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Abstract. The bandwidth and residual phase noise of optical phase-
locked loops (OPLLs) using semiconductor lasers are typically con-
strained by the nonuniform frequency modulation response of the laser,
limiting their usefulness in a number of applications. It is shown in this
work that additional feedback control using an optical phase modula-
tor improves the coherence between the master and slave lasers in the
OPLL by achieving bandwidths determined only by the propagation de-
lay in the loop. A phase noise reduction by more than a factor of two
is demonstrated in a proof-of-concept experiment using a commercial
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1 Introduction

Optical phase-locked loops (OPLLs) are negative feedback
control systems that synchronize the phase of a “slave” laser
to that of a “master” laser, and have found applications in a
variety of fields since their first demonstration in the 1960s.!
Owing to their small size, high power, large efficiency, and
frequency control via injection current, the use of semicon-
ductor lasers (SCLs) as slave current-controlled oscillators
in the loop is of particular interest. A number of researchers
have investigated the use of SCL OPLLs in various appli-
cations, including coherent optical communication links, >
clock recovery systems,’ microwave photonics,’ sensing, and
coherent optical arrays.”® The development of SCLs with
narrow linewidths in the megahertz range has led to practical
systems based on SCL. OPLLs.

Consider a typical heterodyne OPLL, shown in Fig. 1(a).
The optical fields of the slave SCL and the master laser are
mixed in a photodetector PD and the resulting error signal is
amplified, downconverted using an rf offset signal, filtered,
and fed back to the SCL to complete the feedback loop.
When the loop is in lock, the phase of the SCL is related to
the phases of the master laser and the rf offset signal by °

¢s(t) = (1) — br(2). ey
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The linearized model for the propagation of the phase in the
loop, including phase noise, about the steady-state solution
of Eq. (1) is shown in Fig. 1(b). The effects of the relative
intensity noise (RIN) of the master and slave lasers on the
phase of the locked laser are small,” and are therefore ne-
glected in this work. The effects of RIN on the OPLL can
be minimized by using balanced detectors in the loop. K is
the dc open-loop gain, given by the product of the gains of
the photodetector, mixer, loop amplifier, filter, and the laser
response; Fg(f) and F 55}( f) are the transfer functions of
the loop filter and the FM response of the SCL, respectively
(normalized to have unit gain at dc); and ty is the propagation

delay in the loop. ¢,,,(f), ¢,r(f), and ¢; "(f) are (the Fourier
transforms of) the phase noise of the master laser, rf offset,
and the free-running slave laser respectively, and ¢, ( f') is the
phase of the locked slave laser. For simplicity of analysis, we
assume that the steady-state phase error in the loop is zero; a
nonzero steady-state error does not significantly change the
results. The open-loop transfer function of the OPLL shown
in Eig. 1, with respect to the phase of the slave SCL, is given
by

KsFixi-(f)Fs(f) exp(—j2m fts)
j2nf '

We quantify the performance of the OPLL by the variance
of the residual phase noise of the OPLL, namely the phase

G(f)= @
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Fig. 1 (a) Schematic diagram of a hetrodyne OPLL. (b) Model for
phase propagation in an OPLL, including phase noise. PD: photode-
tector.

difference between the locked slave and the master lasers,
offset by the phase of the rf signal:

02 = ((¢m — b — ¢5)°). 3)

From Fig. 1(b), the phase of the phase-locked slave laser is
given by
G(f)

1 :
-2y _ . T
¢s(f) = 151G [Dm(f) — b (] + 1—|—G(f)¢s (),
“4)

with G(f) as defined in Eq. (2). If the master and slave lasers
have Lorentzian line shapes with a summed linewidth Av,
the phase error variance can be written using the Wiener-
Khinchin theorem as

1

) f © Av
o, = _
o0 2 f2 |14 G(f)
where the integrand on the RHS represents the (two-sided)
spectral density S,(f) of the residual phase error ¢, = ¢, —
¢ — @5 in the loop.

To achieve a low residual phase error, therefore, it is neces-
sary to have a large loop bandwidth, defined here as the range
of frequencies for which |G(f)| > 1. From Eq. (2) and loop
stability considerations, the maximum achievable bandwidth
of an OPLL is ultimately limited by the loop propagation
delay 75.'"° OPLLs constructed using free-space optics® or
integrated optics'!!? offer the possibility of achieving band-
widths up to a few gigahertz. However, this is based on the
assumption of a well-behaved SCL FM response FpSE(f).
In practice, the FM response of a single section SCL ex-
hibits a characteristic phase reversal in the frequency range
of 0.5 to 5 MHz,"? corresponding to a thermal red shift with
increasing current at lower modulation frequencies and an
electronic blue shift at higher frequencies. This limits the
bandwidth of a negative feedback system using the SCL to
only a few megahertz, which is inadequate for many OPLL
applications. Several approaches to overcome this limitation

