 1 kHz to 10 GHz, depending on offset-locking
frequency. The phase noise of the heterodyne signal was sup-
pressed to below −90 dBc/Hz for frequency offsets greater than
10 kHz [26], and later improved to below−93 dBc/Hz for offsets
above 10 kHz [32], thanks to loop filter refinements.

Improvements in the electronic circuitry of the loop have
also been substantial and have had equally positive effects on
the developments of OPLLs. In the System VIII in Table I,
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Fig. 6. A microscope picture of PIC integrating SG-DBR laser, star coupler,
photodetectors, and microstrip transmission lines [63].

Fig. 7. A microscope picture of the PIC [65] included as system IX in Table I.

OPLL performance was improved by reducing the loop prop-
agation delay to 200 ps. This was achieved by integration as
the PIC was combined with an all-digital InP HBT electronic
integrated circuit (EIC) [29]. Such a level of integration was
also necessary because a loop with particularly broad band-
width was required to phase-lock a SG-DBR laser with 10 MHz
linewidth [62], [29]. This OPLL was demonstrated in optical
coherent communication applications [63]. The PIC integrates
not only a widely-tunable SG-DBR laser and four high-speed
PDs but it also incorporates an optical 90 degree hybrid on the
InGaAsP/InP platform, as shown in Fig. 6.

The SL was locked on both sides of the reference laser
frequency at an offset frequency ranging between −2 GHz
and −9 GHz on one side of the ML and from +2 GHz to
+7.5 GHz on the other [62]. The offset locking was further
increased to 25 GHz frequency, which was defined and effec-
tively limited by the RF signal generator, the frequency of which
needs to be twice the desired offset frequency of this heterodyne
OPLL [64].

Most recently, the EIC was also integrated with the In-
GaAsP/InP PIC presented in Fig. 7 (consisting of a SG-DBR
laser, 2 × 2 multi-mode interference (MMI) coupler, two SOAs
and two high-speed quantum well (QW)-based waveguide pho-
todetectors [65]. This OPLL, included in Table I as System IX
was used for frequency synthesis by phase locking to an optical
comb, as previously proposed in [13].

All of the integrated OPLLs mentioned so far were created by
one-off dedicated fabrication processes, which require signifi-
cant amount of time and financial resources to be invested before
the PIC can be realized. However, the most recent demonstration
of an OPLL (System X in Table I) uses an alternative approach
of generic foundry PIC fabrication at Oclaro, UK. This OPLL
consists of a PIC integrating DBR laser, SOA, two PIN photo-
diodes, waveguides and MMI couplers. The InP-based PIC was
assembled with off-the-shelf electronic components to build an
OPLL that allows generation of heterodyne signals at frequen-
cies up to 12 GHz with phase noise of less than −100 dBc/Hz
at 10 kHz offset from the carrier. This OPLL has delivered the
lowest phase noise heterodyne signal obtained by monolithi-
cally integrated OPLLs. The foundry OPLL implementation is
presented in more detail in the next section.

VI. FOUNDRY FABRICATED OPLL

The most recent development resulting from continuous im-
provements of InP-based epitaxial growth and fabrication tech-
nologies is the development of a new approach to the design and
fabrication of photonic integrated circuits [66]. PIC fabrication
based on the generic foundry concept allows numerous inte-
grated circuits from different designers to be fabricated at the
same time on a multi-project wafer using common fabrication
processes [67]. Thanks to this approach, both the time required
to realize a prototype and the overall cost can be reduced very
significantly.

One of the strengths of the generic foundry approach over
dedicated fabrication is the increased repeatability of the chip
manufacturing process. This allows for improvement in the per-
formance of each photonic component offered by the foundry as
building blocks. The foundry-fabricated OPLL presented in this
paper can be stably locked to a ML signal level of only−13 dBm
(measured at the output of the lensed fibre used), which is sig-
nificantly less than the 22 dBm required by OPLLs reported in
[61]. This is of particular importance in applications where the
OPLL is used as a high quality “optical filter” to select individ-
ual lines from an optical frequency comb, which typically has
moderate total output power that is distributed across numerous
comb lines, resulting in μW power level per single comb line.
The smaller requirement for ML power in System X can be
related to better fiber to PIC coupling, smaller waveguide and
coupler/splitter propagation losses and improved responsivity
of the photodiode.

To perform its function in the OPLL, the PIC containing DBR
lasers and PIN photodiodes was accommodated on a carrier on
an alumina board containing the DC and coplanar waveguide
lines. Subsequently, an interface PCB was included, to enable
the electrical connections to the integrated photonic components
and to match the dimensional difference between the 70 μm
width microstrip lines on the alumina board and SMA con-
nectors. The interface PCB also included circuits to drive the
SL phase section, bias-tees to provide reverse voltage bias to
PDs and a low pass filter. The −3 dB bandwidth of PD and
PS electrical connection paths, located on the matching PCB
were measured to be 16 GHz and 2 GHz, respectively. The to-
tal propagation delay related to the interface board was 600 ps.
The feedback loop electronic components were connected to
the interface PCB shown in Fig. 8. The optical signal to and
from the PIC was coupled using lensed fibres at both ends of
the chip.

The OPLL electronic feedback path consists of i) bias tee to
provide reverse bias voltage to the integrated PD, ii) a low-noise
RF amplifier included to boost the power of the phase error
signal, iii) a phase detector, iv) a low-pass filter and v) a bias
circuit for the laser PS. The gain of this low-noise control ampli-
fier is adjustable, offering a mechanism capable of controlling
the loop gain within the operating heterodyne frequency range
of 2 GHz to 16 GHz. The RF amplifier contributes 350 ps to the
total loop delay. The phase detector is a commercially available
SMA connectorised double-balanced mixer, which offers wide
bandwidth (4 GHz–12 GHz) and a short delay of 310 ps.
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Fig. 8. Schematic diagram of the optical phase lock loop assembly.

Fig. 9. Photographs of OPLL PIC with dimensions of 2 mm × 6 mm. All
components that do not form part of the OPLL are greyed out.

This compact OPLL circuit with precise gain control has
bandwidth of 100 MHz and a total loop delay of 1.7 ns and is
capable of heterodyne tuning from 4 GHz to 12 GHz.

A. Photonic Integrated Circuit

The InP based PIC was fabricated on n-doped wafer, thinned
to 135 μm and subsequently cleaved to 2 mm × 6 mm in size.
A single chip contains a total of 33 components, including active
and passive structures. Fig. 9 shows a picture of the fabricated
OPLL die, which could be used to realise up to 3 individual
OPLLs, depending on the configuration of the electrical con-
nections and the required application.

The optical connection between the DBR laser and PD has
been made using deeply etched ridge waveguide with lengths
less than 1.2 mm to reduce the losses and propagation delay
within feedback loop. Furthermore, all splitters/couplers used
in the OPLL PIC were 2 × 2 MMI couplers, offering supe-
rior performance in terms of wide optical bandwidth, low loss,
insignificant polarisation dependence and relaxed fabrication
requirements, when compared to alternative solutions such as
Y-junctions or directional couplers [68].

1) Photodiode: The PIC photodiodes are side-illuminated
PIN photodiodes fabricated in a deep-etched waveguide and of-
fer responsivity of approximately 0.8 A/W. To enable efficient
operation in the GHz range, the PD in the feedback loop was
biased at −9 V producing up to 5 mA of photocurrent when
illuminated with the integrated DBR laser and 200 μA of pho-
tocurrent for 6 dBm (in lensed fibre) power from the master
laser. These currents levels also demonstrate the superior per-
formance of the presented OPLL PIC over previously demon-
strated OPLLs that offered 18 μA (for 22 dBm optical power
in fibre) [61]. It should also be noted that the ML signal passes
through two MMI couplers on the PIC before it reaches the PD.