2
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Fig. 2 (a) Schematic diagram of the double-loop configuration.
(b) Linearized small-signal model for phase propagation. PD1 and
PD2 are photodetectors.

have been investigated in the literature, including the use of
multielectrode SCLs,%!! the combination of phase-locking
and injection-locking systems,'* FM sideband locking,'> and
suppressed-carrier modulation.'®

In this work, we demonstrate an alternative solution that
involves the use of an optical phase modulator to extend the
bandwidth of the loop and reduce the residual phase error.
The basic idea behind the approach is to use the phase mod-
ulator to provide correction at higher frequencies where the
thermal response of the SCL is negligible. This approach
eliminates the need for the design of specialized SCLs or
complicated optical modulators. We demonstrate theoreti-
cally and experimentally the improvement of loop bandwidth
using two different loop configurations. The use of discrete
optical and electronic components in our proof-of-principle
experiment results in a reduction of the residual phase
noise by about a factor of two; however, the use of integrated
optical phase modulators in photonic integrated circuits!' can
lead to very efficient OPLL systems.

2 System description
2.1 Double-Loop Configuration

Consider the schematic diagram of the control system shown
in Fig. 2(a). The SCL is first phase locked to the master
laser in a heterodyne OPLL; this loop is shown with the pho-
todetector PD1 in the figure. The output of the phase-locked
SCL is phase modulated and mixed with the master laser
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in a second photodetector PD2. The resultant error signal
is downconverted, filtered, and input to the phase modulator.
The output of the phase modulator serves as the useful optical
output. The linearized small-signal model for the propaga-
tion of the optical phase in the frequency domain is shown
in Fig. 2(b). The dc gain Kp is the product of the gains of
the photodetector, mixer, loop amplifier, filter, and the phase
modulator. The filter transfer function Fp(f) is assumed to
be normalized to unity.

This system can simply be analyzed as two separate feed-
back loops in a series. The phase ¢(f) of the output of the
slave laser locked to the master laser is given by Eq. (4). The
open-loop transfer function of the second loop is given by

Gp(f) = KpFp(f)exp(—j2nf1p). (6)
The output phase ¢,,,( f) is related to ¢s( f) by
_ Gr) ~
Gou([f) = T4 Grp) [P () — ber(S)]
1
E— Y 7
+1+Gp(f)¢)(f) (7
which, using Eq. (4), reduces to
— GP G —
¢out(f) - [1 +GP + (1 + G)(l +GP)] (qu ¢rf)
1
0", ®)

(14+G6)(1+Gp)

where we have omitted the argument f. The spectral density
of the residual phase error ¢, = ¢, — Pt — Pour 1S therefore
given by

v 1 2
Se(f) = , 9
D= mp [T et + 60l ®
and the variance of the phase error is
, [ Av 1 :
= df. 10
= ser iropmEem ¥ 0

Comparing Egs. (5) and (10), we see that the addition of the
second feedback loop causes a reduction in the phase error at
frequency f by afactor |1/[1 + G p(f)]|, and the bandwidth
over which the phase noise is reduced can be extended to
beyond that of the conventional OPLL, up to the propagation
delay limit.

In the preceding analysis, we have made the assumption
that the optical path lengths from the master laser and the
phase-locked slave laser to the photodetector PD2 are equal,
so that the detector is biased at quadrature (note that the
OPLL forces the two optical fields at PD1 to be in quadra-
ture). In practice, path length matching can be difficult to
achieve without the use of photonic integrated circuits, and
this represents a potential drawback of this approach. Fur-
ther, variations in the relative optical path lengths result in
changes in the gain seen by the second feedback loop, result-
ing in larger residual phase errors. This issue is addressed
in the composite OPLL configuration discussed in the next
section.

2.2 Composite Phase-Locked Loop

The need for precise optical path length matching is elimi-
nated in the composite PLL architecture shown in Fig. 3(a),
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Fig. 3 (a) Schematic diagram of the composite heterodyne OPLL.
(b) Linearized small-signal model for phase propagation. PD: pho-
todetector.

where the phase error measurement is performed at a single
photodetector PD. This phase error is split into two paths, one
of which drives the SCL as in a conventional OPLL, whereas
the second path is connected to the input of the optical phase
modulator. The output of the phase modulator serves as the
useful optical output. The linearized small-signal model for
this composite PLL is shown in Fig. 3(b). The gain Kp is
again defined here as the product of the dc gains of the pho-
todetector, amplifier, mixer, and filter 2. This feedback sys-
tem can be regarded as comprising an integrating path (SCL)
and a proportional path (phase modulator). The integral path
has large gain only over a limited frequency range, but this
is sufficient to track typical frequency drifts of the lasers.