Fig. 10. Electrical spectra of the phase locked and free running heterodyne
signal. RBW = 300 kHz, VBW = 30 kHz, SWT = 0.09 s. Measurements
present 50 sweeps in max-hold trace mode.

2) Semiconductor Laser Diode: The DBR laser consists of
four sections that include a multi-quantum well section to pro-
vide gain, a phase control section and two identical mode-
selective grating filters with 60% reflectivity, one at the front
and one at the rear of the laser. Each laser section is controlled
by a separate electrode. The laser optical power is expected
to be in the region of 7.5 mW and wavelength is centered at
approximately 1.53 μm. Furthermore, an integrated SOA was
implemented at the output of the DBR laser, with the aim of
enhancing the optical signal before it was coupled to the opti-
cal fibre. A self-heterodyne interferometer technique with 5 km
delay optical path [69] was used to measure the laser linewidth
and gave a result of 1.25 MHz.

The DBR laser PS can be used through current tuning for
fine wavelength adjustment of up to 0.4 nm (50 GHz). The laser
PS tuning sensitivity was measured to be up to −0.35 nm/mA
(45 GHz/mA) at DC, offering a value that is sufficient for the
overall gain in the loop [13]. The FM response of the laser was
also characterised and measured and had a 3dB bandwidth of
100 MHz which will limit the overall achievable bandwidth of
the feedback loop.

B. Experimental Results

The DBR slave laser is phase stabilised by reference to the
master laser coupled to the PIC through a lensed fibre aligned to
the optical waveguide with spot size converter. The ML signal
is guided on the ridge waveguide into a 2 × 2 MMI coupler
which combines the slave and master laser signals and splits
these signals between two waveguides connected to the pair
of PDs. One of the PD pairs is used to detect the phase-error
signal processed by the feedback loop, while the other is used
for lock monitoring purposes and its output is connected to an
electrical spectrum analyser (ESA). The heterodyne measured
on the ESA is presented in Fig. 10, demonstrating the difference
in linewidth and peak power of the free running and locked
signal for an offset frequency of 8 GHz.

When the feedback loop was disabled, the linewidth of the
free running heterodyne signal was in the tens of MHz range
and the frequency jitter was over approximately 100 MHz range.
This behaviour is due to the combined linewidth and wavelength
fluctuation of the reference and DBR lasers, even though an
external cavity laser with <100 kHz linewidth was used as a
reference source.
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Fig. 11. Electrical spectra of heterodyne signal measured at 4 GHz (a),
and 12 GHz (b) frequency offset between the two lasers. RBW = 500 kHz,
VBW = 100 kHz.

Fig. 12. The SSB phase noise spectra of the phase locked heterodyne signal
at 8 GHz.

Due to the loop design, the DBR laser can be phase locked to
the incoming signal with any frequency offset between 4 GHz
and 12 GHz, as shown in Fig. 11. The offset frequency is limited
at the lower end by the bandwidth of the dual-balanced mixer
used as the phase detector and at the higher frequency end by
the bandwidth of the PD.

To further assess the quality of phase locking, the single-
sideband phase noise spectra of the heterodyne signal were
measured for two different loop gains. The phase noise achieved
was below –100 dBc at 10 kHz frequency offset from the carrier
(see Fig. 12). This leads to a phase-error variance of the gener-
ated heterodyne signal as low as 0.012 rad2 for offsets between
1 kHz to 1 GHz, for the plot with lower loop gain in Fig. 12.

Fig. 12 also demonstrates the effect of loop gain variation
and the importance of optimisation. In general, an OPLL with
too little gain cannot sufficiently suppress phase noise at lower
frequency offsets from the carrier. On the other hand, higher
loop gain offers further phase noise reduction closer to the car-
rier, however a secondary peak at a frequency close to the loop
bandwidth becomes visible in the phase noise spectrum that can
potentially increase the overall phase variance. The measure-
ments presented in Fig. 12 suggest that the OPLL closed loop
bandwidth is about 100 MHz.