Defining the open-loop transfer functions of the two feed-
back paths as

_ KsFSGE(f)Fs(f)expl—j2n f(t1 + )]
GH = jenf , (1D
Gp(f) = KpFp(f)exp(—j2mf12),

the output phase is given by

G(f)
1+ G(f)+Gpe(f)

Poulf) = [Dm(f) — dut(S)]

1
ST
+1+G(f)¢~‘ (f)s (12)

and the variance of the residual phase error ¢, = ¢, — s —
Pout 18
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Fig. 4 Experimentally measured frequency modulation of a single-
section distributed feedback semiconductor laser (solid line) and the-
oretical fit using Eq. (14) (circles).

1 2

2_/"0 Av
%= | 2w T+ G + Gr(f)

The function G p(f) is chosen so that at frequencies larger
than the FM crossover frequency of the SCL, where the func-
tion G( f) exhibits a phase reversal, the gain in the phase mod-
ulator arm G p(f) dominates over the gain in the SCL arm
G(f). This ensures phase correction over a larger frequency
range, thereby leading to a reduced phase error between the
output optical wave and the master laser.

df. (13)

3 Results
3.1 Laser Frequency Modulation Response

Two commercial single-mode distributed feedback lasers op-
erating at a wavelength of 1539 nm were used in the exper-
imental demonstration. The lasers had a 3-dB linewidth of
~ 0.5 MHz, and their frequency modulation response exhib-
ited the characteristic phase crossover at a frequency of ~ 5
MHz, as shown in Fig. 4. The FM responses of the two lasers
were very similar, and only one curve is shown for clarity.

Different models have been proposed to explain the FM
response of a single-section SCL.'*!7 In this work, we model
the thermal contribution to the FM response of the laser
using an empirical low-pass filter model,'” and the electronic
response by a constant, to yield

SCL 1 ( Ky B )
T K K \TH Vi
_1 (b - «/jf/fc)
b \1+Vjfif.)’

where b = K,/ K. — 1. A good fit to experimental data is
obtained with the values b = 2.7 and f, = 0.76 MHz, as seen
in Fig. 4.

(14)

3.2 Numerical Calculations

The spectral density of the residual phase error in the loop
and its variance were numerically calculated for each of the
three system configurations shown in Figs. 1, 2, and 3, using
Egs. (5), (9), and (13), respectively. For the sake of simplic-
ity, the SCL was assumed to have a Lorenzian line shape
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Fig. 5 Calculated two-sided spectral densities of the residual phase
error in the loop, according to Egs. (5), (9), and (13). The vari-
ance of the phase error is the area under the curves. The values
of the parameters used in the calculations are listed in the text and in
Table 1.

(white frequency noise spectrum) with a 3-dB linewidth of
200 kHz, and an FM response as modeled in the preced-
ing section. The experimentally measured linewidth of the
laser is larger than this value, owing to the deviation of
the frequency noise spectrum from the ideal white noise
assumption.” The propagation delay in each path was as-
sumed to be 8 ns, i.e., Ty = Tp = 11 = T» = 8ns. This value
was chosen to be a representative value for OPLLs con-
structed using fiber optics and discrete electronic compo-
nents. The parameters of the loop filters were chosen to
match the values of the lag filters used in the experiment.
The filter transfer functions were given by

1+ j2nfts,
Fs(f) = —————¢ (15)
1+ ]27Tf‘l,'sp
with 75, = 24 us and 75, = 124 us; and
14+ j2nft
Fo(f) = Jor] T (16)

(1 + jznffl’pl)(l + jznferZ)z’

with tp, = 15ns, 7p,1 = 1.3 us, and 7p,, = 0.8ns. The
double pole at 1/(27 Tpp2) = 200 MHz approximates the fi-
nite bandwidth of the op-amp used to construct the filter in
the experiment.

With these parameters, the value of K¢ was optimized to
result in a minimum residual phase error in the OPLL. With
this optimal gain K, the phase modulator gain Kp was
optimized to result in a minimum phase error in the dou-
ble loop and composite PLL configurations. The calculated
spectra of the residual phase error in the loop for the different
cases are plotted in Fig. 5. The values of the optimum gain
and the residual phase error calculated over an integration
bandwidth of £50 MHz are tabulated in Table 1. It can be
seen that the residual phase error is reduced by a factor of
3 to 4 due to the addition of phase modulator control.

Note that the calculated loop performance is limited by
the assumed values of the propagation delay. The values used
in the calculations are an order of magnitude larger than the
delays that can be achieved using integrated optoelectronic
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Fig. 6 Measured spectrum of the beat signal between the optical
output and the master laser for an SCL in (a) a heterodyne OPLL,
and (b) a double-loop feedback system shown in Fig. 2. Resolution
bandwidth = 30 kHz; video bandwidth = 300 Hz.

circuits, and therefore the residual phase error achievable in
integrated OPLL circuits is expected to be much smaller. For
example, in the composite PLL of Fig. 3, if the delays 7; and
7, are decreased by one order of magnitude to be equal to
0.8 ns, and if the time constants in the filter Fp(f), namely
Tp; and Tpy,, are correspondingly reduced by one order of
magnitude, a minimum phase error of o, = 0.039rad over a
bandwidth of =1 GHz is obtained.

3.3 Experimental Validation

The reduction in residual phase noise was demonstrated using
commercial distributed feedback lasers (JDS-Uniphase, Mil-
pitas, California) in systems with fiber optical and discrete
electronic components (Mini-Circuits, Brooklyn, New York).
A fiber-coupled LiNbOj; optical phase modulator (EOSpace
Incorporated, Redmond, Washington) was used in the ex-
periments, and a narrow linewidth fiber laser (NP Photonics
Incorporated, Tucson, Arizona) was used as the master laser.
A 1f electronic offset frequency of 1.5 GHz was used in

Table 1 Parameters and results of the numerical calculations of
OPLL performance.

Minimum phase error

System type Optimal gain (+ 50 MHz BW)

Heterodyne OPLL K5 gpr = 1.4 x 108 Hz oe = 0.43rad

Double loop Ks,opt = 1.4 x 108 Hz oe =0.13rad
Kp.opt =71.5

Composite PLL Ks,opt = 1.4 x 108 Hz oe = 0.12rad

Kp.opt = 65.8
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Fig. 7 Measured spectrum of the beat signal between the optical
output and the master laser for an SCL in (a) a heterodyne OPLL,
and (b) a composite PLL shown in Fig. 3. Resolution bandwidth
= 30 kHz; video bandwidth = 300 Hz.

the experiments. The error in the loop was calculated using
the (heterodyne) beat signal between the master laser and the
phase-locked optical output. When in lock, this beat signal
is given by

Voeat 0 cos[awitt + ¢e(1)]. 7)

When the variance of the phase error ¢, is much smaller
than 1 rad?, the spectrum of the beat signal is directly pro-
portional to the spectral density of the phase error, offset by
the rf frequency. The variance of the phase error is therefore
calculated by integrating the spectrum of the beat signal.

3.3.1  Double-loop configuration

The double-loop configuration shown in Fig. 2 was con-
structed with optimized loop filters Fs(f) and Fp(f) as
given in Egs. (15) and (16), with 75, = 24 us, 75, = 124 us,
tp, =7.5ns, and 7p,; = 0.66 us. The measured beat
signals for the OPLL and the combined double-loop system
are shown in Figs. 6(a) and 6(b), respectively. A reduction
in the residual phase error (50 MHz bandwidth) from 0.31
to 0.16 rad was measured.

3.3.2 Composite Phase-Locked Loop

A second, similar SCL was used in the construction of the
composite PLL shown in Fig. 3. The loop filter parame-
ters of Eqs. (15) and (16) were chosen to be 75, = 24 us,
Tsp= 124 us, tp; = 15 ns, and 7p,; = 1.3 pus. The measured
spectra of the beat signals corresponding to a conventional
heterodyne OPLL using this SCL, and the composite PLL are
shown in Figs. 7(a) and 7(b), respectively. The residual phase
error (50 MHz bandwidth) is reduced from 0.28 to 0.13 rad.

The experimentally measured reductions in the phase
noise for both of the prior systems are in fair agreement
with the theoretical calculations in Table 1. It must be noted
that the numerical calculations are not exact and are only
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representative of the expected improvements, since nominal
values for the propagation delay and the lineshape of the
free-running SCL were assumed.

4 Summary

We propose and demonstrate experimentally that the residual
phase error between the phase-locked optical output and the
master laser in a semiconductor laser optical phase-locked
loop can be further reduced by additional phase correction
using an optical phase modulator. Feedback into the SCL is
essential to compensate for frequency drifts of the SCL due to
environmental fluctuations. The use of the additional phase
modulator allows large loop bandwidths to be achieved, lim-
ited only by propagation delay in the system, as opposed to
nonuniformities in the response of the laser. We demonstrate
that the phase modulator can be used in two different con-
figurations, both of which yield a considerable reduction in
the residual phase error. The experimental demonstrations
in this work use fiber optical components and discrete elec-
tronic amplifiers and mixers, which cause a large propagation
delay and limit the loop bandwidths. The use of integrated
photonic circuits in hybrid integrated OPLL systems using
these techniques can enable bandwidths of up to a few giga-
hertz using standard single-section semiconductor lasers and
relatively little increase in system complexity.
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