VII. FUTURE PROSPECTS

The stability of semiconductor laser OPLLs is closely related
to the loop delay, which creates the necessity for photonic in-
tegration to reduce optical path length. Further to that, small
dimension electronics and the use of passive or dual-path loop
filters are essential for the stable operation of OPLLs based
on semiconductor lasers. With the optical path on the photonic

chip being shorter than a couple of millimetres it is evident
that further integration of the electronics is key to improved
performance. In the longer term, this is expected to lead to the
integration of photonic and electronic components on a single
substrate.

The ongoing development of monolithic microwave inte-
grated circuits (MMICs) creates a growing library of compo-
nents that could be implemented within OPLL. These circuits
may be based on silicon, InP, GaAs or SiGe technology, and,
even though each of them has its own advantages and limitations,
they provide functionalities of numerous discrete components
such as mixers, low-noise amplifiers and filters, however inte-
grated on a single substrate. The System VIII and IX in Table I
are fine examples of OPLLs in which some functions of the loop
electronics were realised using the InP HET and SiGe elements
respectively, demonstrating delay of hundreds of picoseconds
due to this EIC part of the loop [29], [65].

The technology which can create the greatest prospects for
future OPLL systems foresees the integration of photonic and
electronic components on a silicon substrate. The greatest
strengths of silicon that make silicon-based circuits suited for
high volume production are its robustness, highly competitive
cost of processing and a larger wafer area compared with
III-V compound semiconductors. Silicon is highly attractive
as it is the material traditionally used for electronic integrated
circuits. Silicon photonics is regarded by some as the most
developed technology for photonic integrated circuits, given
it offers guidance of light, modulation, polarisation, phase
and wavelength conversion functionalities [70], [71]. The
strength of silicon-on-insulator (SOI) waveguides comes from
high index contrast between silicon and SiO2 resulting in
strong optical confinement and relatively low losses down to
0.1–0.5 dB/cm [72]. This allows for compact layouts and tight
bends, hence miniaturisation and large-scale integration of
SOI photonic circuits, as demonstrated in [73], [74]. So far,
the biggest drawback of silicon is its indirect band gap, which
makes it unsuitable for fabricating efficient laser diodes and
amplifiers. This problem is however expected to be addressed in
the near future as a number of promising solutions are being in-
vestigated. These include research on better light coupling from
external lasers [75], die bonding of gain material on a silicon
photonic waveguide circuit [76] or direct growth of quantum dot
active layers for laser fabrication directly on silicon [77]. Before
tight integration of electronics and photonics on-chip becomes
widely available some issues related with complex co-design
and co-fabrication are still to be solved [78]. Nevertheless, such
monolithic integration would not only improve the loop stability
but also result in a reduction of volume and weight of a single
OPLL, thus making such systems more robust and cost efficient
and therefore more suitable for high-volume applications.

VIII. CONCLUSION

In this paper, we have described OPLL systems together with
their critical parameters and design considerations. We have
also described the development of several OPLLs, which were
enabled through advances in photonic integration. The impact of
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photonic integration is evident in reduction of OPLL footprint,
but most importantly in the reduction in heterodyne phase noise,
increase in loop stability and reduced sensitivity to vibration and
temperature changes.

Moreover, we have presented in this paper the first OPLL
based on a PIC fabricated using a generic foundry process. The
performance of this OPLL in terms of control of the phase
noise of the semiconductor laser matches that achieved by the
best previously reported semiconductor laser OPLLs. The phase
noise of the generated heterodyne signal was measured below
−100 dBc/Hz at 10 kHz offsets from the carrier, a record result
for a monolithically integrated OPLL. Moreover, the unique lay-
out of the PIC and the maturity of the generic foundry process
in fabricating waveguides and interconnects resulted in greatly
reduced reference laser power requirements for the stable oper-
ation of the OPLL.

Finally, we foresee that further improvements in OPLL per-
formance can be achieved through monolithic photonic and
electronic integration, which may soon be feasible thanks to
the efforts being made to obtaining monolithically integrated
laser and amplifier functionalities on silicon.
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